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FOREWORD 
The ACS S Y M P O S I U M S E R I E S was founded in 1974 to provide a 
medium for publishing symposia quickly in book form. The 
format of the Series parallels that of the continuing A D V A N C E S 

IN C H E M I S T R Y S E R I E S except that, in order to save time, the 
papers are not typeset but are reproduced as they are submitted 
by the authors in camera-ready form. Papers are reviewed under 
the supervision of the Editors with the assistance of the Series 
Advisory Board and are selected to maintain the integrity of the 
symposia; however, verbatim reproductions of previously pub
lished papers are not accepted. Both reviews and reports of 
research are acceptable, because symposia may embrace both 
types of presentation. 
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PREFACE 

NY HIGH STRENGTH POLYMERS have been developed in recent years. 
The dreams of all-composite airplanes as well as artificial hearts have 
become realities. Thus, it is almost a necessity for chemists to acquire 
tribological information about these new polymers or composites and, vice 
versa, for tribologists to seek chemical knowledge about these materials. 

Thus, in the spring of 1984, an international symposium with the theme 
"Polymer Wear and Its Control" was held, and is the basis of this book. The 
purpose of the symposium was to seek better understanding about wear 
mechanisms of polymers and to develop new wear-resistant materials. 
Distinguished scientists and engineers were invited from West Germany, 
England, Japan, and the U.S.S.R. to present plenary lectures. Thirty-one 
papers were presented. The conference was very much appreciated by those 
who attended. 

We are pleased to present, in this volume, 26 reviewed and revised 
chapters from the symposium in six parts: mechanisms of polymer wear; 
controls of polymer wear; tribological behaviors of polymers; wear of 
biomaterials and polymer composites; characterization and measurements of 
polymer wear; and degradation and wear of polymeric films and filaments. 

Some authors chose to publish their papers elsewhere. The discussions 
during the meeting are printed at the ends of some of the papers. We hope 
that these proceedings will allow the research results to reach a much larger 
audience than we had in St. Louis. 

I thank the session chairmen of the symposium—D. Dowson, D. H. 
Buckley, and N. S. Eiss, Jr.—and the authors of this volume for their 
valuable contributions. 

Acknowledgments are made to the donors of the Petroleum Research 
Fund, administered by the American Chemical Society, to the Polymer 
Products Department of Ε. I. du Pont de Nemours & Company, and to 
Dow Corning Corporation for their financial assistance. 

LIENG-HUANG LEE 
Webster Research Center 
Xerox Corporation 
Webster, NY 14580 

January, 1985 
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1 

Contact Deformation and Static Friction of Polymers 
Influences of Viscoelasticity and Adhesion 

Horst Czichos 

Bundesanstalt für Materialprüfung, Federal Institute for Materials Research and Testing, 
Berlin-Dahlem, Federal Republic of Germany 

In using a newly developed tribometer which 
allows the microscopic "in-situ" investiga
tion of interfacial tribological processes 
through an optically transparent counterbody, 
contact deformation and static frict ion of 
thermoplastic polymers were studied. Exami
nation of the contact deformation of polymers 
under load revealed that the contact deforma
tion displacement is mainly influenced by the 
viscoelastic properties of the polymers. By 
measuring relaxed moduli and relaxation times 
the Hertzian theory of contacting bodies could 
be extended leading to a contact deformation 
formula which includes viscoelastic effects. 
For the onset of motion of polymer/polymer 
sliding pairs the static frict ion appears to 
be connected with interfacial adhesion. When 
data of the surface energy of the examined 
polymers were used, the experimentally de
termined frict ion values could be related to 
the adhesion energies of the different pol
ymer/polymer sliding pairs. 

A l l t r i b o l o g i c a l p r o c e s s e s , i . e . f r i c t i o n and wear p r o c 
esses of i n t e r a c t i n g m a t e r i a l s s t a r t with two elementa
r y s t e p s : 
(i) The formation of the c o n t a c t area under a given 

l o a d . 

( i i ) The i n i t i a t i o n of r e l a t i v e motion between the 
c o n t a c t i n g bodies by overcoming s t a t i c f r i c 
t i o n . 

0097-6156/ 85/ 0287-O003S07.00/ 0 
© 1985 American Chemical Society 
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4 P O L Y M E R W E A R A N D ITS C O N T R O L 

The b a s i s f o r the c h a r a c t e r i z a t i o n of the c o n t a c t beha
v i o u r of curved bodies i s g i v e n by the w e l l known c l a s s i 
c a l H e r t z i a n theory (1). Because t h i s theory b a s i c a l l y 
a p p l i e s o n l y to p e r f e c t l y e l a s t i c m a t e r i a l s with i d e a l 
smooth s u r f a c e s , some a d d i t i o n a l f a c t o r s must be c o n s i d 
ered i n d i s c u s s i n g the c o n t a c t behaviour of m a t e r i a l s 
l i k e polymers. 

Johnson, K e n d a l l and Roberts (2) extended the 
H e r t z i a n theory t a k i n g i n t o account the molecular a t t r a c 
t i o n of i n t e r f a c i a l adhesion between c o n t a c t i n g b o d i e s . 
T h e i r a n a l y s i s which has been e x p e r i m e n t a l l y confirmed 
f o r e l a s t o m e r - g l a s s c o n t a c t s (2, 3, 4), shows t h a t due 
to the e x i s t e n c e of molecular a t t r a c t i o n f o r c e s c o n t a c t 
area and e l a s t i c displacement are l a r g e r than v a l u e s de
duced from the H e r t z i a n t h e o r y . In a d d i t i o n , the i n 
f l u e n c e of v i s c o e l a s t i c i t y on c o n t a c t deformation has 
been s t u d i e d , see e.g. (5 to 12). These t h e o r e t i c a l 
a n a l y s e s mainly concerning the c o n t a c t between a r i g i d 
i n d e n t e r and a v i s c o e l a s t i c h a l f - s p a c e i n d i c a t e a l s o 
t h a t c o n t a c t area and c o n t a c t displacements are l a r g e r 
f o r v i s c o e l a s t i c m a t e r i a l s than f o r pure e l a s t i c mate
r i a l s and t h a t a d i f f e r e n c e between l o a d i n g and un
l o a d i n g i s t o be expected with v i s c o e l a s t i c m a t e r i a l s 
(13) . 

In t h i s paper (i) c o n t a c t deformation and ( i i ) 
i n i t i a l f r i c t i o n are s t u d i e d e x p e r i m e n t a l l y and attempts 
are made to c o r r e l a t e the experimental r e s u l t s with bulk 
and s u r f a c e p r o p e r t i e s of the polymers i n v e s t i g a t e d . 

EXPERIMENTAL 

In the experimental i n v e s t i g a t i o n s a b a l l - o n - d i s c and a 
p i n - o n - d i s c c o n f i g u r a t i o n were used c o n s i s t i n g of an op
t i c a l l y t r a n s p a r e n t d i s c (glass or o p t i c a l l y t r a n s p a r e n t 
polymer) and a polymer specimen. For the c o n t a c t d e f o r 
mation i n v e s t i g a t i o n s , compliance and c o n t a c t s i z e were 
measured by means of an i n d u c t i v e displacement t r a n s d u 
c e r and an o p t i c a l microscope connected with a TV s e t 
r e s p e c t i v e l y . The accuracy of these measurements was 
b e t t e r than + 0.1 μπι f o r the displacement measurements 
and b e t t e r than ± 1 % f o r the d e t e r m i n a t i o n of the con
t a c t diameter. In F i g u r e 1 the arrangement of the main 
p a r t s of the t e s t equipment i s shown s c h e m a t i c a l l y . 
F i g u r e 2 shows a photograph of the experimental appara
t u s . The t e s t system operated under c o n t r o l l e d c o n d i 
t i o n s of ambient temperature (T = 23 °C) and e n v i r o n 
mental atmospheric humidity (50% r e l . h u m i d i t y ) . 

For the f r i c t i o n experiments with the h e l p of a 
d r i v i n g u n i t supported by an a i r b e a r i n g and a l o a d i n g 
d e v i c e , s l i d i n g motion and l o a d c o u l d be a p p l i e d . The 
normal f o r c e and the f r i c t i o n a l f o r c e a c t i n g on the 
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1. C Z I C H O S Contact Deformation and Static Friction of Polymers 5 

F i g u r e 1. Schematic arrangement of experimental 
c o n f i g u r a t i o n . 

F i g u r e 2. Photograph of the t r i b o m e t e r . 
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6 P O L Y M E R W E A R A N D ITS C O N T R O L 

polymer specimen were d e t e c t e d by a two-component f o r c e 
t r a n s d u c e r (14) and the s i g n a l s of t h i s f o r c e t r a n s d u c e r 
were f e d t o an e l e c t r o n i c d i v i d e r which c a l c u l a t e d d i r e c t 
l y the f r i c t i o n c o e f f i c i e n t . Normal l o a d , t a n g e n t i a l 
f r i c t i o n a l f o r c e , and f r i c t i o n c o e f f i c i e n t were recorded 
on a three-channel r e c o r d e r . A b l o c k diagram of t h i s 
t r i b o m e t e r i s g i v e n i n F i g u r e 3. D e t a i l s of the e x p e r i 
mental equipment, the m a t e r i a l s s t u d i e d , the p r e p a r a t i o n 
of the specimens and the performance of the t e s t s are 
g i v e n elsewhere (15). 

CONTACT DEFORMATION 

The experiments were performed with the f o l l o w i n g p o l y 
mers: 

- Polyoxymethylene (POM) 
- Polyamide 66 (PA 66) 
- Polypropylene (PP) 
- P o l y t e t r a f l u o r o e t h y l e n e (PTFE) 

A l l m a t e r i a l s belong t o the c l a s s o f s e m i - c r y s t a l l i n e 
t h e r m o p l a s t i c polymers. C h a r a c t e r i s t i c appearances of 
s p h e r u l i t i c m i c r o s t r u c t u r e s of the polymers are shown 
i n F i g u r e s 4 and 5 f o r the examples of POM and PA66. 

The c o n t a c t deformation of these t h e r m o p l a s t i c p o l y 
mers was s t u d i e d e x p e r i m e n t a l l y by p r e s s i n g polymeric 
b a l l s (of 4 mm diameter) with c o n t i n u o u s l y i n c r e a s i n g 
l o a d (0.6 N/s) a g a i n s t an o p t i c a l l y smooth g l a s s s u r f a c e 
and measuring both c o n t a c t deformation displacement and 
c o n t a c t s i z e under l o a d as d e s c r i b e d above (see F i g u r e 1). 
The polymer b a l l s had a mean p e a k - t o - v a l l e y roughness of 
R 0.6 - 1.0 μπι and a c . l . a . roughness of R 0 « 0.2-0.3 ζ a μιη. 

T y p i c a l p l o t s o f the v a r i a t i o n of c o n t a c t diameter 
and displacement i n compression f o r i n c r e a s i n g and de
c r e a s i n g loads f o r one of the polymers i n v e s t i g a t e d are 
shown i n F i g u r e 6 t o g e t h e r with t h e o r e t i c a l curves c a l 
c u l a t e d with the w e l l known H e r t z i a n formulas: 

a = 3 R 
4 Ε 1 

ι 1 

where 

/3 

Ε 1 

16 Ε 1 2 R 
2 

1 1 

1 /3 
F N 

1 " V 2 

7 3 

V 
1 0 : P o i s s o n f s r a t i o ; E. 0 : E l a s t i c modulus; 

R: B a l l r a d i u s 
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1. C Z I C H O S Contact Deformation and Static Friction of Polymers 1 

Tn bo me ter 

Driving 
device 

Loading 
device 

Test system 

J 

Force 
transducer] 

Signât feedback 

> 
Divider 3 Channel 

Recorder 

iDiscriminatorl 

F i g u r e 3. Block diagram of the t r i b o m e t e r . 

F i g u r e 4. M i c r o s t r u c t u r e of polyoxymethylene. 
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8 P O L Y M E R W E A R A N D ITS C O N T R O L 

F i g u r e 5. M i c r o s t r u c t u r e of polyamide 66. 

F i g u r e 6. Contact diameter and c o n t a c t deformation 
displacement curves. 
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1. C Z I C H O S Contact Deformation and Static Friction of Polymers 9 

In a d d i t i o n t o the continuous l o a d i n g and unloa d i n g 
procedure, a stepwise mode of l o a d i n g was a l s o a p p l i e d . 
In F i g u r e 7, c o n t a c t deformation displacements f o r both 
continuous and stepwise l o a d i n g are drawn f o r one o f the 
polymers i n v e s t i g a t e d . The p l o t s of F i g u r e 6 and the 
corresponding graphs f o r the ot h e r polymers s t u d i e d i n 
d i c a t e a r e s i d u a l deformation behaviour which may be d i s 
cussed i n conne c t i o n w i t h the e l a s t o p l a s t i c hardness o f 
the m a t e r i a l s . In a d d i t i o n i t i s obvious t h a t l a r g e d i f 
f e r e n c e s between experimental c o n t a c t deformation data 
and t h e o r e t i c a l v a l u e s c a l c u l a t e d on the b a s i s o f the 
c l a s s i c a l H e r t z i a n theory e x i s t so t h a t b e s i d e s the prop
e r t i e s and o p e r a t i n g v a r i a b l e s o f the H e r t z i a n theory 
some other i n f l u e n c i n g f a c t o r s must be c o n s i d e r e d . 

G e n e r a l l y speaking, the f o l l o w i n g main phenomena 
may i n f l u e n c e the c o n t a c t deformation behaviour of p o l y 
mers : 

1. E l a s t i c deformation processes 
2. V i s c o e l a s t i c deformation processes 
3. V i s c o p l a s t i c deformation processes 
4. S t r a i n h a r d e n i n g / s o f t e n i n g e f f e c t s 
5. I n t e r f a c i a l adhesion 

F i r s t , the p o s s i b l e i n f l u e n c e of i n t e r f a c i a l adhesion 
was s t u d i e d by performing l o a d i n g - u n l o a d i n g t e s t s w i t h un-
l u b r i c a t e d and l u b r i c a t e d specimens. I f i n t e r f a c i a l ad
hes i o n e x e r t s a dominant i n f l u e n c e on c o n t a c t deforma
t i o n behaviour, t h i s i n f l u e n c e should be s i g n i f i c a n t l y 
reduced by a l u b r i c a n t . (For example, Johnson, K e n d a l l 
and Roberts (2) found t h a t i f the co n t a c t of rubber 
spheres was immersed i n a s o l u t i o n o f sodium dodecyl s u l 
f a t e , the i n f l u e n c e o f i n t e r f a c i a l adhesion vanishes and 
the r e s u l t s o f co n t a c t r a d i u s measurements agreed e x a c t l y 
w i t h the H e r t z 1 t h e o r y ) . From the r e s u l t s shown i n F i g 
ure 8 i t can be seen t h a t the c o n t a c t deformation behav
i o u r i s not s i g n i f i c a n t l y changed through a l u b r i c a n t f o r 
the experimental c o n d i t i o n s of t h i s i n v e s t i g a t i o n . A l 
though no comparative c o n t a c t diameter measurements were 
performed, (because the l u b r i c a n t p e r m i t t e d a c l e a r mi
c r o s c o p i c d i s t i n c t i o n o f the c o n t a c t boundary) from the 
r e s u l t s of F i g u r e 8, i t i s obvious t h a t i n t e r f a c i a l ad
hesi o n appears not to be a dominant i n f l u e n c i n g f a c t o r 
f o r the c o n t a c t deformation displacement o f the polymers 
s t u d i e d . 

A Model f o r the c o n t a c t Deformation o f polymers 

In order to e x p l a i n the e x p e r i m e n t a l l y observed c o n t a c t 
deformation behaviour as shown i n F i g u r e 6, a simple 
r h e o l o g i c a l model which combines e l a s t i c , v i s c o e l a s t i c 
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P O L Y M E R W E A R A N D ITS C O N T R O L 

140-
pm 

120-

100-

80-

- 6 0 
QJ 
Ε 
eu 

-1.40 

Polypropylene 
stepwise loading 

Omin duration at every load step) 

continuous loading (0.6 N/s) 

Hertzian theory 

0 2 4 6 ) 10 12 14 16 18 Ν 20 
Load FN 

F i g u r e 7. Displacement curves f o r continuous and 
stepwise l o a d i n g . 

lubricated 
minerol oil. SAE10.q= 52 mPos (23*0 

PTFE 

Load FM-

F i g u r e 8. Displacement curves f o r u n l u b r i c a t e d and 
l u b r i c a t e d polymer-glass c o n t a c t s . 
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1. C Z I C H O S Contact Deformation and Static Friction of Polymers 11 

and v i s c o p l a s t i c i n f l u e n c e s i s co n s i d e r e d , see e.g. (16, 
17), F i g u r e 9. As i l l u s t r a t e d i n the upper p a r t o f F i g 
ure 9, with the h e l p o f a four-parameter o r Burger model 
the deformation behaviour of polymers may be approximated 
through a combination o f s p r i n g s and dampers. The s p r i n g 
E Q c h a r a c t e r i z e s the pure e l a s t i c s t a t e o f the polymer. 
In a d d i t i o n , a time-dependent v i s c o e l a s t i c component 
d e s c r i b e d by the s o - c a l l e d V o i g t - K e l v i n c o n f i g u r a t i o n , 
i . e . the combination of s p r i n g Ε and damper Yf comes 
i n t o a c t i o n . F u r t h e r , a v i s c o p l l s t i c flow component may 
e x i s t , modelled by the damper of v i s c o s i t y ^ 0 · 

Consider now a polymer under the instantaneous ac
t i o n o f a constant u n i a x i a l s t r e s s 6* . Assuming t h a t 
the deformation behaviour may be d e s c r i b e d by the model 
shown i n F i g u r e 9, we may hypothesize t h a t the r e s u l t i n g 
deformation £ , . Ί i s the sum of t o t a l 
(i) e l a s t i c deformation Ε Ί (Ε : e l a s t i c modulus) 

e l ο 
( i i ) v i s c o p l a s t i c deformation (yQ: " v i s c o s i t y " ) 
( i i i ) v i s c o e l a s t i c deformation £ ( E r : r e l a x e d modulus) 

These deformation components and t h e i r sum are p l o t t e d 
s c h e m a t i c a l l y i n F i g u r e 9. I f the asymptote f o r the r e 
s u l t i n g £ . .-curve i s c o n s t r u c t e d , the r e l a x e d modulus 
E r may be determined from the i n t e r s e c t i o n o f t h i s asymp
t o t e with the £ - a x i s . In a d d i t i o n , the r e l a x a t i o n time 
T * c a n be estimated as i l l u s t r a t e d i n F i g u r e 9 Although 
the deformation model shown i n F i g u r e 9 i s extremely sim
p l i f i e d and n e g l e c t s some important f a c t o r s (e.g. the 
f a c t , t h a t i n s t e a d o f a s i n g l e r e l a x a t i o n time a co m p l i 
cat e d r e l a x a t i o n spectrum may be v a l i d ) , the model may 
serve as a b a s i s f o r the d i s c u s s i o n o f the c o n t a c t de
formation behaviour of polymers. 

D i s c u s s i o n of the E x p e r i m e n t a l l y observed Contact 
Deformation Behaviour 

In order t o study the i n f l u e n c e o f v i s c o e l a s t i c i t y on the 
ex p e r i m e n t a l l y observed c o n t a c t deformation behaviour, i n 
analogy t o the model i l l u s t r a t e d i n F i g u r e 9 the d i s p l a c e 
ments under g i v e n l o a d as f u n c t i o n o f time were d e t e r 
mined. A t y p i c a l r e s u l t f o r one o f the polymers i n v e s t i 
gated i s shown i n F i g u r e 10. These diagrams were d e t e r 
mined f o r a l l f o u r polymers and the r e l a x e d moduli Ε o f 
the polymers and t h e i r nominal r e l a x a t i o n t i m e s T - were 
estimated i n a s i m i l a r manner as i l l u s t r a t e d i n F i g u r e 9. 
The r e s u l t s compiled i n Table I i n d i c a t e t h a t both r e 
la x e d moduli and r e l a x a t i o n times v a r y c o n s i d e r a b l y w i t h i n 
the range o f the a p p l i e d experimental c o n d i t i o n s . 
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P O L Y M E R W E A R A N D ITS C O N T R O L 

''total = (Έ • t (1 - e - τ ) ) σ 0 

'-ο Ίο Lf 

f t - τ - β - ' -0.368 

F i g u r e 9. Four-parameter or Burger model f o r the 
deformation behaviour of polymers. 

Polypropylene 

°0 1 2 3 4 5 6 7 1 Q3S 8 
time t • 

F i g u r e 10. V a r i a t i o n o f c o n t a c t deformation d i s p l a c e 
ment as f u n c t i o n of time. 
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1. C Z I C H O S Contact Deformation and Static Friction of Polymers 13 

In a d d i t i o n t o the study of v i s c o e l a s t i c i t y and the 
experimental d e t e r m i n a t i o n o f r e l a x e d moduli and r e l a x a 
t i o n time, p o s s i b l e i r r e v e r s i b l e v i s c o p l a s t i c c o n t a c t 
deformation e f f e c t s were a l s o s t u d i e d . A f t e r a c e r t a i n 
l o a d i n g time, the l o a d was t o t a l l y r e l e a s e d and the r e 
covery o f the polymers was measured. The r e s u l t s of F i g 
ure 11 show no v i s c o p l a s t i c e f f e c t s for both PA66 and POM, 
a minor i n f l u e n c e f o r PP but a c l e a r e f f e c t o f v i s c o -
p l a s t i c i t y f o r PTFE. (Note t h a t the rec o v e r y curves of 
Fi g u r e 11 are governed by much hig h e r r e l a x a t i o n times 
than those determined under an a p p l i e d l o a d and l i s t e d 
i n Table I. T h i s again i n d i c a t e s the dependence o f r e 
l a x a t i o n times o r r e l a x a t i o n s p e c t r a on o p e r a t i n g c o n d i 
t i o n s ) . 

The r e s u l t s o f F i g u r e 11 i n d i c a t e t h a t the polymers 
s t u d i e d were s u b j e c t t o d i f f e r e n t m i c r o s t r u c t u r a l deforma
t i o n mechanisms. In t h i s c o n n e c t i o n i t must be borne i n 
mind t h a t the maximum nominal deformation o f POM and 
PA66 was on l y 1% whereas PP and PTFE were deformed up t o 
1.8% and 3.3% r e s p e c t i v e l y . T herefore i t may be assumed 
t h a t f o r POM and PA66 o n l y an i n s t a n t a n e o u s l y r e v e r s i b l e 
deformation o f the amorphous matrix o f the s p h e r u l i t i c 
m i c r o s t r u c t u r e o c c u r r e d (18) whereas f o r PP and PTFE some 
i r r e v e r s i b l e e f f e c t s , l i k e i n t e r l a m e l l a r s h e a r i n g or r e 
o r i e n t a t i o n o f the la m e l l a e may have taken p l a c e . 

With the d e t e r m i n a t i o n o f v i s c o p l a s t i c displacements 
from F i g u r e 11 and the data o f v i s c o e l a s t i c i t y compiled 
i n Table I we are now i n a p o s i t i o n t o d e r i v e on the 
b a s i s o f the model i l l u s t r a t e d i n F i g u r e 9, a simple con
t a c t deformation formula i f we assume t h a t i n t e r f a c i a l 
adhesion (see F i g u r e 8) i s n e g l i g i b l e . As compiled i n 
Fi g u r e 12, i t i s assumed t h a t the t o t a l c o n t a c t deforma
t i o n displacement i s the sum of an e l a s t i c , a v i s c o e l a s t i c 
and a v i s c o p l a s t i c deformation component. For the f i r s t 
component the H e r t z i a n theory i s assumed t o be v a l i d and 
f o r the second component i n analogy t o the model d e s c r i b e d 
i n F i g u r e 9, the e l a s t i c modulus Ε i s r e p l a c e d by a term 
which i n c l u d e s the r e l a x e d modulus Ε and the r e l a x a t i o n 
t i m e T " . I f the v i s c o p l a s t i c component can be n e g l e c t e d , 
the c o n t a c t deformation formula, g i v e n i n F i g u r e 12, r e 
s u l t s . 

I t must be p o i n t e d out t h a t the formula g i v e n i n F i g 
ure 12 i s extremely s i m p l i f i e d because i t has been d e r i v e d 
i n analogy t o the model i l l u s t r a t e d i n F i g u r e 9 under the 
assumptions o f a l i n e a r s u p e r p o s i t i o n o f deformation com
ponents and the a c t i o n o f an instantaneous constant l o a d . 
Because o f d i f f e r e n c e s between these i d e a l i z e d assumptions 
and the a c t u a l experimental c o n d i t i o n s (e.g. continuous 
l o a d i n g i n s t e a d o f instantaneous loading) the formula 
should be c o n s i d e r e d o n l y as a f i r s t rough approximation. 
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P O L Y M E R W E A R A N D ITS C O N T R O L 

Table I. M a t e r i a l parameters of polymers 

Polymer Elastic modulus Load Relaxed modulus E r Relaxation time 
EQ[N/mm2] F N[N] Elastic modulus E_ 

0 
r[s] 

POM 3200 2 0.56 
8 0.58 25-9 
20 0.61 

PA 66 3000 2 0.54 
8 0.60 18^6 
20 0.65 

PP 1600 2 0.13 
8 0.22 27 ts 
20 0.49 

PTFE 600 2 0.21 
8 0.41 5 2 t l 5 
20 0.57 

Load : FN= 20 Ν 
Loading time: 1 min 

PTFE 

0 3 6 9 12 15 18 21 24 27 min 30 
Time after deloading t 

F i g u r e 11. Recovery curves a f t e r c o n t a c t deformation 
of polymers. 
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1. C Z I C H O S Contact Deformation and Static Friction of Polymers 15 

The s i m p l i f i e d formula g i v e n i n F i g u r e 12 i s v a l i d 
o n l y f o r the l o a d i n g mode o f c o n t a c t deformation. For 
the un l o a d i n g mode ( i . e . F decreasing) f u r t h e r aspects 
must be co n s i d e r e d . I f a f t e r a c e r t a i n l o a d i n g time t * 
the l o a d i s lowered, the e l a s t i c component 6 , i n 
stan t a n e o u s l y drops t o the displacement c o n n e c t l a w i t h 
the lower l o a d o r s t r e s s l e v e l . For the v i s c o e l a s t i c 
component, however, the whole l o a d i n g - u n l o a d i n g h i s t o r y 
must be taken i n t o c o n s i d e r a t i o n : On the one hand, the 
v i s c o e l a s t i c component S reduces t o the corr e s p o n d i n g 
lower l o a d or s t r e s s leveï i n a delayed manner depending 
on the r e l a x a t i o n time. On the ot h e r hand, a t the lower 
l o a d or s t r e s s l e v e l the v i s c o e l a s t i c component i n c r e a s e s 
again because o f i t s dependence on time. In a d d i t i o n , 
a p o s s i b l y remaining i r r e v e r s i b l e v i s c o p l a s t i c component 
must a l s o be p a i d r e g a r d . Summing up a l l these compo
nents, a c o n t a c t deformation formula f o r the unl o a d i n g 
mode r e s u l t s which i s a l s o g i v e n i n F i g u r e 12. ( I t should 
be mentioned t h a t f o r the sake o f s i m p l i c i t y the same r e 
l a x a t i o n time T* i s assumed to be v a l i d f o r both the l o a d 
i n g and unl o a d i n g mode. T h e o r e t i c a l l y , i t should be d i s 
t i n g u i s h e d between a " r e t a r d a t i o n time" f o r the l o a d i n g 
mode and a " r e l a x a t i o n time" f o r the un l o a d i n g mode.) 

In F i g u r e s 13 t o 16 the e x p e r i m e n t a l l y determined 
c o n t a c t deformation displacement v a l u e s t o g e t h e r w i t h 
curves c a l c u l a t e d with the deformation formulas of F i g 
ure 12 and the H e r t z i a n formula are p l o t t e d . In the d i s 
placement-load graphs f o r POM and PA66 o n l y e l a s t i c and 
v i s c o e l a s t i c components were taken i n t o c o n s i d e r a t i o n 
whereas f o r PP and PTFE a l s o v i s c o p l a s t i c components (see 
Fi g u r e 11) were i n c l u d e d . I t can be seen t h a t a reason
a b l y good c o r r e l a t i o n between experimental data and th e 
o r e t i c a l l y determined curves r e s u l t s , so t h a t the formulas 
compiled i n F i g u r e 12 may be used f o r the approximative 
e s t i m a t i o n o f the c o n t a c t deformation behaviour o f curved 
t h e r m o p l a s t i c polymeric m a t e r i a l s . 

STATIC FRICTION 

In a d d i t i o n t o the i n v e s t i g a t i o n s on c o n t a c t deformation, 
the i n i t i a l stage of f r i c t i o n has been s t u d i e d (19). 
Whereas i n r e c e n t years s e v e r a l i n v e s t i g a t i o n s have been 
performed on polymer/metal s l i d i n g p a i r s (a comprehensive 
review was p u b l i s h e d r e c e n t l y by B r i s c o e (20) r e l a t i v e l y 
l i t t l e work has been done t o study the t r i b o l o g i c a l be
havi o u r of polymers s l i d i n g a g a i n s t polymers. In the 
f r i c t i o n i n v e s t i g a t i o n s a p i n - o n - d i s c c o n f i g u r a t i o n w i t h 
the f o l l o w i n g polymers was used; the polymer p i n s were 
cut w i t h a microtome i n order t o o b t a i n a f l a t smooth 
polymer s u r f a c e a t the begin n i n g o f the t e s t s : 
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P O L Y M E R W E A R A N D ITS C O N T R O L 

Contact deformation = f (elasticity, viscoelasticity, viscoplasticity) 

s t o t a l = < e l + * r ~ 

δ - -» Hertzian theory . 
(1 G~ ) 

δ Γ -»· Hertzian theory with —=—> — g - ^ 
ο r 

where E r : Relaxed modulus 
τ : Relaxation time 

If &u = 0, for a ballon-plate contact it follows 
Γ 9 n M r 9 d - e « / r ) = l 

FN 2 ' ' ' 
5 t o t a l " [l6 E i ' Rj F N + L l 6 E r

; R j FN 2 ' ' ' 

Unloading mode (t > t* ; t*: Loading time) : 

fttotal(FN<FNmax't>t#)=6el(FN)^r(FN,t)+5
V

(FNmax,t*) - ( t - t » ) 
+ f r ^ N m a x / * * " * r ( Ρ Ν / * > - * v ^ N m a x^J

 e T 

F i g u r e 12. S i m p l i f i e d formulas f o r the c o n t a c t 
deformation displacements of polymer b a l l s . 

Experimental *« : load increasing 
data: ο : load decreasing 

Load FN 

F i g u r e 13. E x p e r i m e n t a l l y determined c o n t a c t deforma
t i o n displacement and c a l c u l a t e d curves f o r POM. 
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C Z I C H O S Contact Deformation and Static Friction of Polymers 

Load FN • 

F i g u r e 14. E x p e r i m e n t a l l y determined c o n t a c t déforma 
t i o n displacement and c a l c u l a t e d curves f o r PA66. 

0 2 4 6 8 10 12 14 16 18 Ν 20 
Load FN · -

F i g u r e 15. E x p e r i m e n t a l l y determined c o n t a c t déforma 
t i o n displacement and c a l c u l a t e d curves f o r PP. 
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18 P O L Y M E R W E A R A N D ITS C O N T R O L 

P i n m a t e r i a l s : Polyoxymethylene (POM) 
Polyamide 66 (PA66) 
Polypropylene (PP) 
P o l y t e t r a f l u o r o e t h y l e n e (PTFE) 

D i s c m a t e r i a l s : A c r y l o n i t r i l e - s t y r e n e (ANS) 
P o l y s t y r e n e (PS) 
Polymethyl methacrylate (PMMA) 

The s u r f a c e roughness data of the polymer p i n s were 
R z <=* 1.3 μπι and R & ÇA 0.2 μπι. The t e s t s were performed a t 
v e r y low s l i d i n g speeds i n o r d e r t o e l i m i n a t e f r i c t i o n -
induced thermal e f f e c t s . The f o l l o w i n g experimental 
c o n d i t i o n s were used: c o n t a c t p r e s s u r e ρ = 3.2 N/mm2; 
s l i d i n g v e l o c i t y ν = 2.4 χ 10"*7 m/s; ambient temperature 
Τ = 23 °C; r e l a t i v e humidity 50%. 

F i g u r e 17 shows the f r i c t i o n c o e f f i c i e n t as a f u n c 
t i o n o f s l i d i n g d i s t a n c e . A t y p i c a l peak of s t a t i c f r i c 
t i o n appears, which i s f o l l o w e d by d i f f e r e n t l e v e l s o f 
the f r i c t i o n c o e f f i c i e n t f o r the d i f f e r e n t polymer-polymer 
combinations. F i g u r e 18 shows va l u e s of the measured 
f r i c t i o n c o e f f i c i e n t as a f u n c t i o n o f s l i d i n g d i s t a n c e 
f o r the same f o u r polymer m a t e r i a l s , used as p i n s , s l i d i n g 
i n t h i s case a g a i n s t the polymer PS. F i g u r e 19 shows the 
f r i c t i o n data o f the f o u r polymeric m a t e r i a l s s l i d i n g 
a g a i n s t PMMA. O p t i c a l i n v e s t i g a t i o n s w i t h the equipment, 
i l l u s t r a t e d i n F i g u r e 2, r e v e a l e d no d e t e c t a b l e s u r f a c e 
changes, which i n d i c a t e s t h a t i n a l l the combinations 
shown i n F i g u r e s 17 t o 19, s l i d i n g takes p l a c e at the 
o r i g i n a l polymer-polymer i n t e r f a c e . 

In order t o e x p l a i n the f r i c t i o n a l behaviour of the 
polymer-polymer p a i r s , a c o r r e l a t i o n was sought between 
the f r i c t i o n a l behaviour and the r e l e v a n t p r o p e r t i e s of 
the i n t e r a c t i n g polymers, l i k e the adhesive f o r c e s a c t i n g 
between the c o n t a c t i n g polymer s u r f a c e s . For t h i s purpose 
the wellknown Dupré equation was used as a s t a r t i n g point: 

where Δ% i s the work of adhesion, Jf\ and ft 2 are the 
s u r f a c e f r e e e n e r g i e s o f bodies 1 and 2 and y 1 2

 i s t n e 

i n t e r f a c i a l f r e e energy between bodies 1 and 2. 

For the v a l u e s of the s u r f a c e e n e r g i e s which must be 
i n s e r t e d i n the Dupré equ a t i o n , r e c e n t s u r f a c e energy da
t a f o r the polymers used i n t h i s study, which were de
termined by Erhard (21) c o u l d be used. Erhard determined 
e x p e r i m e n t a l l y the s u r f a c e f r e e e n e r g i e s o f the polymers 
and computed the work o f adhesion w i t h the method o f 
Owens and Wendt. Table I I shows the data of the work of 
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C Z I C H O S Contact Deformation and Static Friction of Polymers 

140 

μπι 

120 

100-

I 60 

40; 

20 

Experimental 
data : 

PTFE 

«: load increasing 
o: load decreasing 

* calculated curves 

Hertzian theory 

"0 2 4 6 8 10 12 14 16 18 Ν 20 
Load FN • 

F i g u r e 16. E x p e r i m e n t a l l y determined c o n t a c t deforma
t i o n displacement and c a l c u l a t e d curves f o r PTFE. 

0.7-

0.6-

J 0,5 

ο (_> 
c= 0.3 ο 
ο 

^ 0.2 

0,1 

Φ2 

FN=10N; ν = 2.4 KlQ-7m/s; s = 450 pm; TQ=23°C ; y = 50%rel. humidity 

Pin : PTFE 
Ρ0Μ 
PA 66 
PP 

Disc: ANS 

50 100 150 200 250 300 350 400 
Sliding distance s • 

pm 450 

F i g u r e 17. F r i c t i o n o f polymer/polymer p a i r s (PTFE, 
POM, PA66, PP a g a i n s t ANS). 
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P O L Y M E R W E A R A N D ITS C O N T R O L 

p-0108-η 

0.7-

0.6-

1 0.5-
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F i g u r e 18. F r i c t i o n o f polymer/polymer p a i r s (PTFE, 
POM, PA66, PP a g a i n s t PS). 
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F i g u r e 19. F r i c t i o n o f polymer/polymer p a i r s (PTFE, 
POM, PA66, PP a g a i n s t PMMA). 
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adhesion computed by Erha r d (21) and the experimen
t a l l y determined f r i c t i o n a l work, Ε . The f r i c t i o n a l 
work, Ε , was determined by i n t e g r a t i n g the measured 
f r i c t i o n a l f o r c e s p l o t t e d i n F i g u r e s 17 t o 19 over the 
s l i d i n g d i s t a n c e . The r e s u l t s are t h a t the data f o r 
PTFE s l i d i n g a g a i n s t the thr e e d i s c m a t e r i a l s are lowest 
and the data f o r the PA66 p i n s , s l i d i n g a g a i n s t the thr e e 
d i s c m a t e r i a l s are g e n e r a l l y h i g h e s t . In F i g u r e 20 the 
ex p e r i m e n t a l l y determined f r i c t i o n a l work i s p l o t t e d as 
a f u n c t i o n o f the c a l c u l a t e d work o f adhesion. 

On a l o g a r i t h m i c s c a l e the f r i c t i o n a l work i n c r e a s e s 
w i t h the work o f adhesion and the experimental data seem 
to be i n a reasonably good c o r r e l a t i o n with the t h e o r e t 
i c a l l y c a l c u l a t e d v a l u e s . (An e x c e p t i o n perhaps may be 
the combination o f PP s l i d i n g a g a i n s t PS). I t appears 
t h a t f o r the f l a t - t o - f l a t conformai c o n t a c t o f the p o l 
ymer combinations s t u d i e d , the adhesion component a t the 
i n t e r f a c e may be the dominant f a c t o r governing the i n i t i a l 
f r i c t i o n a l behaviour o f polymer-polymer s l i d i n g p a i r s . 
In c o n t r a s t , i n the case o f the c o n t a c t deformation d i s 
placement o f b a l l - t o - f l a t c o u n t e r f o r m a l c o n t a c t s d i s c u s s e d 
above no e f f e c t o f adhesion was found as compared with the 
i n f l u e n c e o f the (bulk) v i s c o e l a s t i c p r o p e r t i e s o f the 
m a t e r i a l s . (This may be due t o e l a s t i c r e l i e f f o r c e s 
which may b u r s t adhesive j u n c t i o n s d u r i n g the l o a d i n g -
unloading c o n t a c t deformation c y c l e s . ) 

CONCLUSIONS 

From the i n v e s t i g a t i o n s o f ( i ) c o n t a c t deformation and 
( i i ) i n i t i a l s t a t i c f r i c t i o n of t h e r m o p l a s t i c polymers 
the f o l l o w i n g c o n c l u s i o n s may be drawn: 

a) The c o n t a c t deformation behaviour o f coun t e r f o r m a l 
polymer/glass c o n t a c t s i s c o n s i d e r a b l y i n f l u e n c e d 
by the (bulk) v i s c o e l a s t i c p r o p e r t i e s o f the polymers. 

b) The c o n t a c t deformation displacement f o r the unloa d i n g 
mode i s c o n s i d e r a b l y h i g h e r than f o r the l o a d i n g mode. 

c) The c o n t a c t deformation displacement i n loading/un
l o a d i n g c y c l e s can be estimated w i t h a s i m p l i f i e d 
extended H e r t z i a n formula i n c l u d i n g r e l a x a t i o n 
c h a r a c t e r i s t i c s o f the polymers. 

d) The s t a t i c f r i c t i o n a t the onset o f motion o f con-
formal polymer/polymer s l i d i n g p a i r s i s i n f l u e n c e d 
mainly by i n t e r f a c i a l adhesion. 

e) A c o r r e l a t i o n between e x p e r i m e n t a l l y measured f r i c 
t i o n a l work and t h e o r e t i c a l l y e stimated work o f 
adhesion was found. 
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Table I I . Work of f r i c t i o n and adhesion o f polymers 

Pin Disc Frictional work Work of adhesion 
E F I Ν mm] Δ γ =7 1 +7 2 - 7 1 2 110 6 Nmm/mm 2 ] 

PTFE ANS 0.328 54.7 
PS 0.343 55.4 
PMMA 0.324 53.6 

PP ANS 0.795 73.0 
PS 1.215 75.3 
PMMA 0.730 73.0 

POM ANS 0.619 84.5 
PS 0.760 81.0 
PMMA 0.850 87.3 

PA 66 ANS 0.987 88.0 
PS 0.864 83.1 
PMMA 1.128 92.1 

Nmml 

Fi g u r e 20. C o r r e l a t i o n between f r i c t i o n a l work and 
work of adhesion. 
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DISCUSSION 

Question by P r o f e s s o r S. Bahadur, Iowa S t a t e U n i v e r s i t y : 
The v i s c o e l a s t i c e f f e c t i n deformation r e p o r t e d by you 
i s s i m i l a r t o what has been known f o r a long time i n 
wood. As such the deformation v a l u e s i n l o a d i n g and 
unloa d i n g are d i f f e r e n t . Have you gi v e n any c o n s i d e r a 
t i o n how these r e s u l t s c o u l d be f a c t o r e d i n t o the adhe
s i o n theory o f f r i c t i o n which has as one o f i t s compo
nents the r e a l area o f c o n t a c t ? 
Answer: The aim of the deformation experiments was t o 
study the i n f l u e n c e s o f p o s s i b l e v i s c o e l a s t i c and v i s c o 
p l a s t i c e f f e c t s on the H e r t z i a n c o n t a c t behaviour o f 
curved t h e r m o p l a s t i c polymers. Because these experiments 
were performed o n l y w i t h normal loads we have not a t 
tempted t o extend these r e s u l t s t o s l i d i n g H e r t z i a n 
c o n t a c t s . In c o n t r a s t , the s t a t i c f r i c t i o n experiments 
r e p o r t e d i n t h i s paper were performed w i t h f l a t polymer-
polymer c o n t a c t s ( p i n - o n - d i s c c o n f i g u r a t i o n ) i n or d e r 
t o keep i n these experiments the mechanical s t r e s s s i t u a 
t i o n as simple as p o s s i b l e . 

Question by P r o f e s s o r D. Dowson, U n i v e r s i t y o f Leeds: 
How was the l u b r i c a n t a p p l i e d i n the deformation s t u d i e s ? 
D i d the author observe any l u b r i c a n t entrapment w i t h i n 
the H e r t z i a n c o n t a c t zone i n the normal approach pr o c e s s ? 
Many authors have r e p o r t e d trapped p o o l s o f l u b r i c a n t i n 
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the c e n t r e of H e r t z i a n c o n t a c t s when e l a s t i c spheres are 
loaded a g a i n s t f l a t s u r f a c e s i n the presence o f l i q u i d s . 
Answer: The l u b r i c a n t was a p p l i e d as a t h i n boundary 
f i l m t o the d i s c s u r f a c e . An entrapment o f l u b r i c a n t 
was not v i s i b l e i n our i n - s i t u m i c r o s c o p i c o b s e r v a t i o n s 
of the c o n t a c t zone. 

Question by Dr. B r i s c o e , I m p e r i a l C o l l e g e , London: 
I f e e l t h a t s u r f a c e f r e e energy i s not a good parameter 
to c o r r e l a t e w i t h s u r f a c e f r i c t i o n . Surface f r e e energy 
may be r e l a t e d t o cohesive energy d e n s i t y . There i s too 
much data which c o n t r a d i c t s t h i s , e.g. (1) st a t i c / d y n a m i c 
f r i c t i o n , (2) s p i n e f f e c t s , (3) temperature and v e l o c i t y 
dependence of f r i c t i o n . 
Answer: In c o n s i d e r i n g the r e s u l t s o f the f r i c t i o n ex
periments i t must be borne i n mind t h a t o n l y the i n i t i a l 
s t a t i c f r i c t i o n , w i t h a s l i d i n g d i s t a n c e o f l e s s than 
500 μπι and n e g l i g i b l e i n f l u e n c e s o f v e l o c i t y and tempe
r a t u r e was s t u d i e d . Because the m i c r o s c o p i c i n - s i t u ob
s e r v a t i o n s o f the c o n t a c t i n t e r f a c e r e v e a l e d t h a t the 
i n i t i a l s l i d i n g motion occured a t the a c t u a l i n t e r f a c e 
(without i n d i c a t i o n o f deformation o r m a t e r i a l t r a n s f e r 
e f f e c t s ) i t i s h y p o t h e s i z e d t h a t i n i t i a l s t a t i c f r i c t i o n 
i s the r e s i s t a n c e t o overcome i n t e r f a c i a l adhesion as 
c h a r a c t e r i z e d by the Dupré e q u a t i o n . 

Question by Dr. R.C. C a v e s t r i , Copeland C o r p o r a t i o n , 
Sidney, Ohio: Have you c o n s i d e r e d the e f f e c t o f the 
d e n s i t y o f the polymers and p o s s i b l e c o r r e l a t i o n w i t h 
the s c a t t e r of p i n - o n - d i s c data? 
Answer: The q u e s t i o n of the i n f l u e n c e s o f polymer den
s i t i e s was not co n s i d e r e d i n t h i s paper but i n another 
r e s e a r c h r e p o r t (see r e f . (15) ). 

Question by Dr. D.H. Buckley, NASA Lewis Research Center, 
C l e v e l a n d : Don't the moisture (50% r e l . humidity) o f 
your experimental environment a l t e r the work o f adhesion 
and should you expect t h e r e f o r e a c o r r e l a t i o n between 
f r i c t i o n and work o f adhesion? 
Answer: The i n f l u e n c e of moisture adsorbed by the 
polymers may indeed have an i n f l u e n c e on the work o f 
adhesion. However, i n t h i s study o n l y the r a n k i n g o f 
data and not t h e i r a b s o l u t e v a l u e s i s c o n s i d e r e d . I t 
i s p o s s i b l e t h a t the e f f e c t o f moisture i s one p o s s i b l e 
reason f o r the e x p e r i m e n t a l l y observed s c a t t e r o f dat a . 

Question by Dr. Y o u t i Kuo, Xerox Company: What i s the 
r o l e o f shear i n your experiments and a n a l y s i s ? 
Answer: Because the deformation experiments where pe r 
formed o n l y w i t h normal loads and the c o n t a c t deformation 
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displacement p e r p e n d i c u l a r to the c o n t a c t i n t e r f a c e was 
e x p e r i m e n t a l l y measured, the r o l e o f shear was not s t u d 
i e d e x p l i c i t e l y . 

R E C E I V E D January 23, 1985 
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Fracture Energetics and Surface Energetics 
of Polymer Wear 

Lieng-Huang Lee 

Webster Research Center, Xerox Corporation, Webster, NY 14580 

Polymer wear can take place in various modes, e.g., 
adhesive, abrasive, transfer, fatigue, and tribo-chemical. In 
reality, several mechanisms can also operate 
simultaneously. If impaction is involved, an impact wear 
can be the chief mechanism. The predominance of any one 
type of wear can be influenced by the form of polymers, 
e.g., thermoplastics, elastomers or composites. 

This paper is to discuss polymer wear on the basis of 
energetics. For adhesive wear, surface energetics are the 
dominant factor. For example, the work of adhesion of the 
two counterfaces has been correlated with wear rate. For 
abrasive wear, fracture energetics can dictate the crack 
formation and the intensity of wear. Depending on the 
ductility of polymers, fracture energy G c or Jc of the 
material can directly affect the wear. A severe tribo
-chemical wear could involve the generation of energetic 
particles, e.g., free radicals, electrons, positive ions, etc. 
For polymer transfer, surface polarity has been shown to 
determine the direction of transfer. Fatigue wear under a 
cyclic load can involve fracture energy of the material. We 
found that for fatigue resistance, fracture energy is the 
most important property. Moreover, most wear mechanisms 
eventually lead to fatigue wear of polymers. 

Since the first review on the effect of surface energetics on polymer 
friction and wear published in 1974,0) many new works have appeared. 
Some of these papers(2-4) are on fracture mechanics. In this paper we shall 
review our current knowledge about both fracture energetics and surface 
energetics of polymer wear. First, we discuss wear mechanisms and then 
emphasize these two aspects related to each wear mechanism. 

0097-6156/ 85/ 0287-0027S06.00/ 0 
© 1985 American Chemical Society 
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Polymer Wear Mechanisms 

Several mechanisms of polymer wear have been discussed in the 
literature:(5-7) adhesive wear, abrasive wear, fatigue wear, tribo-chemical 
wear, corrosive wear and impact wear. We shall limit this discussion to the 
four basic mechanisms shown in Figure 1. Neither corrosive(5) nor impact 
wear(8,9) are common, and we do not plan to discuss these in this paper. 

Adhesive Wear. Adhesive wearO) is the transfer of material from one 
counterface to the other as a result of the formation of an adhesive junction 
under a normal load. Adhesion is facilitated by close contact, plastic 
deformation, or frictional heating.(lO) Upon further sliding, some of the 
junctions can rupture, and the polymer can be transferred to the 
counterface of a metal or another polymer. 

For polymer-polymer sliding pairs,(l 1) adhesion appears to be the 
dominant mechanism of polymer friction. Adhesion can also take place at 
the polymer-metal interface provided that surface roughness is below a 
certain value.(12) For a smooth surface, it is difficult to differentiate 
fatigue from adhesive wear.(5) 

The wear rate as expressed in wear volume V w can be empirically 
obtained from the Archard's equation:(13) 

V w = k L-d/H (1) 

where k = wear constant (a property of the counterbodies), L = normal load, 
H = hardness (by indentation) of the weaker material, and d = sliding 
distance. In this equation, hardness is the only material property. However, 
for polymers, hardness is difficult to define clearly because of creep and 
stress relaxation which can take place at different temperatures. In the 
following discussion, we shall include some of the other tribologically 
significant properties(7) listed in Table I. 

Adhesion is strongly influenced by the interfacial properties, e.g., 
surface topography, surface energetics, interfacial shear strength, and 
surface adsorbed layer. Among them, surface energetics(J_) are of prime 
importance for the following reasons: 1. the formation of an adhesive 
junction(ll) is determined by the work of adhesion, Wa, and the work of 
plastic deformation, Ŵ ; 2. the cohesive fracture of the joints depends on 
the work of cohesion, Wc; and 3. the direction of the transfer depends on 
the surface energies of counterfaces - generally from a low surface energy 
to a high surface energy.(lfr,15) 

Since adhesive wear involves the fracture of junctions, not only 
surface energetics but fracture energetics(16,17) should be considered. The 
roles of fracture energy, G c (or fracture toughness, K c), ductile fracture 
energy, J c , and elastomeric fracture energy, T c, will be discussed in the 
following section. For this reason, we need to identify the weaker polymer 
as brittle, ductile or elastomeric. For example, adhesive as well as fatigue 
wear involves mostly elastomers. 
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Table 1. Tribologically Significai 
Properties 

Surface and Interface Properties 

• Surface topography 

• Surface energy 

• Interfacial shear strengh 

• Adsorbed layers, surface films 

Physical Porperties 

• Viscoelasticity 

• Molecular weight and M W distribution 

• Glass (or melting) temperature 

• Cross-linking 

• Cohesive energy density 

- Thermal conductivity 

Mechanical Properties 

• Elastic modulus 

• Yield pressure 

• Hardness 

• Shear strength 

• Fracture energy (or fracture toughness) 

Microstructure 

• Crystal strucutre and orientation 

• Second phase 

• Polyblend 

• Reinforcing medium 

• Amorphous region 

Properties of Polymers 
Tribological Effects 

- deformation, fatigue, abrasion, adhesion 

- adhesive wear, friction 

- friction, material transfer 

- adhesion, friction, tribo-chemical effects 

- deformation, friction, fatigue, abrasion 

- surface energetics, fracture energy, 
fatigue, abrasive wear 

- friction, fatigue wear, abrasive wear, 
adhesive wear 

- fatigue wear, deformation, friction, 
abrasive wear 

- abrasive wear, deformation, friction, 
adhesive wear 

- thermal effects, friction heating 

- deformation, fatigue, abrasive wear 

- friction, deformation 

- deformation, abrasive wear, fatigue, 
adhesive wear 

- deformation, friction, wear rate 

- asperity fracture, ploughing, abrasive 
wear, adhesive wear, fatigue 

- deformation, wear rate 

- abrasive wear, wear rate 

- deformation, abrasion, fatigue, 
wear rate 

- deformation, wear rate, abrasion 

- deformation, abrasion, adhesion, 
ploughing, wear rate 
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2. LEE Fracture and Surface Energetics of Polymer Wear 31 

Abrasive Wear. Abrasive wear(18) is common for brittle, ductile and 
elastomeric polymers. Abrasion is the wear by displacement of materials 
from surfaces in relative motion caused by the presence of hard 
protruberances or by the presence of hard particles either between the 
surfaces or embedded in one of them. As a result, microploughing, 
microshearing or microcutting can occur. Thus, fracture energetics and 
contact mechanics are involved in analyzing the wear results. We shall 
discuss briefly the wear rate with respect to different types of polymers. 

Brittle polymers. A simple expression, similar to Archard's equation, has 
been used to determine the wear volume V w(5): 

V w = lq L-d-tane/πΗ (2) 

where θ = mean slopes of asperities (for a conical asperity, the friction 
force F = 2 tan0/ïï). In this equation, only one material property, hardness, 
is involved. 

Ratner(19) found that there were three stages involved in the 
formation of a loose wear particle: 1) deformation of the surfaces to an 
area of contact determined by the hardness, H; 2) relative motion opposed 
by a friction force F = \iL; and 3) rupture of the material at the junctions 
involving the work of rupture equal to the integral of the stress-strain 
relationship σ·ε). Hence, the wear volume is 

V w = k 2 yd/Η-σ-ε (3) 

where μ = friction coefficient, σ = breaking stress, and ε = elongation at 
break. Noted that σ·ε is also a measure of toughness, which is the second 
material property to be considered. This should lead us to the discussion of 
fracture parameters involved in abrasion. 

Fracture toughness, K i c , has already been considered to be a variable 
in the fracture of metal.(2) Based on Kj c, the wear volume is measured as 
follows: 

V W = n2 (P-E-L3/2 / K I c2.H3/2 ) d (4) 

where n2 = work-hardening factor and Ρ = yield strength. Since K\c^ = 
EG t c(16), by setting n2 = k$, Eq. (4) becomes 

V w = k 3 (P-L3/2 / GIc-H3/2) d (5) 

where G j c = fracture energy (mode I). Equation (5) indicates the direct 
involvement of a material property, fracture energy, in the abrasive wear. 
This equation was originally derived for metals and should be equally 
applicable to brittle polymers. 

Ductile polymers. For ductile polymers, the linear elastic fracture 
mechanics do not apply. The introduction of the J-integral by Rice(20) has 
facilitated the application of ductile fracture mechanics for this polymer 
system.(17) Without detailed discussion, the ductile fracture energy J i c is 
used instead of G j c in Eq. (5): 
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32 P O L Y M E R W E A R A N D ITS C O N T R O L 

V w = k 4 (P-L3/2/JIc.H3/2) d (6) 

The values of J c for several polymers(17) are shown in Fig. 2. Note that 3 C 

is always larger than G c for most ductile polymers. 

Elastomers. Ratner and Klitenik(2J_) obtained a wear rate equation for the 
abrasion of rubbers and their vulcanizates: 

V w = K 5 y(100-D)d/a (7) 

where D is the percentage rebound resilience characterizing the hysteresis 
loss. 

Champ, Southern and Thomas(22) found that the rate of wear (r w) was 
a function of the tear energy T: 

r w = BT a (8) 

where α is an exponent which varies from 2 for natural rubber to 4 or more 
for noncrystallizing, unfilled rubbers, e.g., SBR, and Β is a constant. Here, 
the tear energy, Τ is equivalent to G for brittle polymers. 

Fatigue wear. Fatigue implies a mode of wear where nonapparent damage 
on the asperities is accumulated over a large number of loading and 
unloading cycles. As a result, apparent damage occurs in the formation and 
separation of wear particles from the surface of the weaker material. 
Fatigue wear is mild and generally appears in rolling. Under sliding 
conditions, fatigue wear can be found along with abrasive or adhesive wear. 

The importance of fatigue wear was first recognized by Soviet 
scientists.(23) Some of extended fatigue wear equations were proposed by 
Kraghelsky and Nepomnyashchi,(24) and recently by Jain and Bahadur.(25,26) 
For our discussion, we use the simple relation based on Wohler's σ-Ν 
curve;(27) 

Ν = (σ0/σ)*> (9) 

where Ν is the number of cycles to failure, σ 0 the static strength 
corresponding to a single application of stress to cause failure, and σ the 
applied cyclic stress. The exponent b is the fatigue resistance coefficient 
and is greater than 1. The b values for commonly known polymers are 
compiled in Table II. 
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2. LEE Fracture and Surface Energetics of Polymer Wear 33 

THERMOPLASTICS 

POLYVINYLCHLORIDE 

POLYCARBONATE 

POLYETHYLENE TERPHTHALATE —J 

RUBBER-REINFORCED POLYSTYRENE 
(MEDIUM IMPACT) 

POLYMETHYL METHACRYLATE H 

POLYSTYRENE H 

102 

Figure 2 D u c t i l e Fracture Energies, J , of Polymers 
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34 P O L Y M E R W E A R A N D ITS C O N T R O L 

TABLE II. Fatigue Resistance Coefficients of Polymers 

Fatigue Resistance 
Polymer Coefficient, b Ref. 

Polymethyl methacrylate (20.44) 26 

9.0 28 

Acetal copolymer 7.7 28 

Polyimides 7.3 29 

Nylon 6,6 7.1 30 

4.7 28 

High density polyethylene 4.51 26 

Low density polyethylene 3.5 28 

Polyvinyl chloride 3.15 26 
Styrene-butadiene rubber 2.2 27 

(+ 5°C) 

Styrene-butadiene rubber 1.9 27 

Natural rubber 1.75 27 

Sodium butadiene 1.4 27 
Though fatigue wear generally takes place at the surface, it is 

somewhat affected by the fatigue properties of the bulk.(31) Fatigue 
involves crack formation and crack propagation (FCP), thus, it is a fracture 
process. For example, the crack growth rate per cycle, da/dN, has been 
related to Δ K ( K m a x - K m i n ) (Fig. 3): 

da/dN = Α Δ κ ™ (10) 

where A and m are functions of materials, environment, frequency, 
temperature and stress ratio. Κ is the stress intensity factor. 

The above relation has been further modified in the usual form of 
Paris Law(32) to include the material property, fracture toughness, K c: 

da/dN * (K/K c) m (11) 

The FCP rate is now inversely proportional to K c. Thus, a polymer with 
high K c should provide a long fatigue life during the wearing process. 

Similar to Eq. (10), the crack growth rate per cycle(33) has also been 
expressed in terms of A G : 

da/dN = B f acq (12) 

where both Bf and q are constants. For ductile polymers, the growth rate 
has also been related to the J-integral(34): 
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2. LEE Fracture and Surface Energetics of Polymer Wear 35 

Figure 3. Fatigue Crack P r o p a t i o n Behavior of Polymers. (Reproduced 
w i t h permission from Ref. 37. Copyright 1979, P l a s t i c s Rubber 
I n s t i t u t e . ) 
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36 P O L Y M E R W E A R A N D ITS C O N T R O L 

da/dN ^ B'Ajn (13) 

An expression like Eq. (10) has been introduced for elastomers: 

da/dN = ΑΔΤ™ (14) 

where Τ is the tear energy. Based on the Paris Law, we can further derive a 
similar relation as in Eq. (11): 

where T c is the elastomeric fracture energy. 
The importance of fracture energy in fatigue wear resistance is 

further implied by the work of Eiss and Potter,(29) as described in this 
volume. With the addition of polysiloxane elastomer to epoxide, the 
fracture energy, though not measured, should increase considerably. Their 
data show that the addition of 15% of the elastomer caused a decrease of 
the fatigue wear rate from 600 to 90 Um^/kc, while the elastic moduli 
decreased only slightly from 1.11 to 0.92 GPa. The increase in wear 
resistance appears to result also from the increase in fracture energy, 
instead of the decrease in modulus alone. 

Tribo-chemical Wear. Besides the above three wear mechanisms, we should 
discuss tribo-chemical wear. Tribo-chemical wear(7) takes many forms. 
Some of these wears result from the interactions of the polymer with its 
environment, e.g., oxygen, ozone, heat (e.g., friction heat), surface 
contaminants, etc.- The application of mechanical energy at the interface 
can also cause mechanochemical degradation(35) to generate free radicals 
which can further lead to cross-linking or other interactions. In the 
composites, polymer-filler interactions can also take place through 
mechanochemical mechanisms. 

In brief, tribo-chemical wears are not easy to describe with a single 
expression. However, many of the tribo-chemical wears do transform into 
fatigue wear under multi-pass situations. Thus, the discussions about 
fatigue wear in the preceding section are still applicable to tribo-chemical 
wear under the fatigue mode. 

Recent work by Dickinson on fracto-emission(36) indicates that ions, 
neutral particles, electrons and photons could be detected during the 
polymer fracture processes. The identification of these species during 
polymer wear may be of future research interests. 

Conclusions 

Wear of polymers is a complete, system-dependent phenomenon which is 
influenced by a broad manifold of parameters. Fracture energetics and 
surface energetics are the most significant properties in determining various 
forms of polymer wear. For adhesive wear, surface energetics play a key 
role in junction formation and polymer transfer. A polymer of low surface 
energy tends to transfer to that of high surface energy. A wear-resistant 
material should be at least high in fracture energy. For abrasive resistance, 
a polymer needs to be hard and tough, while for fatigue resistance, 
toughness as determined by fracture energy appears the most important 
property. 

(da/dN) ** (T/T c) m (15) 
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2. LEE Fracture and Surface Energetics of Polymer Wear 37 

LEGEND OF SYMBOLS 
(in metric units) 

A = constant 
a = crack growth length (cm) 
B,Bf,B' = constants 
b = fatigue resistance coefficient 
D = percentage rebound resilience (%) 
d = sliding distance (cm) 
Ε - elastic modulus (dyn-cm"2) 
F = friction work (erg-crrr2) 
G = crack release rate or crack extension force 

(erg-cm"2) 
G c = fracture energy (erg-cm"2) 
H = hardness 
3 = J-integral (erg-cm"2) 
J c = ductile fracture energy (erg-cm"2) 
Κ = stress intensity factor (dyn-cm"3/2) 
K c = fracture toughness (dyn-cm~3/2) 
K^\M2^3^k^5 = constants 
L = load (erg-cm"2) 
m,n - constants 
Ν = cycle to failure 
Ρ = yield strength (dyn-cm"2) 
q = constant 
r w = wear rate 
Τ = tear energy (erg-cm"2) 
T c = elastometric fracture energy (erg-cm"2) 
V w = wear volume (cm^) 
Wa = work of adhesion (erg-cm"2) 
Wc = work of cohesion (erg-cm"2) 

= work of deformation (erg-cm"2) 
a = constant 
e = yield strain 
s 0 = single application of failure stress (dyne-cm"2) 
σ = applied cyclic stress, also breaking stress 

(dyne-cm"2) 
μ = friction coefficient 
θ = mean slopes of asperities 
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3 
Joint Role of Interfacial Forces and Viscoelastic 
Effects in Polymer Adhesion and Wear 

Robert J. Good1 and Fereydoun Shoraka2 

1Department of Chemical Engineering, State University of New York-Buffalo, Buffalo, NY 14260 
2Semiconductors Division, The Carborundum Company, Sanborn, NY 14132 

A criterion is derived for predicting the presence or 
absence of strong adhesion in a polymer/solid system. 
It also predicts the mode of separation, and hence, in 
frictional situations, it predicts the wear of the 
polymer. The separation process is analyzed with the 
aid of a general model, which is developed by the 
following argument: "Craze matter", in a brittle, 
thermoplastic solid in which crazes have formed, con
sists of fibrils of oriented polymer. Fibrils are also 
observed at the separation front in the peeling separa
tion of a pressure-sensitive adhesive. The difference 
between these two kinds of systems is chiefly a matter 
of time scales and of fibril size, and the nucleation 
of fibril formation. The main cause of dissipation of 
energy (and hence resistance to separation) in both 
cases is the deformation involved in pulling the 
fibrils. The role of interfacial forces is to anchor 
the bases of the fibrils to the substrate. If this 
anchoring is weak, the fibrils will detach before much 
energy is dissipated in drawing them. If the anchoring 
is stronger than the effective shear strength of the 
polymer, fibrils may be drawn until they reach a state 
where either (by strain-strengthening) they become 
stronger than the base attachment, or else they 
rupture. The model here proposed provides a unified 
theory of adhesion for systems ranging from hard, strong 
adhesives to pressure-sensitive tapes and to systems 
where "tack" is observed. It also provides a basis for 
a theory of adhesional wear of polymers. 

A p e r s i s t e n t puzzle i n the theory of adhesion, f o r the past 30 years 
or more, has been the question of whether i n t e r f a c i a l f o r c e s or 
v i s c o e l a s t i c e f f e c t s c o n t r o l adhesion. The easy answer to t h i s ques
t i o n i s , both. But when t h i s answer i s accepted, the next question 
must be, What i s t h e i r i n t e r a c t i o n ? Can the i n t e r a c t i o n be expressed 
as a " u n i v e r s a l " r e l a t i o n s h i p ? And how can a knowledge of v i s c o e l a s -

0097-6156/ 85/ 0287-0039$06.00/ 0 
§> 1985 American Chemical Society 
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40 P O L Y M E R W E A R A N D ITS C O N T R O L 

t i c and i n t e r f a c i a l p r o p e r t i e s be used j o i n t l y , to p r e d i c t the 
behavior of adhering systems? 

The p r i n c i p a l hindrance to the understanding of the i n t e r a c t i o n 
has been the l a c k of a s u i t a b l e model f o r polymer deformation at and 
near an i n t e r f a c e , during a separation process. Workers i n the f i e l d 
of adhesion have been aware of polymer c r a z i n g , as a process that i s 
h i g h l y r e l e v a n t to the problem of adhesive s t r e n g t h , f o r a number of 
years. A paper on c r a z i n g was given at a Gordon Conference on 
Adhesion, by R. Kambour, and the m a t e r i a l was subsequently published 
(1) . But up to the present, the craze concept has not been success
f u l l y a p p l i e d to adhesion problems. 

In 1983, an important review volume on c r a z i n g was published 
(2) ; and a number of other r e l e v a n t reviews on polymer f r a c t u r e (3) 
and assemblages of papers on adhesion (4-6) have been published 
r e c e n t l y . These and other developments enable us, now, to propose a 
theory of the separation process that w i l l make i t p o s s i b l e to 
p r e d i c t and c o r r e l a t e experimental r e s u l t s , e.g., as to when strong 
or weak adhesion of a polymer to a hard, strong s o l i d w i l l occur. 

This theory i s a l s o a p p l i c a b l e to polymer wear. Indeed, the 
theory that we w i l l present could be considered to cover the "wear" 
aspect of adhesion and the adhesional aspect of wear, simultaneously. 
See the recent reviews by B r i s c o e , f o r e a r l i e r d i s c u s s i o n s of the 
adhesional aspects of polymer wear (7,8). We w i l l d i s c u s s wear 
e x p l i c i t l y , a f t e r developing the general theory. 

Theory 

Review of Some Important Facts about Polymer F a i l u r e , and Crazing. 
We may consider two extremes i n regard to heat e f f e c t s i n the f a i l u r e 
of a bulk polymer: (1) a d i a b a t i c systems and (2) isothermal 
systems. And we may consider two q u a l i t a t i v e extremes w i t h regard to 
polymer hardness and s t r e n g t h : the polymer may be (a) hard and 
b r i t t l e , or (b) s o f t and tough. Some examples of the four combina
t i o n s of these extremes are : 

( l a ) A hard, s t r o n g , b r i t t l e polymer such as PMMA or PS, loaded 
to f a i l u r e i n simple t e n s i o n . The f a i l u r e f r o n t propagates across 
the specimen at a speed that may range from 10 to 100 m/sec (2b). 
(The t h e o r e t i c a l l i m i t i s 1/3 the speed of sound, or about 700 m/sec.) 
The l o c a l temperature r i s e (9) may approach the Tg of the polymer, or 
temperatures up to 200° above i t (10,11). 

(2a) With a b r i t t l e polymer under s u b - c r i t i c a l t e n s i l e l o a d i n g 
normal to a p r e - e x i s t i n g crack, a slow propagation regime may 
p e r s i s t , w i t h propagation at a speed as slow as 10~ 8 m/sec. At such 
slow speeds, the process should be i s o t h e r m a l . 

( l b ) A p r e s s u r e - s e n s i t i v e tape w i t h adhesive, say, 75 ym t h i c k , 
f o l d e d back upon i t s e l f i n t o a Τ p e e l i n g c o n f i g u r a t i o n . When peeled 
at speeds f a s t e r than about 0.015 m/sec, a temperature r i s e i s 
d e t e c t a b l e ; and at a r a t e of 0.15 m/sec, a r i s e as l a r g e as 10° has 
been observed (12). I t was found that the p e e l i n g f o r c e was a l i n e a r 
f u n c t i o n of the temperature r i s e . 

(2b) When the T-peel sample j u s t described was p u l l e d at l e s s 
than 0.005 m/sec, the temperature r i s e was l e s s than 0.1°C. 

Phenomena such as these can be expected i n the case of any 
polymer adhering to a r i g i d s o l i d , when separation occurs. 

 P
ub

lic
at

io
n 

D
at

e:
 S

ep
te

m
be

r 
12

, 1
98

5 
| d

oi
: 1

0.
10

21
/b

k-
19

85
-0

28
7.

ch
00

3



3. G O O D A N D S H O R A K A Interfacial Forces and Viscoelastic Effects 41 

When a crack propagates through a b r i t t l e polymer, the crack i s 
" l e d " by a craze. Since the v o i d space of a craze i s bridged by 
f i b r i l s , i t i s b e l i e v e d that the energy re q u i r e d f o r propagating a 
crack i s d i s s i p a t e d i n the p u l l i n g of those f i b r i l s ( 1_) , and i n the 
rel e a s e of e l a s t i c energy when str e t c h e d f i b r i l s rupture and r e t r a c t 
as the a c t u a l s e p a r a t i o n f r o n t passes (13). The i n i t i a l formation of 
f i b r i l s , as a craze t i p advances, i s now b e l i e v e d to occur, most 
commonly, by the l o c a l flow mechanism of the Taylor meniscus i n s t a 
b i l i t y (14-16), although m i c r o c a v i t a t i o n (17) may a l s o be in v o l v e d . 
This question i s reviewed i n Ref. (2a). The t h i c k e n i n g of a craze 
may occur by two mechanisms (2a,18): e i t h e r e l o n g a t i o n at constant 
mass of a f i b r i l (Kramer r e f e r s to t h i s as a creep mechanism) or by 
an inc r e a s e i n the mass of the m a t e r i a l that c o n s t i t u t e s a f i b r i l , by 
drawing from the bulk polymer outside the craze (surface drawing 
mechanism). The deformation may undergo a t r a n s i t i o n from surface 
drawing to constant-mass extension, as the craze approaches i t s 
l i m i t i n g t h i c k n e s s . The behavior i n regard to the t h i c k e n i n g 
mechanism v a r i e s w i t h the environment (e.g., presence or absence of a 
craze-promoting l i q u i d ) and w i t h polymer composition and p r o p e r t i e s 
such as molecular weight, chain entanglement, e t c . 

F u l l d e t a i l s of the f i n a l rupture of f i b r i l s are not a v a i l a b l e 
at present; and the mechanism probably v a r i e s c o n s i d e r a b l y , from one 
system to another. See s e c t i o n 7 of Ref. (2a). E l e c t r o n micrographs 
of f r a c t u r e surfaces have been i n t e r p r e t e d as showing the f i n a l 
s e p aration f r o n t progressing by discontinuous jumps, p a r t i c u l a r l y 
during f a t i g u e experiments (19) and al s o i n experiments w i t h c o n t i n u 
ous l o a d i n g (20,21). The jumps appear to occur both along a c e n t r a l 
surface w i t h i n a craze, and w i t h l a t e r a l jumping from one side of the 
craze to the other. 

In p r i n c i p l e , the rupture of a f i b r i l may occur by at l e a s t two 
or three mechanisms, which are not always c l e a r l y separable. One i s 
the end p o i n t of the drawing (creep) mechanism at constant mass of 
polymer i n the f i b r i l . A c o n d i t i o n of l o c a l necking down could 
develop, l e a d i n g to f a i l u r e (22). See F i g . 1. This would be more 
l i k e l y to e x i s t w i t h low than w i t h high MW polymers. A l t e r n a t i v e l y , 
and p a r t i c u l a r l y w i t h high MW polymers, chain s c i s s i o n might occur. 
Or an event might occur as an immediate sequel to an increase i n 
l o c a l r e s i s t a n c e to surface drawing. The r e s i s t a n c e could increase 
on account of l o c a l s t r u c t u r a l f l u c t u a t i o n s w i t h i n the bulk polymer, 
e.g., of densi t y of chain entanglements. The surface drawing 
mechanism would be replaced by elongation at constant mass; and the 
l o c a l f l u c t u a t i o n s could lead to an enhancement of s e n s i t i v i t y to 
rupture by one of the mechanisms j u s t mentioned. 

The r e l e a s e of e l a s t i c energy stored i n the f i b r i l s themselves, 
when they rupture, must be mentioned i n developing a model of the 
separation process f o r adhering systems. R e t r a c t i o n of f i b r i l s a f t e r 
rupture can be observed v i s u a l l y , i n the p e e l i n g of a pressure-
s e n s i t i v e tape (11,23). See Figure 2. D811 (2b) r e p o r t s f o r PMMA, 
that the stored e l a s t i c energy, U Q, i s as la r g e as 30 to 40% of the 
t o t a l f r a c t u r e e n e r g y , ^ , and he estimates that the e l a s t i c f i b r i l 
e l o n g a t i o n i s by 200 to 400%, i n slow f r a c t u r e . This may be taken to 
i n d i c a t e t h a t , i n slow crack growth, the rupture mechanism i s 
predominantly by chain s c i s s i o n r a t h e r than necking down. At the 
t r a n s i t i o n from slow to f a s t f r a c t u r e , D o l l estimates that "In PMMA, 
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42 P O L Y M E R W E A R A N D ITS C O N T R O L 

Figure 1. Mechanisms of i n s t a b i l i t y of filaments that are being 
u n i a x i a l l y stretched. (Reproduced w i t h permission from Ref. 20. 
Copyright 1979 John Wiley & Sons, Inc.) 

Figure 2. F i b r i l l a r s t r u c t u r e i n p e e l i n g a p r e s s u r e - s e n s i t i v e 
tape. Note the r e t r a c t i o n of f i b r i l s that have separated from 
the s o l i d . (Reproduced w i t h permission from Ref. 21. Copyright 
1969 John Wiley & Sons, Inc.) 
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3. G O O D A N D S H O R A K A Interfacial Forces and Viscoelastic Effects 43 

n e a r l y 60% of the s t r a i n energy r e l e a s e r a t e i s d i r e c t l y converted 
i n t o heat." 

In the a d i a b a t i c case, w i t h r a p i d advance of the f a i l u r e f r o n t , 
the l o c a l temperature r i s e may lead to heating polymer f i b r i l s to a 
range where t h e i r shear and e x t e n s i o n a l v i s c o s i t y are so severely 
reduced that necking-down and rupture w i l l q u i c k l y ensue. This means 
that there i s a much greater p r o b a b i l i t y that f i b r i l rupture occurs 
by p l a s t i c necking down r a t h e r than chain s c i s s i o n , i n a f a s t crack 
than i n a slow one. 

The length of a craze, l e a d i n g a slowly-advancing crack i n PMMA, 
i s i n the range of 30 to 50 ym (2b). The length of a craze l e a d i n g a 
rapidly-advancing crack i s d i f f i c u l t to measure; but i t i s not l i k e l y 
to d i f f e r from the slowly-advancing case by more than an order of 
magnitude. I f the crack i s advancing a t , say, 100 m/sec. (2a), the 
"deformation zone" (between the undisturbed polymer and the ruptured, 
rear edge of the craze) w i l l pass a po i n t i n space i n l e s s than 
1 ysec. This i s many orders of magnitude shorter a time than the 
r e l a x a t i o n time of a polymer such as PMMA or PS at room temperature. 
So the formation of craze f i b r i l s i n a craze l e a d i n g a fast-moving 
crack can occur only i f there i s l o c a l h e a t i n g , to reduce the r e l a x a 
t i o n time. 

As mentioned above, i n the p e e l i n g separation of a pressure-
s e n s i t i v e tape, a temperature r i s e of 1 to 10°C i s observed, w i t h 
d r i v e r a t e s that are very modest compared to the r a t e of advance of a 
f r e e l y propagating crack i n a b r i t t l e polymer. This temperature r i s e 
lowers the r e l a x a t i o n time, even though the polymer may be 10 to 50° 
above i t s T g already. With a "hot melt adhesive" polymer, the T g may 
be i n the range of about 40 to 80°C. Such an adhesive may e x h i b i t 
extremely "tough" mechanical behavior, no doubt because i t resembles 
the p r e s s u r e - s e n s i t i v e tape case, described above, more than the 
b r i t t l e polymer case. 

Adhering and Wearing Systems: The F i b r i l / C r a z e Model. We may apply 
the concepts j u s t d e s c r i b e d , to an adhering system, e i t h e r f o r a 
thermoplastic polymer adhering to another s o l i d , or f o r the case 
where two s o l i d s are glued together by a thermoplastic polymer. This 
r e q u i r e s that we po s t u l a t e a f r a c t u r e f r o n t progressing e i t h e r at 
some distance from the polymer-solid i n t e r f a c e , or e l s e at the i n t e r 
face i t s e l f . The former corresponds to "cohesive f a i l u r e " of the 
polymer, and need not concern us, as i t has already been discussed by 
the s e n i o r author (24). 

B r i t t l e s e p a r a t i o n of an adhering system, under loading perpen
d i c u l a r to the i n t e r f a c e , normally occurs i n a crack-opening mode. 
The f o r c e requirement f o r se p a r a t i o n , i n a mode i n which r i g i d 
f a c i n g surfaces remain e x a c t l y p a r a l l e l , would be enormous (25). 
B r i t t l e s e paration at an i n t e r f a c e , i n the absence of a d i s s i p a t i o n 
mechanism resembling the mechanism that c o n t r o l s bulk f r a c t u r e , would 
occur at a much lower l e v e l of f o r c e . So i t w i l l be necessary to 
pos t u l a t e a d i s s i p a t i o n mechanism, such as an i n t e r f a c i a l craze, f o r 
those cases i n which a polymer that has a high Tg does not separate 
e a s i l y from a hard s o l i d . 

We w i l l a l s o apply the concepts discussed above, to systems i n 
which the polymer i s not b r i t t l e , e.g., the p e e l i n g of pressure-
s e n s i t i v e tapes. For such p o l y m e r - s o l i d systems, when sep a r a t i o n 
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44 P O L Y M E R W E A R A N D ITS C O N T R O L 

occurs at or near the i n t e r f a c e , f i b r i l s can o f t e n be observed w i t h 
the naked eye or at low m a g n i f i c a t i o n . These f i b r i l s are s i m i l a r to 
those that bridge crazes. See Figure 2. A major d i f f e r e n c e i s 
geometric: they are s e v e r a l orders of magnitude l a r g e r i n diameter 
and i n length. The formation of these f i b r i l s i s probably i n i t i a t e d 
by the Taylor i n s t a b i l i t y mechanism, i n most cases. The adhesive 
formulation i s commonly chosen ( e m p i r i c a l l y ) so t h a t , i n p e e l i n g from 
a r i g i d s o l i d , the bases detach from the s o l i d l e a v i n g no apparent 
re s i d u e . I t i s p o s s i b l e , however, to use formulations w i t h which, i n 
p e e l i n g , the f i b r i l s rupture and an e a s i l y - d e t e c t a b l e residue i s l e f t 
on the s o l i d . Connelly, et a l . (26) and Gupta (27) have r e c e n t l y 
analyzed the force r e q u i r e d f o r p e e l i n g , i n terms of the t e n s i l e pro
p e r t i e s of the f i b r o u s m a t e r i a l shown i n Figure 2. 

This brings us to a c r u c i a l question about the separation 
process i n an adhering system: whether or not polymeric m a t e r i a l i s 
deposited on the s o l i d . I t i s i n answering that question that we can 
achieve an understanding o f , and make p r e d i c t i o n s about, the strength 
of adhesion and the occurrence of polymer wear. (We w i l l d i s c u s s 
j u s t why t h i s i s a c r u c i a l q u e s t i o n , below.) 

In the separation of an adhering system at or near an i n t e r f a c e , 
i n terms of a craze mechanism, there w i l l be four d i f f e r e n c e s from 
separation w i t h i n a bulk polymer. One i s , that i n t e r f a c i a l voids (or 
proto-voids) may e x i s t . These can act as c a v i t a t i o n n u c l e i ; and 
i n t e r f a c i a l craze formation, s t a r t i n g from such n u c l e i , would be 
orders of magnitude more r a p i d than c r a z i n g by homogeneous nuclea-
t i o n . Such c a v i t a t i o n could a l s o be more r a p i d than the processes 
that occur i n the Taylor i n s t a b i l i t y mechanism, p a r t i c u l a r l y i f i t 
should happen that the voids at the i n t e r f a c e formed a two-
dimensional continuum. Patches of low-energy matter i n the s o l i d 
surface can a l s o be l o c i of v o i d i n i t i a t i o n , even i f no voids are 
present before l o a d i n g . 

A second d i f f e r e n c e i s t h a t , i f i n t e r f a c i a l v oids are not 
present, and i f a Taylor i n s t a b i l i t y mechanism i n i t i a t e s the craze 
formation at the i n t e r f a c e , then the columns that i n i t i a l l y form can 
terminate e i t h e r at the s u b s t r a t e , as column bases, or i n a region of 
polymer that i s , i n e f f e c t , a t h i n , continuous l a y e r of matter. 
In the l a t t e r case, we would have a n e a r - i n t e r f a c i a l craze. 

T h i r d , i f any e f f e c t i v e l y bare areas of substrate appear, the 
s t r e s s on a d j o i n i n g areas (the column bases) w i l l i n c r e a s e ; and as 
the columns are s t r e t c h e d i n t o f i b r i l s , the areas of the bases of the 
f i b r i l s w i l l decrease. Then, i t w i l l be a matter of comparison of 
two force terms: the strength of the i n t e r f a c e , and the force 
requirement f o r drawing f i b r i l s , by whatever mechanism. This com
par i s o n w i l l determine whether detachment or f i b r i l rupture (or 
f u r t h e r surface drawing) w i l l occur. 

Fourth, even i n the absence of i n t e r f a c i a l v o i d areas or patches 
of lower-energy matter on the s o l i d , s m a l l - s c a l e s t r e s s concentra
t i o n s under load can a r i s e by reason of r i d g e s , peaks, and other 
t o p o g r a p h i c a l features of the s o l i d . These w i l l l e ad to the t r i a x i a l 
s t r e s s that can cause c a v i t a t i o n , and hence i n i t i a t e c r a z i n g . Ridges 
and peaks w i l l , of course, be accompanied by v a l l e y s ; and the s t r e s s 
across the p o l y m e r - s o l i d i n t e r f a c e w i l l be l o c a l l y reduced below the 
average, i n such depressions. Hence, enhanced attachment of bases of 
f i b r i l s to the s o l i d at v a l l e y s w i l l be q u i t e p o s s i b l e . 
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Separation w i t h i n a bulk polymer and s e p a r a t i o n at or near an 
i n t e r f a c e w i l l , however, have one feature i n common. Consider what 
occurs a f t e r a f i b r i l has been formed and has been drawn to the maxi
mum e l o n g a t i o n i t can achieve without rupture. A f i n a l rupture 
process i n , say, the middle of a f i b r i l , i s confined to a segment 
whose length i s not more than a few times i t s diameter. Since the 
length-to-diameter r a t i o f o r a t y p i c a l f i b r i l i s greater than 10 3, 
the mass that i s i n v o l v e d i n the f i n a l rupture must be l e s s than 10~ 2 

of the f i b r i l mass. So the energy requirement f o r the f i n a l rupture 
w i l l be one or two orders of magnitude l e s s than the energy r e q u i r e d 
to draw the f i b r i l and o r i e n t the polymer chains i n i t . (Cf. the 
well-known f a c t that , the energy d i s s i p a t e d per u n i t increase i n 
crack area, f o r a polymer such as polystyrene or PMMA, i s two or more 
orders of magnitude l a r g e r than the value estimated from the breaking 
of covalent bonds.) The energy requirement to rupture a f i b r i l near 
i t s center w i l l bear the same r e l a t i o n to the energy r e q u i r e d to draw 
the f i b r i l without breaking, f o r crazes i n the b u l k , as f o r crazes a t 
or near an i n t e r f a c e — and a l s o f o r the f i b r i l s t hat are drawn i n 
the p e e l i n g of a p r e s s u r e - s e n s i t i v e tape. 

A n a l y s i s of the Separation Process. We may e l i m i n a t e from considera
t i o n , here, the case of separation wholly i n one bulk phase or the 
other, f a r from the i n t e r f a c e , and a l s o the case i n which the forces 
across the i n t e r f a c e are many orders of magnitude weaker than the 
i n t e r - c h a i n f o r c e s w i t h i n e i t h e r phase. (These cases are i r r e l e v a n t 
to the a n a l y s i s . ) We can approximate what happens by means of a 
d e t a i l e d , branching s c e n a r i o , as f o l l o w s , f o r a polymer on a r i g i d 
s o l i d . 

(1) T r a n s i t i o n from the i n t a c t system to a system i n which 
e i t h e r (a) a t , or (b) very near, the i n t e r f a c e , e i t h e r the c a v i t a t i o n 
mechanism or the Argon "Taylor i n s t a b i l i t y " mechanism has f u n c t i o n e d , 
and voids have formed. Other than v o i d formation, there has been 
l i t t l e polymer deformation. 

(2a) I f ( l a ) , the i n t e r f a c i a l voids may ( i ) grow without 
l i m i t , under small s t r e s s and s m a l l displacement of the d r i v i n g 
system, without craze formation, u n t i l i n t e r f a c i a l detachment i s com
p l e t e . Then the p r a c t i c a l s t r e n g t h of adhesion i s "weak". Or ( i i ) 
the v o i d growth may slow down and stop, l e a v i n g many i s o l a t e d patches 
of i n t a c t i n t e r f a c e , which then become the bases of columns that are 
the precursors of f i b r i l s . 

(2M I f ( l b ) , and the c a v i t a t i o n mechanism i s o p e r a t i v e , the 
matter between the voids becomes reorganized, under minor t e n s i l e 
deformation, i n t o columns; see above. I f the Argon mechanism i s 
o p e r a t i v e , the columns e x i s t without f u r t h e r r e o r g a n i z a t i o n . 

(3) I f the a p p l i e d f o r c e on a column i s greater than the 
e f f e c t i v e shear strength of the polymer, then the columns are drawn 
i n t o f i b r i l s . See Figure 3. This may occur (as a l r e a d y noted w i t h 
regard to crazes i n bulk polymer) e i t h e r at constant f i b r i l mass, or 
by a "surface drawing" mechanism, p u l l i n g matter out of the bulk at 
the polymer s i d e of the craze (2a). Again, e l a s t i c s t r e t c h i n g of the 
f i b r i l s may a l s o take place (2b). I f the process i s slow, i t i s 
i s o t h e r m a l ; i f r a p i d , a d i a b a t i c . The a p p l i e d f o r c e acts w i t h an 
appreciable displacement, and hence does considerable deformational 
work. 
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14. 
J 

Adherend, Polymer 

J _ 

J - - -

-Area A(o) 

- Adhesive 

*Area A(o) 

Adherend, 
Rigid Solid 

Decrement, 8Ab,of 
area of base, Ab(t), 
d u e t o p e e l i n ^ ^ ^ — ^ 

i(t) 

h*—Fibril 

Area=Af(t) 

(a) (b) 

Figure 3. Drawing out of a f i b r i l that has i t s base attached to 
a s o l i d . 
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3. G O O D A N D S H O R A K A Interfacial Forces and Viscoelastic Effects 47 

(a) I f , as i n ( l b ) , a continuous l a y e r of polymer covers the 
su b s t r a t e , surface drawing can occur and molecules can be p u l l e d out 
of that l a y e r , t h i n n i n g i t , and p o s s i b l y causing the formation 
(nucleation) of patches of bare substrate — i n which case, the 
s i t u a t i o n i s as i n (2a) ( i i ) . 

(b) I f , however, bare patches do not develop, then no true 
i n t e r f a c i a l s eparation can occur. Instead, drawing of f i b r i l s con
tinues u n t i l rupture occurs, as w i t h crazes i n bulk polymer. At the 
end of a sepa r a t i o n process w i t h f i b r i l r upture, polymer w i l l be 
found on the surface of the s o l i d . 

(4) S t a r t i n g from a c o n d i t i o n i n which f i b r i l s are attached to 
the substrate at d i s c r e t e bases, and are being elongated under ten
s i o n , there are two p o s s i b i l i t i e s : 

(a) The f i b r i l base areas w i l l s h r i n k , by a r a d i a l inward 
p e e l i n g mode of separation. Once t h i s s t a r t s , the perimeter of the 
base decreases, and so does the force that opposes t h i s deformation. 
The l o c a l system becomes unst a b l e , and detachment ensues. Note that 
the i n i t i a l stage of t h i s process i n v o l v e s a l i n e a r displacement of 
at most, very few atom diameters. So even i f the for c e r e q u i r e d per 
u n i t i n t e r f a c i a l area i s l a r g e , the work, AGaAA|j, w i l l be extremely 
small . (Here, A b i s the base area of the f i b r i l . ) I t i s , then, 
f u l l y j u s t i f i e d to c a l l t h i s a d i f f e r e n t i a l process, and to w r i t e , 
AG*dAb. 

(b) A l t e r n a t i v e l y , f i b r i l drawing w i l l continue u n t i l 
rupture occurs. 

For each branch p o i n t , i t i s p o s s i b l e to set up an i n e q u a l i t y 
that expresses the c r i t e r i o n f o r one f o r k or the other. The most 
important branch p o i n t of the scenario i s the one i n v o l v i n g the high-
energy step, of f i b r i l - d r a w i n g ; and so we w i l l w r i t e down the 
i n e q u a l i t i e s that p e r t a i n to stages 3 and 4 only. 

Figure 3 shows, s c h e m a t i c a l l y , the p u l l i n g of a f i b r i l . 
The i n i t i a l s t a t e i s an i d e a l i z e d one i n which the polymer m a t e r i a l , 
and the block of s u b s t r a t e , have been detached from the surrounding 
matter, so that we can examine stages 3 and 4 of the scenario. I f 
AG a i s the free energy of adhesion ( i . e . , "anchoring" the column base 
or foot to the s o l i d ) and σ ν i s the y i e l d s t rength of the polymer, 
then the c o n d i t i o n f o r drawing a f i b r i l by extension, at constant 
mass, vs. that f o r i n t e r f a c i a l p e e l i n g , i s : 

AG adA b < O yA fdA: I n t e r f a c i a l p e e l i n g at f i b r i l base. ( l a ) 

AG adA b > σ A fd£: Y i e l d i n g of polymer; ( l b ) 
^ f i b r i l s drawn, uniformly or 

wi t h necking. 

Here, A b i s the base area at time t ; at the time when f i b r i l drawing 
may be s a i d to s t a r t , we may take A^ = A^(0). A f ( t ) i s the area of a 
f i b r i l at time t . Of course, a l l f i b r i l s w i l l not have the same 
i n i t i a l areas A^(0) and A f ( 0 ) . 

We have already mentioned that craze t h i c k e n i n g (without 
rupture) may occur by one or both of two mechanisms. That d i s c u s 
s i o n , above, may be taken over i n t a c t , f o r the case of i n t e r f a c i a l 
crazes. The r h e o l o g i c a l a n a l y s i s of the surface drawing mechanism i s 
not a v a i l a b l e , so we cannot include i t i n the present a n a l y s i s ; i f i t 
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48 P O L Y M E R W E A R A N D ITS C O N T R O L 

plays a part i n the r e a l process, we must l e t the constant-mass 
process stand as surrogate f o r i t , and, l i k e w i s e , f o r the process of 
rupture by chain s c i s s i o n . See Figure 3. We w i l l discuss t h i s 
approximation, below. 

There are two reasons why i n t e r f a c i a l p e e l i n g of a f i b r i l base 
should not be confused w i t h i n t e r f a c i a l p e e l i n g on a macroscopic 
s c a l e . F i r s t , macroscopic s e p a r a t i o n i n v o l v e s the drawing-out of 
f i b r i l s ; and so we must define the "microscopic" s c a l e as being the 
dimensional magnitude i n which there are not any y e t - s m a l l e r f i b r i l s 
formed. We must avoid the " b i g f l e a s have l i t t l e f l e a s . . . " 
i n f i n i t e r e g r e s s , of course. 

Second, macroscopic p e e l i n g separation occurs along a l i n e a r 
f r o n t , w i t h a constant f o r c e requirement, on the average. But the 
microscopic s e p a r a t i o n of a f i b r i l base w i l l proceed r a d i a l l y inward, 
w i t h a s t e a d i l y decreasing f o r c e requirement per u n i t distance of 
motion normal to the s o l i d . And as the base p e e l s , the base volume 
decreases and f i b r i l volume increases as polymer passes from base 
i n t o f i b r i l . 

I f the r a d i u s , r, of the base decreases by d r , the area A b 

decreases by dA = 27rrdr. Hence as s e p a r a t i o n proceeds, dAp/dr 
decreases. A l s o , a y i s l i k e l y to i n c r e a s e , i f the l o c a l temperature 
i s constant; t h i s commonly occurs i n the drawing of f i b r e s f o r 
t e x t i l e a p p l i c a t i o n s . In a d d i t i o n , e l a s t i c energy w i l l be stored i n 
the f i b r i l ; see above. So, i f the system s t a r t s out conforming to 
the i n e q u a l i t y , ( l b ) , ( i . e . , no base peeling) the r i g h t s i d e w i l l 
i n c r e a s e , as the extension, increases. The r e s u l t may be a s w i t c h 
to the i n e q u a l i t y ( l a ) , and, as already noted, the s t a r t of base 
p e e l i n g , and the complete i n t e r f a c i a l detachment of the f i b r i l at i t s 
base. We w i l l examine the i n e q u a l i t i e s , ( l a ) and ( l b ) , below, w i t h 
numerical examples. 

The argument j u s t made assumes, i m p l i c i t l y , a model i n which the 
s u b s t r a t e i s m o l e c u l a r l y f l a t . Appropriate r e v i s i o n to account f o r 
roughness e f f e c t s can be made, which w i l l be r e l e v a n t when the sub
s t r a t e microtopography i s known. The mathematical methods that have 
been employed to t r e a t the contact angle of a l i q u i d on a rough 
surface (28) may be employed. For example, we may define a. as a c t u a l 
area of i n t e r f a c e and A as a c t u a l area p r o j e c t e d on a plane p a r a l l e l 
to the envelope of the s u r f a c e . The roughness r a t i o , p, i s 

For s e p a r a t i o n that f a i t h f u l l y f o l l o w s the true i n t e r f a c e , the 
c r i t e r i a ( l a ) and ( l b ) w i l l become 

(The comparison of the i n e q u a l i t i e s , ( l a ) and ( l b ) vs. (3a) and (3b) 
e x p l a i n s q u a n t i t a t i v e l y why adhesion to a roughened surface i s gener
a l l y stronger than to a smooth s u r f a c e , provided molecular contact 
has been made over the whole microscopic area.) 

F i n a l l y , at time t , a f t e r a f i b r i l has been f u l l y drawn, i t s 

pAG dA^ < a^Afd£: I n t e r f a c i a l p e e l i n g 

pAGadA^ > σ A fd£: Y i e l d i n g of polymer 

(3a) 

(3b) 
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3. G O O D A N D S H O R A K A Interfacial Forces and Viscoelastic Effects 49 

cross s e c t i o n i s A f ( t ) and i t s u l t i m a t e t e n s i l e strength (true 
s t r e s s ) i s Q uf. The separation c r i t e r i o n f o r a f l a t surface i s : 

AGadA^ < a^^A^(t)d£: I n t e r f a c i a l s e p a r a t i o n before (4a) 
f i b r i l rupture 

AG adA b > a u fA f(t)d£: F i b r i l ruptures (4b) 

See above, s e c t i o n on Adhering and Wearing Systems, regarding the 
small magnitude of the energy requirement i n the step that c o r r e 
sponds to (4b). 

I t i s c l e a r that i f the c r i t e r i o n ( l a ) or (3a) holds f o r i n t e r -
f a c i a l s e p a r a t i o n before f i b r i l drawing (whether on account of AG a 

being small or σ ν being l a r g e ) then there w i l l not be a la r g e d i s s i 
p a t i o n of energy,^ , per u n i t advance of the macroscopic separation 
f r o n t , and there w i l l be very l i t t l e work f o r the a p p l i e d force to 
do. So the force r e q u i r e d to open up an i n t e r f a c i a l crack, i n 
b r i t t l e s e p a r a t i o n , w i l l be s m a l l : 

O u = 0 (5a) 

where Ou i s the u l t i m a t e s t r e n g t h of the system as a whole. 
I f , however, the c r i t e r i o n ( l b ) or (3b) hold s , then the system 

can be tr e a t e d by G r i f f i t h - I r w i n (29,30) crack theory, as extended by 
Good (24) to i n t e r f a c i a l s e p a r a t i o n . That treatment y i e l d s the 
expression, 

(5b) 

where k i s a geometric c o e f f i c i e n t near u n i t y , and λ i s length of the 
p r e e x i s t i n g crack. E* i s the e f f e c t i v e e l a s t i c modulus of the 
system; i t i s obtained from the Young's moduli of the adherends and 
the adhesive, weighted i n pr o p o r t i o n to t h e i r c o n t r i b u t i o n (transmis
sion) of energy from the s t r a i n f i e l d to the crack t i p as f a i l u r e 
s t a r t s . Compare Good's e a r l i e r a n a l y s i s (24) of the c r i t e r i a f o r 
"adhesive" vs. "cohesive" s e p a r a t i o n . Both i n t e r f a c i a l s e p a r a t i o n 
without f u r t h e r f i b r i l e l o n g a t i o n and f i b r i l rupture without f u r t h e r 
e l o n g a t i o n other than the rupture, r e q u i r e only very small d i s p l a c e 
ments, and hence, the d i s s i p a t i o n of very l i t t l e energy. Thus, i t i s 
the p l a s t i c deformation i n drawing f i b r i l s , before rupture or i n t e r -
f a c i a l s e p a r a t i o n , that provides the l a r g e d i s s i p a t i o n of energy that 
accounts f o r appreciable r e s i s t a n c e to separation. 

In the a d i a b a t i c case, l o c a l heating of the f i b r i l s during draw
i n g w i l l have a profound i n f l u e n c e on the i n e q u a l i t i e s , (1) and (3). 
The y i e l d s t r e n g t h term, O y , i n these i n e q u a l i t i e s may decrease 
r a p i d l y , p a r t i c u l a r l y i f the r a t e of el o n g a t i o n i s l a r g e , as w i l l be 
the case w i t h a rapidly-moving separation f r o n t . This decrease i n 
σ (which opposes the s t r a i n - s t r e n g t h e n i n g mentioned above) w i l l have 
the e f f e c t t h a t , i f ( l b ) holds i n i t i a l l y , i t w i l l continue to hold 
throughout the process. I n t e r f a c i a l s e p a r a t i o n w i l l not occur; and 
the e f f e c t i v e adhesion w i l l be "str o n g " . 

The a n a l y s i s given above, l e a d i n g to the i n e q u a l i t i e s ( 1 ) , (3) 
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50 P O L Y M E R W E A R A N D ITS C O N T R O L 

and ( 4 ) , i s independent of whether the energy that i s r e q u i r e d comes 
(as i n b r i t t l e separation) from the e l a s t i c s t r a i n f i e l d , or d i r e c t l y 
from the e x t e r n a l d r i v e mechanism. The f o r c e per u n i t width, f o r 
p e e l i n g a p r e s s u r e - s e n s i t i v e tape (the case i n which the e l a s t i c 
s t r a i n energy of the backing tape i s n e g l i g i b l e ) , w i l l then be 

D i s c u s s i o n . The t r a n s i t i o n between c o n d i t i o n s ( l a ) and ( l b ) , as a 
f u n c t i o n of v a r i a b l e s i n the system, w i l l be abrupt. This w i l l be 
true because of the trends that have already been mentioned: the 
s t r a i n - s t r e n g t h e n i n g of the f i b r i l s , and the decrease i n base area of 
f i b r i l base/substrate contact, as deformation proceeds. 

The f a c t of t h i s abrupt t r a n s i t i o n leads to an answer to a ques
t i o n that has not been f o r m a l l y addressed i n the l i t e r a t u r e on 
adhesion up to the present. In o r d i n a r y parlance, "adhesion" i s 
o f t e n spoken of as a property that i s present or absent, without 
q u a l i f i c a t i o n . In systems of s t i f f adherends, f o r which the separa
t i o n process resembles f r a c t u r e , i t i s not common to speak of "weak 
adhesion" other than as e s s e n t i a l l y zero s t r e n g t h . While i t i s 
p o s s i b l e to a t t a i n s t r e n g t h that i s intermediate between the t e n s i l e 
s t r e n g t h of the weaker of two adherends, and n e a r l y zero s t r e n g t h , i t 
i s not always p a r t i c u l a r l y easy to do so. The question, Why i s t h i s 
so? has the f o l l o w i n g answer: I f the i n t e r f a c i a l strength at the 
f i b r i l bases i s great enough that base-detachment does not occur, 
then i t i s most probable that a r e l a t i v e l y l a r g e d i s s i p a t i o n of work, 
i n f i b r i l drawing and craze t h i c k e n i n g , w i l l occur. The r e q u i r e d 
f o r c e f o r separation w i l l be l a r g e . But i f the e f f e c t i v e i n t e r f a c i a l 
s t r e n g t h at the f i b r i l base drops below the i n i t i a l y i e l d s t r e n g t h of 
the f i b r e s , then the f i b r i l s w i l l not be drawn; and the force 
requirement w i l l be s m a l l . I t i s only i f there i s a very c l o s e b a l 
ance of strengths ( i . e . , of the i n t e r f a c e , vs. y i e l d s t rength of the 
polymer) that there may be i n i t i a l l y some polymer drawing, fol l o w e d 
by weakening due to l o c a l heating on other causes, such that an 
intermediate amount of work w i l l be r e q u i r e d , to propagate a separa
t i o n f r o n t . 

I t was mentioned, above, that the question of whether or not 
polymeric m a t e r i a l remained on the s o l i d a f t e r s e p a r a t i o n , was 
c r u c i a l . We can now see why t h i s i s so. In the absence of a weak 
boundary l a y e r , the t r a n s f e r of polymeric m a t e r i a l of a hard, strong 
polymer w i l l occur under c o n d i t i o n s that resemble the bulk f r a c t u r e 
of that polymer, i . e . , craze/crack propagation; and the requirement 
of energy d i s s i p a t i o n w i l l be s i m i l a r . So the e f f e c t i v e s t r e n g t h of 
the two-phase system w i l l be approximately the same as that of the 
bulk polymer — which was assumed to be weaker than the ( r i g i d ) 
s o l i d . On the other hand, separation without l e a v i n g a d e t e c t a b l e 
polymer residue w i l l commonly occur without appreciable drawing of 
craze f i b r i l s , and so the requirement of energy d i s s i p a t i o n w i l l be 
s m a l l . 

For p r e s s u r e - s e n s i t i v e adhesives, i t i s p o s s i b l e to have a con
tinuous gradation of p e e l i n g f o r c e , over a wide range, depending on 

Ρ = h i f i n t e r f a c i a l forces are strong r e l a t i v e 
to f o r c e required to draw f i b r e s . 

(6a) 

- 0 i f i n t e r f a c i a l forces are weak. (6b) 
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3. G O O D A N D S H O R A K A Interfacial Forces and Viscoelastic Effects 51 

the r a t e of p e e l i n g and on the thickness and other p r o p e r t i e s of the 
adhesive l a y e r (31). The v a r i a t i o n as a f u n c t i o n of thickness i s 
r e l a t e d to the volume of adhesive i n which deformation occurs, per 
uni t distance of advance of u n i t width of separation f r o n t . 
The g r a d a t i o n , as a f u n c t i o n of r a t e of p e e l i n g , has been shown (12) 
to be d i r e c t l y r e l a t e d to the l o c a l temperature r i s e . When the p e e l 
ing r a t e i s s u f f i c i e n t l y slow, the deformation process i s one of 
iso t h e r m a l , macroscopic creep; and i f the adhesive l a y e r i s t h i c k 
enough, separation at a low l e v e l of p e e l i n g force may occur, 
e n t i r e l y i n the adhesive phase. 

A p p l i c a t i o n to Adhesion. We can now make some order-of-magnitude 
c a l c u l a t i o n s , to i l l u s t r a t e the theory. I t w i l l q u i c k l y become 
evident that the numerical r e s u l t s w i l l depend on f a c t o r s that are, 
at present, poorly k n o w n — e.g., the temperature dependence of the 
y i e l d s t r e n g t h of the f i b r i l s , and the shape of the base r e g i o n of 
the f i b r i l s ; see Figure 3b. Since the exact c o n f i g u r a t i o n of the 
base region i s not known, e i t h e r t h e o r e t i c a l l y or ex p e r i m e n t a l l y , i t 
i s j u s t i f i e d to assume ( p r o v i s i o n a l l y ) an a r b i t r a r y shape such as a 
45° cone w i t h base radiu s , r b , and height, h, which merges i n t o a f i b r i l 
that has a constant r a d i u s , r f . We may employ Eq. ( 1 ) , i n the form 
of an e q u a l i t y , as the demarcation between " c l e a n " i n t e r f a c i a l sepa
r a t i o n of the base from the s o l i d , and i n t r a c r a z e rupture. In the 
model process, the volume of the f i b r i l plus that of the base cone i s 
constant; i . e . , there i s no f u r t h e r surface drawing from the polymer 
on the other s i d e of the craze. 

Assume, f i r s t , that base p e e l i n g occurs, i . e . , i n e q u a l i t y ( l a ) 
i s obeyed. The cone base s h r i n k s ; and e i t h e r the cone height 
increases as the cone angle decreases, or polymer from the base 
region becomes p a r t of the f i b r i l , w i t h the cone angle remaining con
s t a n t . For ease of c a l c u l a t i o n , we w i l l assume that the l a t t e r 
occurs. Then the cone height decreases, but the f i b r i l l e n g t h 
i n c r e a s e s . The net c o n t r i b u t i o n of the change i n cone height to the 
change i n f i b r e l e ngth depends on ( r f / r ^ ) 2 . I f r f < 0.2 r b , t h i s 
term a f f e c t s the f i b r e l e n g t h by l e s s than 4%; i n view of the crude-
ness of the model, t h i s c o r r e c t i o n can be neglected. We may a l s o 
make the approximation, that the p l a s t i c work d i s s i p a t e d i n the base, 
as polymer passes i n t o the f i b r i l , can be neglected; then the f i r s t 
term i n I n e q u a l i t y (1) becomes, 

AG dA, = AG χ 2πι\ dr. (7) 

Using the c o n d i t i o n , V. f i b r e 4- V cone base = constant, we ob t a i n 

(8) 

AGadA, = AG a · (9) 

Next, assume that the base does not p e e l , but the f i b r i l elongates by 
ai. Since the f i b r e cross s e c t i o n area i s ΤΤΓ|, we may set the r i g h t 
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52 P O L Y M E R W E A R A N D ITS C O N T R O L 

s i d e of I n e q u a l i t y (1) equal to a yTrrfdJl. At the demarcation between 
base p e e l i n g and f i b r e y i e l d i n g , we may equate the r i g h t s i d e of (7) 
to Oy^r|d£, and s i m p l i f y the r e s u l t ; we o b t a i n , f o r the case of 
Ρ = 1, 

2 A G a 

σ r, 
y b 

(10) 

We may c a l l the l e f t side of Eq. (10), Ω, the parameter that c o n t r o l s 
the separation process, 

Ω Ξ ^ (11) 
V b 

and set up i n e q u a l i t i e s i n the form: 

Ω > 1, f i b r i l drawing and rupture (12a) 

Ω < 1, f i b r i l base detachment (12b) 

I f the c o n d i t i o n , (12b), develops before appreciable work has been 
done i n f i b r i l drawing and craze t h i c k e n i n g , the observed adhesive 
strength w i l l be low. 

For a more general d e f i n i t i o n of the demarcating parameter, we 
may w r i t e 

Ω = ( 1 3 ) o r , 
y b 

where α i s a constant, of the order of 2, and ρ i s now included 
e x p l i c i t l y i n the d e f i n i t i o n . This parameter w i l l be used i n the 
expressions, 12a and 12b. The e v a l u a t i o n of α must await a f u r t h e r 
a n a l y s i s of the f i b r e base-separation and e l o n g a t i o n processes; the 
number, 2, w i l l be used p r o v i s i o n a l l y . 

We may now make some q u a n t i t a t i v e estimates, using p l a u s i b l e 
numbers f o r the p h y s i c a l and mechanical p r o p e r t i e s that are i n v o l v e d . 
For a f i b r i l drawn from the adhesive of a prèssure-sensitive tape, we 
may assume an order of magnitude f o r r f , of about 0.01 mm, and r b -
5 r f , i . e . about 0.05 mm. We assume the s u b s t r a t e to be hard, strong 
and smooth, and that " p h y s i c a l " f o r c e s act across the i n t e r f a c e , so 
that AG a w i l l be of the order of 100 ergs/cm 2 = 0.10 J/m2. The shear 
s t r e n g t h of the polymer, f o r a p r a c t i c a l r a t e of e l o n g a t i o n , may be 
about 1.0 χ 10 6 N/m2 (32) or about 140 p s i . Then 2AG a/o yr b ^ 0.004. 
Since 0.004 « 1, t h i s computation p r e d i c t s clean i n t e r f a c i a l separa
t i o n . And such separation i s commonly observed, w i t h w e l l - f o r m u l a t e d 
p r e s s u r e - s e n s i t i v e tapes. 

The y i e l d s t r e n g t h , σ ν, g e n e r a l l y increases w i t h r a t e of p u l l 
i n g , at constant temperature; so t h i s p r e d i c t i o n remains unchanged i f 
the r a t e i s increased. But i f the r a t e of displacement i s decreased 
i n t o the "creep" range, O y may become small enough that the i n e q u a l i 
t y i s reversed. Then the p r e d i c t i o n w i l l be that f i b r i l s w i l l 
r u p t u r e , and adhesive polymer w i l l be l e f t on the s u b s t r a t e ; and 
indeed, t h i s t r a n s i t i o n i n s e p a r a t i o n mode i s sometimes observed. 
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3. G O O D A N D S H O R A K A Interfacial Forces and Viscoelastic Effects 53 

The same p r e d i c t i o n , i . e . f i b r i l r u p t u r e , w i l l be made i f the y i e l d 
s t r e n g t h of the polymer i s low, as w i t h a "tacky" f i l m , or " f l y 
paper", at o r d i n a r y r a t e s of separation. See below, i n the d i s c u s 
s i o n of hard, strong adhering systems, f o r other f a c t o r s that may 
reverse the i n e q u a l i t y . 

Next, we may make an estimate w i t h respect to b r i t t l e s e paration 
by a craze mechanism. We can assume a f i b r i l r a d i u s of the order of 
0.1 ym (2a), and base r a d i u s about to 0.5 ym. Again, we w i l l assume 
AG a to be 0.1 J/m2. The value chosen f o r o y w i l l be q u i t e specula
t i v e . Takaki & Bogue (33) r e p o r t 2 χ 10 6 N/m2 f o r the s t r e s s at 
break, of polystyrene (high molecular weight) at 160°. This tempera
ture i s near the value observed (9) i n PS f r a c t u r e . (The value of o y 

reported ranged over about an order of magnitude, w i t h molecular 
weight and MW d i s t r i b u t i o n , and w i t h temperature.) This leads to a 
value of 0.2 f o r Ω. This means a p r e d i c t i o n of i n t e r f a c i a l separa
t i o n ; but 0.2 i s close enough to 1 that the p r e d i c t i o n i s not a 
strong one. I f o y i s l a r g e r (as would be expected i f the l o c a l maxi
mum temperature i n the advancing craze/crack i s lower than 160°) Ω 
w i l l be sma l l e r than t h i s estimate, and the p r e d i c t i o n of i n t e r f a c i a l 
s e p a r a t i o n w i l l be strengthened. 

Then we may estimate the e f f e c t of roughness. A value of ρ 
equal to 3 i s reasonable, f o r a "high" v a l u e . This would y i e l d a 
value of 0.6 f o r the l e f t s i d e of the i n e q u a l i t y and an eq u i v o c a l 
p r e d i c t i o n . 

F i n a l l y , we can estimate the e f f e c t of covalent or other strong 
bonds across the i n t e r f a c e , f o r a smooth i n t e r f a c e . Instead of 100 
ergs/cm 2 (a magnitude appropriate to " p h y s i c a l " f o r c e s across the 
i n t e r f a c e ) , l e t us use 4000 ergs/cm 2, corresponding to i n t e r m o l e c u l a r 
energies between about 160 and 280 kJ/gm mole, depending on bond 
d e n s i t y , or 4 J/m2, f o r AG a. Now the i n e q u a l i t y i s reversed, and 
2 A G a / o y r b = 8. So the p r e d i c t i o n w i l l be, that f i b r i l rupture w i l l 
occur and that the e f f e c t i v e " s t r e n g t h of adhesion" w i l l be l a r g e ; 
but t h i s p r e d i c t i o n w i l l not be dogmatic. I f , i n a d d i t i o n , we 
m u l t i p l y by a roughness f a c t o r , 3, we o b t a i n 2pAG a/o yr b = 24, which 
i n d i c a t e s a f a i r l y d e f i n i t e p r e d i c t i o n of f i b r i l r u p t u r e , and strong 
adhesion. Thus, the presence of covalent bonds across an i n t e r f a c e 
w i t h a rough s o l i d i s l i k e l y to make the d i f f e r e n c e between strong 
and weak adhesion; and t h i s i s i n accord w i t h observations. 

As already noted, these numerical estimates are s e n s i t i v e to the 
assumptions, e.g., the shape of the f i b r i l base, and the values of 
AG a and o y f o r a f i b r i l . These are s p e c u l a t i v e p r o p e r t i e s , at 
present. Moreover, the (as y e t , un-analyzed) flow f i e l d f o r the 
deformation i n d i c a t e d at the top of Figure 3b, i . e . , f o r surface 
drawing, w i l l be an important, and o f t e n a c o n t r o l l i n g , i n f l u e n c e on 
the process. 

However, the r e s u l t s of the c a l c u l a t i o n s , above, are h i g h l y 
suggestive. The trends p r e d i c t e d are i n q u a l i t a t i v e agreement w i t h 
common obser v a t i o n s , e.g., that p r a c t i c a l adhesion i s stronger w i t h 
moderately roughened s u r f a c e s , and when covalent bonding i s p o s s i b l e . 
And, i n p a r t i c u l a r , we have i n d i c a t e d an answer to a p r a c t i c a l ques
t i o n , as to why there are systems i n which a hard, b r i t t l e polymer 
may a c t as i f the s t r e n g t h of adhesion to a s o l i d were f a r l e s s than 
the cohesive ( f r a c t u r e ) s t r e n g t h of the polymer. 

An i n t e r e s t i n g a p p l i c a t i o n of these r e s u l t s i s , to show why i t 
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has been p o s s i b l e , i n transmission e l e c t r o n microscopy, to f i n d p o l y 
mers that could be used i n the r e p l i c a technique. The requirement 
f o r such a polymer i s , f i r s t , that the f r e e energy of adhesion f o r 
the substrates i n v o l v e d should be i n the range found when the i n t e r -
f a c i a l f o r c e s are " p h y s i c a l " . Second, the y i e l d strength of f i b r e s 
drawn from the polymer should be l a r g e . T h i r d , the polymer should 
not e x h i b i t a s e r i o u s p r o p e n s i t y f o r c r a z i n g ; and i f c r a z i n g does 
occur, the diameter of the f i b r i l s (and hence of f i b r i l bases) should 
be s m a l l . 

We may now i d e n t i f y some of the n o n l i n e a r v i s c o e l a s t i c parame
t e r s that (as mentioned at the s t a r t of t h i s paper) are c r i t i c a l to 
adhesion. The most important property i s the y i e l d s t r e n g t h , σ ν. 
A f t e r t h a t , there i s the property of e l o n g a t i o n a l strengthening, i.e., 
the increase of force w i t h r a t e of p u l l i n g on the end of a rod or 
f i b r e of the polymer; and a l s o the temperature c o e f f i c i e n t of σ ν. 

The property of shear-thinning w i l l a l s o be i n v o l v e d . I f t h i s 
property comes i n t o play during craze t h i c k e n i n g , which i s where the 
major d i s s i p a t i o n of energy occurs, i t s importance w i l l be very 
great. There i s a p l a c e , i n t h i s regard, f o r f u t u r e s t u d i e s of the 
rheology of f i b r e "surface drawing", i n a c o n f i g u r a t i o n that c o r r e 
sponds to the top of Figure 3b. This w i l l be e s s e n t i a l f o r the 
development of a c r i t e r i o n demarcating surface drawing from f i b r i l 
e l o n g a t i o n at constant mass. 

The f l u c t u a t i o n i n polymer p r o p e r t i e s i s , no doubt, of h i g h 
importance i n adhesion. A f i b r i l l e s s than 0.1 urn i n diameter con
t a i n s few enough chains that low MW chains, i f concentrated i n a 
s i n g l e f i b r e , would s e r i o u s l y weaken i t r e l a t i v e to i t s neighbors. 
E a r l y rupture of a f i b r i l would place an excess load on the neigh
bors, which could lead to t h e i r f a i l u r e e i t h e r by rupture or by base 
detachment. Hence the theory p r e d i c t s that the width of d i s t r i b u t i o n 
of MW w i l l have a major i n f l u e n c e on adhesive s t r e n g t h . Entangle
ments, and other f l u c t u a t i o n s i n l o c a l p r o p e r t i e s , w i l l a l s o have a 
strong i n f l u e n c e . 

A p p l i c a t i o n to Adhesional Wear. For adhesional wear, as opposed to 
adhesion i t s e l f , the property or process that i s of d i r e c t i n t e r e s t 
i s the rupture of i n t e r f a c i a l crazes and the t r a n s f e r of polymeric 
m a t e r i a l , r a t h e r than the force or energy requirement. I t i s c l e a r 
that the i n e q u a l i t i e s , ( l b ) , (3b) and (4b) are the c r i t e r i a that 
p r e d i c t the occurrence of polymer wear. In terms of molecular pro
p e r t i e s , s m all values of the y i e l d s t r e n g t h , and a r a p i d decrease i n 
Oy w i t h temperature, should l e a d to the occurrence of polymer wear, 
and to the t r a n s f e r of polymer to the s o l i d . Large values of σ ν and 
s m a l l values of do y/dT w i l l be conducive to the absence of wear. 

Small values of the f r e e energy of adhesion, AG a, f o r the p o l y 
mer on the s o l i d , and low l e v e l s of roughness, w i l l be conducive to 
low wear; and high wear w i l l be the consequence of l a r g e values of 
AG a and of p. 

These conclusions are not s u r p r i s i n g . A novel p o i n t , however, 
i s the important adhesional r o l e of roughness of the s o l i d i n wear, 
i n a d d i t i o n to i t s obvious r o l e i n plowing wear. Another p o i n t i s 
the source of the l o c a l heating which leads to enhanced wear: the 
work tha t i s done i n drawing the craze f i b r i l s of the polymer. 
E x t e n s i o n a l v i s c o s i t y i s an importnat r h e o l o g i c a l property that 
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c o n t r o l s t h i s h e a t i n g ; so we may suggest that a study of e x t e n s i o n a l 
v i s c o s i t y should be on the agenda as part of the general research 
program on polymer wear. 

The theory that we have developed does not demand that a l l 
f i b r i l s and t h e i r bases be the same s i z e , or that t h e i r mechanical 
p r o p e r t i e s be i d e n t i c a l . Chain entanglement i s a s t a t i s t i c a l pro
p e r t y , and (as already noted) the number of chains per f i b r i l i s 
s m a l l enough that s e r i o u s f l u c t u a t i o n s i n l o c a l p r o p e r t i e s are to be 
expected. Even i f , i n a p a r t i c u l a r case, the vast m a j o r i t y of 
f i b r i l s detach c l e a n l y and without l e a v i n g any polymer on the s o l i d , 
a s m a l l f r a c t i o n of the f i b r i l s may rup t u r e , i n an experiment of 
"adhesive" separation. Likewise i n a f r i c t i o n a l experiment: even 
when, at the m a j o r i t y of p o i n t s of adhesional attachment, detachment 
occurs without appreciable f i b r i l drawing, there may be f i b r i l -
drawing and rupture at a few s i t e s ; and consequently, wear w i l l 
occur. 

Summary 

The j o i n t r o l e of i n t e r f a c i a l f o r c e s and v i s c o e l a s t i c p r o p e r t i e s may 
be described i n two ways: F i r s t , the r o l e of strong i n t e r f a c i a l 
f o r c e , σ^, i s to anchor the "bases" of f i b r i l s to the s u b s t r a t e . 
When t h i s occurs, and when AG a and σ-̂  are l a r g e enough, considerable 
work w i l l be d i s s i p a t e d i n the v i s c o e l a s t i c process that c o n s t i t u t e s 
f i b r i l formation, before f i b r i l rupture. That i s to say, Equations 
(lb ) or (3b) c o n s t i t u t e the necessary c o n d i t i o n f o r h i g h s t r e n g t h . 
This may be considered a l o c a l " a l l - o r - n o t h i n g " c r i t e r i o n . There 
w i l l be a c r i t i c a l l e v e l of i n t e r f a c i a l f o r c e , o i c , and of f r e e 
energy of adhesion, AG a, that i s c h a r a c t e r i s t i c w i t h respect to a 
p a r t i c u l a r set of v i s c o e l a s t i c and c r a z i n g p r o p e r t i e s of a p a r t i c u l a r 
adhesive or adhering phase, such that h i g h p r a c t i c a l adhesion w i l l be 
achieved. 

Second, the r o l e of the v i s c o e l a s t i c deformation p r o p e r t i e s i s 
to provide a mechanism by which a u s e f u l f r a c t i o n of the (enormous) 
t h e o r e t i c a l i n t e r f a c i a l f o r c e can be e x p l o i t e d i n j o i n t s t r e n g t h . 

T h i r d , numerical c a l c u l a t i o n s based on the i n e q u a l i t i e s that we 
have proposed l e a d to q u a l i t a t i v e p r e d i c t i o n s of the t r a n s f e r of 
matter, and of general s t r e n g t h i n adhering systems, that are i n 
agreement w i t h observations. The trends of these p r a c t i c a l proper
t i e s , w i t h v a r i a t i o n i n fundamental p r o p e r t i e s such as polymer y i e l d 
s t r e n g t h and f r e e energy of adhesion, are i n e x c e l l e n t agreement w i t h 
observed r e s u l t s . 

We may make a t e n t a t i v e estimate of the bounds of r e l i a b i l i t y of 
the i n e q u a l i t i e s , (12a and b ) , t a k i n g account of the u n c e r t a i n t i e s i n 
the model, such as the r a t i o of f i b r i l base area to cross s e c t i o n , 
the shape of the f i b r i l base, the v a r i a t i o n of t e n s i l e s t r e n g t h w i t h 
s t r a i n r a t e and w i t h temperature, the l o c a l temperatures achieved i n 
the f i b r i l s during s e p a r a t i o n , and the s t r u c t u r e of the flow f i e l d at 
the upper and lower ends of a f i b r i l . I t seems i n t u i t i v e l y reason
able to set the f o l l o w i n g rough bounds of p r e d i c t i o n : 

> ίο: f i b r i l drawing and rupture 
Q y r b 
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0.1 < ̂ ρ Δ^ < 10: predictions equivocal 
a y r b 

^ p A G < 0.1: f i b r i l base detachment σ r, 
y b 

Fourth, the c r i t e r i o n that we have derived does not override 
other well-known c r i t e r i a , such as that the presence of weak boundary 
layer material i s a s u f f i c i e n t , though not a necessary, condition for 
poor adhesion. Indeed, our theory may be regarded as showing just 
when boundary-layer material w i l l qualify as "weak", i n a particular 
system. 

F i n a l l y , i t i s clear that the generalizations that we have given 
are broadly v a l i d for b r i t t l e adhesives, for tough adhesives, and for 
systems containing a pressure-sensitive adhesive i n a peeling 
geometry, and for systems i n which the property that i s of interest 
i s "tack". 
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4 
Fatigue Wear of Polymers 

N. S. Eiss, Jr.1 and J. R. Potter III2 

1Virginia Polytechnic Institute and State University, Blacksburg, VA 24061 
2Teledyne Allvac, Monroe, NC 28110 

Wear of polycarbonate, polyvinyl chloride, ultra-
high molecular weight polyethylene, siloxane modi
fied epoxies, and polyimides was studied in experi
ments in which a steel ball bearing was slid 
repeatedly on a polymer surface. Over a certain 
range of loads for a given polymer, a range of 
cycles of polymer disk rotation was observed before 
a wear track initiated. Because of the absence of 
wear prior to wear track initiation, the predom
inant wear mode was assumed to be fatigue. The 
number of cycles to initiate wear was negatively 
correlated with the ratio of the tensile stress in 
the contact to the tensile yield strength. After 
wear initiated the wear rates for epoxies and poly
imides correlate positively with elastic modulus. 
Correlations of wear rates with load generally did 
not agree with fatigue models. 

The wear of polymers i s general b e l i e v e d to be caused by one or more 
of the f o l l o w i n g mechanisms: adhesive t r a n s f e r , abrasive c u t t i n g , 
and f a t i g u e . When the polymer s l i d e s on very smooth hard surfaces 
wear occurs p r i m a r i l y by adhesive t r a n s f e r . On rough surfaces w i t h 
sharply pointed a s p e r i t i e s abrasive c u t t i n g i s the predominant wear 
mode. For more gently rounded a s p e r i t i e s which do not cause s t r e s s e s 
i n the polymer large enough to cause c u t t i n g many s t r e s s cycles 
(repeated t r a v e r s a i s ) are required to produce wear p a r t i c l e s . This 
l a s t mode i s c a l l e d f a t i g u e wear and i s bel i e v e d to be a s i g n i f i c a n t 
c o n t r i b u t o r to the steady-state wear of polymers. 

In the model most commonly used f o r f a t i g u e wear of polymers, the 
wear rate i s assumed p r o p o r t i o n a l to the volume of a wear p a r t i c l e 
d i v i d e d by the number of s t r e s s cycles Ν necessary to produce the 
wear p a r t i c l e . The number of cycl e s Ν i s given by 

Ν = ( S ^ S ) * (1) 

where S Q i s the s t r e s s f o r f a i l u r e i n one load c y c l e , S i s the ap
p l i e d s t r e s s , and t i s an e m p i r i c a l l y determined constant (_1). 
Inv e s t i g a t o r s have made various assumptions to express the f a t i g u e 

0097-6156/85/ 0287-0059$06.00/0 
© 1985 American Chemical Society 
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60 P O L Y M E R W E A R A N D ITS C O N T R O L 

wear rate i n terms of the load, surface topography, and the e l a s t i c 
p r o p e r t i e s of the conta c t i n g m a t e r i a l s . These assumptions i n c l u d e 
d e f i n i n g the area of contact by using the bearing area curve a 
Gaussian d i s t r i b u t i o n of a s p e r i t y heights (_2), and a He r t z i a n e l a s t i c 
contact of a sphere on a plane ( 3 ) . Wear p a r t i c l e s have been assumed 
to be f l a t t e n e d spheres with a volume p r o p o r t i o n a l to the contact 
area radius squared (2) or equiaxed of dimensions p r o p o r t i o n a l to the 
contact radius (_3). 

Experimental v e r i f i c a t i o n of the f a t i g u e wear model has l a r g e l y 
been based on the determination of the exponent t from l o g - l o g p l o t s 
of steady-state wear rate versus load ( 3 ) , radius of curvature of 
a s p e r i t i e s ( 4 ) , and modulus of e l a s t i c i t y ( 5 ) . The values of t found 
f o r various polymers range from 4 to 10, which r e s u l t e d i n the wear 
rate being p r o p o r t i o n a l to the load to a power greater than one. 
Since both the abrasive and adhesive wear models p r e d i c t pro
p o r t i o n a l i t y between wear ra t e and load, i n v e s t i g a t o r s concluded that 
f a t i g u e wear was the predominant mechanism. A p o s i t i v e c o r r e l a t i o n 
has a l s o been found between the values of t determined from wear 
experiments and those determined i n conventional f a t i g u e t e s t s ( 6 ) . 

The most comprehensive f a t i g u e wear model (2) proposed i n the 
l i t e r a t u r e was used to p r e d i c t wear rates to w i t h i n 30 percent or 
l e s s of the experimentally measured values (7_). The exponent t was 
determined from notched c y l i n d r i c a l specimens i n reverse bending. 
The number of contacts and the areas were determined from surface 
p r o f i l e s of the polymer and the counterface a f t e r steady-state wear 
was a t t a i n e d . The wear data was obtained from a polymer p i n s l i d i n g 
on a r o t a t i n g c y l i n d e r . 

When polymers s l i d e on machined metal s u r f a c e s , i t i s q u i t e 
p o s s i b l e that steady-state wear i n v o l v e s a combination of ab r a s i v e , 
f a t i g u e , and adhesive wear mechanisms. To study f a t i g u e wear, i t 
would be d e s i r a b l e to minimize the c o n t r i b u t i o n s of the abrasive and 
adhesive wear modes. In t h i s paper, the f o l l o w i n g polymers: p o l y 
carbonate, p o l y v i n y l c h l o r i d e , u l t r a - h i g h molecular weight p o l y 
ethylene, s i l o x a n e modified epoxies, and polyimides are tested i n 
experiments In which the f a t i g u e wear mode i s predominant. 

Experimental 

The experiment chosen to emphasize the f a t i g u e wear mechanism was a 
52100 s t e e l b a l l 3.18 mm d i a . loaded against a r o t a t i n g polymer d i s k 
( 8 ) . The load was adjusted so that s t r e s s e s i n the polymer were not 
high enough to cause wear and the formation of a wear track when 
s l i d i n g was s t a r t e d . Under these c o n d i t i o n s , the polymer d i s k could 
r o t a t e from a few to s e v e r a l thousand cycles w i t h no detectable wear 
of the polymer. A p r o f i l e meter was used to detect the c r o s s -
s e c t i o n a l area of the wear track once i t had formed. During the 
period of no detectable wear, there was no abrasive wear and any 
removal of polymer by adhesive t r a n s f e r to the b a l l must have been 
below that amount which could be detected by the p r o f i l e meter. 
Thus, the experimental c o n d i t i o n s favored the f a t i g u e mode of wear. 

Two sets of experiments were performed. In the f i r s t s e t , three 
polymers with very d i f f e r e n t mechanical p r o p e r t i e s were chosen to 
determine t h e i r response to t h i s experiment. Polycarbonate PC, r i g i d 
p o l y v i n y l c h l o r i d e PVC, and u l t r a - h i g h molecular weight polyethylene 
UHMWPE, were loaded w i t h 10, 8.5, and 7.2 Ν and tested at 0.04 m/s 
s l i d i n g speed. In these t e s t s , the f r i c t i o n force was continuously 
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4. EISS A N D P O T T E R Fatigue Wear of Polymers 61 

monitored and the number of cycles required before the wear t r a c k 
i n i t i a t e d was noted. The experiments were terminated s h o r t l y a f t e r 
the i n i t i a t i o n of the wear t r a c k , thus no wear measurements were made 
(2). 

In the second set of experiments, two polymer systems were 
t e s t e d . One system con s i s t e d of cast epoxies which were toughened by 
the i n c o r p o r a t i o n of chemically bound sil o x a n e s ( 5 ) . The f r i c t i o n 
and wear were measured as fu n c t i o n s of the percentage of the s i l o x a n e 
PSX i n the epoxy, the percentage of the s i l o x a n e which had a 
p o l y t r i f l u o r o p r o p y l group TFP, and the normal load (10, 5 and 2 N). 

The other system con s i s t e d of three aromatic polyimides (see (10) 
i n t h i s volume f o r s t r u c t u r e s ) which d i f f e r e d only by the l i n k i n g 
groups C H 2 , 0 , and CO. The polyimides were cast on s t a i n l e s s s t e e l 
substrates and cured to y i e l d f i l m s 50 um t h i c k . The f r i c t i o n and 
wear were measured as fun c t i o n s of the l i n k i n g group and the normal 
load (10 and 5 N). The s l i d i n g speed was 0.63 m/s f o r the second set 
of experiments and a l l experiments were run i n lab o r a t o r y a i r , 
t y p i c a l l y 22°C and 40 percent r e l a t i v e humidity. 
Results 

The f i r s t set of experiments was c h a r a c t e r i z e d by a period of no wear 
and r e l a t i v e l y low f r i c t i o n , followed by an increase i n f r i c t i o n as 
the wear track i n i t i a t e d . The number of cycles of di s k r o t a t i o n 
required to i n i t i a t e the wear track and the c o e f f i c i e n t of f r i c t i o n 
before and a f t e r wear track i n i t i a t i o n are summarized i n Table I. 

Table I. Wear Track I n i t i a t i o n Data 

Cycles to I n i t i a t e C o e f f i c i e n t of F r i c t i o n 
Load Load 

Polymer 10 Ν 7.2 Ν 10 Ν 7.2 Ν 
Before A f t e r Before A f t e r 

PC 23±33* ** 60 * .33 .48 .32 .51 
PVC 250±65 343±402 .15 .29 .17 .31 
UHMWPE No I n i t i a t i o n i n 435 cycl e s .13 .08 

95 percent confidence l i m i t s 
one t e s t 
The maximum t e n s i l e s t r e s s e s f o r a sphere s l i d i n g on a plane w i t h 

f r i c t i o n i s given by (2,11). 

S --J£-/f(4 + ν)π/8 + (1 - 2 V ) / 3 J (2) 
2rca 

where 
S = s t r e s s 
Ρ - load 
a - radius of contact based on He r t z i a n e l a s t i c contact 
f = f r i c t i o n c o e f f i c i e n t 
ν = Pois s o n 1 s r a t i o 

These s t r e s s e s are given i n Table I I wi t h the t e n s i l e y i e l d 
s t r ength f o r the polymers. A comparison of the data i n Tables I and 
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62 P O L Y M E R W E A R A N D ITS C O N T R O L 

I I shows that the number of cycles to i n i t i a t e the wear track i s 
i n v e r s e l y r e l a t e d to the r a t i o of the t e n s i l e s t r e s s to y i e l d 
s t r e n g t h . 

Table I I . Mechanical P r o p e r t i e s and T e n s i l e Stresses 

E l a s t i c P o i s s o n 1 s Y i e l d T e n s i l e Stess (MPa) 
Polymer Modulus Ratio Strength 

(GPa) (MPa) 10 Ν 7.2 Ν 

PC 2.38 0.40 62 116 (1.9)* 101 (1.6) 
PVC 3.84 0.42 60 79 (1.3) 79 (1.3) 
UHMWPE 1.10 0.46 24 29 (1.2) 17 (0.7 
* R a t i o of t e n s i l e s t r e s s to y i e l d s trength 

The second set of experiments was a l s o c h a r a c t e r i z e d by a perio< 
of no wear with low f r i c t i o n followed by wear track i n i t i a t i o n and an 
increase i n the f r i c t i o n . In these experiments the t e s t s were 
continued and measurements of the wear track were made every 2000 
cycles up to 16 kc of d i s k r o t a t i o n . A f t e r the f i r s t 2000 to 4000 
cy c l e s the wear ra t e was constant and the wear rates were c a l c u l a t e d 
using a l i n e a r r e g r e s s i o n on the wear vs. number of cy c l e s data. 

The wear rates f o r the s i l o x a n e modified epoxies are given i n 
Table I I I as a f u n c t i o n of the normal load. Also contained i n Table 
I I I i s the value of b as obtained by l i n e a r r e g r e s s i o n of the 
equation 

Log(Wear Rate) - Log(k) + b Log(Load) (3) 

I t should be noted that transformed data were not l i n e a r f o r the 
epoxy without the modifier (0 PSX, 0 TFP) and f o r the 10 PSX, 0 TFP 
composition. For these, the ra t e of increase of the wear rate w i t h 
load decreased at the higher loads. The highest wear rates were 
recorded f o r the compositions with the highest e l a s t i c moduli. 

Table I I I . Wear Rates f o r Siloxane Modified Epoxies 

Composition E l a s t i c 
%PSX %TFP Modulus, GPA 

Wear Rate um /kc 
Load 

2N 5N 10N 

b, 
Load 

Exponent 
0 
5 

10 
15 
5 
10 
15 
10 

0 
0 
0 
0 

20 
20 
20 
30 

1.11 
1.01 
0.97 
0.92 
1.14 
0.88 
0.88 

312 
227 
281 
0 

222 
0 
0 
121 

671 
479 
531 
0 

458 
0 
0 
172 

802 
956 
544 
266 
906 
0** 
0** 
235 

.60 

.89 

.42 

.87 

.41 

Percentage of the PSX c o n t a i n i n g the t r i f l u o r o p r o p y l group 
No Measureable wear a f t e r 30 kc. 

+ Wear Rate = K(Load)b 
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4. EISS A N D P O T T E R Fatigue Wear of Polymers 63 

The wear rates and the cycles to i n i t i a t i o n f o r the polyimides 
are given i n Table IV. The wear rates c o r r e l a t e d p o s i t i v e l y w i t h 
the e l a s t i c moduli. However, the e f f e c t of load on the c y c l e s to 
i n i t i a t e v a r i e d with the l i n k i n g group with the oxygen linkage show
i n g no change while the C H 2 l i n k i n g group almost quadrupled i t s 
i n i t i a t i o n time when the load was doubled. 

Table IV. Wear Rates f o r Polyimides 

Polyimide 
L i n k i n g Group 

E l a s t i c 
Modulus (GPA) 

Load 
Wear ^ate 

(um /kc) 

5 Ν 
Cycles to 
I n i t i a t e 

Load 10 Ν 
Cycles to 

I n i t i a t e 
CH 2 1.19 171 269 1060 
0 0.97 56 557 442 

CO 1.24 168 115 — 

NOTE: See Ref. (10) f o r confidence l i m i t s . 

D i scussion 

The ball-on-polymer d i s k experiment had the f o l l o w i n g c h a r a c t e r 
i s t i c s which i n d i c a t e that the polymer was subjected p r i m a r i l y to 
f a t i g u e wear. Under the appropriate loads, the polymer d i d not 
begin to wear u n t i l i t has been subjected to a c e r t a i n number of 
s t r e s s c y c l e s . No wear was detected by a p r o f i l e meter during t h i s 
i n i t i a t i o n p e r i o d . Thus, i f any wear occurred during t h i s p e r i od by 
abrasive and adhesive mechanisms, the a l t e r a t i o n of the polymer 
topography must have been below the s e n s i t i v i t y of the surface pro
f i l e meter. In a d d i t i o n , any wear which occurred during t h i s 
i n i t i a t i o n period was i n s i g n i f i c a n t compared to the wear which 
occurred when the wear was i n i t i a t e d and a measurable wear track was 
formed. 

The ball-on-polymer d i s k experiment has a w e l l defined geometry 
f o r which contact s t r e s s e s i n c l u d i n g the e f f e c t s of f r i c t i o n can be 
c a l c u l a t e d (See Table I I ) . Thus, the r e s u l t s can provide a d i r e c t 
means f o r e v a l u a t i n g the e m p i r i c a l constants S Q and t i n Equation 1 
where Ν would be the number of cycles to i n i t i a t e the wear t r a c k . 
As noted i n Table I and i n Ref. ( 10) there was considerable v a r i a 
t i o n i n the number of cycles to i n i t i a t e wear f o r r e p l i c a t e e x p e r i 
ments. Thus, e v a l u a t i o n of the constants i n Equation 1 would 
re q u i r e many r e p l i c a t i o n s so that confidence l i m i t s could be reduced 
to magnitudes which would permit s i g n i f i c a n t d i f f e r e n c e s to be 
measured f o r changes i n the normal loads. 

The data i n Tables I and I I show that a decrease i n the r a t i o of 
the t e n s i l e s t r e s s to t e n s i l e y i e l d s t r ength f o r PC caused an 
increase i n the number of c y c l e s to i n i t i a t e wear. For PVC a de
crease i n normal load was accompanied by an increase i n the c o e f f i 
c i e n t of f r i c t i o n . Hence, the s t r e s s - t o - s t r e n g t h r a t i o d i d not 
change and there was no s i g n i f i c a n t change i n the number of cycles 
to i n i t i a t e wear. Both these r e l a t i o n s h i p s are c o n s i s t e n t w i t h 
Equation 1. 

A comparison of the c y c l e s - t o - i n i t i a t e wear and the r a t i o of the 
t e n s i l e s t r e s s to the y i e l d s t r e n g t h f o r the three polymers a l s o 
i n d i c a t e s that as the r a t i o decreased the number of cycles to i n i t i -
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ate wear increased. A s i m i l a r r e l a t i o n s h i p was found between the 
r a t i o of the shear s t r e s s to shear strength and the number of c y c l e s 
to produce wear on the order of the o r i g i n a l surface f i n i s h (12). 
These data then became the basis f o r the Zero Wear Model (13). 

When the wear track i n i t i a t e d , s e v e r a l s i g n i f i c a n t changes 
occurred. The geometry of the contact changed from a sphere on a 
f l a t to a sphere i n a c y l i n d r i c a l groove. Measurements of the 
groove geometry i n d i c a t e d that the groove had a l a r g e r radius than 
the b a l l . When the sphere i s loaded against the polymer wear 
groove, the groove and b a l l must have the same r a d i u s . Because the 
normal s t r e s s e s are highest at the center of the groove and zero at 
the edges, when the sphere i s removed from the groove the e l a s t i c 
recovery i n the center i s greater than at the edges. Hence, the 
groove radius i s l a r g e r than the radius of the b a l l which formed the 
groove. As a r e s u l t of the change i n contact geometry, the r e a l 
area of contact as c a l c u l a t e d by the He r t z i a n equations in c r e a s e d . 
The increase f o r the polyimides, f o r example, was 16 to 50 percent 

The f r i c t i o n c o e f f i c i e n t rose when the wear tracks i n i t i a t e d . 
For example, the c o e f f i c i e n t of f r i c t i o n f o r the polyimides i n c r e a s 
ed from 200 to 300 percent, which i s much greater than can be 
accounted f o r by the increase i n r e a l area of contact. Most of t h i s 
i n c r e a s e i s a t t r i b u t e d to the deformation losses accompanying the 
formation of wear p a r t i c l e s and t h e i r transport out of the contact 
r e g i o n (10). 

P r i o r to the formation of the wear groove, s t r e s s e s were c a l c u 
l a t e d assuming a smooth sphere and a smooth polymer s u r f a c e . The 
v a l i d i t y of these assumptions i n the context of a study of f a t i g u e 
wear can only be judged when the s i z e of the domains i n which the 
f a t i g u e f a i l u r e occurs i s known. In the absence of t h i s knowledge, 
the topographies of the b a l l and polymer were compared before and 
a f t e r the track i n i t i a t i o n assuming that both were smooth 
i n i t i a l l y . A f t e r the wear track formed, the worn surface became 
rougher (10). The consequence of the increased roughness i s to 
superimpose a s t r e s s which v a r i e s according to the roughness topo
graphy on the s e m i - e l l i p t i c a l s t r e s s d i s t r i b u t i o n of the i d e a l l y 
smooth c o n t a c t i n g s u r f a c e s . 

The wear p a r t i c l e s w i l l be generated where the st r e s s e s are 
highes t . I n i t i a l l y t h i s w i l l occur i n the center of the contact. 
Thereafter, the wear p a r t i c l e s w i l l be generated from the p o r t i o n of 
the contact where the highest s t r e s s e s e x i s t . In view of the s t r e s s 
v a r i a t i o n caused by surface roughness which e x i s t s throughout the 
contact r e g i o n , the s i g n i f i c a n c e of st r e s s e s c a l c u l a t e d based on 
smooth geometry i s questionable. In a d d i t i o n , i t i s also not c l e a r 
how to in c l u d e the increased f r i c t i o n f orces i n t o the s t r e s s c a l c u 
l a t i o n s i f some of the f r i c t i o n f o rce i s caused by deformation of 
wear p a r t i c l e s r e s i d i n g i n the wear t r a c k . Consequently, the r e l a 
t i o n s h i p between the wear which occurred and the model expressed by 
Equation 1 becomes much more tenuous. 

However, the f o l l o w i n g trends i n the wear data were noted. The 
wear rates of the sil o x a n e modified epoxies and the polyimides were 
p o s i t i v e l y c o r r e l a t e d w i t h the e l a s t i c moduli. In Equation 2. the 
s t r e s s i s p r o p o r t i o n a l to a , and a i s p r o p o r t i o n a l to ' Κ 
Hence, s t r e s s i s p r o p o r t i o n a l to Ε ' . Thus, the data i n d i c a t e that 
w i t h i n a s p e c i f i c polymer system, the wear rate i s p o s i t i v e l y c o r r e 
l a t e d w i t h the magnitude of the maximum str e s s e s i n the surface. 
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4. EISS A N D P O T T E R Fatigue Wear of Polymers 65 

For the polyimides, at the 5 Ν lo a d , the wear rates were nega
t i v e l y c o r r e l a t e d with the cycles to i n i t i a t e wear. This r e s u l t i s 
con s i s t e n t with the fa t i g u e wear model which st a t e s that the wear 
rate i s i n v e r s e l y p r o p o r t i o n a l to the number of cycles to f a t i g u e 
f a i l u r e . Comparing the cycles to i n i t i a t e at the 5 and 10 Ν lo a d , 
i t i s noted that cycles to i n i t i a t e s i g n i f i c a n t l y increase f o r the 
10 Ν load f o r the CH 2 l i n k a g e while the cycles to i n i t i a t e f o r the 
oxygen linkage i s not s i g n i f i c a n t l y changed. These r e s u l t s are not 
con s i s t e n t with the f a t i g u e model. 

The wear r a t e - l o a d data f o r the modified epoxies have load 
exponents l e s s than one. Several f a t i g u e models f o r wear p r e d i c t 
that the exponent should be greater than one (3)· Explanation f o r 
t h i s discrepancy w i l l require a much b e t t e r understanding of the 
fa t i g u e wear process than i s p r e s e n t l y known. 

Conclusions 

For a c e r t a i n range of loads between a b a l l and a s p e c i f i c polymer, 
a range of cycl e s to i n i t i a t e a wear track w i l l r e s u l t . During 
these cycles no polymer wear can be detected using a surface p r o f i l e 
meter. Thus, the s i g n i f i c a n t wear mode i s f a t i g u e . The experiment 
has the p o t e n t i a l f o r e v a l u a t i n g the constants S Q and t i n Equation 
1, because the s t r e s s equations f o r a b a l l on a f l a t with f r i c t i o n 
have been solved. However, because of the random nature of f a t i g u e , 
many r e p l i c a t e s w i l l be required to obt a i n s t a t i s t i c a l l y s i g n i f i c a n t 
r e s u l t s . 

The r a t i o of the c a l c u l a t e d maximum t e n s i l e s t r e s s to the te n 
s i l e y i e l d s t rength was ne g a t i v e l y c o r r e l a t e d with the cycles to 
i n i t i a t e wear which i s i n agreement w i t h Equation 1. For three very 
d i f f e r e n t polymers, PC, PVC, and UHMWPE i t was found that the r a t i o 
of s t r e s s to strength a l s o was n e g a t i v e l y c o r r e l a t e d w i t h the cycles 
to i n i t i a t e wear. However, the l i m i t e d number of experiments would 
preclude any g e n e r a l i z a t i o n of t h i s f i n d i n g . 

For the si l o x a n e modified epoxies and the polyimides, the wear 
rates c o r r e l a t e d p o s i t i v e l y w i t h the e l a s t i c moduli, which i s a l s o 
i n agreement wit h the f a t i g u e model. However, the wear r a t e - l o a d 
r e l a t i o n s h i p p r e d i c t e d by f a t i g u e models was not corroborated by the 
data. Likewise, the e f f e c t of load on the cycles to i n i t i a t e f o r 
the polyimides was not con s i s t e n t with the f a t i g u e model. 
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D i s c u s s i o n 

Question: Dr. B. Br i s c o e , Imperial C o l l e g e , London, England 
I can see that you have good evidence f o r f a t i g u e f a i l u r e . Have 

you considered environmental changes as a means of inducing 
premature f a i l u r e ? Lancaster and Evans thought they had data which 
i n d i c a t e d that t h i s was the case. Are thermal e f f e c t s a problem i n 
t h i s work? 

Answer: 
The only environmental e f f e c t s s t u d i e d were i n the experiments 

with PC, PVC, and UHMWPE. In these t e s t s , four l i q u i d s were a p p l i e d 
to the polymeric su r f a c e ; water, water plus three percent t r i s o d i u m 
phosphate, methanol, and mineral o i l . These l i q u i d s reduced 
f r i c t i o n forces compared to dry s l i d i n g and prevented the i n i t i a t i o n 
of the wear t r a c k . 

In 2000 cycles of s l i d i n g between wear track measurements, 
temperatures rose only 10 to 15°C. Unless the polymers had 
s i g n i f i c a n t morphological and property changes at temperatures from 
22 to 37°C, thermal e f f e c t s were not s i g n i f i c a n t i n these t e s t s . 

Question: Dr. H. Czichos, Federal I n s t i t u t e f o r M a t e r i a l s Research 
and T e s t i n g , B e r l i n , West Germany 

Have you a l s o studied the appearance of the s t e e l b a l l s ? Did 
you f i n d some damage,like scratches or polymer t r a n s f e r ? 

Answer: 
I f the s t e e l b a l l s were used f o r s e v e r a l t e s t s , then a wear scar 

formed on the b a l l . Consequently, the s t e e l b a l l was changed a f t e r 
each t e s t to preserve the o r i g i n a l surface topography. 

R E C E I V E D January 23, 1985 
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5 
A Fatigue-Abrasive Wear Mechanism 
for Polymeric Surfaces 

T. S. Chow 

Webster Research Center, Xerox Corporation, Webster, NY 14580 

A model based on a fatigue-abrasive wear mechanism has 
been developed for calculating the wear of polymeric 
surfaces due to its interaction with small particles 
and a foam roller. The wear is related to the contact 
deformation and fatigue resistance which are determined 
and expressed in terms of material, geometrical and 
process parameters. The material parameters are the 
modulus, yield strength and hardness of particles and 
polymers, the frictional coefficient, the foam modulus 
and the fatigue behavior of polymers. The geometrical 
and process parameters are the normal load, particle 
size, foam roll radius, surface velocity of foam roller 
and surface coverage of particles. The analysis and 
calculation reveal the weak dependence of the foam 
modulus on wear which benefits the investigation of the 
direct interaction between the small particles and 
polymeric surface and the understanding of its wear 
mechanism. 

A model i s presented which describes the wear of polymeric surfaces i n 
contact w i t h small p a r t i c l e s and a foam r o l l . Wear i s defined as the 
progressive l o s s of m a t e r i a l from the surface as a consequence of 
r e l a t i v e motion. Two primary wear mechanisms can be i d e n t i f i e d when 
p a r t i c l e s t r a v e l on a surface while under compression of a foam r o l l . 
These are abrasive wear which i s caused by the m i c r o - c u t t i n g and 
l o n g i t u d i n a l s c r a t c h i n g by p a r t i c l e s between the polymeric surface 
and foam and f a t i g u e wear r e s u l t i n g from the accumulated damage caused 
by c y c l i c s t r e s s i n g and deformation s i m i l a r to the mechanical 
f a t i g u e . 

Other mechanisms, such as adhesive wear and c o r r o s i v e wear, are 
considered to be l e s s important i n t h i s problem and are not e x p l i c i t l y 
i n c l u d e d i n the a n a l y s i s . The wear i s r e l a t e d to the contact s t r e s s , 
deformation, surface coverage of p a r t i c l e and f a t i g u e r e s i s t a n c e , 
each of which i s determined and expressed i n terms of the m a t e r i a l , 

0097-6156/ 85/ 0287-0067S06.00/ 0 
© 1985 American Chemical Society 
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geometric and process parameters. The m a t e r i a l parameters i n c l u d e 
the compression modulus, hardness, and f a t i g u e r e s i s t a n c e of the 
polymer; the compression modulus, y i e l d s t r e n g t h , and f r i c t i o n a l 
c o e f f i c i e n t f o r the p a r t i c l e ; and the compression modulus f o r the 
foam. The process parameters considered are the l o a d , p a r t i c l e s i z e , 
foam r o l l r a d i u s , v e l o c i t i e s of the foam r o l l e r and surface and the 
number of c y c l e s . A n a l y s i s and c a l c u l a t i o n are c a r r i e d out to 
i n v e s t i g a t e the f u n c t i o n a l behavior of these v a r i a b l e s and served as 
the b a s i s understanding the physics of the i n t e r a c t i o n wear. 

Theory 

When small p a r t i c l e s move on a polymeric surface while being 
compressed by a r o t a t i n g foam r o l l (see Figure 1), the surface i s 
subjected to c y c l i c s t r e s s e s . The accumulated damage of the surface 
due to abrasion by p a r t i c l e s i n i t i a t e s cracks which propagate 
incrementally and e v e n t u a l l y lead to a f r a c t u r e of the surface 
l a y e r . Although a great deal of research i s ongoing i n the area 
of f r i c t i o n and wear ( 1-4), the wear problem i s much too complex to 
t r e a t completely r i g o r o u s l y . The pressure d i s t r i b u t i o n i n s i d e the 
contact zone, the d i s t r i b u t i o n of p a r t i c l e s on the surface and the 
p a r t i c l e s i z e d i s t r i b u t i o n are not considered. Corresponding mean 
values are a p p l i e d . C o n t r i b u t i o n s from the m i c r o - c u t t i n g and surface 
roughness to the shear s t r e s s e s on the surface are combined w i t h the 
f r i c t i o n a l c o e f f i c i e n t . A new parameter c a l l e d the e f f e c t i v e 
f r i c t i o n a l c o e f f i c i e n t ( μ ) i s defined. 

When the s t r a i n (or s t r e s s ) l e v e l i s i n s u f f i c i e n t to generate 
crazes, the f a t i g u e l i f e i s evaluated as a f u n c t i o n of s t r a i n ( ε ) , 
r e s u l t i n g i n the conventional S-N curve of the form (5) 

2N = ( ε /ε ) 3 , f o r ε > ε (1) ο 9 c r 
where Ν i s the number of c y c l e s to f a i l u r e , 3 i s the c o e f f i c i e n t of 
f a t i g u e r e s i s t a n c e , ε i s p r o p o r t i o n a l to the f a i l u r e s t r a i n i n 
t e n s i l e t e s t s and ε i s the c r i t i c a l s t r a i n below which f a t i g u e does 
not occur. Parameters ε , ε and 3 are determined from the S-N c r ο · curve. The f a t i g u e r e s i s t a n c e 3 i s an i n t r i n s i c property which 
c h a r a c t e r i z e s the m a t e r i a l r e s i s t a n c e to repeated l o a d i n g , ε i s a 
stronger f u n c t i o n of molecular weight than i s 3 at room tempera
t u r e ^ ) . For p o l y c a r b o n a t e ^ ) , we have 3 =3.6, ε =0.435 and 
c c r=0.0085. ° 

Continuing w i t h the concept of f a t i g u e - a b r a s i v e wear mechanism, 
the volume of m a t e r i a l removed from a s u r f a c e , V , by a p a r t i c l e i s j c J wear' J r 

defined as 

V = V, C/N (2) wear def 
where ^ i s the deformed volume of surface caused by t r a v e l i n g 
p a r t i c l e . E l i m i n a t i n g Ν from Eqs. (1) and ( 2 ) , the thickness of the 
surface being worn away, A h, by p a r t i c l e s w i t h surface coverage, Φ , 
i s 

Δ h = 2 φ (V J ./π R 2
0 ) ( ε / ε ) 3 , f o r ε > ε (3) der J o cr 
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5. C H O W Fatigue-Abrasive Wear Mechanism 69 

Figure 1. Contact geometry. 
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where R^ i s the average p a r t i c l e r a d i u s . The wear, Δ h, i s zero f o r 
ε < ε which r a r e l y happens i n any p r a c t i c a l range of a p p l i c a t i o n . 

In equation ( 3 ) , the contact s t r a i n , ε , has to be determined by 
an a l y z i n g load t r a n s f e r s from the foam "** p a r t i c l e surface and the 
e l a s t i c and/or p l a s t i c deformations i n s i d e the contact zones. In the 
end r e s u l t , both ε and V, c are derived i n terms of m a t e r i a l and 7 der process parameters. 

Determination of Wear 

When p a r t i c l e s move on a surface while under a r o t a t i n g and compressed 
foam r o l l , the surface i s subjected to normal ( σ ) and shear ( τ ) 
s t r e s s e s . The t o t a l contact s t r e s s can be determined from a s t r a i n 
energy r e l a t i o n s h i p . 

o 2 t o t a l / 2 E , l = ° 2 / 2 E ' l + T 2 / 2 G l ( 4 ) 

2 
where E , = E / ( l - v ) and s u b s c r i p t 1 i d e n t i f i e s the polymeric sub
s t r a t e . Ε i s Young's modulus, G i s the shear modulus and v i s 
Poisson*s r a t i o . Ε' may be tr e a t e d as the compression modulus. In 
the case of i s o t r o p i c m a t e r i a l s , E f / G = 2 / l ( l - v )= 3 f o r common poly
mers w i t h ν =1/3. Eq. (4) reduces to the f a m i l i a r von Mises y i e l d 
c r i t e r i o n under p l a s t i c y i e l d c o n d i t i o n s ^ ) , and serves to describe 
the l o c a l _ s t r a i n energy. A s i m p l i f y i n g assumption i s that 0 =p^ 
and τ = μ i n the contact zone. Thus Eq. (4) becomes 

ε = ^ o t a l / E r < 1 + 3 ^ > V l ( 5 ) 

where ρ i s the mean pressure between the p a r t i c l e and substrate and 
μ i s defined as the e f f e c t i v e f r i c t i o n c o e f f i c i e n t . Three main 

f a c t o r s c o n t r i b u t e to the f r i c t i o n generated between u n l u b r i c a t e d 
p a r t i c l e s and surface i n r e l a t i v e motion. The f i r s t f a c t o r i s the 
abrasion and m i c r o c u t t i n g , the second f a c t o r i s the adhesion which i s 
a pure surface c o n t r i b u t i o n and the t h i r d i s described as deformation 
which i s a bulk term. I t i s ( J i f f i c u l t to p r e d i c t μ but i t i s known 
that μ > 1 f o r abrasive_wear. 

The mean pressure ρ can be r e l a t e d to the mean pressure p^ 
between the foam r o l l and substrate(8^) 

P 3= a ( R 3 / a 3 ) 2 5 2 = [4Ε· 1Ε' 3/3π(Ε» 1 +Ε ,
3)] 2 / 3 ( α ^ ) 1 / 3 (6) 

where Ε 1 ^ i s the compression modulus of the p a r t i c l e and α charac
t e r i z e s the i n t e r a c t i o n of p a r t i c l e s . For large values of 
φ, α ^ Ι / φ. Introducing the s u b s c r i p t 2 to i d e n t i f y the foam r o l l s , 
the mean pressure (p«)> foam semi-contact length (a^)» foam radius 
(R^), compression modulus ( E 1 ) and the load per u n i t length (F) 
ap p l i e d to foam r o l l e r can be r e l a t e d by Hertz's equation. 

When p a r t i c l e s move i n the gap between the foam and substrate 
under compression, the abrasive p a r t i c l e s deform the surface and the 
volume of deformation i s obtained by a geometrical c o n s i d e r a t i o n , 

Vdef= * h l V 3 ( 7 ) 

h 
where h^ i s the depth of surface p e n e t r a t i o n , a 3=(2R 3h^) i s the 
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5. C H O W Fatigue-Abrasive Wear Mechanism 71 

p a r t i c l e contact radius and I i s the distance t r a v e l e d by p a r t i c l e s 
i n the compression mode a f t e r C number of operating c y c l e s (not to be 
confused w i t h number of cy c l e s Ν to f a t i g u e f a i l u r e ) . Since 
E'^ > > E 1 the p a r t i c l e can be assumed to have the same v e l o c i t y as 
the foam V 2=R 2 ω , we obtain 

I =C(V 2+V 1)t=C(V 2+V 1) a 2/V 2 (8) 

where i s the surface v e l o c i t y and t i s the time. 
During p l a s t i c deformation, the pen e t r a t i o n depth f o r a s p h e r i 

c a l contact i s inverse p r o p o r t i o n a l to the m a t e r i a l hardness 
(R)(2,3). I n t n e present s i t u a t i o n 

h 1/h 3=H 3/H 1 (9) 

where the s u b s c r i p t s 1 and 3 are f o r the substrate and p a r t i c l e , 
r e s p e c t i v e l y . Since the abrasive p a r t i c l e s are assumed to be s o f t e r 
than polymeric s u b s t r a t e s , the normal load (P) i s equal to A r 11^(2) and 
the r e a l area of contact A^=2 π R J i ^ . The normal load at which the 
p l a s t i c deformation of a compressée! p a r t i c l e takes place i s r e l a t e d to 
the p a r t i c l e y i e l d s t r e s s (Y^) by 

P=ÏÏR^Y 3 (10) 

Thus 

h 3 = R 3 Y 3 / 2 H 3 ( U ) 

Eqs. (9) and (11) lead to the surface p e n e t r a t i o n expression f o r 
substrates 

h l = R 3 Y 3 / 2 H l ( 1 2 ) 

S u b s t i t u t i n g Eqs. (8) and (12) i n t o Eq. ( 7 ) , the r e s u l t i s 

V d e f = C ( 1 + V l / V 2 } a
2

R 2 3 ( Y 3 / H l ) 1 , 5 / 6 ( 1 3 ) 

Combining Eqs. ( 3 ) , ( 5 ) , (6) and (13), the thickness of a polymeric 
surface being worn away i s given by 

ΔΗ-ΟΦβ 2(1 + ν 1 / ν 2 ) ( Y 3 / H 1 ) 1 ' 5 [ (1+3^ 2 ) ^ 3 / ^ o E ,
1 3 3 / 3 * (14) 

with 

and 

; 3 - [4Ε ,
1Ε ,

3/π(Ε ,
1+Ε' 3) ] ( a F / 2 a 2 ) 1 / 3 

a 2=2(FR 2/ π Ε ' 2 ) ^ 

D i s c u s s i o n 

Consider the wear of a polycarbonate surface. The m a t e r i a l and 
process parameters involved i n the c a l c u l a t i o n are tabulated i n Table 
I unless otherwise s p e c i f i e d . Figure 2 reveals that the compression 
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72 P O L Y M E R W E A R A N D ITS C O N T R O L 

Table I . 
M a t e r i a l and Process Parameters 

Modulus Y i e l d Stress Others 
( 1 0 5 p s i ) ( 1 0 3 p s i ) 

Pol y c a r b o n a t e ( l ) 4.0 Η χ = 20 V^=10 in/sec 

Foam(2) 5 x l 0 " 5 R2=0.94 i n . 
ω=500 rpm 

1 2.65 9.5 
CO 

2 2.65 7.0 R3=5.5 y m 

P
ar

ti
el

 

3 

4 

2.10 

0.75 

7.0 

5.0 

y =1.75 

Φ =4.55% 

2.S 

ι 025 

01 

ω aioh 

0.05h 

Ί 1 1 Γ 
AFTER IOK CYCLES 

10 20 30 40 
FOAM MODULUS (E2, PSI) 

50 

Figure 2. Wear as a f u n c t i o n of foam modulus and p a r t i c l e 
p r o p e r t i e s . F=0.205 l b / i n . ; F=0.256 l b / i n . 
The numbers represent the p a r t i c l e s defined i n 
Table I . 
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5. C H O W Fatigue-Abrasive Wear Mechanism 73 

modulus of foam has very l i t t l e e f f e c t on the wear of polymeric 
surface, on the other hand the p r o p e r t i e s of p a r t i c l e have a very 
strong e f f e c t . This i s mainly due to the high r a t i o P~/p 9 ^0(10 ) and 
ρ ^ 0 ( 1 p s i ) . The weak dependence of the compression modulus of the 
foam r o l l on wear b e n e f i t s the i n v e s t i g a t i o n of the d i r e c t i n t e r a c t i o n 
between the small p a r t i c l e s and polymeric surface. During the wear 
measurement, the compression modulus of a given foam can increase i n 
time w i t h an increase of trapped p a r t i c l e s which has l i t t l e i n f l u e n c e 
on wear. We found that the c a l c u l a t e d curves i n Figure 2 compare 
reasonably w e l l w i t h the measured wear range(^) from 0.7 to 
1.4 ym/10K c y c l e s f o r type 1-3 p a r t i c l e s . 

Figure 3 i l l u s t r a t e s how the wear v a r i e s w i t h the hardness and 
modulus of polymer sub s t r a t e . Figure 4 shows that the wear increases 
d r a s t i c a l l y w i t h an increase of the e f f e c t i v e f r i c t i o n a l c o e f f i c i e n t 
( μ ) between the p a r t i c l e and polymeric surface. As was mentioned 
e a r l i e r , the f r i c t i o n μ depends not only on the bulk and surface 
p r o p e r t i e s of m a t e r i a l s i n contact but a l s o on such parameters as 
contact geometry and surface roughness. The d i r e c t determination of 
μ from the f i r s t p r i n c i p l e has yet to be e s t a b l i s h e d . The present 

model can be used to estimate i t s value from experiment. When a 
surface becomes smoother and harder, the e f f e c t i v e f r i c t i o n a l c o e f f i 
c i e n t u s u a l l y decreases and so does the wear. 

Figure 3. Wear versus the modulus and hardness of polymeric 
s u b s t r a t e s . 
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1.25 1.50 1.75 2.00 2.25 
EFFECTIVE FRICTION BETWEEN RARTICLE AND SURFACE 

Figure 4. Wear versus the e f f e c t i v e f r i c t i o n a l c o e f f i c i e n t . 
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6 
Various Approaches in Controlling the 
Wear of Polymers 

Lieng-Huang Lee 

Webster Research Center, Xerox Corporation, Webster, NY 14580 

Several basic mechanisms of polymer wear have 
recently been discussed with respect to fracture 
energetics and surface energetics (1). For each wear 
mechanism, we found necessary measures which can be 
taken to control the wear. In general, the wear can 
be achieved by: 1. controlling or designing bulk 
properties, e.g., molecular weight, molecular weight 
distribution, entanglement density, microstructure, 
liquid crystalline structure, etc.; 2. modifying the 
surface by plasma techniques, photopolymerization, 
silicone, etc.; 3. particulate or fibrous 
reinforcement; and 4. interpenetrating network (IPN). 
Each approach will be illustrated with existing or 
probable examples. 

In comparison with metals, most conventional polymers are low in 
wear resistance. For wear control, we need to understand various 
wear mechanisms for each polymer system (J_). As discussed in a 
previous paper, for adhesive wear, surface energetics can determine 
the extent of surface wear. Thus, a low surface energy i s 
preferred to minimize the surface a t t r i t i o n . In addition, a harder 
polymer i s desired to lower the wear rate. For abrasive wear, 
fracture energetics become important; a harder and tougher material 
should be more wear resistant. 

Most wear modes tend to lead to fatigue wear upon cyclic 
stress. For fatigue wear, fracture energetics appear to be the 
dominant factors, thus a tough polymer should be more resistant to 
wear and tear. A universally wear-resistant material i s hard to 
come by. If such a material exists, presumably i t should be low in 
surface energy and high in toughness and hardness. For example, a 
hard and tough polymer can be surface modified with a low surface 
energy polymer, such as polytetrafluoroethylene. As a result, this 
material may be wear resistant to adhesive, abrasive and fatigue 
interactions. 

Since, in reality, wear control i s not as simple as i t i s 
generalized, we shall discuss some of the approaches in this paper: 

0097-6156/85/0287-0077$06.00/0 
© 1985 American Chemical Society 
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78 P O L Y M E R W E A R A N D ITS C O N T R O L 

1. S t r u c t u r a l design, 
2. Surface m o d i f i c a t i o n s , 
3· P a r t i c u l a t e or f i b r o u s reinforcement, and 
4. I n t e r p e n e t r a t i n g network. 

Indeed, not a l l o f these approaches have been i n v e s t i g a t e d f o r 
polymer wear c o n t r o l . A b r i e f d i s c u s s i o n of each of these concepts 
may l e a d to new o p p o r t u n i t i e s i n t e c h n o l o g i c a l breakthroughs. 

S t r u c t u r a l Design 

In theory, through a proper design of p h y s i c a l s t r u c t u r e , a polymer 
can be made more wear r e s i s t a n t to some aspects of t r i b o l o g i c a l 
i n t e r a c t i o n s . There are a t l e a s t four s t r u c t u r a l design features 
that deserve c o n s i d e r a t i o n s : 

ο Molecular weight and molecular weight d i s t r i b u t i o n , 
ο Backbone s t r u c t u r e , 
o M i c r o s t r u c t u r e , and 
ο L i q u i d c r y s t a l l i n e s t r u c t u r e . 

Molecular Weight and Molecular Weight D i s t r i b u t i o n 

The f i r s t design feature has been known f o r many years. Molecular 
weight can a f f e c t mechanical and r h e o l o g i c a l p r o p e r t i e s of polymers 
(2). The i n t r o d u c t i o n o f u l t r a h i g h molecular weight polyethylene 
(UHMWPE) i s a demonstration of wear c o n t r o l f o r a conventional 
polymer. I n t e r e s t i n g l y , molecular weight a l s o i n f l u e n c e s surface 
e n e r g e t i c s (3) and f r a c t u r e e n e r g e t i c s of polymers (_4). A high 
molecular weight polymer r e s u l t s i n high f r a c t u r e energy G c (5). 
Moreover, molecular weight and i t s d i s t r i b u t i o n a l s o e f f e c t 
c r a z i n g , t e n s i l e p r o p e r t i e s , and impact r e s i s t a n c e (6). These 
p r o p e r t i e s , i n t u r n , c o n t r o l wear r e s i s t a n c e of a polymer. 

Entanglement o f chains i s necessary to support e x t e r n a l 
s t r e s s e s . A high entanglement d e n s i t y (7) i s g e n e r a l l y d e s i r e d . 
B a s i c a l l y , the entanglement d e n s i t y i n c r e a s e s w i t h the number-
average molecular weight and the quotient of the length to the 
molecular weight of the repeating u n i t ( e m p i r i c a l l y found to be 
r e l a t e d to the c r i t i c a l entanglement molecular weight, M c). 

Backbone S t r u c t u r e 

The second design feature i s the backbone s t r u c t u r e of the main 
c h a i n . The backbone can be f l e x i b l e , s e m i r i g i d , or r i g i d . R i g i d 
backbone g e n e r a l l y r e s u l t s i n high modulus or high hardness or 
both. Based on t h i s concept, many high strength polymers have been 
commercially produced i n recent years. Besides polycarbonate and 
p o l y s u l f o n e , new polymers i n c l u d e p o l y e t h e r s u l f o n e (PES), 
polyimides ( P I ) , polyamide-imide (PAI), polyphenylene s u l f i d e 
(PPS), and polyether ether ketone (PEEK). T r i b o l o g i c a l p r o p e r t i e s 
o f these polymers have been reported by Tanaka, et a l . (8,9). In 
g e n e r a l , these polymers are r a t h e r wear r e s i s t a n t a t normal 
operating temperatures. However, wear r e s i s t a n c e d r a s t i c a l l y 
decreases at very high temperatures. 

A h i g h l y r i g i d backbone i s not n e c e s s a r i l y the most d e s i r a b l e . 
A c e r t a i n degree of f l e x i b i l i t y can enhance wear r e s i s t a n c e . For 
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6. L E E Polymer- Wear Control 79 

example, Jones and Eiss (_100 deliberately varied the f l e x i b i l i t y of 
the backbone of polyimide (Fig. 1) and found that, indeed, wear 
resistance in the fatigue mode significantly increases. 

II " 
0 0 

0 o 

Figure 1. Polyimides with designed backbone f l e x i b i l i t y (After 
Jones, J.W.; Eiss, Jr., N.S., Ref. (10 ) ) . 

Microstructure 

The third design feature i s the polymer microstructure. Morphology 
of polymer can influence wear resistance of polymers. For example, 
in a semicrystalline polymer, both amorphous and crystalline phases 
coexist. The amorphous phase has been shown by Tanaka (8) to be 
weaker than the crystalline phase, thus the former wears faster 
than the latter. In addition to the difference in phases, the size 
of the spherulites and the molecular profile can also influence the 
wear rates. Thus, a control of the morphology through 
crystallization can improve the wear resistance of a polymer such 
as polytetrafluoroethylene (11) . 

Liquid Crystalline Structure 

The fourth design feature i s the formation of a liquid crystalline 
structure. During the last fifteen years, liquid crystalline 
polymers (LCP) have become one of the most exciting polymer 
families synthesized by chemists. Recently, the syntheses of LCPs 
were reviewed by G r i f f i n (J2). Interesting physical properties of 
liquid crystalline polyesters were described by Huynh-ba and Cluff 
(13)* To the interest of tribologists, some of LCPs are rather 
wear resistant. 

PIB 
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80 P O L Y M E R W E A R A N D ITS C O N T R O L 

The f i r s t LCP reaching industrial significance i s duPont 
Kevlar R aramide, p-phenylenephthalamide (PPD-T) Q 4 ) with the 
following r i g i d backbone structure: 

Kevlar i s a lyotropic liquid crystal which can be obtained from a 
sulfuric acid solution when the concentration reaches a c r i t i c a l 
value, e.g., 10%. However, this polymer like other LCPs i s also 
anisotropic and i t s mechanical properties i s directional, but less 
so in fibers than in the extruded plaques. The fiber properties in 
Table I are compared with other organic fibers and steel (J_5). On 
an equal weight basis, Kevlar has a strength several times that of 
steel. Perhaps, Kevlar i s the f i r s t polymer at least comparable to 
metals. 

Table I. Comparison of Properties for Various Fiber Types 

Fiber Type Young1 s U.T.S. Breaking Specific 
Modulus (GN m-2) Strain Gravity 
(GN m"2) (?) 

Kevlar -49 144 3.06 2.3 1.45 
Polyester (high 18.5 1.4 20 1.2 

tenacity) 
Nylon 66 (high 12.5 1.0 17 1.2 

tenacity) 
E-glass 70 1.8 3 2.5 
Carbon type I 400 1.9 0.5 2.0 
Carbon type II 200 2.6 1.0 1.7 
Steel 200 0 .6 -0 .8 16.0 7.8 

Source: Ref. 15. 

Because of i t s high strength, Kevlar has been used in tires, 
bullet-proof vests, and in composites for aerospace and marine 
applications. With i t s high abrasion resistance, Kevlar has been 
used for the rugged wear essential for f r i c t i o n materials (16) , 
e.g., heavy-duty truck brake blocks, railroad brakes, automotive 
disc brakes, rear drum linings, clutch facings and gasket sheets. 

Among lyotropic LCPs, there are at least two rod-like polymers 
with excellent thermal and mechanical properties. These two 
polymers are poly(p-phenylenebenzobisoxazole) (ΡΒ0) 

and poly (p-phenylenebenzobisthiazole) (PBT) (17) . 
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6. L E E Polymer- Wear Control 81 

PBT i s soluble in exotic solvents, such as methanesulfonic 
acid (MSA) and chlorosulfonic acid (CSA), in which i t forms a 
nematic mesophase at a concentration of £10? with a molecular 
weight of 13,000 £16,000. This polymer i s especially attractive 
for aerospace applications because of i t s high thermal s t a b i l i t y . 
Composite films have been made from PBT (_W. So far, processing 
of this polymer i s s t i l l a problem. 

Since the discovery of Kevlar, scientists world-wide have 
attempted to synthesize many thermotropic LCPs that the liquid 
crystalline state can be formed in a melt instead of in a solution 
as lyotropic LCPs. Generally, two kinds of thermotropic LCPs can 
be prepared depending on the position of mesogens (J_9) : 

ο Comb-like LCPs - mesogens on the side-chain, and 
ο Semi-flexible linear LCPs - mesogens on the main chain. 

The f i r s t type i s not as strong as the second type. Today, 
there are many second type LCPs containing stable liquid crystal 
phases in the range between 100o-400°C. For ease of processing, i t 
i s necessary to lower the melting point either by modifying the 
ri g i d backbone through copolymerization or by building flexible 
spacers between aromatic chains. 

The modification through copolymerization i s illustrated with 
polyethyleneterphthalate (PET) modified with p-hydroxybenzoic acid 
(PHB). The melt viscosity reaches a minimum as the PHB content 
becomes 60 mol ? (20). 

The properties of the extruded copolymer are also anisotropic 
(Table II) (21_). 

Table II. Mechanical Properties of PET-PHB Copolymer (40:60) 

_ ^ 0 - c ^ Q > - c •C 0 CH 2 CH 2 

0.4 0.6 

Property 
Parallel 
to flow 

Perpendicular 
to flow 

Tensile elongation (?) 
Flexural modulus (GPa) 

Ultimate tensile strength (MPa) 107 
8 

28.4 
10 

Notched Izod impact strength (Jm) 
Coefficient of linear thermal 

11.8 
317.8 

1.67 
31.4 

expansion (10-5/°C) 0.0 4.5 

Source: Ref. 21. 
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82 P O L Y M E R W E A R A N D ITS C O N T R O L 

It appears that the application of extruded LCPs as wear resistant 
materials may be limited by their anisotropy. 

Surface Modifications 

Besides the design of the bulk structure, polymer surfaces can also 
be modified by various means to achieve low f r i c t i o n or low wear or 
both. Early work on the fluorination of polymer surfaces (22), or 
the polymerization of tetrafluoroethylene on the surface (23), or 
the formation of poly (p-xylylene), (-CH2-C6H4-CH2-)n (24), are 
examples of modifications of polymer or metallic surfaces. 

Surface modification techniques vary (25). We shall only 
discuss three relevant methods: 

ο Plasma treatment, 
ο Surface photopolymerization, and 
ο Silicone modifications. 

Among them, plasma treatment (26) and plasma polymerization 
(27) appear to be the most widely investigated. Recently, Yasuda 
( 2 5 ) reviews the status of both of two methods with respect to wear 
control applications. 

Plasma Treatment 

A plasma i s a gaseous state consisting of atoms, molecules, ions, 
metastables (and related excited states), and electrons such that 
in the same system negative charges equal positive charges. The 
plasmas used for surface polymerization or treatment are relatively 
"cool" in comparison to those "hot" plasmas employed by physicists. 

The advantages of the plasma treatment (26) are that i t i s : 
1. applicable to both batch and continuous processes, 2. low in 
i n i t i a l capital investment, 3· suitable for a wide range of 
systems, and 4. experimental conditions are controllable. 
However, there are at least two disadvantages: 1. the treatment i s 
unable to produce films to a specific formula and 2. i t i s prone 
to produce thick films, either b r i t t l e and/or discolored. 

In the past ten years, there have been at least 200 monomers 
or monomer-like compounds which have been claimed to be polymerized 
by plasma. However, most of them have not been properly 
characterized. With the advent of new surface analytical 
techniques, e.g., ESCA (or XPS) (29), the structures of some 
plasma-polymerized products have been elucidated. For example, by 
the ESCA technique, some polymers have been shown to be vertically 
homogeneous on the surface (26). 

Through plasma treatment, grafing of monomers can also take 
place on the polymer surface. For example, monomers, e.g., 
tetrafluoroethylene or hexafluoroethane, can be grafted onto wool 
or polypropylene fibers (26). This type of grafting can improve 
such tribological properties as low f r i c t i o n . 

Polymer surfaces can also be treated by plasmas, e.g., inert 
gases or oxygen. The inert gas plasma treatment may involve direct 
energy transfer besides the commonly known, radiative energy-
transfer process, which takes place during cross-linking. In 
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6. L E E Polymer- Wear Control 83 

general, the cross-linked surface i s mure wear resistant than the 
non-cross-linked surface, 

A new application of plasma i s to convert an organic surface 
into a ceramic surface. In recent years, there has been much 
interest in producing glassy (or amorphous) material of high 
thermal stability and/or unusual technological significance. For 
example, the plasma-polymerized, organosilazane thin films derived 
from hexamethylcyclotrisilazane ( 3 0 ) can be pyrolytically converted 
into a glassy material which adheres strongly to the metal surface. 
This new material has a high content of siliconoxynitride 
(amorphous) which i s rather wear and corrosion resistant. 

Surface Photopolymerization 

Besides plasma techniques, surface photopolymerization (25 ,31) i s 
another versatile method for modifying a polymer or a metal surface 
with a thin coating ( < 5 0 θ 8 ) . The process involves polymerizable or 
nonpolymerizable compounds. Under UV radiation, 
tetrafluoroethylene and many vinyl monomers can be polymerized. 
Other compounds including imides, anhydrides, saturated 
hydrocarbons, and ketones can a l l be used for the in vacuo 
deposition process. 

Silicone-containing compounds, e.g., vinyltriethoxysilane, 
divinyltetramethyldisiloxane and cyanoethyl triethoxysilane ( 3 D 
have also been photopolymerized at elevated temperatures. These 
coatings may be wear resistant. 

Silicone Modifications 

In addition to the surface photopolymerization of silicones, some 
broader approaches in modifying the surface with silicone have 
yielded low f r i c t i o n and/or low wear surface for polymers ( 3 2 ) . 
For example, the abrasion-resistant coatings based on a silicone-
s i l i c a hybrid ( 3 3 ) have provided a scratch- and mar-resistant 
finish for polycarbonate as well as metals. The chemistry involved 
i s discussed by Vincent, Kimball and Boundy ( 3 4 ) · The coating 
consists of polysiloxane and silane-modified submicron s i l i c a 
particles, microscopically dispersed in the solution. The coating 
i s then cured at elevated temperatures. Currently, this type of 
abrasion resistant coating i s marketed in the U.S. by Dow Corning 
and General Electric Company. 

Particulate or Fibrous Reinforcement 

The third well-known technique enhancing wear resistance of 
polymers i s particulate or fibrous reinforcement to form 
composites. In the case of particulate materials, elastomers have 
been used to increase fracture energies G c of the b r i t t l e matrices. 
For example, polyimides and epoxy resins are b r i t t l e materials with 
low fracture energies ( 3 5 ) . With rubber reinforcement, fracture 
energies can be increased several orders of magnitude ( 3 6 ) . 
Generally, as fracture energy increases, fatigue resistance also 
increases (J_). 

In the case of fiber-reinforcement, polymers, e.g., polyimides 
can be made more wear resistant. However, the wear1 resistance 
should be treated as a system approach. In one system, a material 

 P
ub

lic
at

io
n 

D
at

e:
 S

ep
te

m
be

r 
12

, 1
98

5 
| d

oi
: 1

0.
10

21
/b

k-
19

85
-0

28
7.

ch
00

6
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may be wear r e s i s t a n t to a c e r t a i n counterbody, but not to the 
other. For example, Sutor (37) shows that g r a p h i t e - P I composites 
c o n t a i n i n g s o l i d l u b r i c a n t a d d i t i v e s wear l e s s on s t e e l surfaces 
than on s i l i c o n n i t r i d e s u r f a c e s . 

Besides g r a p h i t e , carbon and g l a s s f i b e r s , organic f i b e r s , 
e.g., K e v l a r , have a l s o been used to r e i n f o r c e thermosetting 
r e s i n s , e.g., epoxy r e s i n (38) . One of the newest developments i s 
f i b e r - r e i n f o r c e d t h e r m o p l a s t i c s , e.g., carbon f i b e r - r e i n f o r c e d 
polyether ether ketone (PEEK) (38) . These m a t e r i a l s are r a t h e r 
tough as demonstrated i n the i n t e r l a m i n a r toughness values (Table 
I I I ) . The values f o r the thermoplastic composites can be f i v e to 
ten times higher than those of thermoset type (39) . 

Table I I I . I n t e r l a m i n a r Toughness of Composites 

Composite I n t e r l a m i n a r Toughness 

(Based on u n i d i r e c t i o n a l c a r b o n - f i b e r ) ( i n - l b / s q . i n ) 

Epoxy (thermoset) 0.6 - 0.8 
P o l y s u l f o n e 3-7 
Polyphenylene s u l f i d e (PPS) 7.8 
Polyether ether ketone 8.0 

(Source: P h i l l i p s Petroleum) 

I n t e r p e n e t r a t i n g Networks (IPN) 

The f o u r t h design feature i s i n t e r p e n e t r a t i n g networks (IPN), which 
could improve wear r e s i s t a n c e of polymers. There are two kinds of 
IPN fs: thermosetting and t h e r m o p l a s t i c s . IPNs are mixtures of two 
or more d i s t i n c t polymer phases that cannot be separated p h y s i c a l l y 
(40) . On a molecular s c a l e of 10 8 or l e s s , most IPNs are 
heterogeneous with phase domains r i c h i n one or more of the polymer 
components. Ge n e r a l l y , a monomer i s polymerized w i t h i n a c r o s s -
l i n k e d network to form a thermosetting IPN. In some cases, the 
r e s u l t i n g network i s very tough. 

Recently, the thermoplastic IPNs have been developed to 
i n v o l v e non-cross-linked networks (4l_). The f i r s t type of non-
c r o s s - l i n k e d networks are polymers which are capable of f l o w i n g at 
high temperatures, yet resemble (or behave as) c r o s s - l i n k e d 
polymers at room temperature. For example, the thermoplastic 
elastomers (42) are t r i b l o c k copolymers, having an elastomeric 
center capped wit h g l a s s y end b l o c k s . Above the g l a s s temperature, 
Tg, the end-blocks would flow together w i t h the elastomeric center. 
However, a t room temperature, the center i s rubbery, while the 
g l a s s y end-blocks resemble p h y s i c a l c r o s s - l i n k s . The second type 
i s the ionomers forming noncovalent c r o s s - l i n k s (43). The t h i r d 
type can be a s e m i c r y s t a l l i n e polymer g i v i n g r i s e to some p h y s i c a l 
c r o s s - l i n k s . 

Any combination of the above two types of polymer can form 
thermoplastic IPNs i n which some degree of dual-phase c o n t i n u i t y i s 
a t t a i n e d . Some of the thermoplastic IPNs have been claimed to be 
tough m a t e r i a l s (44, 45) . Though t r i b o l o g i c a l p r o p e r t i e s of these 
new m a t e r i a l s have not been i n v e s t i g a t e d , they should be of 
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6. L E E Polymer- Wear Control 85 

interest in producing wear-resistant polymers. Thus, IPNs may be 
another new family for further research. 

Conclusions 

In this paper, we have summarized various approaches to controlling 
the wear of polymers. Several methods appear to be promising: 1. 
structural design, 2. surface modifications, 3· particulate or 
fibrous reinforcement and 4. interpénétration networks. 

For structural design, the availability of high strength 
polymers and liquid crystalline polymers in recent years opens up 
new opportunities in competing with metals as wear resistant 
materials. Certainly, there are s t i l l more tribological studies 
needed to be done in establishing low wear polymers for each 
tribological system. 

Surface modifications with plasmas have specific applications 
for systems requiring special protections, e.g., low surface energy 
or low wear resistance. Surface photopolymerization has yet to 
prove i t s value. The protection of a polymer surface with 
abrasion-resistant, s i l i c o n e - s i l i c a hybrid material has 
demonstrated some u t i l i t i e s for polycarbonate or other optical 
materials. 

The formation of composites by reinforcing polymers with 
particulate or fibrous polymeric or inorganic materials has been 
accepted as a general means in improving the wear resistance of 
polymers. One of the interesting developments i s reinforced 
thermoplastics, such as carbon fiber-PEEK. The uses of LCPs, e.g., 
Kevlar, PBT, as reinforcing media for amorphous matrices are also 
of significant interest. 

The concepts of the interpenetrating networks are indeed 
intriguing. IPNs have been made in both thermosetting and 
thermoplastic systems. Some tough materials have been developed 
based on these concepts. However, there has not been careful 
characterization work to establish the existence of IPNs and 
tribological work to demonstrate the wear resistance of some of the 
IPNs. 

In brief, with the advent of polymer technology, more polymers 
today can be made wear resistant by various approaches discussed in 
this paper. 

Literature Cited 
1. Lee, L.H. Editor "Polymer Wear and Its Control," ACS Symposium 

Series, American Chemical Society, Washington, D.C. (1985). 
2. Nunes, R.W., J.R. Martin; J.F. Johnson, Polym. Eng. and Sci., 

22, No. 4, 205, (1982). 
3. LeGrand, D.G.; Gaines, Jr., G.L. J. Colloid Interface Sci., 

31, 162 (1969). 
4. Berry, J.P., in "Fracture Processes in Polymeric Solids," 

Rosen, B., Editor, p. 213, Wiley, New York, (1964). 
5. Lee, L.H., in "Physicochemical Aspects of Polymer Surfaces," 

Mittal, K.L., Editor, Vol. 1, 523, Plenum, New York (1983). 
6. Margolies, A.F., S.P.E.J., 27, 44 (1971). 
7. Bersted, B.H., J. Appli. Polym. Sci., 24, 37 (1979). 
8. Tanaka, K., "Tribology in the 80's" Vol. I., 253 NASA Lewis 

Research Center, Cleveland, Ohio (1984). 
9. Tanaka, Κ., in Ref. 1. 

 P
ub

lic
at

io
n 

D
at

e:
 S

ep
te

m
be

r 
12

, 1
98

5 
| d

oi
: 1

0.
10

21
/b

k-
19

85
-0

28
7.

ch
00

6



86 P O L Y M E R W E A R A N D ITS C O N T R O L 

10. Jones, J.W.; Eiss, Jr., N.S., in Ref. 1. 
11. Tanaka, Κ., Uchiyama, Υ., in "Advances in Polymer Friction and 

Wear," Lee, L.H., Editor, Vol. 2, 499, Plenum, New York 
(1974). 

12. Griffin, L.C., in "Liquid Crystalline Polymers," Editor, 
Blumstein, A. Plenum, New York, to be published in 1985. 

13. Huynh-Ba, G.; Cliff, E.F., in "Liquid Crystalline Polymers," 
Editor, A. Blumstein, Α., Plenum, New York to be published in 
1985. 

14. Carter, G.B.; Schenk, V.T.J. , Phys. Bull., 24, 716 (1973). 
15. Bunsell, A.R., J. Mat. Sci., 10, 1300 (1975). 
16. duPont Company Bulletin, "Modern Plastics Encyclopedia," 1981-

1982. 
17. Wolfe, J.F. , Loo, B.H.; Arnold, F.E., Macromolecules, 14, 915 

(1981). 
18. Husman, G., Helminiak, T., Adams, W., Wiff, D.; Benner, C., 

"Resins for Aerospace," May, C., Editor, ACS Symposium Series, 
p. 203, American Chemical Society, Washington, D.C. (1980). 

19. Ringsdorf, H.; Schneller, Α., Brit. Polym. J., 13, 43, (1981). 
20. Jackson, Jr., W.J.; Kuhfuss, H.F., J. Polym. Sci., Poly. 

Chem., 24 2043 (1976). 
21. Menges, G.; Hahn, G., Modern Plastics, 58, 56, Oct. 1981. 
22. Lagow, R.J., Margrave, J .L. , Shimp, L.A., Lam, D.K.; Baddour, 

R.F., in "Advances in Polymer Friction and Wear," Vol. 1, 355, 
Plenum, New York (1974). 

23. O'Kane, D.F.; Rice, D.W., J. Macromole. Sci,. - Chem., A10, 
567 (1976). 

24. Szwarc, Μ., Polym. Eng. and Sci., 16, 473 (1976). 
25. Tazuke, S., Polym. - Plast. Technol. Eng., 14, 107 (1980). 
26. Clark, D.T., Dilks, Α.; Shuttleworth, D., in "Polymer 

Surfaces," Clark, D.T., Feast, W.J., Editors, p. 185, Wiley, 
New York (1978). 

27. Yasuda, H.; Hsu, T., J. Polym. Sci., Poly. Chem., 15, 81 
(1977). 

28. Yasuda, H., in Ref. 1. 
29. Clark, D.T. in "Advances in Polymer Friction and Wear," Lee, 

L.H., Editor, Vol. 1, p. 241, Plenum, New York (1974). 
30. Wrobel, A.M.; Kryszewski, Μ., in "Plasma Polymerization," ACS 

Symposium Series No. 108, p. 237, American Chemical Society, 
Washington, D.C. (1979). 

31. Wright, A.N., in "Polymer Surfaces," Clark, D.T.; Feast, W.J., 
Editors, p. 155, Wiley, New York (1978). 

32. Clark, P.J. in "Polymer Surfaces," Clark, D.J.; Feast, W.J., 
p. 235, Wiley, New York (1978). 

33. Clark, H.A., U.S. Patent 3,986,997 (2976). 
34. Vincent, H.L., Kimball, D.J.; Boundy, R.R., in Ref. 1. 
35. Ting, R.Y.; Cottington, R.L., Adhesives Age, 24, 35, June 

1981. 
36. Bascom, W.D., Cottington, R.L.; Timmons, C.O., Appl. Polym. 

Sym., 32, 165 (1977). 
37. Sutor, P., in Ref. 1. 
38. Mai, Y.W.; Castino, F., J. Mat. Sci., 19, 1638 (1984). 
39. Goldsworthy, W.B., Plastics World, 56, Aug. 1984. 
40. Frisch, H.L., Frisch, K.C.; Klempner, D., CHEMTECH, 189, Mar. 

1977. 
41. Sperling, H.L., Modern Plastics, 58, 74, Oct. 1981. 

 P
ub

lic
at

io
n 

D
at

e:
 S

ep
te

m
be

r 
12

, 1
98

5 
| d

oi
: 1

0.
10

21
/b

k-
19

85
-0

28
7.

ch
00

6



6. LEE Polymer- Wear Control 87 

42. Holden, G.; Mikovich, R. (Assigned to Shell Oil Company) U.S. 
Patent 3,265,765 (1966). 

43· Rees, R.W. (Assigned to duPont deNemours and Company), U.S. 
Patent 3,264,272 (1966), and 3,404,134 (1968). 

44. Skinner, E. , Emcott, M.; Jevne, Α., (Assigned to General Mills 
Chemicals), U.S. Patent 4,128,600 (1978). 

45. Sperling, L.H., Manson, J.Α.; Devia-Manjarres, U.S. Patent 
4,254,002 (1981). 

RECEIVED January 23, 1985 

 P
ub

lic
at

io
n 

D
at

e:
 S

ep
te

m
be

r 
12

, 1
98

5 
| d

oi
: 1

0.
10

21
/b

k-
19

85
-0

28
7.

ch
00

6



7 
Modification of Polymer Surfaces by Plasma 
Treatment and Plasma Polymerization 

H . K. Yasuda 

Department of Chemical Engineering and Graduate Center for Materials Research, 
University of Missouri-Rolla, Rolla, M O 65401 

Plasma (partially ionized gas) can be utilized to 
alter the surface characteristics of polymers by (1) 
exposing a surface of polymer to non-polymer-forming 
plasma (e.g., O2, N2, H2O, Ar, He, etc.) or by (2) 
depositing very thin layer of plasma polymer on a 
surface of polymer. Both processes can produce 
significant changes on the surface properties of 
polymers and can contribute to the improvement of 
wear resistance of polymers, since many changes which 
can be related to the wear resistance of polymers 
generally start to take place at the polymer surface. 
Fundamental aspects of plasma treatment of polymers 
and plasma polymerization are reviewed. 

It i s only r e c e n t l y that the users of polymers have become aware of 
t h e i r wear r e s i s t a n c e , and these users are even l e s s aware of t h i s 
c h a r a c t e r i s t i c in plasma polymers , because i t i s only very r e c e n t l y 
that the t rue advantages of plasma polymers have been recognized and 
u t i l i z e d in a p r a c t i c a l manner. Consequent ly , plasma polymers that 
are used to improve the wear r e s i s t a n c e of other polymers has not 
been explored s u f f i c i e n t l y f o r the r e s u l t s to be d iscussed 
e f f e c t i v e l y . However, some b a s i c c h a r a c t e r i s t i c s of plasma polymers 
have been revealed by recent s t u d i e s , which i n d i c a t e the s i g n i f i c a n t 
r o l e that plasma polymers can play in i n c r e a s i n g the wear r e s i s t a n c e 
of other polymers. Because of t h i s and in s p i t e of a lack of 
in format ion d i r e c t l y re levant to the wear c h a r a c t e r i s t i c s of 
polymers , the author has agreed to present here in an overview of 
plasma po lymer iza t ion and plasma polymers with regard to the 
l a t t e r ' s p o t e n t i a l f o r improved wear r e s i s t a n c e of other polymers. 

It i s important to recognize that plasma polymers are idea l 
" i n t e r f a c e polymers" ra ther than "bulk polymers" and that the wear 
of polymer ic mater ia ls o f ten begins at the i n t e r f a c e of the 
polymer-surrounding medium. T h e r e f o r e , i t i s adv isab le to examine 
f i r s t the c h a r a c t e r i s t i c s of these idea l " i n t e r f a c e polymers" and to 
seek uses f o r them that are most a p p r o p r i a t e . 

0097-6156/ 85/ 0287-O089$06.00/ 0 
© 1985 American Chemical Society 
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90 P O L Y M E R W E A R A N D I T S C O N T R O L 

Plasma Po lymer iza t ion and Plasma Polymers 

The format ion of polymer ic mate r i a l s in the plasma s ta te of organ ic 
vapor(s) ( p a r t i a l l y ion ized s ta te ) i s r e f e r r e d to as plasma 
p o l y m e r i z a t i o n , and the r e s u l t a n t mate r ia ls are plasma polymers. 
Because the most p r a c t i c a l way to create low temperature plasma i s 
to employ an e l e c t r i c glow d i s c h a r g e , the terms glow d ischarge 
po lymer i za t ion and glow d ischarge polymers are of ten used 
synonymously f o r plasma po lymer iza t ion and plasma polymers. 

Although the term polymer i s used , a mater ia l formed by plasma 
po lymer i za t ion i s not a polymer in the s t r i c t sense of the 
d e f i n i t i o n (I). In order to understand the rea l advantages of 
plasma polymers , i t i s necessary to recognize the c h a r a c t e r i s t i c s 
that set them apart from other convent ional polymers. 

System Dependent Phenomena. Perhaps the most important aspect of 
plasma polymers i s that t h e i r method of f o r m a t i o n , plasma 
p o l y m e r i z a t i o n , i s h igh ly system dependent. For example, a monomer 
w i l l not y i e l d a wel l def ined polymer, but a v a r i e t y of polymers can 
be formed from a monomer depending on how plasma po lymer i za t ion i s 
u s e d . T h i s i s d e f i n i t e l y d i f f e r e n t f rom c o n v e n t i o n a l 
p o l y m e r i z a t i o n . For i n s t a n c e , styrene can be polymerized by many 
d i f f e r e n t po lymer i za t ion t e c h n i q u e s , but the products can always be 
i d e n t i f i e d as p o l y s t y r e n e . T h i s i s because the po lymer iza t ions are 
e s s e n t i a l l y molecular p r o c e s s e s , and, consequent ly , the chemical 
s t r u c t u r e of the monomer i s re ta ined wi th in the r e s u l t i n g polymer in 
a very p r e d i c t a b l e manner. 

In plasma p o l y m e r i z a t i o n , the chemical s t r u c t u r e of a monomer 
i s g e n e r a l l y not re ta ined in the polymer unless a s p e c i a l e f f o r t i s 
made to do s o . I f convent ional po lymer i za t ion i s viewed as a 
molecular p r o c e s s , plasma po lymer iza t ion has components of atomic 
processes whose c o n t r i b u t i o n s depend on the c o n d i t i o n s of plasma 
p o l y m e r i z a t i o n . 

Because of the c o n t r i b u t i o n of atomic p o l y m e r i z a t i o n , the 
plasma polymer of styrene in i t s most p r a c t i c a l and usefu l form i s 
d i s t i n c t l y d i f f e r e n t from p o l y s t y r e n e . T h i s i s e x a c t l y why plasma 
polymers can be used to improve the wear r e s i s t a n c e of other 
polymers. I f the plasma po lymer iza t ion of s tyrene d id produce a 
convent ional p o l y s t y r e n e , one could not expect any improvement in 
the wear r e s i s t a n c e of po lys ty rene by using plasma p o l y m e r i z a t i o n . 
Because the plasma polymer of styrene i s not p o l y s t y r e n e , the 
d e p o s i t i o n of the plasma polymer of styrene on the sur face of 
po lys ty rene can produce a remarkable improvement. 

Because of the system dependent aspect of plasma p o l y m e r i z a 
t i o n , there i s no mater ia l that can be adequately descr ibed as the 
plasma polymer of a p a r t i c u l a r monomer, e . g . , the plasma polymer o f 
s t y r e n e , the plasma polymer of t e t r a f l u o r o e t h y l e n e , and so on. The 
f a c t o r s that i n f l u e n c e the system dependent aspect of plasma 
po lymer i za t ion are opera t iona l parameters, such as f low r a t e , 
d ischarge power, system p r e s s u r e , and subst ra te temperature, and the 
design f a c t o r s of the r e a c t o r , such as i t s s i z e and shape, mode of 
e l e c t r i c d i s c h a r g e , and l o c a t i o n of the s u b s t r a t e . 

A t y p i c a l example of the system dependent aspect of plasma 
po lymer i za t ion can be seen in the data that are der ived from the 
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7. Y A S U D A Plasma Treatment and Polymerization 91 

e f f e c t of d i f f e r e n t subst ra te temperatures in a reac tor that i s 
operated under i d e n t i c a l c o n d i t i o n s of plasma po lymer iza t ion {2). 
Figure 1 d e p i c t s the ESCA C ls spec t ra of the plasma polymer of 
p e r f l u o r o - 2 , b u t y l te t rahydrofuran (PFBTHF) deposi ted onto subst ra tes 
at d i f f e r e n t temperatures under two sets of plasma po lymer iza t ion 
c o n d i t i o n s . The temperature dependence in both cases was observed 
under i d e n t i c a l c o n d i t i o n s . As can be seen in F igure 1, the 
chemical s t r u c t u r e of the plasma polymer of PFBTHF depends on both 
the s u b s t r a t e t e m p e r a t u r e and the c o n d i t i o n s o f p lasma 
p o l y m e r i z a t i o n . The q u a n t i t a t i v e changes of the ESCA C ls peaks as a 
fun c t i on of subst ra te temperature are shown in Table I. It i s c l e a r 
that the subst ra te temperature a l o n e , under otherwise i d e n t i c a l 
c o n d i t i o n s , can cause s i g n i f i c a n t changes in the chemical s t r u c t u r e 
of plasma polymers. 

Table I. Change of ESCA C ls Peaks of Plasma Polymers of PFBTHF Due 
to the Change of Substrate Temperature and of W/FM 

W/FM 7 Substrate Percent peak area of comonent peaks* 
(J /kq )x lO" ' Temp. f C ) #1 #2 #3 #4 #5 

0.65 75 16.0 21.1 19.4 26.6 17.0 
50 16.5 26.8 18.5 22.9 15.2 
25 17.3 27.2 19.5 22.7 13.3 

0 18.5 27.8 14.9 22.1 16.7 
-25 19.1 30.9 16.8 21.4 11.8 

11.6 75 14.9 18.1 18.8 19.3 28.9 
50 15.0 18.8 18.3 20.0 28.1 
25 16.6 20.0 17.7 18.8 27.2 

0 16.7 20.2 17.5 19.4 26.2 
-25 17.8 21.0 17.8 18.8 24.6 
-49.5 18.0 21.2 17.1 19.8 24.0 

* Approx. peak Approx. peak 
Peak p o s i t i o n (eV) width (eV) 

#1 - C F 3 295 2.0 

#2 - C F 2 - 293 1.9 

#3 
1 

- C - F 
1 

291 2.3 

#4 - C - C F 
1 

288 2.3 

#5 T C - H and - C - C - 286 2.8 

Networks of Short Segments and Branches. Plasma polymers in use fu l 
forms c o n s i s t of h i g h l y c r o s s l i n k e d and branched networks. There i s 
no long chain segment in a plasma polymer, and i t can be g e n e r a l l y 
considered that no longer segment than Cr or C^ e x i s t s between the 
c r o s s l i n k s and/or branching in the network*. Unl ike most c r o s s l i n k e d 
polymer networks, even these short segments are not chemica l ly 
un i fo rm, consequent ly the mater ia l i s complete ly amorphous. 

Because of t h i s extremely t i g h t network, the behavior of plasma 
polymers i s s i g n i f i c a n t l y d i f f e r e n t from convent ional polymers. 
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Figure 1. ESCA C l s spect ra o f plasma polymers o f PFBTHF obta ined 
a t d i f f e r e n t (W/FM) and subs t ra te temperatures. 
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7. YASUDA Plasma Treatment and Polymerization 93 

T h i s d i f f e r e n c e may be seen in the d i f f e r e n t pe rmeab i l i t y 
c h a r a c t e r i s t i c s of convent ional polymers and plasma polymers to 
water vapor and oxygen. 

The permeab i l i t y of gases and vapors in a f l a w l e s s polymer 
matrix i s wel l e s t a b l i s h e d by the s o l u t i o n - d i f f u s i o n p r i n c i p l e in 
which p e r m e a b i l i t y , P, i s given by the product of s o l u b i l i t y , s , and 
the d i f f u s i v i t y , D, i . e . , Ρ = sD. 

In convent ional polymers , t h e i r chemical nature i n f l u e n c e s both 
the molecular i n t e r a c t i o n of the polymers and the molecular 
i n t e r a c t i o n o f the polymers and water. The former s i t u a t i o n l a r g e l y 
determines d i f f u s i v i t y , and the l a t t e r i n f l u e n c e s s o l u b i l i t y . For 
example, the p o l a r i t y of polymers w i l l increase the i n t e r a c t i o n 
between polymers and decrease the d i f f u s i v i t y , whereas a water-
polymer i n t e r a c t i o n increases with an increase in the p o l a r i t y of 
polymers and leads to an increase in s o l u b i l i t y . These s i t u a t i o n s 
may be seen in the schematic represen ta t ions of S , D, and Ρ in 
F igure 2 as f u n c t i o n s of cohesive energy d e n s i t y . 

In gas p e r m e a b i l i t y , the gas-polymer i n t e r a c t i o n i s r e l a t i v e l y 
s m a l l , and i t s dependence on the p o l a r i t y of polymers may be 
n e g l i g i b l e . In such c a s e s , Ρ i s l a r g e l y determined by the magnitude 
of D. Consequent ly , the molecular a r c h i t e c t u r e to reduce the value 
of D w i l l produce a good b a r r i e r mater ia l f o r gases . On the other 
hand, in the case of water vapor , which has high p o l a r i t y and a 
s t ronger i n t e r a c t i o n ( in orders of magnitude) with polymers than 
with permanent gases , the increase of s o l u b i l i t y cannot be 
n e g l e c t e d . As a r e s u l t , as shown in F igure 2 , the Ρ f o r water vapor 
passes the minimum, which i n d i c a t e s the low l i m i t of water vapor 
p e r m e a b i l i t y obta inab le by convent ional polymers. Th is r e l a t i o n 
s h i p , which i s shown s c h e m a t i c a l l y in F igure 2, i s indeed seen in 
ac tua l polymers. In Table I I , the p e r m e a b i l i t y va lues (3) of oxygen 
and water are compared. The polymers are arranged in the order of 
i n c r e a s i n g cohesive energy d e n s i t y ( s t a r t i n g with the lowest at the 
t o p ) . The values f o r the pe rmeab i l i t y of oxygen decrease 
monotonously with i n c r e a s i n g C . E . D . , whereas the p e r m e a b i l i t y of 
water passes the mininum and increases with f u r t h e r increase of 
C . E . D . Thus, the r a t i o o f P ( H 2 0 / P ( 0 2 ) reaches 1 0 ° f o r h i g h l y po la r 
polymers , such as p o l y a c r y l o n i t r i l e . 

Table II. Oxygen Permeab i l i t y and Water Vapor Permeab i l i t y of 
Polymers 

Polymer P 0 χ 1 0 1 0 

° 2 
P H 2 0 X 1 0 l ° 

Poly(d imethyl s i loxane) 605 43,000 
Natural Rubber 23.3 2,290 
P o l y e t h y l e n e , d = 0.914 2.88 90 
P o l y ( t r i f l u o r o c h l o r o e t h y l e n e ) 0.025 0.29 
P o l y ( v i n y l i d e n e c h l o r i d e ) 0.0053 0.50 
P o l y ( a c r y l o n i t r i l e ) 0.0002 300 
Plasma Polymer of CH^ 0.0076 
Sputtered Cu Layer 0.0026 

Data at near 2 5 e C , Ρ in cm (STP)-cm/cm -seccrnHg. 
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94 P O L Y M E R W E A R A N D I T S C O N T R O L 

C. E. D. of Polymer 

C. E. D. of Polymer 

A Β 
Oxygen Water 

Figure 2. Dependence o f d i f f u s i o n c o n s t a n t , D, s o l u b i l i t y 
c o n s t a n t , S , and permeab i l i t y c o n s t a n t , P, o f oxygen and water on 
the cohes ive energy d e n s i t y o f polymer. 
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7. YASUDA Plasma Treatment and Polymerization 95 

The i m p l i c a t i o n of t h i s r e l a t i o n s h i p i s that there i s a 
l i m i t i n g value of Ρ f o r water , and i t i s extremely d i f f i c u l t to make 
a polymer that has a s i g n i f i c a n t l y lower water vapor p e r m e a b i l i t y in 
i t s molecular a r c h i t e c t u r e as long as convent ional polymers are 
employed. 

The s i g n i f i c a n c e of plasma polymers in t h i s respect i s that a 
d i f f e r e n t p r i n c i p l e a p p l i e s in governing the magnitude of D and S , 
consequently the l i m i t i n g case observed with convent ional polymers 
does not apply to plasma polymers. A value of the water vapor 
permeab i l i t y of a plasma polymer i s a l s o inc luded in Table II. 

Because of s i g n i f i c a n t l y lower l e v e l s of s o l u b i l i t y , permeation 
through a plasma polymer i s o f ten not governed by a t r u l y s o l u t i o n -
d i f f u s i o n p r i n c i p l e . Many plasma polymers show c h a r a c t e r i s t i c s in 
between s o l u t i o n - d i f f u s i o n type polymers and molecular s i e v e s . T h i s 
d i f f e r e n c e in permeation mechanisms might be u t i l i z e d f a v o r a b l y in 
a p p l i c a t i o n s of plasma polymers. 

Some Advantageous Features of Plasma Polymers 

The sur face c h a r a c t e r i s t i c s of polymers can be modif ied by 
d e p o s i t i n g an u l t r a t h i n l ayer of plasma polymer, i . e . , an u l t r a t h i n 
coat ing that i s developed by plasma p o l y m e r i z a t i o n . Although the 
o b j e c t i v e of such a coa t ing i s s i m i l a r to that of a convent ional 
c o a t i n g , the e f f e c t s are s i g n i f i c a n t l y d i f f e r e n t from what one can 
achieve by using convent ional p r o c e s s e s . Some of these advantageous 
fea tures are brought in to focus by the f o l l o w i n g important aspects 
of plasma po lymer iza t ion and plasma polymers. 

Adhesion of Plasma Polymers to Substrate Polymers. Because of the 
unique p o l y m e r i z a t i o n / d e p o s i t i o n mechanisms of plasma polymers , the 
adhesion of plasma polymers to subst ra te polymers i s g e n e r a l l y 
s t r o n g . The growth mechanism of plasma po lymer i za t ion may be 
expla ined by the b i c y c l i c rap id step-growth mechanisms shown 
s c h e m a t i c a l l y in F igure 3. In the f i g u r e , the r e a c t i v e spec ies are 
represented by f ree r a d i c a l s ; however, any other r e a c t i v e spec ies 
can c o n t r i b u t e to each s t e p . Step (1) and step (4) are e s s e n t i a l l y 
the same as adding r e a c t i v e spec ies to a monomer, but the k i n e t i c 
chain length in a vacuum i s extremely s h o r t , and in a p r a c t i c a l 
sense , these r e a c t i o n s can be considered as s tep-wise r e a c t i o n s . 
Cyc le 1 c o n s i s t s of r e a c t i o n s of monovalent r e a c t i v e s p e c i e s , and 
c y c l e 2 i s based . on d i v a l e n t r e a c t i v e s p e c i e s . Step (3) i s 
e s s e n t i a l l y a c r o s s - c y c l e r e a c t i o n from c y c l e 2. to c y c l e 1. Cycle 1 
requ i res r e e x c i t a t i o n , whereas c y c l e 2 i s s e l f - p e r p e t u a t i n g as long 
as d i v a l e n t r e a c t i v e spec ies e x i s t . Any of the spec ies involved 
w i l l c o l l i d e with the s u b s t r a t e ' s s u r f a c e , but not a l l of them w i l l 
remain on the s u r f a c e , depending on the k i n e t i c energy of the 
impinging s p e c i e s . The s t i c k i n g c o e f f i c i e n t may be def ined in terms 
of the number of p a r t i c l e s that remain on the sur face d i v i d e d by the 
t o t a l number of impinging p a r t i c l e s . The d e p o s i t i o n occurs when an 
impinging p a r t i c l e f a i l s to leave the sur face e i t h e r through the 
l o s s of k i n e t i c energy or the formation of a chemical bond. Thus, a 
plasma polymer l ayer i s of ten chemica l ly bonded to the subst ra te 
polymer, and in such cases i t i s impossib le to remove i t without 
d e s t r o y i n g e i t h e r the f i l m or the s u b s t r a t e . 

 P
ub

lic
at

io
n 

D
at

e:
 S

ep
te

m
be

r 
12

, 1
98

5 
| d

oi
: 1

0.
10

21
/b

k-
19

85
-0

28
7.

ch
00

7
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Cycle 1 

M i 

Plasma 
excitation 

· Μ Κ · 

M k
e · Μ Κ · + M 

• M k * + · Μ | · 

Μ Γ Μ · (1) 

M j - M j — 1 (2) 

Cross-cycle reaction (3) 

• M k - M - — ι <4) 

• M k ~ M j e (5) 

Cycle 2 

Figure 3. Schematic r e p r e s e n t a t i o n of b i c y c l i c step-growth 
mechanism o f plasma p o l y m e r i z a t i o n . 
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7. Y A S U D A Plasma Treatment and Polymerization 97 

B a r r i e r C h a r a c t e r i s t i c s of Plasma Polymers. As ind ica ted by the 
water vapor p e r m e a b i l i t i e s of plasma polymers, an extremely t i g h t 
network sets up a b a r r i e r aga inst many molecules l a r g e r than gases 
and water vapor. The s i g n i f i c a n c e of such a b a r r i e r i s that t o t a l 
blockage against the penet ra t ion of small molecules in to the bulk of 
the subst ra te polymer can be achieved by a layer th inner than 5 0 0 Â . 
Such a b a r r i e r i s i l l u s t r a t e d by the data der ived from the 
permeation of dye through a f i l m of plasma polymer coated Nylon 
6 (4) . The experimental arrangement i s as f o l l o w s : a plasma polymer 
of methane approximately 2 5 0 Â th ick i s app l ied to one sur face of a 
f i l m of Nylon 6 (0.05 mm t h i c k ) , a dye i s allowed to permeate the 
f i l m , and the ra te of permeation i s measured. The dyes used f o r the 
study are shown in Table I I I , and the permeab i l i t y data are shown in 
Table IV. The apparent p e r m e a b i l i t y , Pa , i s c a l c u l a t e d from the 

Table II I . Types and Molecular S t r u c t u r e s of Dyes Used f o r 
Permeab i l i ty Study 

Maximum 
Molecular wave length 

Dyestuf f weight (nm) 
So la r orange R 364 495 
Ac id blue 616 600 

black 10B 
Acid dyes B r i l l i a n t 604 518 Acid dyes 

s c a r l e t 3R 
So lar l i g h t 452 480 

orange GX 
Tar t rag ine 534 429 

NS cone 

Disperse dye C e l l i t o n f a s t 316 390 
yel low 5R 

Table IV. P e r m e a b i l i t i e s of Dyes Through Nylon 6 F i lm With and 
Without 2 5 0 Â Thick Layer of Plasma Polymer of Methane 

DYE FILM 
2 12 

Pa (mm / s e c ) x l 0 

W/FM From From 
Methane (J/ka) Coated Uncoated 

Type Name M Plasma x l O - l O Side Side 
Acid Dye So la r Orange R 366 uncoated 161 161 Acid Dye So la r Orange R 366 

coated 0.076 0.34 5.08 
Acid Blue 616 uncoated 5.69 5.69 
Black 10B coated 0.076 0 1.71 
B r i l l i a n t 604 uncoated 37.4 37.4 
S c a r l e t 3R coated 0.074 0 8.31 
So lar L igh t 454 uncoated 111 111 
Orange GX coated 0.10 0 4.73 
Tar t rag ine 537 uncoated 83.2 83.2 
NS Cone coated 0.10 0 7.89 

Disperse C e l l i t o n Fast 316 uncoated 1.82 1.82 
Dye Yel low 5R coated 0.076 0.82 1.65 
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98 P O L Y M E R W E A R A N D I T S C O N T R O L 

permeation r a t e , with the th ickness of the coat ing being neglected 
in the c a l c u l a t i o n . It i s i n t e r e s t i n g to note that there i s a 
cons iderab le d i r e c t i o n a l i t y in the pe rmeab i l i t y of the coated f i l m 
to the d i f f e r e n t dyes . For i n s t a n c e , the f i l m i s impermeable to the 
l a r g e r a c i d dyes from the coated s i d e , but i s permeable to them from 
the u n c o a t e d s i d e , even though s i g n i f i c a n t r e d u c t i o n s i n 
permeab i l i t y i s observed in both c a s e s . Thus, a very t h i n l ayer of 
plasma polymer can prevent small molecules from pene t ra t ing most of 
the polymers, and as a r e s u l t a remarkable so lvent r e s i s t a n c e i s 
o f ten imparted to them by such a c o a t i n g . 

Inperturbable Surface C h a r a c t e r i s t i c s of Plasma Polymers. The 
sur faces of polymer s o l i d s are dec ided ly d i f f e r e n t from those of 
more r i g i d m a t e r i a l s , such as metals and ceramics . Polymer 
molecules have much greater freedom f o r rearrangement wi th in the 
bulk phase of the polymer or at i t s s u r f a c e , but they may o r i e n t 
themselves d i f f e r e n t l y at the sur face than wi th in the bulk phase. 
A c c o r d i n g l y , the sur face p r o p e r t i e s of a polymer s o l i d may not be 
the same as the p r o p e r t i e s w i th in the s o l i d . Phenomena r e l a t e d to 
t h i s aspect of polymers were recognized in the e a r l y I960's by 
i n v e s t i g a t o r s who were engaged in s t u d i e s of the hydrogels of 
methacrylates ( c r o s s l i n k e d networks of h y d r o p h i l i c methacrylate 
polymers) (5). The sur faces of h y d r o p h i l i c g e l s , which conta in as 
much as 98% water, e x h i b i t s u r p r i s i n g l y pronounced hydrophobic 
c h a r a c t e r i s t i c s . The contact angle of water on the sur face of a 
hydrogel i s very h i g h , even though one would be expected , because of 
the water content of the h y d r o g e l , that the water would spread on 
the s u r f a c e . 

Some d a t a , which seem to support the concept of d i f f e r e n t i a l 
o r i e n t a t i o n of molecules at the sur face of a polymer, have appeared 
in the l i t e r a t u r e . As e a r l y as 1938, Langmuir s tated that the 
w e t t a b i l i t y of a sur face invo lves only short range f o r c e s and 
depends p r i m a r i l y on the nature and arrangement of the atoms that 
form the ac tua l sur face and not upon the c h a r a c t e r i s t i c s of the 
under ly ing molecular l ayers (6) . Through the d e p o s i t i o n of f i l m s of 
s t e a r i c ac id or i t s barium s a l t on s o l i d s u r f a c e s , he d iscovered 
that under s p e c i a l c i rcumstances the sur face layer may undergo an 
almost instantaneous r e v e r s a l of o r i e n t a t i o n and thus b r ing about a 
change in the s u r f a c e ' s p h y s i c a l and chemical p r o p e r t i e s ; 
complexation (anchoring) of r e a c t i v e groups was found to prevent 
such a change. 

Thomas and co-workers demonstrated by ESCA that sodium and 
s u l f o n i c groups of ion-exchange r e s i n made of c r o s s l i n k e d sodium 
po lys ty rene s u l f o n a t e are not exposed to the r e s i n - a i r i n t e r f a c e but 
are bur ied in the bulk of the r e s i n in the dry s ta te (T). 

Ratner and Hoffman (8) reported that in t h e i r experiments ESCA 
d id not reveal as many h y d r o p h i l i c groups on the sur face of a 
g ra f ted polymer (a h y d r o p h i l i c polymer gra f ted onto a hydrophobic 
subst ra te polymer) as was expected from the g r a f t i n g y i e l d . They 
a lso suggested that a cons iderab le number of graf ted polymer 
molecules could be bur ied in the bulk phase depending on the 
c o n d i t i o n of the g ra f ted polymers a f t e r t reatment . 

Sung and Hu (9) showed that the Auger spectrum of a segmented 
u re thane -s i loxane polymer (Avcothane) i s qu i te d i f f e r e n t f o r that of 
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7. Y A S U D A Plasma Treatment and Polymerization 99 

the a i r - d r i e d sur face and the bottom sur face in contact with the 
c a s t i n g mold. They a lso stated that the sur face of a polymer i s 
very d i f f e r e n t from i t s bu lk . 

These observat ions can be a t t r i b u t e d to the high m o b i l i t y of 
macromolecules and to t h e i r c a p a b i l i t y of rear rang ing t h e i r 
o r i e n t a t i o n at an i n t e r f a c e accord ing to a change in the surrounding 
phase, such as water or a i r . Th is concept can a lso be app l ied to 
the slow change of the sur face p r o p e r t i e s of some polymers. It i s 
wel l known that f l a m i n g , co rona , and glow d ischarge treatments 
increase the w e t t a b i l i t y of hydrophobic polymers , such as 
po lyethy lene and po lypropy lene . These processes are widely used to 
increase the w e t t a b i l i t y of adhesives f o r be t te r bonding and of ink 
f o r improved p r i n t a b i l i t y . Although ESCA s tud ies c l e a r l y i n d i c a t e 
an increase in the number of carbon-oxygen bonds a f t e r plasma 
treatment (10-12) , the improvement in the w e t t a b i l i t y of a polymer 
i s o f ten a t t r i b u t e d to the increased roughness of i t s sur face 
occasioned by such treatment (13,14) . On the other hand, i t i s 
known that the w e t t a b i l i t y introduced by these processes decays with 
time a f t e r the t reatment . The cause of the decay had been g e n e r a l l y 
a t t r i b u t e d to the contaminat ion of the s u r f a c e s , but i t has become 
c l e a r that the slow burying of h y d r o p h i l i c f u n c t i o n a l groups in the 
polymer matrix i s l a r g e l y r e s p o n s i b l e f o r the decay. 

It has been demonstrated that a t i g h t network of a plasma 
polymer can prevent the l o s s of h y d r o p h i l i c nature through the 
r o t a t i o n a l burying of h y d r o p h i l i c moiet ies in to the bulk phase of a 
polymer (15) . 

A s i m i l a r phenomenon a lso occurs at the hyc- ophobic sur face 
when the sur face i s kept in water f o r a prolonged per iod of time 
(16). Th is phenomenon as wel l as the prevent ion of i t by 
a p p l i c a t i o n of a plasma polymer layer may be seen in the f o l l o w i n g 
examples. 

F i r s t , the sur face of a convent ional polymer, such as 
po ly (e thy lene t e r e p h t h a l a t e ) , can be converted to a h i g h l y 
hydrophobic water r e p e l l e n t sur face by t r e a t i n g i t s sur face with a 
plasma of p e r f l u o r o s a t u r a t e d hydrocarbons, such as C p F * . Th is 
process occurs as an exchange r e a c t i o n by e l i m i n a t i n g ftr (Ή coming 
from the polymer sur face) and proceeds more or l e s s in a s e l f -
e x t i n g u i s h i n g manner. In other words, i t i s very d i f f i c u l t to 
polymerize such saturated per f luorohydrocarbons in the absence of H, 
and what one obta ins i s the implantat ion of F con ta in ing moiet ies on 
the sur face but not the d e p o s i t i o n of a plasma polymer of the 
perf luorocompound. ESCA C ls peak of the sur face revea ls the 
presence of a high concent ra t ion of C F ^ , and the contact angle of 
water i s around 9 7 ° . When t h i s sample i s immersed in water , the 
c o n t r i b u t i o n of the C ls peak, occasioned by carbon without F , s t a r t s 
to increase with immersion time as shown in F igure 4. A f t e r 120 min 
immersion in water , the contact angle of the water drops to around 
7 2 ° i n d i c a t i n g the loss of water r e p e l l e n c y as a r e s u l t of the 
r o t a t i o n a l rearrangement of moiet ies at the s u r f a c e . 

When a s i m i l a r treatment i s employed a f t e r a t h i n l ayer of 
plasma polymer of methane ( 6 0 0 Â t h i c k ) i s app l ied onto a PET f i l m 
s u r f a c e , the corresponding r e s u l t s are shown in F igure 5. Because 
of the l ess amount of H a v a i l a b l e at the s u r f a c e , the r e l a t i v e 
c o n t r i b u t i o n of CF^ i s l e s s than in the case in which C 2 F g plasma 
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Figure 4. Change o f ESCA 01s and C ls peaks of PET f i l m t rea ted 
with C 2 F 5 plasma as immersion time in water. 
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Figure 5. Charge o f ESCA 01s and C l s peaks o f PET f i l m with 3 0 0 Â 
t h i c k l a y e r o f plasma polymer o f methane which i s subsequent ly 
t rea ted with C 2 F 5 plasma. 
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102 P O L Y M E R W E A R A N D I T S C O N T R O L 

treatment i s app l ied d i r e c t l y to the PET s u r f a c e . However, the 
e f f e c t of water immersion i s l ess pronounced, i . e . , the increase of 
C l s peak at 285 eV i s not as pronounced as in the previous case . 
A f t e r 120 min immersion in water , the contact angle of water remains 
at around 9 0 ° , i n d i c a t i n g the more p e r s i s t e n t water r e p e l l e n t 
c h a r a c t e r i s t i c of the s u r f a c e . 

The c h a r a c t e r i s t i c s descr ibed in the above examples may be 
expressed as "unperturbable sur face c h a r a c t e r i s t i c s " brought about 
by the e x t r e m e l y t i g h t network o f p lasma p o l y m e r s . Such 
rearrangement of sur face c o n f i g u r a t i o n occurs repeatedly accord ing 
to the change of the surrounding environment in the actua l use of 
polymers. Phenomena r e l a t e d to such rearrangement may not be e a s i l y 
understood in the concept of wear r e s i s t a n c e ; however, such a 
f a i l u r e of expected performance should a lso be taken in to 
c o n s i d e r a t i o n in the broader meaning when d e a l i n g with the wear of 
polymers. 

In view of f a c t that most t ime-dependent f a i l u r e s , such as the 
f a t i g u e of polymers , i n i t i a t e at the s u r f a c e , more p r e c i s e l y at the 
i n t e r f a c e of the polymer and the surrounding medium, i t i s to be 
expected that the a p p l i c a t i o n of plasma polymers w i l l c o n t r i b u t e to 
the improvement of the wear c h a r a c t e r i s t i c s of polymers at l e a s t in 
c e r t a i n c a s e s . 
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8 
Effect of Temperature on the Friction and Wear 
of Some Heat-Resistant Polymers 

Kyuichiro Tanaka and Yoshinori Yamada 

Faculty of Engineering, Kanazawa University, Kanazawa 920, Japan 

Friction and wear of polyimide, polyamide-imide, poly
ether ether keton, polyphenylene sulfide (filled with 
glass fibers) and polyether sulphone sliding against a 
smooth steel disk were studied at various disk temper
atures. A friction experiment in which a steel sphere 
was slid on flat polymer plates was also carried out at 
various temperatures. Friction of the heat resistant 
polymers generally varied markedly with the temperature. 
Polyimide, polyamide-imide and polyether ether ketone 
exhibited relatively low friction at the temperatures 
above 200°C in their wear process. Polyimide and poly
amide-imide showed wear peak at given temperatures ; 
this appeared to be due to chemical reaction in the 
polymer chains during sliding at high temperatures. 
Polyether ether ketone, polyphenylene sulfide and poly
ether sulphone exhibited little variation in wear rates 
with temperature up to a certain temperature. A 
thick transferred polymer layer was generally produced 
at high temperatures, decreasing the friction and wear 
of polymers. 

I t i s well known that the generation of heat at s l i d i n g contact of 
polymers can produce l o c a l decomposition, hence l i m i t i n g the useful
ness of polymers i n a s l i d i n g application. Some of the heat resistant 
polymers developed i n r e l a t i v e l y recent years are expected to be 
useful under severe sl i d e conditions. F r i c t i o n and wear of polyimide 
which does not flow at high temperatures have been studied by a few 
authors (1,2,2.). Some of the results obtained indicate that variations 
of f r i c t i o n and wear of polyimide with temperature and s l i d i n g speed 
are r e l a t i v e l y large. Buckley (l.) reported that polyimide produced a 
transferred f i l m on the countersurface which then decreased f r i c t i o n . 
Matsubara et a l . (g) found that polyimide exhibited the peak of wear 
at a certain s l i d i n g speed as s l i d i n g speed was increased and at a 
certain temperature as the temperature was increased. They 

0097-6156/ 85/ 0287-0103$07.25/ 0 
© 1985 American Chemical Society 
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104 P O L Y M E R W E A R A N D I T S C O N T R O L 

attributed t h i s wear peak to a chemical reaction during the wear 
process. In addition to polyimide, there are some heat resistant 
polymers such as polyamide-imide, polyether ether ketone, polypheny-
lene sulfide and polyether sulphone. At present, however, there exist 
few studies on f r i c t i o n and wear of heat resistant polymers other 
than polyimide. Thus, i t i s important to investigate the f r i c t i o n 
and wear of these heat resistant polymers. The purpose of t h i s work 
i s to study the effect of temperature on the f r i c t i o n and wear of 
some t y p i c a l heat resistant polymers and the mechanisms of wear of 
these polymers. 

Experimental 

Procedures for Studying the Fundamental F r i c t i o n a l Properties of the 
Polymers. To study the fundamental f r i c t i o n a l properties of the heat 
resistant polymers, a steel sphere of 2.38 mm i n radius was s l i d on 
f l a t polymer plates at a low speed of 0.25 mm/s under various loads 
ranging from 1 Ν to 8 Ν and at various temperatures up to 300 *C, and 
the f r i c t i o n a l force was measured. The temperature of the specimen 
polymer surface was controlled by thermocouple and e l e c t r i c heater. 
A steel b a l l for b a l l bearing use was used as the sphere i n the 
experiments. The polymer sufaces were abraded with a 1000-grade 
abrasive cloth and cleaned with ethyl alcohol. 

Wear-Testing Apparatus and Experimental Procedures. To study the 
effect of temperature on the wear behavior of specimen polymers, the 
pin-on-disk type wear testing apparatus used i n our previous work (h) 
was employed and the f r i c t i o n a l force and wear depth of the f l a t 
ended polymer pins 3 mm i n diameter were measured at a s l i d i n g speed 
of 0 . 1 m/s under a load of 10 Ν and at various experimentally 
possible disk temperatures up to 300*0 . The disk was made of stain
less steel (SUS 30h) and heated by an e l e c t r i c heater mounted under 
the disk. The surface roughness of the f r i c t i o n a l surface of the 
disk was about 0 . 0 2 yum c. l . a . The diameter of the f r i c t i o n a l track 
on the disk was 7 cm. The specimen pin was i n i t i a l l y rubbed against 
1000-grade Emery paper placed on the disk. This pre-rubbing was 
useful for allowing uniform contact between the specimen surface and 
the disk. After the pre-rubbing the specimen and disk surfaces were 
cleaned by rubbing with a soft cloth soaked i n ethyl alcohol. A l l 
experiments i n t h i s work were carried out i n ambient a i r of 60 ±10 % 
R.H. and room temperature of 23 ±k*C . 

Polymer Specimens. The materials used i n t h i s work were polyimide 
(PI;,polyamide-imide (PAl), polyether-ether-ketone (PEEK), polypheny -
lene sulfide (PPS) and polyether sulphone (PES). The chemical formulas 
and physical properties of the specimen polymers are summarized i n 
Table I. The specimen polymers, except PPS, were u n f i l l e d while the 
PPS specimen was f i l l e d with glass fiber of kO wt. % . PAI and PES 
are amorphous polymer with considerably high glass temperature . 
The polymers, except PI, can flow at high temperatures and allow the 
use of injec t i o n molding. 

Experimental Results and Discussion 

S l i d i n g of a Steel Sphere on Flat Plates of Specimen Polymers. 
Figures 1 (a) and (b) show variations i n the coefficients of f r i c t i o n 

 P
ub

lic
at

io
n 

D
at

e:
 S

ep
te

m
be

r 
12

, 1
98

5 
| d

oi
: 1

0.
10

21
/b

k-
19

85
-0

28
7.

ch
00

8



8. T A N A K A A N D Y A M A D A Temperature Effects on Friction and Wear 105 

Table I. Polymer specimens - Chemical formula and some properties. 

Chemical type Chemical Melting Glass Heat Tensile 
(Abbr.) formula point temp, di s t o r - strength 

t i o n 2 

"Tradename" °C °C temp. *C kg/cm 

polyimide 
( PI ) 

"Vespel-SPl" v u - r 
s J 

/900 7^0 
(23'C) 

polyamide- . 
imide 
( PAI ) 
"Torlon" 

r y 1 — ca .280 27^ 1900 
(23°C) 

polyether 
ether ketone 
( PEEK ) - O O O - s 

33h lk3 135- 910 
l 6 0 (23°C) 

polypheny lene 
sulfide 
( PPS ) 
"Ryton R-U": 

(PPS+G.F. k0%) 

^ 275 9^ 260 150*1 

- 0 - » - -

< -

polyether 
sulphone 
( PES ) 

"Victrex" 
— O - ^ O 

— 225 203 860 

(23 cO 
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106 P O L Y M E R W E A R A N D I T S C O N T R O L 

of various specimen polymers with load at temperatures of 23 °C and 
150 °C. The coefficient of f r i c t i o n generally decreases with the 
increase i n load W and i s proportional to W"Jn Although the index η 
i s generally very small , i t s value i s dependent upon the type of 
polymer and the temperature. The small value of the index η indicates 
that the contact between the steel sphere and specimen polymers i s 
approximately p l a s t i c under the experimental condition. Figure 2 
shows the relationship between coefficients of f r i c t i o n at a load of 
8 Ν i n various polymers and temperature8· PI and PES show r e l a t i v e l y 
high f r i c t i o n at a l l temperatures while PAI and PEEK exhibit consider
ably low f r i c t i o n at temperatures up to 150°C with the f r i c t i o n 
increasing rapidly with temperature i n the higher temperature range. 
The high f r i c t i o n at higher temperatures for PEEK and PAI may be due 
to a large increase of the deformation component of f r i c t i o n at higher 
temperatures. The width d of f r i c t i o n a l tracks at a load of 8 Ν was 
measured and the temperature dependence of the contact pressures at 
s l i d i n g contact was obtained, assuming that the r e a l area of s l i d i n g 
contact i s 7td A . Since the contact may be assumed to be approxi
mately p l a s t i c , the contact pressure at a load of 8 Ν i s approximately 
equal to the y i e l d pressure of polymers. Figure 3 shows the temper
ature dependence of the y i e l d pressures of various polymers. The 
y i e l d pressure of PI i s generally lower than that of PAI, and PEEK 
exhibits r e l a t i v e l y higher y i e l d pressure at temperatures up to 
about 200°C. Although PPS specimen indicates high y i e l d pressure at 
low temperatures, i t s y i e l d pressure decreases markedly with increas
ing temperature. This suggests that u n f i l l e d PPS shows very low y i e l d 
pressure at higher temperatures. Assuming that the f r i c t i o n a l force 
i s only due to the shearing of the adhesive junction at the s l i d i n g 
contact, the shear strength s was obtained from the f r i c t i o n a l force 
and the area of contact at a load of 8 N. Figure k shows the temper
ature dependence of shear strengths of various polymers. I t i s seen 
that the shear strength of PI i s similar to that of PPS, and also PEEK 
has a shear strength similar to that of PAI. PI and PPS have much 
higher shear strengths than PEEK and PAI at temperatures up to 150 C. 
I t i s also noted that the shear strength of PES i s r e l a t i v e l y high 
and i s l i t t l e dependent upon temperature* Although the shear 
strengths of PEEK and PAI increase with increasing temperature at 
temperatures above about 150 °C, t h i s must be due to the large 
contribution of the deformation component to f r i c t i o n at higher 
temperatrures. Therefore, i t i s reasonable to consider that Figure k 
does not show true shear strength at higher temperatures while i t 
shows approximate shear strength at lower temperatures. 

Variations i n Coefficient of F r i c t i o n and Wear Depth of Various 
Polymers Rubbed Against Steel Disk with Sli d i n g Distance. Figures 5 
(a),(b),(c),(d) and (e) show variations i n the coefficient of f r i c t i o n 
/* and wear depth h with the s l i d i n g distance i n the wear processes of 
PI, PAI, PEEK, PPS and PES, respectively. With a l l specimen polymers, 
the steady states of f r i c t i o n and wear appear following the i n i t i a l 
transient states · The wear rates of various polymers generally 
decrease gradually i n the i n i t i a l transient wear state, and the wear 
rates i n the steady state are much lower than those i n the i n i t i a l 
transient state. However, the steady state of higher wear rates 
appearrs following the i n i t i a l state of lower wear at 150 *C i n the 
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c ο 

1 
8 
0.1, 

(a) 
23 °C 

" U *—Δ~ 
PES 

P P C ; —• •— 

»—·—* 
1 1 1 ' ' ' 1 1 J 

load W(N) 

Figure 1. Variations of the coefficients of f r i c t i o n i n the 
sl i d i n g of steel sphere on various polymers with load, (a) 23*C, 
(b) 150 *C. 

,0.5i 

I ι • • lJ 
0 50 100 150 200 250 300 

temperature T(eC) 

Figure 2. Relation between the coefficients of f r i c t i o n i n 
the s l i d i n g of steel sphere on various polymers and temperature, 
(load, 8 Ν ) 
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^2001 

32 
φ I I I I I 1 u 
>> 0 50 100 150 200 250 300 

temperature Τ (*C) 

Figure 3. Variations of y i e l d pressures of various polymers 
with temperature· 

50 100 150 200 250 300 
temperature Τ ( ° C ) 

Figure k. Variations of shear strengths of various polymers 
with temperature. 
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TANAKA AND YAMADA Temperature Effects on Friction and Wear 

0 1 2 3 
sliding distance L (km) 

Figure 5 a and b. V a r i a t i o n s i n the c o e f f i c i e n t of f r i c t i o n 
and the wear depth h at v a r i o u s d i s k temperatures w i t h the 
s l i d i n g d i s t a n c e L. (a) P I , (b) PAI. 
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sliding distance L (km) 

Figure 5 c and d. V a r i a t i o n s i n the c o e f f i c i e n t of f r i c t i o n μ 
and the wear depth h at v a r i o u s d i s k temperatures w i t h the 
s l i d i n g d i s t a n c e L. (c) PEEK, (d) PPS· 
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T A N A K A A N D Y A M A D A Temperature Effects on Friction and Wear 

Figure 5e. V a r i a t i o n s i n the c o e f f i c i e n t of f r i c t i o n μ and 
the wear depth h at v a r i o u s d i s k temperatures w i t h the s l i d i n g 
d i s t a n c e L, PES. 
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case of PES. On the other hand, two steady states of wear appear at 
some temperatures i n the case of PAI and the wear rate i n the second 
steady state i s considerably higher than that i n the f i r s t steady 
state. I t i s noted that the wear depth at the s l i d i n g distance 
which the steady state of wear begins to occur generally increases 
with disk temperature. 

The variation of f r i c t i o n i n the i n i t i a l transient state with the 
s l i d i n g distance i s somewhat complicated. With PI, the i n i t i a l f r i c 
t i o n i s much higher than the steady-state f r i c t i o n and f r i c t i o n 
decreases with increasing distance at disk temperatures above 200 
Î), while at lower temperatures f r i c t i o n increases i n i t i a l l y and 
reaches a maximum at a certain s l i d i n g distance i n the transient state 
of f r i c t i o n . In the cases of PAI and PEEK, the f r i c t i o n i s generally 
low at the start of rubbing and increases with distance at lower 
temperatures, while i n i t i a l f r i c t i o n i s generally high and the f r i c 
t i o n decreases i n i t i a l l y with increasing distance at high temper
atures. On the other hand, the i n i t i a l f r i c t i o n of PPS i s lower than 
the steady-state f r i c t i o n and reaches a maximum i n the i n i t i a l 
transient state of f r i c t i o n at any temperature. PES shows lower 
i n i t i a l f r i c t i o n than steady-state f r i c t i o n at lower temperatures. 

Microscopic Examinations of the F r i c t i o n a l Surfaces. (l)Polymer pin 
surfaces. Before discussion of the variation of f r i c t i o n and wear of 
polymers with disk temperature, i t w i l l be useful to describe the 
results of microscopic examinations made on the f r i c t i o n a l surfaces 
after wear tes t s . The microscopic examinations were made using an 
op t i c a l microscope and, i n some cases, the scanning and transmission 
electron microscopes (SEM and TEM). Figure 6 shows TEM micrographs of 
the worn surfaces of PI pins rubbed at three different temperatures. 
Figures 6 (b) and (c) indicate that the flow of PI i s severe on the 
f r i c t i o n a l surface at 200 and 300 C; t h i s severe flow i s probably due 
to thermal softening at high temperatures. In fact, the temperature 
dependence of the y i e l d pressure of PI suggests that the y i e l d pres
sures at 200 and 300°C are considerably small. Figure 7 shows SEM 
micrographs of the worn surfaces of PEEK rubbed at four different 
temperatures. The surface at temperatures below 150°C i s very 
smooth compared with that at 200 and 300°C,and the surface feature of 
PEEK rubbed at 300°C indicates severe surface softening. The 
temperature dependence of y i e l d pressure also suggests that severe 
thermal softening occurs at 300°C. Figure 8 shows SEM micrographs of 
the worn surfaces of PPS at 20 and 200°C. It was observed that the 
glass fibers at the worn surface of PPS rubbed at lower temperatures 
were generally covered with thin PPS polymer f i l m , as seen i n Fig.8 
(a), while no PPS polymer f i l m existed on the worn surface of glass 
fibers at high temperatures, as seen i n Figure 8 (b). Figure 8 (b) 
suggests that the contact load i s supported mainly by the glass 
fibers and severe wear of PPS matrix polymer surrounding the glass 
fibers occurs during rubbing at high temperatures. Figure 9 shows 
SEM micrographs of the worn surfaces of PES rubbed at 100 and 200 0 C. 
Considerable thermal softening of PES f r c t i o n a l surface occurred at 
high temperature such as 200 ̂ , while i t was mild at 100°C. 
J2) F r i c t i o n a l tracks on disks^ Figure 10 shows TEM micrographs of 
the f r i c t i o n a l tracks rubbed against PI at 100, 200 and 300 °C. The 
scratches produced on the surface f i n i s h of the disk are seen i n the 
cases of 100 and 200 °C, suggesting that the transferred f i l m i s 
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T A N A K A A N D Y A M A D A Temperature Effects on Friction and Wear 

Figure 6. TEM micrographs of -worn surfaces of PI rubbed 
various temperatures. (a) 100 *C , (b) 200 *C9 (c) 300 'C. 
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114 P O L Y M E R W E A R A N D I T S C O N T R O L 

Figure 7· SEM micrographs of -worn surfaces of PEEK rubbed at 
various temperatures, (a) 23°C,(b) 150 cC,(c) 200*C,(d) 300'C. 
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8. T A N A K A A N D Y A M A D A Temperature Effects on Friction and Wear 115 

Figure 8. SEM micrographs of worn surfaces of PPS rubbed at 
different temperatures. (a) 23CC. (b) 200*C. 

Figure 9· SEM micrographs of worn surfaces of PES rubbed at 
different temperatures. (a) 100°C5 (b) 200CC. 
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Figure 10. TEM micrographs of disk surfaces rubbed against PI at 
various temperatures. (a) 100*C, (b) 200 CC, (c) 300*C 
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8. T A N A K A A N D Y A M A D A Temperature Effects on Friction and Wear 117 

r e l a t i v e l y t h i n at these temperatures. On the other hand, a thick 
transferred PI layer i s produced on the track at 300°C. The micro
graph at 300 eC indicates lumps as well as f i l m transfer on the 
counter surface at very high temperature. Figure 11 shows opt i c a l 
micrographs of the f r i c t i o n a l tracks rubbed against PI at 150, 250 
and 300 'C. Very thick transferred layer i s produced at 250°C and 300 
*C while transferred material i s much smaller at 150 °C. From Figures 
10 and 1 1 , i t i s concluded that PI produdes a very thick transferred 
layer when temperature exceeds 200 eC. Figure 12 shows op t i c a l micro
graphs of f r i c t i o n a l tracks rubbed against PAI at four different 
temperatures. I t i s noted that tranferred material i s very small at 
150 °C as well as 23°C while that at 100 °C i s as thick as that seen at 
200 °C. The small transfer at 150 °C suggests that a change i n wear 
mechanism of PAI occurs at temperatures between 100 *C and 200 °C. 
Figure 13 shows optical micrographs of f r i c t i o n a l tracks of PEEK. 
Transfer of PEEK increases with temperature. However, the transferred 
material at 200 °C seems to be smaller compared with PAI of the same 
temperature. 

Figure ik shows opt i c a l micrographs of f r i c t i o n a l tracks on PPS 
specimen at four different temperatures. The transferred material 
of the PPS specimen also increases with temperature and there i s very 
much of i t at 100 PC as well as at 200 CC. There appear to be many 
short glass fibers i n the transferred layer at high temperature. 
Figure 15 shows op t i c a l micrographs of f r i c t i o n a l tracks made by PES 
at four different temperatures . The transferred material of PES 
also increases with temperature and a considerably thicker transferred 
layer i s produced at high temperatures than at low temperatures. 

Summarizing these microscopic examinations, transfer of heat 
resistant polymers onto the countersurface generally increases with 
temperature and much transferred materisl i s produced when thermal 
softening of the polymer surface becomes severe. However, the amount 
of transferred material did not always increase with thermal soften
ing of polymer f r i c t i o n a l surface i n the cases of PI and PAI. Although 
thermal softening of PI f r i c t i o n a l surface at 200 °C was clearly 
observed i n electron microscopy, electron microscopic examination of 
the f r i c t i o n a l track rubbed at 200 *C indicated a r e l a t i v e l y small 
amount of transferred material. On the other hand, transfer at 150*0 
was considerably less than that at 100 and 200°C i n the case of PAI. 

F r i c t i o n of Polymer Pins S l i d i n g Against Steel Disk. Figures 16(a) 
and (b) show variations of the coefficients of f r i c t i o n of various 
polymers with disk temperature i n the steady state of f r i c t i o n and at 
the i n i t i a l stage of s l i d i n g , respectively. I t may be assumed that 
f r i c t i o n i n the steady state corresponds approximately to the f r i c t i o n 
between the polymers and t h e i r transferred layer while the i n i t i a l 
f r i c t i o n indicates that between the polymers and steel disk. Except 
for PPS, the i n i t i a l f r i c t i o n i s considerably lower than steady-state 
f r i c t i o n i n temperature ranges below a certain c r i t i c a l temperature 
which depends upon the type of polymer. The c r i t i c a l temperature 
i s approximately 6 0 , ikO9 150 and 150°C, for PI, PAI, PEEK and PES, 
respectively. For PPS, the coefficient of i n i t i a l f r i c t i o n i s about 
0 . 3 less than that of steady-state f r i c t i o n at any temperature. This 
i s probably due to the effect of the glass fibers i n the specimen. 

The differences between the coefficients of i n i t i a l and steady-
state f r i c t i o n at temperatures below the c r i t i c a l temperature are 
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118 P O L Y M E R W E A R A N D I T S C O N T R O L 

Figure 11 . Optical micrographs of disk surfaces rubbed against PI 
at various temperatures c (a) 150°C, (b) 250 °C 5 (c) 300*C. 
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8. T A N A K A A N D Y A M A D A Temperature Effects on Friction and Wear 119 

Figure 12 . Optical micrographs of disk surfaces rubbed against PAI 
at various temperatures, (a) 23°C,(b) 100°C,(c) 150 cC,(d) 200 CC. 
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120 P O L Y M E R W E A R A N D I T S C O N T R O L 

Figure 13° Optical micrographs of disk surfaces rubbed against PEEK 
at various temperatures, (a) 23°C, (b) 150*C, (c) 200°C. 
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8. T A N A K A A N D Y A M A D A Temperature Effects on Friction and Wear 121 

Figure lh. Optical micrographs of disk surfaces rubbed against PPS 
at various temperatures, (a) 23°C9(b) 50*C,(c) 100*C,(d) 200°C. 
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122 P O L Y M E R W E A R A N D I T S C O N T R O L 

Figure 15 . Optical micrographs of disk surfaces rubbed against PES 
at various temperatures, (a) 50°C5(b) 100*C 5(c) 150°C,(d) 200°C. 
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8. T A N A K A A N D Y A M A D A Temperature Effects on Friction and Wear 123 

approximately 0 . 3 5 , 0 . 2 and 0.25 i n the cases of PAI, PEEK and PES, 
respectively. For P I , the c r i t i c a l temperature i s very low and the 
coefficient of i n i t i a l f r i c t i o n i s smaller by about 0 .1 or less than 
that of steady-state f r i c t i o n . 

The steady-state f r i c t i o n i s generally much lower than the i n i t i a l 
f r i c t i o n at temperatures above the c r i t i c a l temperature, although PES 
exhibits a steady-state f r i c t i o n similar to i t s i n i t i a l f r i c t i o n at 
high temperatures. Therefore i t i s concluded that the transferred 
layer of polymer generally leads to a large decrease of f r i c t i o n of a 
similar polymer s l i d i n g against the layer at temperatures above the 
c r i t i c a l temperature. However, PES exhibits considerably high steady-
state f r i c t i o n over a wide temperature range from 20 PC to 200°C, and 
i t s steady-state f r i c t i o n i s only s l i g h t l y dependent upon the temper
ature. PI shows the peak of i n i t i a l and steady-state f r i c t i o n at 
about 150*C and i t s steady-state f r i c t i o n i s very low at temperatures 
above 2 5 0 ^ . Furthermore, the steady-state f r i c t i o n of PAI at temper
atures above 200 °C i s as small as that of PI at 200 *C and 300 ΐ. In 
addition, PEEK exhibits r e l a t i v e l y low steady-state f r i c t i o n over a 
wide temperature range from 20 °C to 300 "C. 

A large increase i n i n i t i a l f r i c t i o n generally occurs suddenly 
when the temperature exceeds a,- certain t r a n s i t i o n temperature, which 
i s dependent upon the type of polymer. This must be related to the 
thermal softening of polymers seen i n Figure 3 . However, the finding 
in t h i s figure i s not always applicable to the contact between the 
surface asperities of disk and polymer pin specimens because a 
steel sphere with a much larger radius than the disk surface asperi
t i e s was used i n the case of Figure 3 . Thus, the tran s i t i o n 
temperature for Figure 16(b) i s probably more sensitive to the thermal 
softening than the temperature dependence of the y i e l d pressure as 
seen i n Figure 3 . Approximate tr a n s i t i o n temperatures are 70, 120, 
170, 170 and 130°C for PI, PAI, PEEK, PPS and PES, respectively. 
According to Archard's multiple contact theory , i t may be assumed 
that f r i c t i o n of a f l a t polymer surface s l i d i n g against a steel disk 
decreases with increasing countersurface roughness when the contact 
deformation i s e l a s t i c . In addition, the contact deformation between 
polymer pin specimen and steel disk may be e l a s t i c or approximately 
e l a s t i c i n t h i s work. Therefore, Archard fs theory may be applicable 
to the experimental results shown i n Figure 16(b). The i n i t i a l low 
f r i c t i o n at low temperature seems to be due to the surface roughness 
of the disk and f r i c t i o n increases with the amount of transferred 
material produced as the result of the increase of s l i d i n g distance, 
because the transfer apparently decreases the surface roughness of 
disk and the r e a l area of contact increases. This seems to explain 
the fact that the i n i t i a l f r i c t i o n i s lower than the steady-state 
f r i c t i o n at low temperatures. On the other hand, the r e a l area of 
contact corresponding to the i n i t i a l f r i c t i o n increases with temper
ature, and t h i s must become very large when the thermal softening of 
the polymer becomes very severe at temperatures above the t r a n s i t i o n 
temperature. The disk surface asperities penetrates the polymer 
surface more deeply at such high temperatures. Therefore, the 
increase of i n i t i a l contact area and of penetration of disk surface 
asperities causes very high i n i t i a l f r i c t i o n at temperatures above the 
t r a n s i t i o n temperature . However, the thickness of the t r a n s f e r r e d 
polymer layer increases with s l i d i n g distance and the s l i d i n g of the 
polymer begins to occur on the thick and softened transferred polymer 
layer at high temperatures, resulting i n lower steady-state f r i c t i o n . 
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124 P O L Y M E R W E A R A N D I T S C O N T R O L 

Wear of Polymer Pins S l i d i n g Against Steel Disk. Figures IT (a) and 
(b) show the variations of f s p e c i f i c wear rates obtained i n the 
steady states of wear for various polymers with disk temperature. 
PI and PAI exhibit wear peak at about 200 9C and 150 °C, respectively, 
with the peak of PAI being notably high. On the other hand, the 
wear rate begins to increase rapidly with temperature above a certain 
c r i t i c a l temperature i n the cases of PEEK, PPS and PES. The higher 
the melting point, the higher the c r i t i c a l temperature . The low 
c r i t i c a l temperature of PES must be due to the fact that PES i s an 
amorphous polymer whose glass temperature i s much lower than the 
melting points of PES and PEEK. The wear rate i s s l i g h t l y dependent 
upon the temperature i n the range below the c r i t i c a l temperature i n 
the cases of PEEK, PPS and PES. PI generaly shows a much lower wear 
rate than the other polymers. PAI shows a much higher wear rate 
than PPS and PEEK over a wide temperature range. I t i s also seen 
that the amorphous polymer PES exhibits a much higher wear rate than 
the c r y s t a l l i n e polymers PEEK and PPS, while the low wear of PPS i s 
probably due mainly to the glass f i b e r . In addition, the results 
shown i n Fi g u r e 17 indicate that the specific wear rates at room 
temperature for the heat resistant polymers are generally higher than 
those for nylon and polyacetal. 

For PPS and PES, the transient temperature at which the i n i t i a l 
f r i c t i o n suddenly increases i s very similar to the temperature at which 
the rapid increase of specific wear rate begins to occur. This 
suggests that the severe thermal softening of polymers causes a rapid 
increase of wear rate with temperature. However, such rapid increase 
of wear rate corresponding to the transient temperature of i n i t i a l 
f r i c t i o n does not occur i n the cases of PI, PAI and PEEK, and the 
thick transferred layer i n these polymers seems to strongly suppress 
the increase of wear rate at high temperatures. Microscopic examina
tions of f r i c t i o n a l surfaces indicate that the wear of heat resistant 
polymers i s due mainly to the transfer of polymers. However, the 
rapid increase of wear rate at high temperatures for PES, PPS and 
PEEK may be due to an outflow of the severely softened polymers from 
the pin surface layers , as seen i n the case of the thick molten 
polymer layer produced on the pins of some cr y s t a l l i n e polymers 
rubbing against glass disk (6). 

With PI and PAI, the color of wear debris varied with increasing 
temperature and became very dark at temperatures higher than a 
certain temperature near the wear peak. This suggests that the wear 
peaks of PI and PAI are due to thermal decomposition of the polymer 
molecules. Furthermore, i t was observed that the wear peak of PI 
shifted to a lower temperature when rubbed at higher s l i d i n g speed, 
as shown i n Figure 18 . The f r i c t i o n a l heat generated at s l i d i n g 
contact i s greater at higher s l i d i n g speeds, and t h i s increases the 
temperature at s l i d i n g contact. Therefore, the s h i f t of wear peak 
with the s l i d i n g speed also suggests that the wear peak i s due to a 
chemical reaction at high temperature i n the cases of PI and PAI. 
For the syntheses of PI and PAI, we may assume the chemical reactions 
shown i n Figure 19. When some unreacted portion shown i n Figure 19 
(a) remains after the synthesis, the imide bond formation may occur 
during s l i d i n g at high temperatures and water vapor may be generated 
at the f r i c t i o n a l surface. Furthermore, the C00H group existing i n 
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8. T A N A K A A N D Y A M A D A Temperature Effects on Friction and Wear 125 

PPS 
0 50 100 150 200 250 300 

temperature Τ (°C) 

Figure l 6 . Variations i n the coefficients of f r i c t i o n of various 
polymers with disk temperature, (a) F r i c t i o n i n the steady state, 
(b) F r i c t i o n at the i n i t i a l stage. 

Figure 1 7 · Variations of the specific wear rates with disk 
temperature i n the steady states of wear of various polymers. 
The arrows show the scales of specific wear rate at l e f t or right 
side. 
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temperature Τ (°C) 

Figure 18. Variation of the wear peak of PI with s l i d i n g speed. 

Figure 19. An assumed reaction of imide "bond formation i n the 
synthe t i c process es of PI and PAI 
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8. T A N A K A A N D Y A M A D A Temperature Effects on Friction and Wear 127 

the unreacted part of the polymer chains may decompose easily upon 
high temperature s l i d i n g and generate C O 2 gas, and the main polymer 
chain may easily break. Generation of water vapor and CÔ  at the 
f r i c t i o n a l surface probably acts to suppress the production of 
transferred polymer layer. Indeed, the transfer at a temperature 
corresponding to the wear peak was very small, as seen i n Figures 10 
(b) and 12(c) for PI and PAI, respectively. Therefore, the wear peaks 
seen i n PI and PAI seem to be due to the unreacted portion of the 
polymer chains. The decrease of wear rate with increasing temper
ature i n the range above the wear peak temperature may be due to the 
wear suppressive action of the thick transferred polymer layer at 
high temperatures. 

Conclusions 

Temperature dependence of f r i c t i o n and wear of some heat resistant 
polymers was studied. Except the one f i l l e d with glass fibers of ho 
wt. % 9 PPS, the specimen polymers were u n f i l l e d . 

The main conclusions obtained from th i s investigation are as 
follows : 

(1) F r i c t i o n of heat resistant polymers generally varies markedly 
with temperature. 
(2) PI, PAI and PEEK exhibit r e l a t i v e l y low f r i c t i o n at temperatures 
above 200 eC i n their wear processes. This i s due to the thick 
transferred polymer layer produced during s l i d i n g . The f r i c t i o n of 
PES i s generally high at any temperature. 
(3) PI exhibits f r i c t i o n peak at about 150°C i n i t s wear process. 
(k) PI and PAI exhibit wear peak at a certain temperature and the 
peak of PAI i s very high. The wear peak seems to be due to the 
chemical raction during s l i d i n g at high temperatures i n the unreacted 
portion of the polymer chains. 
(5) PI exhibits lower wear rate than the other heat resistant polymers 
over a wide temperature range, while the wear rate of PAI i s higher 
by a factor of about 10 compared with that of PI. 
(6) PEEK shows a low specific wear rate of 10" 5 mm3 /Nm or less and 
re l a t i v e l y low f r i c t i o n i n the temperature range from 20°C to 250°C. 

(7) The wear rates of PEEK, PPS and PES are s l i g h t l y dependent upon 
the temperature up to certain c r i t i c a l temperature and begin to 
increase rapidly with temperature above the c r i t i c a l temperature, 
which i s higher for polymers with high melting point or glass 
temperature. 
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9 
Polysiloxane-Silica Hybrid Resins as 
Abrasion-Resistant Coatings for Plastic Substrates 

H . L . Vincent, D. J. Kimball, and R. R. Boundy 

Dow Corning Corporation, Midland, MI 48601 

A coating prepared by the hydrolysis of an alkytri
-alkoxysilane in the presence of an acidic silica sol 
exhibits a number of new and interesting features. It is 
soluble in an alcohol-water solution, can be readily 
applied to transparent plastic articles, and cured at 
temperatures below the Tg of the plastic to form a clear, 
hard, chemical and abrasion resistant coating. The cured 
film consists of small silica particles chemically bonded 
within a silicone resin matrix. 

The use of transparent p l a s t i c m a t e r i a l s i n place of glas s i s 
becoming more widespread i n a p p l i c a t i o n s such as t r a n s p o r t a t i o n , 
(e.g., automotive sunroofs) g l a z i n g f o r t r a i n s , buses and a i r c r a f t , 
windows i n p u b l i c b u i l d i n g s , s a f e t y enclosures i n high r i s k areas 
and eyeglass lenses. While polymers such as the a c r y l i c s and 
polycarbonates can be r e a d i l y formed i n t o the d e s i r e d shapes, are 
more r e s i s t a n t to breakage than g l a s s and weight l e s s , t h e i r 
r e s i s t a n c e to abrasion and chemical a t t a c k i s r e l a t i v e l y low. This 
l a c k of surface hardness and abrasion r e s i s t a n c e has i n the past 
seve r e l y r e s t r i c t e d the use of these transparent polymeric mate
r i a l s . 

Abrasion r e s i s t a n t coatings such as p o l y s i l i c i c a c i d f l u o r i n a t e d 
copolymer compositions (1) d i d f i n d l i m i t e d commercial use as 
abrasion r e s i s t a n t c o a t i n g s . However, i n 1976, H. A. C l a r k , (2,3) 
described a new type of coa t i n g that provided the combination of 
adequate s h e l f l i f e , ease of a p p l i c a t i o n , low temperature cure and 
e x c e l l e n t r e s i s t a n c e to abrasion and chemical a t t a c k . These novel 
coatings are based on the h y d r o l y s i s of a l k y l t r i a l k o x y s i l a n e s i n 
the presence of an a c i d i c c o l l o d i a l s i l i c a . The term " c o l l o d i a l 
s i l i c a " r e f e r s to s t a b l e d i s p e r s i o n s or s o l s of d i s c r e t e p a r t i c l e s 
of amorphous s i l i c a . Both i n o r g a n i c and organic coatings have been 
prepared using c o l l o d i a l s i l i c a as a component of the coa t i n g ( 4 ) . 
This new f a m i l y of p o l y s i l o x a n e / s i l i c a r e s i n s i s considered unique 

0097-6156/85/ 0287-0129S06.00/ 0 
© 1985 American Chemical Society 
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130 P O L Y M E R W E A R A N D I T S C O N T R O L 

because i t forms an extremely hard, c l e a r p r o t e c t i v e coating 
comprised of very s m a l l s i l i c a p a r t i c l e s chemically bonded w i t h i n a 
s i l i c o n e r e s i n matrix. This paper describes H. A. C l a r k ' s pioneer
i n g work on these abrasion r e s i s t a n t coatings. I t a l s o contains 
a d d i t i o n a l i n f o r m a t i o n on f i l m formation, cured f i l m p r o p e r t i e s and 
concludes that the e x c e p t i o n a l performance i s due to a t i g h t l y 
c r o s s l i n k e d s t r u c t u r e i n which the c o l l o d i a l s i l i c a p a r t i c l e s act 
as a part of the c r o s s l i n k i n g system. 

SYNTHESIS 

Small samples of these h y b r i d r e s i n s can be prepared by simply 
mixing the a l k o x y s i l a n e and aqueous s i l i c a s o l u s i n g the water 
present i n the s o l s as the h y d r o l y s i s medium. We have found that 
maintaining the pH on the a c i d side r e s u l t s i n an adequate 
h y d r o l y s i s r a t e (IA) without an accompanying a c c e l e r a t i o n of 
s i l a n o l condensation (IB) that could r e s u l t i n the formation of 
h i g h l y c r o s s l i n k e d r e s i n and g e l p a r t i c l e s . 

\ ' 
IA -SiOR + H o0 — 4 -SiOH + ROH ι 2 r ι 
IB 2-SiOH — ^ - S i O S i - + H o0 

While many a c i d s can be used, ( 5 ) , a c e t i c a c i d has been found to be 
very e f f e c t i v e at promoting the h y d r o l y s i s r e a c t i o n w h i l e minimiz
i n g the s i l a n o l s e l f - c o n d e n s a t i o n r e a c t i o n and thus producing more 
of the d e s i r a b l e s i l a n o l endblocked monoalkylpolysiloxane r e s i n . 

Synthesis Example. Met h y l t r i m e t h o x y s i l a n e (50.0 grams) was 
a c i d i f i e d w i t h g l a c i a l a c e t i c a c i d (1.0 gram). An aqueous 
d i s p e r s i o n of a commercial c o l l o d i a l s i l i c a (66.7 grams) having a 
pH of 9.8 and c o n t a i n i n g 50% weight s i l i c a of 13-14 m i l l i m i c r o n s 
p a r t i c l e s i z e was added to the a c i d i f i e d s i l a n e to form a 
methanol-water d i s p e r s i o n of s i l i c a and monomethylpolysiloxane 
p a r t i c l e condensate. The s i l i c a to methylpolysiloxane r a t i o was 
60/40 (weight). A f t e r d i l u t i n g to 22.5 weight % w i t h i s o p r o p a n o l , 
the pH was adjusted to 5.35 w i t h a c e t i c a c i d . 

CATALYSIS 

C o n t r o l of the spontaneous condensation of the s i l a n o l s formed 
during and a f t e r the h y d r o l y s i s r e a c t i o n i s very important. I f too 
many s i l a n o l s condense during h y d r o l y s i s , the s h e l f l i f e w i l l be 
very short and g e l formation w i l l r e a d i l y occur. Therefore, the 
h y d r o l y s i s of the a l k o x y s i l a n e i s c a r r i e d out under m i l d c o n d i t i o n s 
and the r e s u l t i n g p a r t i a l condensate i s d i l u t e d w i t h water s o l u b l e 
s o l v e n t s to a lower s o l i d s l e v e l . The r e s i n i s cured by f u r t h e r 
s i l a n o l condensation which can occur w i t h heat alone. T h i s , 
however, i s a r e l a t i v e l y slow process that r e q u i r e s cure tempera
tures above the g l a s s t r a n s i t i o n temperature (Tg) of the p l a s t i c 
s u b s t r a t e . While many c a t a l y s t s can be used, i n c l u d i n g a c i d s , 
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9. V I N C E N T E T A L . Polysiloxane-Silica Hybrid Resins 131 

bases, and organic compounds of metals, i t has been found that 
s m a l l amounts of the s a l t s of weak organic a c i d s and strong bases 
provide the d e s i r e d balance of s h e l f l i f e and cure r a t e . Such 
c a t a l y s t s i n c l u d e sodium a c e t a t e , potassium a c e t a t e , and the 
acetate s a l t s of quaternary ammonium compounds. 

COATING 

The su b s t r a t e must be cle a n and f r e e from p a r t i c u l a t e matter. 
Adhesion to a c r y l i c p l a s t i c s i s normally e x c e l l e n t . We have 
found that the combination of isopropanol and a c e t i c a c i d w i l l 
g e n tly a t t a c k and s w e l l a polymethylmethacrylate (PMMA) surface and 
i s more aggressive as the molecular weight of the PMMA i s de
creased. E x c e l l e n t adhesion to polycarbonate can be obtained by 
heating the polycarbonate f o r two hours at 125°C before the c o a t i n g 
i s a p p l i e d . 

The p l a s t i c a r t i c l e s can be coated u s i n g conventional d i p , flow or 
spray techniques. However, i n order to achieve optimum f i l m 
formation and performance, c o n t r o l s on the temperature, r e l a t i v e 
humidity and c l e a n l i n e s s of the environment during solvent removal 
are necessary. The coatings c o n t a i n f a s t evaporating s o l v e n t s such 
as methanol, isopropanol and n-butanol and the solvent mixture can 
f u r t h e r c o n t a i n 10-15 weight percent water. The solvent removal 
must be s u f f i c i e n t l y slow enough, e s p e c i a l l y at greater than 50% 
r e l a t i v e humidity so that the c o a t i n g surface i s not cooled below 
the dew po i n t of the surrounding atmosphere. This would r e s u l t i n 
the formation of water d r o p l e t s known as lacquer b l u s h . High a i r 
speeds across the surface of the a r t i c l e can a l s o induce t h i s f i l m 
b l u s h i n g . Benard c e l l s (6) can a l s o be formed by a vort e x flow 
being created by the f a s t evaporating solvent i n the wet f i l m . 
Humidity changes can d r a s t i c a l l y a l t e r evaporation r a t e s and the 
solvent balance of water/solvent mixtures. High humidity prolongs 
d r y i n g time by slowing down the r a t e of water evaporation from the 
solvent blend (7). F i l m formation at about 25°C and l e s s than 50% 
r e l a t i v e humidity e l i m i n a t e s these kinds of f i l m d e f e c t s . 

CURE CONDITIONS 

I t i s necessary to thermally cure the coated p l a s t i c i n order to 
achieve f u l l c r o s s l i n k i n g of the a i r d r i e d f i l m . The degree of 
c r o s s l i n k i n g a f f e c t s not only the abrasion r e s i s t a n c e of c o a t i n g , 
but a l s o the adhesion and the long term performance under e n v i r o n 
mental c o n d i t i o n s . The temperature and time of cure i s a l s o 
d i c t a t e d by the thermal s t a b i l i t y and p r o p e r t i e s of the p l a s t i c 
s u b s t r a t e . The f o l l o w i n g t a b l e l i s t s recommended cures f o r v a r i o u s 
p l a s t i c s . 
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132 P O L Y M E R W E A R A N D I T S C O N T R O L 

TABLE I - RECOMMENDED CURE PROFILE 

PLASTIC TEMPERATURE TIME (hours) 

polycarbonate 
a c r y l i c s 

125°C 
75-95°C 

4 
4-8 

SURFACE PROPERTIES OF COATED PLASTICS 

Transparent p l a s t i c g l a z i n g i s o f t e n subjected to wiping and 
c l e a n i n g and the maintenance of o p t i c a l q u a l i t y i s important. One 
of the best known methods of measuring such abrasion or wear by a 
Taber abraser and to evaluate the degree of wear by determining the 
percentage of l i g h t that i s d i f f u s e d by the abraded specimen ( 8 ) , 
(9 ) . The r e s u l t s of comparing coated and uncoated a c r y l i c and 
polycarbonate to p l a t e g l a s s u s i n g t h i s t e s t are shown i n Table I I . 
The r e s i s t a n c e of g l a z i n g m a t e r i a l s to common chemicals, s o l v e n t s 
and c l e a n i n g agents i s a l s o important. A twenty-four hour spot 
t e s t i n which 1 ml of the reagent was placed upon the surface of 
the coated p l a s t i c and covered w i t h a watch g l a s s was used to 
measure chemical r e s i s t a n c e . A f t e r the exposure p e r i o d , the spot 
was wiped cl e a n and examined immediately f o r signs of degradation. 
The chemicals l i s t e d i n Table I I I had no e f f e c t upon the surface of 
the cured p o l y s i l o x a n e / s i l i c a c o a t i n g . 

TABLE I I 

ABRASION RESISTANCE 

SUBSTRATE 
P l a t e Glass 

DELTA % HAZE 
0.5% 

Uncoated A c r y l i c 
Coated A c r y l i c 

20% 
2.5% 

Uncoated Polycarbonate 
Coated Polycarbonate 

40% 
1.7% 

Test Method: Taber Abraser, 500 c y c l e s , 500 gram l o a d , 
CS-10F wheels 
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9. V I N C E N T E T A L . Polysiloxane-Silica Hybrid Resins 133 

TABLE I I I 

CHEMICAL RESISTANCE 

The f o l l o w i n g chemicals had no e f f e c t upon the surface of 
coated a c r y l i c or polycarbonate p l a s t i c s when t e s t e d f o r 24 
hours, ASTM D1308, spot t e s t , covered. 

Windex Glass Cleaner 
Formula 409 Household Cleaner 
Gasoline-Regular Grade 
SAE-30 Motor O i l 
VM&P Naphtha 
Isopropanol 
B u t y l Ether of Ethylene G l y c o l 

Ammonia (A&P sudsy brand) 
Kerosene 
Methanol 
Toluene 
L i g h t e r f l u i d - Ronsonal 
Sodium hydroxide 10% 
S u l f u r i c a c i d - 90% 

DISCUSSION 

U n l i k e conventional s i l i c o n e r e s i n s , the monomethylpolysiloxane 
s i l i c a h y b r i d r e s i n s e x h i b i t e x c e l l e n t r e s i s t a n c e to abrasion and 
chemical a t t a c k . I t i s f a i r l y w e l l e s t a b l i s h e d that s i l a n e 
c o u p ling agents form m e t a l - o x y g e n - s i l i c o n bonds w i t h metal surfaces 
(11). The s i l a n o l groups on the f r e s h l y hydrolyzed 
methyltrimethoxysilane are e s s e n t i a l l y the same as the s i l a n o l s on 
n e u t r a l s i l a n e c o u p l i n g agents. Therefore the surface of the 
s i l i c a s o l p a r t i c l e s can react w i t h the monomethy1silane t r i o l 
( H A ) . 

Me Me 
IIA -SiOH + HOSiOH ^ -SiOHSiOH + H o0 

? ' ? 
H H 

As the r e s i n f i l m undergoes cure, these monomethyl r e a c t i v e s i t e s 
on the s i l i c a surface can c r o s s l i n k w i t h the p o l y s i l o x a n e s con
t a i n e d i n the surrounding media ( I I B ) . 

ι ψ 
IIB -SiOSiOH + MeSiO / o(0H) ι ç n/2 

Η 

Microphotographs show that the s i l i c a p a r t i c l e s are not 
agglomerated as they pass from the i n i t i a l aqueous s o l through the 
h y d r o l y s i s w i t h methyltrimethoxy s i l a n e to the cured f i l m stage. 
T o r s i o n a l b r a i d a n a l y s i s s t u d i e s of cured 50/50 weight % 
MeSiO^/o/ s i 02 r e s i n f i l m s show very l i t t l e l o s s of modulus up to 
300°C ( l 2 ) . The modulus of conventional s i l i c o n e r e s i n s would be 
reduced by 50-70% over t h i s temperature span. The abrasion r e s i s 
tance i s increased as the s i l i c a l e v e l i s increased (Table I V ) . 

Me 
feiOn/2(OH)3_ H 20  P
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134 P O L Y M E R W E A R A N D I T S C O N T R O L 

TABLE IV 

SAMPLE NO. SUBSTRATE M e S i 0 3 / 2 : S i 0 2 DELTA % HAZE 

1 
2 
3 
4 
5 
6 

PMMA 
PMMA 
PMMA 
PMMA 
PMMA 
PMMA 

100/0 
90/10 
80/20 
70/30 
60/40 
50/50 

4.2 
3.0 
1.4 
0.6 
1.5 
0.6 

The obser v a t i o n s , coupled w i t h the cured f i l m s e x c e l l e n t solvent 
r e s i s t a n c e , i n d i c a t e s a t i g h t l y c r o s s l i n k e d s t r u c t u r e f r e e from the 
p l a s t i c i z i n g e f f e c t s of low molecular weight p o l y s i l o x a n e s and i n 
which the c o l l o i d a l s i l i c a p a r t i c l e s act as part of the c r o s s l i n k 
ing system. 
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Effect of Chemical Structure on the Friction 
and Wear of Polyimide Thin Films 

J. W. Jones1 and N. S. Eiss, Jr.2 

1Harris Corporation, Melbourne, F L 32901 
2Department of Mechanical Engineering, Virginia Polytechnic Institute 

and State University, Blacksburg, VA 24061 

The friction and wear behavior of three thin 
polyimide films of known chemical structure was 
tested. An attempt was made to correlate 
differences in chemical structure, primarily the 
presence of flexible linkages and highly polar side 
groups, to differences in tribological 
properties. The wear test results showed lowest 
wear for the polyimide with the flexible oxygen 
linkage. The wear mechanism was deduced to be 
fatigue since wear did not occur immediately and a 
positive correlation was noted between wear rate 
and elastic modulus. The friction results showed 
highest friction for the polyimide with the highest 
density of polar side groups. 

Polyimides are long chain molecules which have r e c u r r i n g imide 
groups as an i n t e g r a l part of t h e i r main chain. High thermal 
s t a b i l i t y i s e s p e c i a l l y c h a r a c t e r i s t i c of aromatic polyimides, 
which are derived from aromatic diamines. 

The major p o r t i o n of research on the f r i c t i o n and wear of p o l y 
imides has been done by R. L. Fusaro. In t e s t s performed on 
polyimide t h i n f i l m s , (25pm t h i c k ) , using a pin-on-disk apparatus, 
Fusaro found that polyimides f a l l i n t o two groups according to 
f r i c t i o n and wear p r o p e r t i e s . Group I polyimides, g e n e r a l l y have 
lower f r i c t i o n and higher wear than group I I polyimides. The wear 
of both groups, according to Fusaro, occurs by an adhesive wear 
mechanism, wit h l a r g e r wear p a r t i c l e s being formed by group I 
polyimides (_1). Fusaro's r e s u l t s suggested that a l i n e a r non-
cross l i n k e d polyimide w i l l have a higher wear rate than a polyimide 
c h a r a c t e r i z e d by some c r o s s l i n k i n g . Other t r i b o l o g i c a l i n f o r m a t i o n 
suggested by Fusaro i s that the polyimide t h i n f i l m s undergo l i n e a r 
wear r a t e s , and have an order of magnitude longer wear l i v e s i n 
i n e r t atmospheres ( 2 ) . Fusaro has al s o noted that polyimides 
undergo a t r a n s i t i o n from high f r i c t i o n , high wear to low f r i c t i o n , 
low wear as the temperature i s increased above about 40°C. No 
c o r r e l a t i o n between t h i s t r a n s i t i o n and a molecular r e l a x a t i o n was 

0097-6156/ 85/ 0287-0135$06.00/ 0 
© 1985 American Chemical Society 
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136 P O L Y M E R W E A R A N D I T S C O N T R O L 

found (3>4_)· However, i n the d i s c u s s i o n of (4) Ludema noted that 
t h i s l a c k of c o r r e l a t i o n between f r i c t i o n t r a n s i t i o n and molecular 
r e l a x a t i o n s may be due to the d i f f e r e n t s t r a i n rates i n the t e s t s . 

Fusaro compared the t r i b o l o g i c a l p r o p e r t i e s at 25°C of seven 
polyimide f i l m s bonded to type 301 s t a i n l e s s s t e e l . B r i t t l e 
f r a c t u r e and s p a l l i n g occurred i n a l l f i l m s i n l e s s than 1000 
cyc l e s of s l i d i n g . Of the seven polyimides t e s t e d i n t h i s study, 
Fusaro provided chemical s t r u c t u r e s f o r two of them, PIC-6 and PIC-
7. PIC-6 had oxygen groups l i n k i n g some of i t s aromatic r i n g s 
while PIC-7 had a high density of carbonyl groups. The PIC-7 p o l y 
imide underwent much worse s p a l l i n g and wore away much quicker than 
the PIC-6 polyimide. This could be p r e d i c t e d from the chemical 
s t r u c t u r e s since the PIC-6 backbone contains the f l e x i b l e oxygen 
carbon l i n k s and consequently should have lower e l a s t i c modulus 
than the more r i g i d PIC-7 s t r u c t u r e ( 5 ) . 

In much of the previous research on the t r i b o l o g i c a l p r o p e r t i e s 
of polyimides, the chemical s t r u c t u r e was p r o p r i e t a r y . Con
sequently, g e n e r a l i z a t i o n s about s t r u c t u r e - p r o p e r t y r e l a t i o n s h i p s 
have been hindered. In t h i s research f r i c t i o n and wear t e s t i n g on 
three polyimides of known chemical s t r u c t u r e i s presented. The 
r e l a t i v e t r i b o l o g i c a l performance of each polyimide i s r e l a t e d to 
i t s chemical s t r u c t u r e . 

EXPERIMENTAL PROGRAM 

Polyamic acids were polymerized from dianhydride and diamines which 
d i f f e r e d by only a l i n k i n g group. The polyamic acids were d i s 
solved i n Ν,Ν-dimethylacetamide (DMAC) at a concentration of 15 per 
cent weight of a c i d per volume of s o l v e n t . The s o l u t i o n s were 
spread onto AISI 410 s t a i n l e s s s t e e l s u b s t r a t e s , 1.26μη R rough
ness, and allowed to a i r dry f o r 24 hours. The f i l m s were cured by 
heating s u c c e s s i v e l y at 70°C, 140°C, and 200°C f o r one hour each to 
produce f i l m s w i t h a thickness of approximately 50μπι. The s t r u c 
t ures of the r e s u l t i n g polyimides which were a r b i t r a r i l y named PIA, 
PIB, and PIC are shown i n F i g . 1. 

The mechanical p r o p e r t i e s of the polyimide f i l m were measured 
i n t e n s i o n t e s t s . To do t h i s polyimide f i l m s were cast and cured 
on g l a s s s u b s t r a t e s . The f i l m s were removed and t e n s i l e t e s t 
specimens were stamped from the f i l m s using a d i e . The specimens 
were then p u l l e d to f r a c t u r e at a cross-head speed of 10 mm/min. 
The mechanical p r o p e r t i e s obtained from the load-elongation curves 
are given i n Table I. 

A l l f r i c t i o n and wear t e s t i n g was performed using a pin-on-disk 
machine ( 6 ) . A 3.175 mm diameter AISI 52100 s t e e l b a l l was loaded, 
using a pneumatic device, against the polyimide f i l m which was 
rot a t e d at a ra t e to give a s l i d i n g v e l o c i t y of 0.628 m/s. The 
b a l l was commercially lapped to a surface roughness of 
0.01 μπι R · In a l l t e s t s , the ambient temperature was 22°C and the 
r e l a t i v e humidity was 40 per cent. 

F r i c t i o n forces caused a d e f l e c t i o n , measured by a proxim i t y 
transducer, of a c a n t i l e v e r beam to which the b a l l was attached. 
The f r i c t i o n force was measured continuously throughout the e x p e r i 
ment. The wear of the polyimide f i l m was measured by stopping 
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10. J O N E S A N D E I S S Chemical Structure Effect on Polyimide Thin Films 

Table I F i l m Mechanical P r o p e r t i e s 

137 

95 per cent confidence range i s given i n parenthesis 

Ultimate 
T e n s i l e Strength 

(MPa) 

Elongation 
to 

Break 
(per cent) 

Energy 
to Rupture 
Parameter 
(MPa) 

Modulus 
of 

E l a s t i c i t y 
(GPa) 

PIA 113.4 9.2 10.425 1.194 
(97.3-129.5) (6.8-11.5) (7.542-13.309) (.986-1.401) 

PIB 86.0 8.7 7.492 .974 
(80.4-91.5) (6.9-10.4) (5.684-9.299) (.902-1.046) 

PIC 102.9 6.5 6.843 1.239 
(87.7-118.0) (5.3-7.7) (4.548-9.138) (1.079-1.399) 

the t e s t s at i n t e r v a l s of 2000 cycles and ta k i n g four surface 
p r o f i l e s of the tr a c k cross s e c t i o n using a s t y l u s p r o f i l e meter. 
The wear was q u a n t i f i e d by ta k i n g the average of four c r o s s -
s e c t i o n a l areas. The wear rates were obtained by using a l i n e a r 
r e g r e s s i o n on the average cross -section area versus number of 
c y c l e s . The wear values at 2000 cy c l e s were not used i n the 
regr e s s i o n because they d i d not represent steady s t a t e c o n d i 
t i o n s . P r e l i m i n a r y t e s t s were run at normal loads from 2 to 10 
N. As a r e s u l t of these t e s t s a normal load of 5 Ν was s e l e c t e d t o 
measure the wear r a t e s . F r i c t i o n data were obtained at both 5 and 
10 Ν normal load. During the p r e l i m i n a r y t e s t s scanning e l e c t r o n 
micrographs were taken of wear tracks formed a f t e r 50 kc of s l i d i n g 
w i t h a normal load of 3 N. 

RESULTS 

The f r i c t i o n and wear t e s t s were c h a r a c t e r i z e d by an i n i t i a l p e r i o d 
during which the f r i c t i o n c o e f f i c i e n t was l e s s than 0.1 and no wear 
was observed. This i n i t i a l p e r i o d terminated w i t h an abrupt r i s e 
i n the f r i c t i o n c o e f f i c i e n t f o r PIA and PIC (Figure 2) followed by 
a gradual increase over the dura t i o n of the t e s t (Figure 3). PIB 
underwent a more gradual f r i c t i o n t r a n s i t i o n than PIA and PIC. The 
f r i c t i o n c o e f f i c i e n t s at 2 kc and 16 kc are l i s t e d i n Table I I . 

The i n i t i a t i o n of the wear track occurred simultaneously w i t h 
the abrupt r i s e i n the f r i c t i o n . The wear rate decreased from i t s 
i n i t i a l value to a steady s t a t e value i n l e s s than 4 kc a f t e r 
i n i t i a t i o n (see Figure 4). The steady s t a t e wear r a t e s , expressed 
i n square micrometers of track cross s e c t i o n area per k i l o c y c l e of 
s l i d i n g , are given i n Table I I I . 
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P O L Y M E R W E A R A N D I T S C O N T R O L 

Ο 
II 

Τ *Λ 
g dl/g °C 

1.30 295 

PIB 1.49 257 

RC 

Ο 
II 

0.91 288 

* Inherent viscosity in deciliters per gram of polyamic at 25°C. 
-·':·'· Glass transition temperature of polyimide film dried through 200°C for 

one hour, thermal mechanical analysis at heating rate of 5°C /min . 

Figure 1. Chemical Structure and P r o p e r t i e s of Polyimides 

z: 
LU 
U_ 
LL 
UJ 
Ο 
Ο 

α: 

0 1 
S T R E S S C Y C L E S ( K I L O C Y C L E S ) 

Figure 2. F r i c t i o n C o e f f i c i e n t During Wear Track I n i t i a t i o n 
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Figure 3. E f f e c t of Structure on F r i c t i o n C o e f f i c i e n t 

Figure 4. E f f e c t of Structure of Polyimides on Wear, 5 Ν Load, 
0.63 m/s s l i d i n g speed 
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140 P O L Y M E R W E A R A N D I T S C O N T R O L 

Table I I E f f e c t of Structure on F r i c t i o n C o e f f i c i e n t 

5 Ν Normal Load 

95% 95% 
Confidence Confidence 

μ2000 Range μ16000 Range 

PIA 0.26 0.24-0.29 0.32 0.30-0.33 
PIB 0.23 0.21-0.26 0.27 0.26-0.29 
PIC 0.29 0.28-0.31 0.34 0.31-0.36 

10 Ν Normal Load 
95% 

Confidence 
μ2000 Range 

PIA 0.19 0.17-0.21 
PIB 0.23 0.19-0.26 
PIC 0.27 0.26-0.28 

The number of cycles required to i n i t i a t e a wear track was 
a f f e c t e d both by the polyimide type and the normal load as shown i n 
Table I I I . The 95 per cent l e v e l confidence range was a measure of 
the l a r g e v a r i a b i l i t y i n the i n i t i a t i o n p e r i o d s ; the only s t a t i s t i 
c a l l y s i g n i f i c a n t d i f f e r e n c e s were that PIC i n i t i a t e d sooner than 
PIB at 5 Ν load and that PIA at 5 Ν load i n i t i a t e d e a r l i e r than at 
the 10 Ν load. 

Table I I I Wear Rates and Incubation Periods 

Load 5 Ν Load 10 Ν 

Wear Rate Incubation Incubation 

Polyimide 2 
(urn /kc) period ( c y c l e s ) period ( c y c l e s ) 

PIA 171 269 1060 
(159-183) (90-448) (490-1630) 

PIB 56 557 442 
(54-58) (355-759) (221-662) 

PIC 168 115 — 
(150-186) (6-224) — 

95 per cent confidence range i s given i n parenthesis. 

Scanning e l e c t r o n micrographs were made of the wear tracks to 
i l l u s t r a t e p o s s i b l e d i f f e r e n c e s i n the nature of the wear among the 
polyimides. The polyimide f i l m s which were examined were run f o r 
50 kc at a s l i d i n g speed of 0.63 meters per second under a load of 
3 N. The wear track of PIC, Figure 5, shows grooves formed by 
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10. J O N E S A N D E I S S Chemical Structure Effect on Polyimide Thin Films 141 

p l a s t i c deformation and by t e a r i n g . P l a t e l e t p a r t i c l e s are e i t h e r 
wear p a r t i c l e s embedded i n the wear tr a c k by the s l i d i n g a c t i o n or 
i n c i p i e n t wear p a r t i c l e s s i m i l a r to those p r e d i c t e d by the 
delamination theory of wear. Evidence of t e a r i n g wear was not 
detected i n the wear tracks of PIA and PIB (Figures 6 and 7 ) . Both 
PIA and PIB e x h i b i t e d f i n e r wear debris than PIC. 

DISCUSSION 

Polyimide Wear. A unique feature of the r e s u l t s was the i n i t i a l 
p e riod during which no measureable wear occurred. This f e a t u r e 
occurred because the contact s t r e s s e s were below the magnitude 
required to generate wear p a r t i c l e s when s l i d i n g commenced* Hence, 
m u l t i p l e s t r e s s c y c l e s were required to cause wear p a r t i c l e s to 
form: This phenomenon i s c a l l e d f a t i g u e wear. 

Another explanation f o r the i n i t i a l p e r i o d of no wear i s that 
the polyimide and b a l l surfaces were contaminated by a f i l m . This 
f i l m caused low f r i c t i o n and surface s t r e s s e s below that required 
f o r immediate wear p a r t i c l e generation. The i n i t i a l p e r i o d i s the 
time during which the f i l m i s worn away r e s u l t i n g i n an increase i n 
adhesion, increase i n surface s t r e s s , and subsequent wear p a r t i c l e 
formation. Obviously, both f a t i g u e and contaminant f i l m removal 
could be operative during the i n i t i a t i o n p e r i o d . Experiments w i t h 
c a r e f u l l y c o n t r o l l e d environments and surface c l e a n i n g procedures 
would be necessary to d i s c r i m i n a t e between these two expl a n a t i o n s . 

A f t e r the wear p a r t i c l e s were generated and a groove was worn 
i n the polyimide, a period of steady s t a t e wear occurred. The 
steady s t a t e wear rates d i d not c o r r e l a t e w i t h the energy to rup
ture and c o r r e l a t e d p o s i t i v e l y w i t h the u l t i m a t e t e n s i l e strengths 
and the e l a s t i c moduli of the polyimides (see Tables I and II)· 
The lack of c o r r e l a t i o n w i t h the rupture energy suggests that the 
predominant wear mechanism i s not abrasive wear because a p o s i t i v e 
c o r r e l a t i o n has been found between wear r a t e and the inverse of the 
rupture energy f o r abrasive wear 0 7 ) · Because the f r a c t u r e energy 
was not measured, i t i s not known how t h i s property would c o r r e l a t e 
w i t h the wear r a t e s . 

Adhesive wear i s caused by the adhesive bonds at the i n t e r f a c e 
being strong enough to cause cohesion f a i l u r e i n the polyimide and 
t r a n s f e r to the s t e e l b a l l . Thus, the lower strength polyimides 
should f a i l more r e a d i l y and have higher wear r a t e s . However, i n 
these t e s t s , the higher strength polyimides had higher wear 
r a t e s . Hence, the adhesive wear i s not the predominant mechanism. 

The p o s i t i v e c o r r e l a t i o n of wear rates w i t h e l a s t i c moduli Ε 
of the polyimides i s con s i s t e n t w i t h the f a t i g u e model f o r wear 
(8 ) . The reason f o r t h i s c o r r e l a t i o n i s that the surfaces s t r e s s e s 
which are c a l c u l a t e d using the H e r t z i a n contact equations are pro
p o r t i o n a l to E z / J . Higher s t r e s s e s lead to high wear rates because 
l e s s s t r e s s c y c l e s are required to cause a f a t i g u e f a i l u r e and 
produce a wear p a r t i c l e . 

The experimental r e s u l t s suggest t h a t , f o r these polyimides, 
the most f l e x i b l e system had the lowest wear r a t e . Of the three 
polyimides t e s t e d , PIB should have the most f l e x i b l e chain, as 
i n d i c a t e d by the gla s s t r a n s i t i o n temperature, because of the pre 
sence of the oxygen l i n k i n g group. Chain r i g i d i t y i s approximated 
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P O L Y M E R W E A R A N D I T S C O N T R O L 

Figure 5. PIC Wear Track, 50000 cycles at 0.63 m/s, 3 Ν Load 

Figure 6. PIA Wear Track, 50000 cycles at 0.63 m/s, 3 Ν Load 
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by the glass t r a n s i t i o n temperature since chains w i t h l e s s i n t e r n a l 
m o b i l i t y i n h i b i t the glass t r a n s i t i o n by s t o r i n g thermal energy 
through s t e r i c hindrance (9)· The oxygen l i n k i n g group allows a 
great deal of chain movement and can have a marked e f f e c t on the 
bulk r i g i d i t y of a polyimide. For example a c e r t a i n aromatic p o l y 
imide which contains the l i n k i n g group A shown i n Figure 8 has an 
elong a t i o n to f a i l u r e of 2 per cent, while the same polyimide w i t h 
the more f l e x i b l e l i n k i n g group Β has an elongation to f a i l u r e of 
80 per cent. The same polyimide with the even more f l e x i b l e group 
C has a elongation to f a i l u r e of 120 per cent ( 10). Correspon
d i n g l y , PIB, the polyimide polymerized from the diamine wi t h the 
f l e x i b l e oxygen l i n k a g e , had the lowest wear r a t e . 

Of the two remaining polyimides, PIC would have the l e s s f l e x 
i b l e chains due to i t s greater density of double bonds and h i g h l y 
p o l a r carbonyl groups. The chain i s s t a b i l i z e d by a double bond 
because the p i o r b i t a l bond r e s t r i c t s the movement of neighboring 
atoms and hence increases chain r i g i d i t y . A high density of pol a r 
groups increases chain r i g i d i t y due to the r e p u l s i o n of l i k e 
charges. Despite t h i s , the glass t r a n s i t i o n temperature of PIA i s 
s l i g h t l y higher than that of PIC. This i s probably due to PIA*s 
higher molecular weight and correspondingly longer average chain 
length as i n d i c a t e d by the s i g n i f i c a n t l y l a r g e r inherent v i s c o s 
i t y . I f one accepts glass t r a n s i t i o n temperature as a measure of 
chain r i g i d i t y , then there i s a good c o r r e l a t i o n between chain 
r i g i d i t y and wear r a t e . 

In a d d i t i o n to t h e i r e f f e c t on chain f l e x i b i l i t y , h i g h l y polar 
si d e groups may have a d i r e c t e f f e c t on wear r a t e . In c r y s t a l l i n e 
and s e m i - c r y s t a l l i n e systems, the presence of h i g h l y polar side 
groups would tend to lower wear by inducing a higher degree of 
c r y s t a l l i n i t y , thereby i n h i b i t i n g crack propagation. In c r y s t a l 
l i n e polymers, crack propagation i n v o l v e s the breaking of primary 
bonds because the polymer chains cannot r e o r i e n t to allow slippage 
(11). For predominantly amorphous systems, the increased tendency 
toward some degree of c r y s t a l l i n i t y has much l e s s e f f e c t on crack 
propagation, since cracks may e a s i l y propagate through the amor
phous regions. Therefore, f o r the p r i m a r i l y amorphous polyimides 
t e s t e d , the wear i n h i b i t i n g e f f e c t s of p o l a r i t y - i n d u c e d c r y s t a l 
l i n i t y are g r e a t l y diminished since wear p r o p e r t i e s are dominated 
by the amorphous regions. 

Highly polar side groups could conceivably lead to increased 
i n t e r a c t i o n and adhesion to the con t a c t i n g metal or t r a n s f e r r e d 
f i l m . Increased adhesion would lead to higher t r a c t i v e s t r e s s e s 
and correspondingly higher wear r a t e s . The S.E.M. photographs 
support t h i s hypothesis since PIC, wi t h the h i g h l y p o l a r carbonyl 
group, was the only polyimide to e x h i b i t signs of t e a r i n g . 

The e f f e c t of the s t r u c t u r e on chain r e g u l a r i t y may al s o play 
some r o l e i n determining wear. Of the three polyimides, PIC would 
have the most regular chain because the PIC diamines, c o n t a i n i n g 
carbonyl l i n k a g e s , are more s i m i l a r to the common dianhydride than 
the PIA and PIB diamines are. A s t r u c t u r a l u n i t that would tend to 
increase r e g u l a r i t y would tend to produce a l e s s e l a s t i c , more 
r i g i d polymer (12). I t i s hypothesized t h a t , f o r f a t i g u e wear, 
t h i s change i n p r o p e r t i e s would lead to a higher wear r a t e . How
ever, l i k e the p o l a r i t y e f f e c t , increased r e g u l a r i t y i s be l i e v e d to 
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Figure 7. PIB Wear Track, 50000 cy c l e s at 0.63 m/s, 3 Ν Load 

ELONGATION 
TO FAILURE 
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Figure 8. E f f e c t of F l e x i b l e Oxygen Linkage on R i g i d i t y 
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play a much smaller r o l e i n determining wear f o r amorphous polymers 
r e l a t i v e to c r y s t a l l i n e polymers. 

Though not d i r e c t l y r e l a t e d to s t r u c t u r e , the chain length, as 
approximated by molecular weight, may have a f f e c t e d the wear rates 
of the polyimides. Longer polymer chains i n high molecular weight 
m a t e r i a l s lead to higher mechanical p r o p e r t i e s and tend to decrease 
wear since they more l i k e l y r e q u i r e primary bond breakage f o r crack 
propagation (11). P o s s i b l y molecular weight d i d play a s i g n i f i c a n t 
r o l e i n determining wear performance as suggested by the decreased 
wear rate f o r PIB, the polyimide with the highest molecular 
weight. However, molecular weight was obviously not the dominant 
f a c t o r as evidenced by the s i m i l a r wear performance of PIA and PIC 
despi t e the r e l a t i v e l y large d i f f e r e n c e i n t h e i r molecular weights. 

Fusaro tested two condensation type polyimides whose t r i b o l o g i 
c a l performance may have been a f f e c t e d by some of the p r e v i o u s l y 
mentioned f a c t o r s . Fusaro 1s PIC-7, analogous to PIC, had a high 
d e n s i t y of h i g h l y p o l a r carbonyl groups, while h i s PIC-6 had a 
number of oxygen linkages making i t analogous to PIB. In t e s t s 
conducted at 25°C, Fusaro observed a wear rate f o r PIC-7 three 
times higher than that of PIC-6 (4_). 

Polyimide f r i c t i o n . The f r i c t i o n of polymers c o n s i s t s of an adhe
s i o n component and a deformation component. The adhesion component 
a r i s e s from the shearing of adhered j u n c t i o n s and i s u s u a l l y 
modeled as the product of the r e a l area of contact and the shear 
s t r e n g t h of the polymer. The deformation component a r i s e s from the 
f r i c t i o n a l work required to balance the energy d i s s i p a t e d i n p l a s 
t i c deformation. Some i n v e s t i g a t o r s have developed f r i c t i o n models 
i n which the adhesive bonds at the j u n c t i o n s increase the amount of 
p l a s t i c deformation over that which would e x i s t i n the absence of 
these bonds (13). 

In these experiments two f a c t o r s could contribute to the i n 
crease i n f r i c t i o n observed when the wear tr a c k i n i t i a t e d 1) an 
increase i n r e a l area of contact, and 2) an increase i n ploughing 
by polyimide wear p a r t i c l e s . When the wear track i n i t i a t e d the 
geometry of the contact changed from a sphere-on-flat to a sphere-
on-concave c y l i n d e r . The Her t z i a n contact equations were used to 
c a l c u l a t e an increase of r e a l area of contact of 15 to 30 per cent 
f o r the b a l l i n the wear groove. This increase i n area could ac
count f o r a p o r t i o n of the f r i c t i o n increase e i t h e r by i n c r e a s i n g 
the area sheared during s l i d i n g or by i n c r e a s i n g deformation 
l o s s e s . However, t h i s increase i s i n s u f f i c i e n t to account f o r the 
300 to 400 per cent increase i n f r i c t i o n when the track formed. 

The scanning e l e c t r o n micrographs and p r o f i l e s of the wear 
tra c k i n d i c a t e d that grooves were formed i n some of the wear 
t r a c k s . The tracks which were grooved a l s o had higher c o e f f i c i e n t s 
of f r i c t i o n than smooth t r a c k s . The grooves are most l i k e l y formed 
by polyimide wear p a r t i c l e s trapped between the sphere and the wear 
t r a c k ; the wear p a r t i c l e s ploughed grooves i n the wear tr a c k thus 
i n c r e a s i n g the f r i c t i o n f o r c e s . This ploughing a c t i o n i s assumed 
to be the major cause of the increase i n f r i c t i o n . 

There was an i n t e r a c t i o n between the polymer s t r u c t u r e and the 
normal load and t h e i r e f f e c t on the f r i c t i o n c o e f f i c i e n t as shown 
i n Table I I . At a load of 5 Ν the f r i c t i o n c o e f f i c i e n t of PIB was 
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s i g n i f i c a n t l y l e s s than that of PIC but no s i g n i f i c a n t d i f f e r e n c e 
could be found between e i t h e r PIB and PIA or PIA and PIC. At the 
10 Ν lo a d , the f r i c t i o n c o e f f i c i e n t of PIC was s i g n i f i c a n t l y 
greater than that of PIA and PIB while there was no s i g n i f i c a n t 
d i f f e r e n c e between PIA and PIB. P o l a r i t y may e x p l a i n the higher 
f r i c t i o n f o r PIC. B e l y i ( 14) found that extremely high f r i c t i o n 
r e s u l t e d when rubbing h i g h l y p o l a r polymers such as polymethylme
t h a c r y l a t e and polycaproamide. He a t t r i b u t e d the high f r i c t i o n 
d i r e c t l y to the polar nature of the polymers. As noted above, PIC, 
with the h i g h l y polar carbonyl group, i s the most polar of the 
three polyimides and was the only polyimide to show signs of severe 
t e a r i n g i n the wear t r a c k s . 

CONCLUSIONS 

The wear r e s u l t s were c h a r a c t e r i z e d by an i n i t i a l p eriod of no wear 
followed by c a t a s t r o p h i c i n i t i a t i o n of the wear t r a c k . This 
i n i t i a t i o n was d i s t i n g u i s h e d by a sharp increase i n f r i c t i o n 
c o e f f i c i e n t and a wear rate which was higher than the subsequent 
steady s t a t e wear. Fatigue wear i s proposed as the predominant 
wear mechanism because of the m u l t i p l e s t r e s s cycles required to 
i n i t i a t e wear and because of the p o s i t i v e c o r r e l a t i o n between the 
wear rates and the e l a s t i c moduli of the polyimides. 

A c o r r e l a t i o n between chain f l e x i b i l i t y and wear rate was 
noted. The more f l e x i b l e the chain, as approximated by the gl a s s 
t r a n s i t i o n temperature, the lower the wear r a t e . S.E.M. photo
graphs and p i t t e d wear tracks suggested that the presence of h i g h l y 
p o l a r side groups l e d to higher wear f o r PIC. Molecular weight, or 
chain l e n g t h , was not a dominant wear determining f a c t o r . The 
importance of the deformation component of f r i c t i o n i s suggested by 
the c o r r e l a t i o n of wear track roughness to high f r i c t i o n . I ncreas
ed wear track roughness and increased polyimide p o l a r i t y c o n t r i 
buted to PIC having the highest c o e f f i c i e n t of f r i c t i o n . 
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DISCUSSION 

Question: Anderson, T. G., Amoco Chemicals Corp., N a p e r v i l l e , 111. 
Were the polyimide f i l m s checked f o r inherent v i s c o s i t y (mole

c u l a r weight) changes a f t e r annealing? Our experience i s that t h i s 
type of polymer i s s e n s i t i v e to heat h i s t o r y . 

Answer : No 

Question: Bahadur, S., Iowa State U n i v e r s i t y , Ames, Iowa 
1. In your presentations you have been co n s i d e r i n g the gross 

area of contact. Are you implying that f a t i g u e occurs due to the 
r e v e r s a l of str e s s e s i n t h i s gross contact region? Should the 
r e v e r s a l of s t r e s s not be considered f o r f a t i g u e i n the microasper-
i t y contact regions. 

2. Since you are con s i d e r i n g f a t i g u e , should you not consider 
i n the i n t e r p r e t a t i o n of your wear data the e f f e c t of c o e f f i c i e n t 
of f r i c t i o n w i t h the normal load? 

Answer : 
1. The geometry of a sphere on a f l a t w i t h normal and tangen

t i a l loads generates a s t r e s s d i s t r i b u t i o n i n the polymer which i s 
maximum on the c e n t e r l i n e of the wear tr a c k . An element of polymer 
i n the center of the track experiences a l t e r n a t i n g compressive and 
t e n s i l e s t r e s s e s each time the s l i d e r passes. Consequently, wear 
p a r t i c l e s w i l l be formed from the center of the tracks f i r s t . As 
m a t e r i a l i s removed from the track center, the other portio n s of 
the t r a c k must support the load so that the maximum s t r e s s now 
s h i f t s to other elements i n the polymer wear tr a c k . Thus, wear 
p a r t i c l e s are produced from m i c r o a s p e r i t y s i z e d regions and would 
have dimensions much smaller than the gross contact area. 

2. The e f f e c t of f r i c t i o n must be considered i n determining 
the v a r i a b l e s t r e s s which any element of polymer experiences be
cause i t i s the f r i c t i o n f o r c e which gives r i s e to a t e n s i l e s t r e s s 
on the surface. The t e n s i l e s t r e s s i s necessary to propagate 
cracks which, e v e n t u a l l y lead to polymer wear p a r t i c l e formation. 

Question: Schmidt, Μ., Brewer Science Inc., R o l l a , MO 
Does placement of the hinge i n the polyimide s t r u c t u r e a f f e c t 

wear r e s i s t a n c e ? 

American Chemical Society 
Library 

115516th St. N.W. 
Washington, D.C. 20036 
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148 P O L Y M E R W E A R A N D I T S C O N T R O L 

Answer: 
This has not been s t u d i e d . 

Question: B r i s c o e , B., Imperial C o l l e g e , London, England 
1. Do you consider that your trends i n f r i c t i o n may be due to 

topographical changes? 
2. Are the temperature r i s e s s i g n i f i c a n t during your t e s t and 

could they be important? 

Answer : 
1. When the wear track forms, there are grooves w i t h i n the 

wear tracks which are caused by ploughing of the wear tr a c k by wear 
debris trapped by the s l i d e r . The increase i n deformation during 
ploughing r e s u l t s i n the increase i n f r i c t i o n . In t h i s sense the 
f r i c t i o n i s r e l a t e d to the change i n topography. 

2. The t e s t s were stopped every 2000 cycles to measure the 
wear track c r o s s - s e c t i o n a l area. The temperature of the s t e e l b a l l 
was measured by a thermocouple con t a c t i n g the b a l l s u rface. During 
2000 cy c l e s the temperature rose 5 to 10°C. As there are no s i g n i 
f i c a n t thermal transformations i n the range of room temperature 
22°C to 32°C, no s i g n i f i c a n c e was attached to t h i s temperature 
r i s e * 

R E C E I V E D January 23, 1985 
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11 
Wear of Poly(tetrafluoroethylene) 
A Maverick or Not 

B. J . Briscoe 

Department of Chemical Engineering, Imperial College, London SW7 2BY, England 

The wear characteristics of polytetrafluoroethylene 
(PTFE) have been widely studied; it is an important 
commercial polymer. This special attention has some
times created a thesis that this polymer has very 
unusual or special wear characteristics when compared 
with the response of other polymers. This review com
pares the wear behaviour of PTFE with that of a range 
of polymers and examines the basis of this belief. The 
experimental evidence indicates that it is only in the 
area of transfer wear that a major contrast in charac
teristics is seen. Even in this restricted wear mode 
the differences are arguably ones of extent and not 
kind. 

The wear processes observed i n p o l y t e t r a f l u o r o e t h y l e n e , PTFE, share 
many features which are common to other t h e r m o p l a s t i c s . When the 
polymer i s s l i d over r e l a t i v e l y smooth r i g i d counterfaces i t forms 
t h i n t r a n s f e r r e d l a y e r s on i t s counterface under isothermal contact 
c o n d i t i o n s even at room temperature. The generic c l a s s of polyethy-
lenes behave i n a s i m i l a r , although g e n e r a l l y l e s s extensive manner. 
The r a t e s of t r a n s f e r wear, as the o v e r a l l process i s termed, are 
comparatively high but may be e f f e c t i v e l y reduced by the i n c l u s i o n of 
hard secondary phases i n t o the polymer m a t r i x . Such an expedient i s 
widely adopted to some extent i n almost a l l commercial polymeric 
bearings on some occasions. As the s c a l e of the roughness of the 
counterface i s i n c r e a s e d , t r a n s f e r wear i s replaced by abrasive wear. 
The hard a s p e r i t i e s on the counterface now cut i n t o the s o f t e r p o l y 
mer and microchips or f i n e f i l a m e n t s are removed from the polymer 
surface. Hard f i l l e r phases are u s u a l l y i n e f f e c t i v e i n suppressing 
t h i s mode of wear although f i l l e r p a r t i c l e s may modify the surface 
topography of the counterface. Again t h i s i s commonly observed w i t h 
thermoplastics. 

In both these regimes of wear, high r a t e s of power d i s s i p a t i o n 
i n the contact f i r s t lead to surface and then subsurface thermal s o f 
tening. These thermal e f f e c t s g e n e r a l l y l i m i t the maximum PV 
(p r e s s u r e - v e l o c i t y ) product of polymeric contacts. Furthermore, 

0097-6156/85/0287-0151$06.00/0 
© 1985 American Chemical Society 
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152 P O L Y M E R W E A R A N D I T S C O N T R O L 

f l u i d l u b r i c a t i o n or boundary l u b r i c a t i o n of PTFE i s normally i n e f 
f e c t i v e . The s p e c i f i c f r i c t i o n a l work of the dry contact i s low 
and hence f l u i d or weak boundary l a y e r s o f f e r no great advantages 
and what i s more these l a y e r s w i l l o f t e n undermine the t e n a c i t y of 
the adhesion of t r a n s f e r l a y e r s to the counterface w i t h the r e s u l t 
that the r a t e of wear i s increased. There are s i m i l a r i t i e s i n the 
response of other " c o l d " or isothermal t r a n s f e r r i n g of polymers. 

These things are w e l l known and numerous s p e c i f i c papers and 
review a r t i c l e s emphasise these p o i n t s from v a r i o u s viewpoints (1-9). 
In summary, the t r i b o l o g y of PTFE, although somewhat unusual i n some 
r e s p e c t s , i s not e x c e p t i o n a l l y d i f f e r e n t from that of other organic 
polymers, p a r t i c u l a r l y low temperature (gross s o f t e n i n g below ca. 
350°C) the r m o p l a s t i c s . The review w i l l focus on the way i n which 
PTFE d i f f e r s from other polymers bearing i n mind that these d i f f e 
rences are not r e a l l y ones of k i n d but of extent. Three t o p i c s w i l l 
be discussed: abrasive wear, t r a n s f e r wear and l u b r i c a t e d wear. 

Abrasive Wear of PTFE 

There are two ways of approaching abrasion. The now c l a s s i c a l s i n g l e 
pass abrasion experiment which in v o l v e s s l i d i n g the polymer over a 
rough surface and measuring the mass l o s s provides a u s e f u l c o r r e l a 
t i o n w i t h m a t e r i a l and topographical p r o p e r t i e s . I n v a r i a b l y , t h i s 
experiment does not r e v e a l the microscopic nature of the wear process 
although the study of the form of the f r e e debris and debris adhered 
on the counterface o f f e r s a u s e f u l i n d i c a t i o n of the deformation pro
cesses i n v o l v e d . An a l t e r n a t i v e approach i s to study the e f f e c t s 
produced by " i s o l a t e d s t r e s s concentrations"; a method used success
f u l l y by Schallamach i n h i s e a r l y s t u d i e s w i t h elastomers (10, 11). 
Schallamach used sharp needles or spheres to deform the rubber under 
the combined a c t i o n of a normal load and a f r i c t i o n a l f o r c e . A com
pa r i s o n of the response produced i n PTFE using both experiments w i l l 
be b r i e f l y reviewed. 

I s o l a t e d s t r e s s c o n c e n t r a t i o n : s c r a t c h hardness 

Various geometries may be used to provide model a s p e r i t y deformations; 
Tabor (12,13) has reviewed these i n s e v e r a l d e f i n i t i v e papers mainly 
i n the context of metals. C u r r e n t l y we favour the use of cones as 
they are a r e l a t i v e l y simple geometry to f a b r i c a t e . Figure 1 i s a 
sketch adopted from Archard (14). I f we neglect the volume of mate
r i a l d i s p l a c e d out of the plane of the polymer surface,two very 
simple expressions f o r the f r i c t i o n , f , and "wear", Wv, may be 
obtained (8,9). The "wear" i s not the volume removed but the volume 
d i s p l a c e d ; the product of the cross s e c t i o n area of the groove, A, 
and i t s l e n g t h , £, (Figure 1) 

(1) 

and A£ = W = — £tan θ 1 

ν πρ (2) 
Ο 

θ' i s the c u t t i n g angle formed by the cone and ρ i s a flow s t r e s s . 
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11. B R I S C O E Wear ofPoly(tetrafluoroethylene) 153 

A f t e r the cone has passed over the polymer surface the w i d t h , w, of 
the groove remains l a r g e l y unchanged (say 10% reduction), but i n v a r i 
a b ly there i s a s i g n i f i c a n t r e l a x a t i o n of the s t r a i n i n the d i r e c t i o n 
of the normal load (Figure 1) (12,15). The experiment can ther e f o r e 
be c a r r i e d out conveniently by measuring, w, and hence A can be com
puted. Figure 2 shows data f o r such an experiment w i t h PTFE and 
polymethylmethacrylate, PMMA; the ordinate i s the A/W, where W i s 
the normal load (IN) (15). The s l i d i n g v e l o c i t y i s f i x e d at 4.2 χ 
10~5 m/s. The i n t e r e s t i n g f e a t u r e i s the c l o s e s i m i l a r i t y of the 
two data sets ,and the f a c t that equation (2) i s a good approximation. 
The normal i n d e n t a t i o n hardness of PMMA and PTFE are t y p i c a l l y i n 
the r a t i o of ten f o r cones i n the range o f , Θ, semi-epical angle 
between 80° and 25°. A s i m i l a r r a t i o i s seen i n the s c r a t c h hard
ness i n t h i s range. L u b r i c a t i n g both contacts produces a re d u c t i o n 
i n A/W of comparable amounts as would be expected from the decrease 
i n the i n t e r f a c i a l t r a c t i o n (16). L u b r i c a t i n g s l i d i n g contacts of 
t h i s type g e n e r a l l y produces a redu c t i o n i n p e n e t r a t i o n i n c o n t r a s t 
to the l u b r i c a t i o n e f f e c t s seen i n normal hardness s t u d i e s where 
l u b r i c a t i o n promotes p e n e t r a t i o n (12,16). F i n a l l y , i t i s a l s o noted 
that the form of load and s l i d i n g v e l o c i t y v a r i a t i o n s seen i n these 
type of data f o l l o w , to a f i r s t order, the r e l a t i o n s h i p given by 
equation (2) but where ρ i s a time-dependent v a r i a b l e . 

In a s c r a t c h hardness experiment of t h i s s o r t , i t i s p o s s i b l e to 
make a s u b j e c t i v e assessment of the nature of the deformation i n terms 
of the r e l a t i v e c o n t r i b u t i o n of ploughing or i r o n i n g and c u t t i n g or 
chip formation. There seems to be a c r i t i c a l value of θ' above 
which ploughing i s replaced by c u t t i n g . The magnitude of θ 1 i s a 
fu n c t i o n of many v a r i a b l e s i n c l u d i n g the depth of pe n e t r a t i o n and 
the s t a t e of l u b r i c a t i o n (16,18). T y p i c a l values of θ 1 f o r PMMA and 
PTFE are r e s p e c t i v e l y 45° and 90° as judged from e l e c t r o n micro
graphs. A c t u a l l y , the r e a l p i c t u r e i s more complex as the geometry 
of the damaged surfaces are r a t h e r d i f f e r e n t . PTFE shows extensive 
p l a s t i c f l o w and f i b r i l a t i o n whereas i n PMMA there i s o f t e n evidence 
of crack formation, Figure 3 (15). Bethune (19) and Lamy (17) have 
shown s i m i l a r r e s u l t s . 

As an expediency we have compared PTFE and PMMA but a more com
prehensive comparison w i t h other polymers leads to a s i m i l a r c o n c l u 
s i o n . The general behaviour of PTFE i s comparable i n k i n d to that 
seen w i t h other polymers. Perhaps the only unusual feature i s the 
marked evidence of surface f i b r i l a t i o n . 

This c o n c l u s i o n would lead us to suppose that the abrasion char
a c t e r i s t i c s of PTFE would al s o be rat h e r s i m i l a r to that found w i t h 
other polymers. This i s found to be the case. 

Abrasion by m u l t i p l e a s p e r i t y contacts 

The study of s i n g l e a s p e r i t y i n t e r a c t i o n s does not d i r e c t l y r e s o l v e 
a number of the important questions which a r i s e when we attempt to 
understand abrasive wear. The c r i t i c a l c u t t i n g angle f o r m a t e r i a l 
removal o f t e n exceeds the r e a l i s t i c slopes of a s p e r i t i e s ,and i n any 
event i t i s u s e f u l to question whether m a t e r i a l can be removed by 
m u l t i p l e i n t e r a c t i o n s which i n v o l v e grooving. There i s good circum
s t a n t i a l evidence to suggest that t h i s i s an important f e a t u r e of 
abrasion processes>and i t i s an important f a c t o r i n p a r t i c l e e r o s i o n 
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154 P O L Y M E R W E A R A N D I T S C O N T R O L 

recovery on unloading—' 

F igure 1. (a) A r i g i d cone of semi-apical angle θ c u t t i n g 
through a s o f t plane. 
(b) Various s e c t i o n s of Figure 1(a) to i n d i c a t e the i n i t i a l and 
f i n a l deformations. The t r a c k width i s w and the cone produces a 
c u t t i n g angle θ 1. 

1 0 tan© 

f o r the experiment Figure 2. "Wear as a f u n c t i o n of θ and tan 
shown i n Figure 1. Load IN; s l i d i n g v e l o c i l 
no l u b r i c a t i o n ; temperature ca. 20°C. The wear i s c a l c u l a t e d 
from, w, the s c r a t c h width. Open symbols PMMA and closed symbols 
PTFE. These c u t t i n g angles are functions of l o a d , v e l o c i t y and 
the s t a t e of l u b r i c a t i o n . 
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11. B R I S C O E Wear of Poly (tetrafluoroethylene) 155 

(18,22). Apart from t h i s question there must be concern about the 
m o d i f i c a t i o n of the surface topography by loose d e b r i s . In a d d i t i o n , 
there are important d e t a i l s to be considered regarding the s t r e s s 
d i s t r i b u t i o n s over the numerous a s p e r i t y c ontacts. 

I f we take an u n c r i t i c a l view and b u i l d on the s c r a t c h hardness 
model assuming that the volume d i s p l a c e d , A, i n some way defi n e s the 
wear r a t e of the whole assembly of a s p e r i t i e s we produce a r e l a t i o n 
ship f o r the abrasive wear per u n i t d istance (8,23): 

Z = ^ t a n 0 ' (3) 
Ρ, ο 

K r a g e h l s k i i (24) and others have a p p l i e d t h i s argument to d u c t i l e 
metals. Θ* i s now some average slope or c u t t i n g angle and the Κ 
parameter expresses the p r o b a b i l i t y of forming a loose wear p a r t i c l e 
i n a s i n g l e deformation. I n v a r i a b l y , Κ i s small and hence we sup
pose that m u l t i p l e encounters are r e q u i r e d to loosen d e b r i s ; 
a l t e r n a t i v e l y we have a f a t i g u e process operating. Lancaster (24,25) 
and others (26,27) have examined the v a r i a b l e s θ' and W i n s i n g l e 
pass abrasion; the model i s a reasonable account of t h e i r data. Of 
more i n t e r e s t i s the s i g n i f i c a n c e of Κ as proposed by Ratner (28,29). 
The Russian school considered that Κ was r e l a t e d to the inverse of 
the toughness measured i n t e n s i o n i n a u n i t deformation. This 
approach does not exclude the i d e a of a f a t i g u e process but c l e a r l y 
the r o l e of m u l t i p l e deformations i s not s t r e s s e d . I t i s usual to 
wr i t e the Ratner r e l a t i o n s h i p (sometimes c a l l e d the Ratner-Lancaster 
r e l a t i o n s h i p ) as 

Ζ = K 1 

ρ σ ε ο y y 
(4) 

by comparing (1) and (3). Κ 1 now contains the f a t i g u e parameter 
which s p e c i f i e s the p r o b a b i l i t y of p a r t i c l e detachment, σ and ε are 
r e s p e c t i v e l y the s t r e s s and s t r a i n at t e n s i l e rupture as m?asured^ 
i n a macroscopic sample. The product of σ ε i s approximately equal 
to (εΎαάε. y y 

ο · r ε 
The inadequacy of r e f e r e n c i n g a bulk rupture parameter, J vode, 

to an i n t e r f a c i a l deformation i s obvious; the s t r u c t u r e , chemistry, 
q u a s i - h y d r o s t a t i c s t r e s s e s , temperatures and rates of s t r a i n are 
c e r t a i n l y not comparable i n the two cases. A w e l l quoted example of 
the q u a l i t y of the Ratner-Lancaster r e l a t i o n s h i p i s shown i n Figure 
4. The wear of PTFE f i t s i n t o the o v e r a l l trend. The wear d e b r i s 
i n the case of PTFE i s normally h i g h l y f i b r i l a r i n s t r u c t u r e however. 
The g l a s s y polymers, such as PMMA, form powders of more r e g u l a r 
aspect r a t i o w i t h l e s s evidence of extensive p l a s t i c flow. Figure 5 
shows the pronounced f i b r i l a r formations produced by a PTFE p i n when 
i t i s s l i d over an o p t i c a l d i f f r a c t i o n g r a t i n g . 

The value of the c o r r e l a t i o n between toughness and abrasive wear 
may be taken f u r t h e r w i t h PTFE. PTFE i s unusual i n the f a c t that 
gamma i r r a d i a t i o n i n vacuum does not appear to lea d to extensive 
chain c r o s s - l i n k i n g but does produce appreciable chain s c i s s i o n (30). 
The d e t a i l s are not c l e a r but s i g n i f i c a n t increases i n d e n s i t y (and 
hence p o s s i b l e c r y s t a l l i n i t y ) are observed as the dose l e v e l i s 
increased. Of more s i g n i f i c a n c e i n the present context i s the marked 
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156 P O L Y M E R W E A R A N D I T S C O N T R O L 

Figure 3. Surface damage produced by a truncated 15 cone under 
a load of IN. Evidence of f i b r i l a t i o n i s seen i n PTFE along with 
extensive p l a s t i c flow. The surfaces of PMMA and polycarbonate 
PC show that significant b r i t t l e fracture occurs. 

10'1 . 1 

Figure 4. A Ratner-Lancaster plot for eighteen nominally pure 
and commercially available polymers. Data obtained i n a "single-
pass" over a rough steel surface of σ 12. ym. The data for a 
PTFE i s shown as a closed symbol. 
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11. B R I S C O E Wear of Poly(tetrafluoroethylene) 157 

r e d u c t i o n i n toughness. The data shown i n Figure 6 are p l o t t e d 
according to a modified form of equation (4) (30): 

Ζ = (5) 
σ 2ε 
y y 

where ρ i s assumed to be p r o p o r t i o n a l to σ . A c t u a l l y ρ w i l l 
exceed 8 because of the q u a s i - h y d r o s t a t i c environment in°normal 
approach^ The data i n Figure 6, n e g l e c t i n g the v i r g i n PTFE, f o l l o w 
Ζ α(σ ^ε )"" n where η i s ca. 0.25. The wear i s a slower f u n c t i o n of 
the iXcre'ase of the toughness than expected. Also the v i r g i n p o l y 
mer wears more r a p i d l y than the trend i n d i c a t e d by the r a d i a t i o n 
damaged specimens. There may be s e v e r a l reasons f o r t h i s r e s u l t but 
i n view of the crude nature of t h i s model i t i s not prudent to draw 
f i r m conclusions. I t i s however noted that the s i z e of the average 
wear de b r i s p a r t i c l e s decreases very s i g n i f i c a n t l y as the gamma dose 
in c r e a s e s . This e f f e c t does not e x p l a i n , i n i t s e l f , the observation 
that as the dose l e v e l increases the wear i s l e s s than expected on 
the b a s i s of toughness measurements but i t may be a c o n t r i b u t o r y 
f a c t o r . The important point i s that the toughness as measured i n a 
u n i t deformation may not be the important macroscopic v a r i a b l e . A 
parameter based on f a t i g u e strength may be more r e l e v a n t . There are 
i n d i c a t i o n s that t h i s i s the case w i t h elastomers although e a r l y work 
found reasonable c o r r e l a t i o n s w i t h macroscopic toughness (31). 

Several authors have demonstrated a c l o s e c o r r e l a t i o n between the 
value of the toughness measured i n a s i n g l e deformation and the f a t i 
gue crack propagation (FCP) r a t e s measured i n c y c l i c l o a d i n g at lower 
s t r e s s e s ; Hertzberg and Manson have produced a u s e f u l summary of t h i s 
area (32). The FCP r a t e s , Rf, may be expressed by the P a r i s equation 
which contains two m a t e r i a l parameters, A and m; 

R f = ΑΔΚ™ 

ΔΚ i s r e l a t e d to the s t r e s s v a r i a t i o n generated at the crack t i p 
during the load c y c l e . The parameter m covers a wide range and 
indeed may be a f u n c t i o n of ΔΚ. The value f o r PMMA i s about s i x ; f o r 
p o l y ( v i n y l i d e n e f l u o r i d e ) , PVDF, i t i s l e s s , about 0.3. For a f i x e d 
value of R^f the qu a n t i t y ΔΚ may be computed and compared w i t h the 
toughness, Κ . I t i s found that f o r a wide range of polymers 
ΔΚ7Κ : o.5 where ΔΚ ? i s ΔΚ f o r the f i x e d value of R f \ I f we 
consiSer that the r a t e of wear i s p r o p o r t i o n a l to R^ ( t h i s i s the 
ba s i s of the Champ, Southon and Thomas (31) a n a l y s i s ) then a number 
of i n t e r e s t i n g analyses may be explored. For example i f the f a t i g u e 
toughness of PTFE i s comparable wit h PVDF, i . e . m Ζ 0.3; then we 
could t e n t a t i v e l y e x p l a i n the γ-irradiated PTFE data given i n the 
above terms of a c y c l i c f a t i g u e process; R^ α (toughness)™. 

In summary, at present we may conclude that w h i l e fatigue-based 
c o r r e l a t i o n s are conc e p t u a l l y more acceptable, c o r r e l a t i o n s based on 
toughness measured i n t e n s i l e t e s t s g e n e r a l l y f o l l o w the c o r r e c t 
trend. As f a r as PTFE i s concerned there are no very s p e c i a l f e a 
t u r e s , save f o r the unusually l a r g e aspect r a t i o s found i n the 
abrasive wear d e b r i s . 
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158 P O L Y M E R W E A R A N D I T S C O N T R O L 

Figure 5. An o p t i c a l image of the t r a n s f e r of fil a m e n t s formed on 
an o p t i c a l g r a t i n g (312 l i n e s per inch) a f t e r 28 t r a v e r a l s 
over i t s surface by a PTFE p i n under a normal load of 20N. The 
g r a t i n g i s of s t e e l . 

OMrad 1.5 3 8 15 25 40 

( O ^ E y ) 1 C m ^ N - 2 ] 

F igure 6. Abrasive wear of γ-irradiated PTFE p l o t t e d against 
γ- dosage and the q u a n t i t y (σ 2 ε ) " i . Mechanical p r o p e r t i e s _^ 
measured at ε ̂  10~2 . LoXd Ϊ 4 . 7 N; s l i d i n g v e l o c i t y 4 χ 10 
ms~i; " s i n g l e - p a s s " abrasion over abrasive papers of σ values ·, 
6.2 ym; 0, 6.7 ym; Θ, 9.5 ym; 0 11.3 ym, 6, 15.8 ym. 
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11. BRISCOE Wear of Poly(tetrafluoroethylene) 159 

The t r a n s f e r wear modes i n PTFE 

I f PTFE has anomolous wear c h a r a c t e r i s t i c s , i t i s i n the area of what 
i s now described as t r a n s f e r or adhesive wear. Much has been w r i t t e n 
on t h i s t o p i c and opinions do not r e a l l y d i f f e r on the important 
features of t h i s process (34-43). Before d i s c u s s i n g PTFE i n p a r t i 
c u l a r i t i s u s e f u l to b r i e f l y review two general aspects of t r a n s f e r 
wear processes; the t r a n s i t i o n between abrasive and t r a n s f e r modes 
and the categories of t r a n s f e r wear. 

The t r a n s i t i o n between abrasive and t r a n s f e r modes 

The idea of a t r a n s i t i o n from a t r a n s f e r process to an abrasion pro
cess i s r e a l l y a question of semantics. I n a t r a n s f e r process i t i s 
adhesive forces which transmit the st r e s s e s which u l t i m a t e l y remove 
surface l a y e r s from the polymer matrix. The adhesive f o r c e s are 
s u f f i c i e n t l y strong at the s l i d i n g i n t e r f a c e to cause cohesive 
f a i l u r e of the polymer near the i n t e r f a c e and the polymer i s t r a n s 
f e r r e d onto the counterface. Simple models of abrasion l i k e the ones 
reviewed above do not regard surface forces as a c o n t r i b u t i n g f a c t o r 
although we w i l l r e t u r n to t h i s p o int l a t e r i n the context of l u b r i 
c a t i o n . The deformation work i n abrasion i s transmitted to the 
surface by r i g i d geometric a s p e r i t y engagements. The s o f t m a t e r i a l 
may form f r e e chips although t h i s i s u n l i k e l y w i t h machined counter-
faces whose a s p e r i t y slopes are normally l e s s than 20 . More l i k e l y 
i t i s a f a t i g u e process which i n v o l v e s the ploughing and hence 
repeated deformation of the polymer surface. In p r a c t i c e , of course, 
adhesive f o r c e s or i n t e r f a c i a l f r i c t i o n w i l l be i n v o l v e d . A f u r t h e r 
c o m p l i c a t i o n a r i s e s when the wear debris begins to modify the topo
graphy of the counterface; t h i s i s the case even during what i s 
termed " s i n g l e - p a s s " abrasion. 

There are c u r r e n t l y no c l e a r answers to the r e l a t i v e importance 
of abrasion and t r a n s f e r as the s c a l e of the surface roughness i s 
reduced. The problem does however have some p o t e n t i a l l y important 
p r a c t i c a l consequences; t h i s i n v o l v e s the observation that there i s 
o f t e n an optimum surface roughness f o r minimum wear (41-43). Figure 
7 i s an example f o r a p o l a r g r a p h i t e f i l l e d PTFE (43). An optimum 
surface roughness of ca. 0.25 ymc.l. a. i s evident. S i m i l a r r e s u l t s 
have been noted w i t h u l t r a h i g h molecular weight polyethylene 
(UHMPE). I t i s tempting to a s c r i b e t h i s p o i n t to the t r a n s i t i o n 
r e g i o n between t r a n s f e r and abras i o n ; a reason why the t r a n s f e r wear 
might decrease w i t h the sc a l e surface topography up to 0.25 ym c . l . a . 
i s discussed l a t e r . Above 0.25 ymc. 1. a abrasion predominates and 
the s e v e r i t y of the abrasion increases r a p i d l y as the c . l . a . rough
ness, σ, i s increased. In none of these s t u d i e s was a c a r e f u l study 
of surface topography c a r r i e d out. There are few studies where t h i s 
has been done; a notable exception i s the work of Lancaster and 
Hollander (47). They measured both σ and IL the mean a s p e r i t y radius 
and hence computed a mean value of Θ 1, the average slope. They then 
found good c o r r e l a t i o n s between single-pass abrasive wear,and the 
r a t i o σ/IL which i s r e l a t e d to tan θ 1. (tan θ 1 = (σ/2ί^)5.) 
C l e a r l y tRe trend i n Figure 7 may be due to changes i n R^. E i s s 
has r e c e n t l y looked s p e c i f i c a l l y at the i n f l u e n c e of R^ i n the wear 
of branched polv^thylenes and p o l y v i n y l c h l o r i d e (48); i t i s an 
important v a r i a b l e . 
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160 P O L Y M E R W E A R A N D I T S C O N T R O L 

I 1 I I I I 1 1 U 
0 Q2 OA 0.6 0.8 1.0 1.2 1.4 1.6 

Initial counterface roughness,c.l.a [ pm] 

Figure 7. Wear r a t e as a f u n c t i o n of i n i t i a l counterface rough
ness f o r a s e r i e s of carbon f i l l e d PTFE composites running i n a i r 
against a s t e e l counterface. The f i l l e r s are present at 10% by 
weight and the carbons d i f f e r i n p a r t i c l e s i z e , aspect r a t i o and 
surface chemistry. L i t t l e change i n counterface topography i s 
noted during the course of t h i s experiment; these carbons are not 
p a r t i c u l a r l y abrasive towards s t e e l . The evidence of a minimum 
i n wear i s not strong but i t i s c o n s i s t e n t w i t h other work. In 
t h i s experiment there i s a detect a b l e inverse trend i n the f r i c 
t i o n ; the lower the wear the higher i s the f r i c t i o n . The symbols 
r e f e r to carbons of d i f f e r e n t p a r t i c l e s i z e and aspect r a t i o . 
Open symbol i s f o r a graphite high aspect r a t i o sheet. The f u l l y 
c losed symbol i s f o r a p a r t i c l e of lower aspect r a t i o . Both 
p a r t i c l e s were prepared from a nuclear grade g r a p h i t e , Ô (46). 
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11. BRISCOE Wear of Poly(tetrafluoroethylene) 

Transfer modes; general c l a s s i f i c a t i o n 

161 

Under a given set of contact conditions organic polymers divide into 
two types i n respect of their transfer behaviour; some form trans
ferred films and others do not. In the case of PTFE we often 
observe a type of transfer which we may c a l l predominantly isother
mal or cold, "whole" transfer. There i s some f r i c t i o n a l heating 
and chain scission but these effects are not large when compared 
with some other polymers. PMMA, for example, shows no detectable 
trasnfer below i t s glass transition temperature although there may 
be transfer of low molecular weight species which have segregated 
on the free surface. At high s l i d i n g speeds surface melting occurs 
and transfer films are formed from the melt (49) with some chain 
scission (41,50). This i s hot, to t a l transfer. On the other hand, 
a highly cross-linked system, such as a rubber or resin, only forms 
extensive transfer films v i a extensive chemical degradation at the 
interface during high speed s l i d i n g . This i s degraded transfer. 
There i s no transfer when isothermal conditions are maintained 
although surface "bloom" may be transferred. 

PTFE i s therefore amongst a class of polymers which exhibits 
cold, t o t a l transfer. I t i s the wear which arises from this type 
of transfer which i s usually described as transfer wear. As we 
shall see the behaviour of PTFE i s not unique but i t i s unusual i n 
i t s extent. 

Transfer wear 

The part that the transfer process plays i n the overall wear process 
has been reviewed elsewhere (8,9). The basic elements can be iden
t i f i e d broadly as follows: 

(i) the nature and magnitude of the adhesive forces which pro
vide surface transitions; 

( i i ) the position of the locus of junction f a i l u r e and the 
morphology and thickness of the transfer layer; 

( i i i ) the magnitude of the adhesion of the transfer f i l m to the 
substrate and the means by which i t i s detached from the 
substrate ; 

(iv) and f i n a l l y the details of the processes whereby the f i l m 
i s displaced from the contact. 

Significant rates of transfer are observed when the i n i t i a l 
i n t e r f a c i a l adhesion i s suff i c i e n t to develop cohesive failures i n 
the polymer under the action of the transmitted shear stresses. If 
this transferred layer i s weakly attached to the substrate, i t i s 
detached by the same tractions. Providing the geometry of the 
system allows, this material i s displaced from the contact. More 
fi l m i s transferred to the substrate and a high equilibrium wear 
rate results; t y p i c a l l y i n a polymer pin-on-disc configuration 
about 10 nm of polymer i s removed from the pin during each cycle 
over the face of the disc. In confined or conforming contacts with 

 P
ub

lic
at

io
n 

D
at

e:
 S

ep
te

m
be

r 
12

, 1
98

5 
| d

oi
: 1

0.
10

21
/b

k-
19

85
-0

28
7.

ch
01

1



162 P O L Y M E R W E A R A N D I T S C O N T R O L 

u n f i l l e d polymer the wear i s l e s s simply because the d e b r i s cannot 
escape and back t r a n s f e r occurs. A r a t i o n a l e , which e x p l a i n s much 
of t r a n s f e r wear behaviour, i s that the polymer does not r e a d i l y 
t r a n s f e r on to i t s own t r a n s f e r f i l m . I f the t r a n s f e r f i l m i s 
adhered s t r o n g l y to the substrate or cannot escape, the wear i s 
reduced, o f t e n by l a r g e f a c t o r s . 

These general comments apply to some extent to a l l c o l d , "whole" 
t r a n s f e r wear processes. PTFE i s unusual i n that i t t r a n s f e r very 
r e a d i l y i n t h i s type of process; more so than any other known p o l y 
mer. F u r t h e r , the t r a n s f e r f i l m s have p a r t i c u l a r l y poor adhesion 
to most substrates and a l s o have extremely high degrees of o r i e n t a 
t i o n . Some chain s c i s s i o n can be detected (38,42,50). They are 
a l s o uncommonly t h i n ; sometimes no more than 10 nm i n thickness 
(some workers b e l i e v e they may be of the order of one molecular-
chain cross s e c t i o n diameter i n t h i c k n e s s , ca. 0.8 nm). 

The f a c i l i t y shown by PTFE to form h i g h l y o r i e n t e d and t h i n 
t r a n s f e r f i l m s i s not unique to t h i s polymer. L i n e a r polyethylenes 
and p o s s i b l y polyoxymethylene behave i n a s i m i l a r f a s h i o n although 
not w i t h the same e f f i c i e n c y . The tendency to form h i g h l y o r i e n t e d 
f i l m s can be r e a d i l y detected i n the s p i n s e n s i t i v i t y of the wear 
r a t e (see companion paper by Dr. T. S t o l a r s k i and the present 
author). The wear rates of these smooth molecular p r o f i l e polymers 
(PTFE and l i n e a r polythenes) decreases w i t h r e a l and apparent load 
a x i s s p i n . At the same time the f r i c t i o n i n c r e a s e s . The same 
trends are not seen w i t h branched po l y e t h y l e n e s , which form r a t h e r 
p o o r l y o r i e n t e d t r a n s f e r r e d l a y e r s and PMMA which does not t r a n s f e r 
l a y e r s . This experiment underlines the important process of i n t e r 
face r e o r i e n t a t i o n and shear s o f t e n i n g which occurs i n smooth 
molecular p r o f i l e polymers. The i m p o s i t i o n of s p i n about the load 
a x i s d i s r u p t s t h i s process and as a r e s u l t the f r i c t i o n a l work 
increases and the wear r a t e decreases. The change i n the f r i c t i o n a l 
work can be explained q u i t e simply i n q u a l i t a t i v e terms. Why the 
t r a n s f e r wear should decrease cannot be e a s i l y explained. However, 
there i s a general observâtion which seems to be true f o r many PTFE 
and other polymeric contacts wearing by the c o l d t r a n s f e r process; 
the higher the f r i c t i o n the lower i s the wear. Figure 7 may be 
r e c a l l e d i n t h i s context. Other exponents i n d i c a t e that when the 
f r i c t i o n i s h i g h the wear i s l e s s . The i n f e r e n c e that has been 
drawn i s that the higher f r i c t i o n promotes a stronger adhesive 
f u n c t i o n at the t r a n s f e r f i l m - s u b s t r a t e i n t e r f a c e (51). We should 
a l s o note here that PTFE has a r a t h e r low f r i c t i o n when s l i d on 
smooth counterfaces. 

I t i s now worth summarising the c h a r a c t e r i s t i c s of PTFE i n the 
t r a n s f e r wear mode. The b a s i c process resembles that seen i n other 
t r a n s f e r r i n g polymers; many r a t n e r i l l - d e f i n e d and d i f f u s e steps 
are i n v o l v e d . PTFE i s unusual i n s o f a r as i t t r a n s f e r s very e f f i 
c i e n t l y to c l e a n surfaces and i t s t r a n s f e r f i l m s do not adhere 
s t r o n g l y . The f a c t that the f r i c t i o n a l work i s r a t h e r low as a 
r e s u l t of i n t e r f a c i a l r e o r d e r i n g may be important here. The low 
f r i c t i o n a l s o ensures a wider operating range of quasi-isothermal 
or c o l d t r a n s f e r . The s p e c i a l h i g h l y o r i e n t e d t r a n s f e r f i l m 
c h a racter i s a l s o shared w i t h l i n e a r polythenes although these 
m a t e r i a l s do not t r a n s f e r so r e a d i l y . For the polythenes i t 
appears that the higher the molecular weight the l e s s pronounced i s 
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11. B R I S C O E Wear of Poly(tetrafluoroethylene) 163 

the t r a n s f e r . The r e l a t i v e importance of molecular weight and mor
phology i n governing the case of PTFE t r a n s f e r has been examined by 
sev e r a l authors as have the extents of c h a i n s c i s s i o n and c r y s t a l 
l i n i t y change produced i n the wear d e b r i s . High c r y s t a l l i n i t y and 
hi g h molecular weight seem to i n h i b i t t r a n s f e r or at l e a s t t r a n s f e r 
wear (50). F i g u r e 8 shows the i n f l u e n c e of gamma r a d i a t i o n on the 
t r a n s f e r wear of PTFE (30). No c r o s s - l i n k i n g occurs but there i s a 
s i g n i f i c a n t increase i n d e n s i t y and hence probably c r y s t a l l i n i t y . 
The r a t e of wear i s reduced to l e v e l s comparable w i t h those obtained 
w i t h good f i l l e r packages f o r doses i n excess of 20 M Rad. At t h i s 
p o i n t the c r y s t a l l i n i t y i s c a l c u l a t e d as ca. 80% from d e n s i t y mea
surements; the v i r g i n polymer has a c r y s t a l l i n i t y of ca.60%. E i s s 
and Hu found s i m i l a r trends although they a l s o detect the expected 
trend w i t h i n c r e a s i n g molecular weight (50). 

In loose terms, the presence of ordered u n i t s or long range 
a f f i n e connections suppresses the necessary chain m o b i l i t y r e q u i r e d 
to generate o r i e n t e d polymer surfaces and hence the formation of 
t h i n o r i e n t e d t r a n s f e r f i l m s by rupture at the o r i e n t e d s u r f a c e -
bulk i s o t r o p i c polymer i n t e r f a c e . The s o l i d p a r t i c l e s i n cluded i n 
PTFE to reduce t r a n s f e r wear may act i n the same way (41). 

A d i s c u s s i o n of the wear of PTFE would not be complete without 
some reference to PTFE composites. This has been a popular f i e l d 
of study simply because without f i l l e r s the wear of PTFE i s normally 
unacceptable. A good f i l l e r w i l l reduce t r a n s f e r wear rates by up 
to three orders of magnitude. Various mechanisms have been proposed 
and the subject has been reviewed by the present author (8,9) and 
others (2,52). The simplest idea i s that f i l l e r s wear l e s s than 
the polymer when exposed at the i n t e r f a c e . They may a l s o suppress 
t r a n s f e r and improve t r a n s f e r f i l m adhesion. A good deal of e f f o r t 
of high q u a l i t y has been put i n t o the search f o r chemically induced 
adhesion promotion at the t r a n s f e r r e d f i l m - s u b s t r a t e i n t e r f a c e but 
the evidence i s equivocal (53,54). Chemical changes are detected 
but t h e i r p r e c i s e c o n t r i b u t i o n to the adhesion i s u n c e r t a i n i n com
m e r c i a l a p p l i c a t i o n s . PTFE i s a remarkably s t a b l e polymer to 
chemical a t t a c k even at s l i d i n g i n t e r f a c e s . 

To conclude t h i s s e c t i o n we may s t a t e t h a t , w i t h respect to 
t r a n s f e r wear, PTFE i s not e n t i r e l y unique. Even i t s s p e c i a l t r a n s 
f e r behaviour i s seen elsewhere. I t i s r e a l l y a matter of the 
extent not the k i n d of i t s character which i s remarkable. 

L u b r i c a t i o n of PTFE 

There i s more i n t e r e s t i n the e f f e c t of marginal l u b r i c a t i o n or 
spurious contamination than i n f u l l or i n t e n t i o n a l l u b r i c a t i o n . The 
very i n d i f f e r e n t performance of PTFE i n the o r i g i n a l human h i p j o i n t 
replacements emphasises the probelm faced w i t h PTFE and even some of 
i t s composites. P r o v i d i n g that a f u l l f l u i d f i l m i s maintained 
there i s no serious problem. However, i f d i r e c t contact between the 
polymer and the counterface occurs a t r a n s f e r f i l m i s deposited. 
The f l u i d n a t u r a l l y undermines the adhesion of t h i s f i l m to the sub
s t r a t e and a l s o f a c i l i t a t e s d e b r i s removal from the c o n t a c t ; an 
accel e r a t e d wear may then ensue. Figure 9 i s the data from Lancas
t e r which c l e a r l y e x e m p l i f i e s t h i s point (55). C e r t a i n f i l l e r s may 
improve matters but i n general i t i s not a good p r a c t i c e to use 
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Y dose [MradJ 

Figure 8. Wear r a t e of γ-irradiated PTFE as a f u n c t i o n of γ-
dose. Counterface m i l d s t e e l , σ =0.4 ym; clos e d symbols gamma 
damage i n vacuum; open symbols gamma damage i n a i r . In both 
cases the t r a n s f e r wear reaches a minimum at about 20 M Rad. In 
the case of gamma treatment i n a i r s i g n i f i c a n t o x i d a t i o n of the 
sample, p a r t i c u l a r l y the su r f a c e , i s found to occur. 
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5 10 1 5 Κ 
solubility parameter, 0 

20 

F igure 9. Transfer wear r a t e s i n " l u b r i c a n t s " of two PTFE com
po s i t e s (·, PTFE-polyimide and 0, PTFE-25% w.w. I carbon f i b r e ) 
as a f u n c t i o n of the s o l u b i l i t y parameter, δ, of the l u b r i c a t i n g 
media. The wear of the dry contacts i s shown at δ = 0 and the 
c a l c u l a t e d value of 6 f o r PTFE i s ca. 6.0. The s o l u b i l i t y para
meter i s defined as the square root of the cohesive energy d e n s i t y 
and i s th e r e f o r e n e a r l y p r o p o r t i o n a l to the square root of the 
surface t e n s i o n , γ, of the f l u i d . The trend f o r the wear to 
increase w i t h γ and 6 i s apparent. In the dry contact secure 
t r a n s f e r f i l m s are formed but they are not evident i n l u b r i c a t e d 
contacts. I t i s reasonable to suppose that as γ increases the 
wetting of the s t e e l counterface improves and hence the t r a n s f e r 
f i l m s are more r e a d i l y d i s p l a c e d . Data adapted from Lancaster 
and Evans. 
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PTFE i n t h i s way. There are a l s o numerous commercial examples of 
where small amounts of even condensable vapours may a c c e l e r a t e wear 
by presumably d e s t a b i l i s i n g the formation of good and s e c u r e l y 
attached t r a n s f e r r e d l a y e r s . Figure 10 i s an i l l u s t r a t i o n which 
a l s o shows that i n composites the environmental s e n s i t i v i t y of the 
wear may be conveyed by the f i l l e r ; i n t h i s case carbon (56). 

As PTFE so r e a d i l y forms t r a n s f e r r e d l a y e r s , t h i s type of gross 
" l u b r i c a t i o n 1 1 f a i l u r e i s an acute problem. In many a p p l i c a t i o n s i t 
has to be accepted as a low dry f r i c t i o n i s r e q u i r e d when f u l l 
f l u i d f i l m l u b r i c a t i o n i s l o s t . This i s sometimes the case at the 
ends of the stroke i n a r e c i p r o c a t i n g contact. 

We have made no d i r e c t reference to the r o l e played by the u n i 
quely low surface f r e e energy of PTFE i n i t s wear behaviour. This 
p o i n t i s discussed b r i e f l y i n the c o n c l u s i o n to t h i s paper where 
the s i g n i f i c a n c e of surface f r e e energy as a primary v a r i a b l e i s 
argued to be of no great consequence. A more u s e f u l n o t i o n i s the 
low cohesive energy d e n s i t y of the polymer and the low surface f r e e 
energy i s j u s t a m a n i f e s t a t i o n of the low cohesive energy d e n s i t y . 
Having made t h i s p o int i t i s worth s t a t i n g that the low surface f r e e 
energy of the polymer does i n h i b i t extensive w e t t i n g by f l u i d media 
and there are t e n t a t i v e examples where t h i s poor wet t i n g phenomenon 
seems to p l a y a part i n promoting starved f l u i d l u b r i c a t i o n (57, 
58). Poor wet t i n g i n t e r f e r e s w i t h the generation of e f f e c t i v e f l u i d 
entry i n the entry region. 

Conclusions 

I f the PTFE's have s p e c i a l character i t i s the way i n which they 
e a s i l y r e o r i e n t e d t h e i r surfaces under the a c t i o n of i n t e r f a c i a l 
shear s t r e s s e s . This produces f i b r i l l a t i o n i n abrasion against 
rough surfaces and extensive t h i n o r i e n t e d f i l m t r a n s f e r on smoother 
counterfaces. These things a r e a s u r p r i s e i n such a high molecular 
weight polymer which contains both l a m e l l a and s p h e r u l i t e s . The 
amorphous regions are w e l l above t h e i r g l a s s t r a n s i t i o n temperature 
but g e n e r a l l y the contact operates at a temperature at l e a s t 200 C 
below i t s c r y s t a l l i n e temperature. There are two r e l a x a t i o n tem
peratures near ambient but these are u n l i k e l y to be of great 
s i g n i f i c a n c e i n the o v e r a l l p i c t u r e . Our best view i s that because 
PTFE i s a very weak van der Waals s o l i d of low cohesive energy 
d e n s i t y , as demonstrated by i t s uniquely low surface f r e e energy, 
the chain-chain i n t e r a c t i o n s are not strong i n the matrix. I t i s 
i t s h igh molecular weight ( l a r g e entropy per chain) which keeps the 
m a t e r i a l i n the s o l i d s t a t e . A c t u a l l y PTFE 1 s do not normally melt 
i n the general sense. The f a c t that the chains are so smooth 
enables them to pack e f f i c i e n t l y to form a coherent s o l i d . The same 
smooth molecular topography al s o f a c i l i t a t e s molecular s l i p and 
hence the r e l a t i v e displacement of molecules and molecular domains 
re q u i r e d f o r surface r e o r i e n t a t i o n even at low temperatures. The 
consequences on the type and r a t e of wear and magnitude of the s l i d 
i n g f r i c t i o n f o r PTFE need not be repeated. I t i s a moot point as 
to whether these things make the PTFE 1 s a maverick polymer οτ not. 
There i s however a value i n regarding the wear c h a r a c t e r i s t i c s of 
PTFE as being g e n r a l l y s i m i l a r to that of other polymers and very 
s i m i l a r to c e r t a i n l i n e a r polyethylenes. Here, the d i f f e r e n c e s are 
ones of extent not k i n d . 
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Figure 10. The in f l u e n c e of environment on the wear of three 
carbon f i l l e d PTFE composites. (a) the e f f e c t of r e l a t i v e humid
i t y i n a i r , (b) the e f f e c t of oxygen (as a i r ) compared w i t h 
n i t r o g e n at a nominal zero humidity. The three carbons are: 
1. a nuclear g r a p h i t e ; 2. the same nuclear g r a p h i t e m i l l e d i n 
a p o l a r f l u i d ; and 3. an agglomerated f l a k e g r aphite formed from 
nuclear graphite by m i l l i n g i n a hydrocarbon. The main mode of 
wear i s by a t r a n s f e r process. The d e t a i l s of the changes pro
duced by the environment are not resolved but i t appears that a 
s i g n i f i c a n t part of the environmental s e n s i t i v i t y i s due to 
changes induced at the f i l l e r - c o u n t e r f a c e i n t e r f a c e . For example, 
the f i l l e r p a r t i c l e s are wearing more r a p i d l y i n an oxygen 
environment, presumably by the process of o x i d a t i o n (54). 
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12 
Influence of Counterface Topography on the Wear 
of Ultra High Molecular Weight Polyethylene 
Under Wet or Dry Conditions 

D. Dowson1, M. M. El-Hady Diab2, B. J . Gillis3, and J . R. Atkinson4 

1Department of Mechanical Engineering, Institute of Tribology, The University of Leeds, 
Leeds LS2 9JT, United Kingdom 

2285 A. Ramsis Street, Cairo, Egypt 
3Adelaide Brighton Cement Ltd., Birkenhead, South Australia 
4Department of Metallurgy, The University of Leeds, Leeds LS2 9JT, United Kingdom 

It has been noted earlier that there is an 
optimum counterface topography which produces 
a minimum rate of wear of ultra-high molecular 
weight polyethylene when sliding takes place 
against stainless steel under dry conditions. 
Further experiments have shown that in the 
presence of water, the wear rate of the polymer 
decreases steadily as the counterface roughness 
is decreased. Furthermore, the curved 'dry' 
and linear 'wet' characteristics intersect, 
thus indicating that the presence of water 
increases or decreases the wear indicating 
that the presence of water increases or 
decreases the wear rate compared with dry 
conditions, depending upon whether or not the 
surface roughness exceeds, or is less than, 
a critical value. 

It is shown that the transfer film of polyethylene on the steel 
counterface plays a crucial role in determining the observed wear 
rates* The results of an investigation of the role of various 
features of counterface topography upon the wear of polyethylene are 
also recorded. The influence of different machining processes upon 
wear was minimized by producing a large number of finely lapped 
surfaces, following careful grinding, and then 'back-lapping', or 
roughening, the test specimens to produce a range of similar surface 
topographies, but different roughnesses. The experiments were a l l 
carried out on similar linear, reciprocating f r i c t i o n and wear 
machines under comparable conditions. 

0097-6156/85/0287-0171$06.00/0 
© 1985 American Chemical Society 
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In general the wear rates of r e l a t i v e l y s o f t m a t e r i a l s s l i d i n g 
against hard counterfaces decrease as the surface q u a l i t y of the 
counterface i s improved. However, BuckleyO^) observed that 
u l t r a - h i g h - m o l e c u l a r weight polyethylene (UHMWPE) e x h i b i t e d a 
minimum wear r a t e when s l i d i n g against a ground s t e e l 0.37 μι (rms) 
counterface. Swikert and Johnson(2) reported a s i m i l a r r e s u l t from 
hi p j o i n t s i m u l a t o r s t u d i e s i n which cobalt-chromium a l l o y b a l l s 
were prepared by a l i q u i d honing method, but the optimum roughness 
was about 0.11 μτη (rms). 

Dowson et alX3) evaluated the wear rate of UHMWPE s l i d i n g 
a gainst s u r g i c a l grade a u s t e n i t i c s t a i n l e s s s t e e l under dry 
c o n d i t i o n s i n a s i x - s t a t i o n r e c i p r o c a t i n g l i n e a r wear t e s t i n g 
machine. A programme of t h i r t y t e s t s revealed a minimum wear r a t e 
at a counterface roughness of about 0.03 urn Ra, but i t was a l s o 
noted that the optimum roughness c o i n c i d e d , approximately, with a 
t r a n s i t i o n from g r i n d i n g to lapping i n the procedures adopted f o r 
counterface preparation. I t therefore became necessary to explore 
i n more d e t a i l the r o l e of surface topography upon the wear of 
UHMWPE under dry c o n d i t i o n s and to determine whether the observation 
of a minimum wear f a c t o r was r e l a t e d to counterface manufacturing 
processes or some inherent feature of the fwear mechanism. 

In the present paper we report the r e s u l t s of two f u r t h e r 
extensive s t u d i e s of dry wear t e s t s of UHMWPE on s t a i n l e s s s t e e l by 
G i l l i s ( 4 ) and Diab(5) together w i t h a range of r e s u l t s by Diab(5) 
f o r i n t e r f a c e s submerged i n d i s t i l l e d water. 

Apparatus, Test Specimens and Experimental Procedure 

Experiments were c a r r i e d out on a s i x - s t a t i o n r e c i p r o c a t i n g 
pin-on-plate machine of the type shown i n Figure 1. The mean 
s l i d i n g speed was 0.25 m/s and loads ranging from 42.5N to 100N were 
a p p l i e d to the polyethylene wear p i n s . The b a s i c a l l y c y l i n d r i c a l 
UHMWPE wear pins of diameter 9.5mm and length 9.5mm had a truncated 
c o n i c a l form as shown i n Figure 2 and the i n i t i a l , c i r c u l a r , wear 
face had a diameter of 3mm. 

The f l a t p l a t e counterfaces were machined from s u r g i c a l grade 
s t a i n l e s s s t e e l EN58J. A l l p l a t e s were c u t , rough ground and then 
f i n e ground p a r a l l e l to the s l i d i n g d i r e c t i o n adopted i n the wear 
t e s t s , u n t i l a surface f i n i s h of 0.1 μΐη Ra had been a t t a i n e d . A 
chalked alumina wheel was used i n the f i n e g r i n d i n g process. The 
p l a t e s were then lapped on Logi t e c h lapping machines using brass 
p l a t e s u n t i l a surface f i n i s h of about 0.025 urn Ra had been achieved 
and a l l the i n i t i a l g r i n d i n g marks had been removed. A nylon 
l a p p i n g c l o t h on s t e e l p l a t e s and various grades of carborundum and 
diamond pastes were used to prepare the f i n a l surfaces with a random 
surface t e x t u r e and various roughnesses. The p l a t e s were then 
cleaned u l t r a s o n i c a l l y i n i s o p r o p y l a l c o h o l before surface 
topography e v a l u a t i o n and immediately p r i o r to wear t e s t i n g . 

The counterface topography was analysed on a Rank Taylor Hobson 
Ta l y s u r f instrument l i n k e d to a VAX computer. Surface p r o f i l e s were 
analysed at i n t e r v a l s of 1.554 μη over a tr a v e r s e length of 3.8 mm 
to give some 2445 data p o i n t s . A l l the height readings were input 
as p o s i t i v e numbers r e l a t i v e to an a r b i t r a r y datum. They were then 
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12. D O W S O N E T A L . Wear of Ultra High Molecular Weight Polyethylene 173 

Figure 1(a) S i x Head L i n e a r R e c i p r o c a t i n g Wear Machine -
photograph 

KEY TO FIG. 1 

1 Cathode Ray Oscilloscope 
2 Power Pack 
3 Filter 
U Microstrain Recorder 
5 Multi-channel Switching Unit 
6 Speed and Control Units 
7 Air Conditioning Unit 
8 Drive Mechanisms 1-6 

( from right to left ) 
9 Test Heads 1-6 

(from right to left) 
10 Cantilever Loading Weights 1-6 

( from right to left ) 

Figure 1(b) S i x Head L i n e a r R e c i p r o c a t i n g Wear Machine - Key 
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9.5 mm. did 

Circular 
Cylinder 

9.5 mm. 

Truncated 
Cone 

"Circular 
Wear Face 

Figure 2 Geometry of Polymeric Wear P i n 
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12. D O W S O N E T A L . Wear of Ultra High Molecular Weight Polyethylene 175 

r e - i n t e r p r e t e d as heights w i t h respect to a Least squares datum 
l i n e . The computer program c a l c u l a t e d (r.m.s.) and (Ra) values but 
a l s o revealed the s t a t i s t i c a l d i s t r i b u t i o n of o r d i n a t e s , peaks, 
v a l l e y s , r a d i i of curvature of peaks and v a l l e y s and p r o f i l e s l o p e s . 
For each d i s t r i b u t i o n the program a l s o c a l c u l a t e d the values of the 
mean and standard d e v i a t i o n s and the maximum and minimum l i m i t s of 
the d i s t r i b u t i o n . A u t o - c o r r e l a t i o n f u n c t i o n s and bearing area 
curves were a l s o generated. At the end of some wear t e s t s T a l y s u r f 
traces across the counterface wear t r a c k were recorded t o r e v e a l the 
general nature and extent of the polymeric t r a n s f e r f i l m . 

Each t e s t specimen was subjected to a constant load and a f i x e d 
c y c l e of r e c i p r o c a t i n g motion. Long term wear t e s t s were performed 
w i t h the t o t a l s l i d i n g d i s t a n c e i n each case extending to s e v e r a l 
hundred km. The m a t e r i a l removed by wear was monitored by p e r i o d i c 
measurements of the weight of the UHMWPE wear pins on a M e t t l e r 
microbalance w i t h a s e n s i t i v i t y of 1 g. Density measurements 
enabled volume l o s s (V) against s l i d i n g d i s t a n c e (X) r e l a t i o n s h i p s 
to be e s t a b l i s h e d at each load (P) and wear f a c t o r s (k) were then 
determined from the r e l a t i o n s h i p , 

k - |^ (mm3/Nm) 
Results 

S t a t i s t i c a l a n a l y s i s of the counterfaces employed by both G i l l i s ( 4 ) 
and Diab(5) revealed meaningful r e l a t i o n s h i p s between (Ra) and other 
s i g n i f i c a n t f e atures of the counterface topography. These 
r e l a t i o n s h i p s are i l l u s t r a t e d g r a p h i c a l l y f o r the counterfaces used 
i n the *dry f experiments by G i l l i s ( 4 ) i n Figure 3 and f o r those used 
i n 'wet 1 experiments by Diab(5) i n Figure 4. The r e l a t i o n s h i p s 
detected enabled the wear data to be recorded as a f u n c t i o n of any 
pr e f e r r e d feature of surface topography. The measurements of 
features of lapped counterface topography recorded by G i l l i s ( 4 ) can 
be summarized by the f o l l o w i n g r e l a t i o n s h i p s , where each symbol 
as s o c i a t e d w i t h the s t a t i s t i c a l d i s t r i b u t i o n of some feature of the 
surface topography represents the standard d e v i a t i o n of that 
d i s t r i b u t i o n . Since the a n a l y s i s was based upon a l l the data p o i n t s 
provided by the d i g i t a l output from the T a l y s u r f , a l l the peaks and 
v a l l e y s were incorporated i n the d e r i v a t i o n of standard d e v i a t i o n s , 
whether they e x i s t e d above or below the computed mean l i n e f o r the 
p r o f i l e . 

Ra = 0.82 ( σ ) 1 · 0 7 ; Ra = 0.85 ( P ) 0 - 9 6 ; Ra = 0 . 8 ( V ) 1 , 0 5 ; 
Ra - 10.4 ( t a n O ) 1 * 1 

where,σ = P r o f i l e height (ym); V « V a l l e y depth (ym); 
Ρ = Peak height (ym); θ » Mean absolute slope of p r o f i l e ; 

and Ra - Centre l i n e average roughness (ym) 

The wear f a c t o r s (k) recorded i n a l a r g e number of experiments 
c a r r i e d out under 'dry' c o n d i t i o n s are shown as a f u n c t i o n of 
counterface roughness (Ra) i n Figure 5. Some 36 dry t e s t s were 
c a r r i e d out by G i l l l s ( 4 ) , h a l f of the counterfaces being produced by 
g r i n d i n g and the other h a l f by the g r i n d i n g and l a p p i n g procedures 
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RQ(pm) 

0-1 

1—1 1 1 I I TT 1 1—1 1 1 1 1 1 

1—
Γ 

Ϊ ι
 

ι 
1

1 
I o I 

~ / ο 
X / XO 
/ ° x x * 

x X x 

- X X 

/ * 
χ X 

χ * 
Χ ι ι ι ι ι ι 11 

ι I ι 1 1 LJ_L 

T7I 
1 

1 
1 

1 
1 

0-01 0-1 1 3 
PROFILE HEIGHT (σ) (pm) 

ο Ground Surface 

x Lapped Surface 
R a = 0.82 ( σ ) 1 * 0 7 

Figure 3(a) R e l a t i o n s h i p Between (Ra) And P r o f i l e Height (σ) 
( A f t e r G i l l i s ) 
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D O W S O N E T A L . Wear of Ultra High Molecular Weight Polyethylene 

~ 0-002 0-01 0-10 
PROFILE MEAN ABSOLUTE SLOPE ( ϊ α η θ ) 

o Ground Specimens. Parallel to Sliding Direction Ra = 4M>Mtan9)2 

Perpendicular to Sliding Direction Ra =7-03 (tan Θ ) 1 1 

x Lapped Specimens Ra = 104 ( tan Θ) 1* 1 

Figure 3(b) R e l a t i o n s h i p Between (Ra) And The P r o f i l e Mean 
Absolute Slope (tan0) For Ground And Lapped 
Surfaces ( A f t e r G i l l i s ) 
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180 P O L Y M E R W E A R A N D I T S C O N T R O L 

Figure 5 Wear Factor (k) As A Function Of Counterface 
Roughness (Ra) Under Dry Conditions 
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12. D O W S O N E T A L . Wear of Ultra High Molecular Weight Polyethylene 181 

outlined earlier. Diab(5) found that six further dry tests revealed 
a similar relationship with (Ra) to that observed by Gillis(4) and 
these additional results are also recorded in Figure 5. Diab(_5) 
also completed twenty-two tests i n d i s t i l l e d water on counterfaces 
having a wide range of surface roughness and the results are 
recorded in Figure 6. 

The relationship between the wear factor (k) and the 
counterface roughness (Ra) under wet conditions depicted in Figure 6 
is linear, corresponding to 

k = 4.0 χ 10"5 ( R a ) 1 , 2 

Lines representing the wear rates (k) as functions of surface 
roughness (Ra) under both 'dry' and 'wet conditions are shown 
together in Figure 7. Gil l i s ( 4 ) also examined the profiles of the 
polymer transfer films deposited on the steel counterfaces under dry 
conditions and typical records of Talysurf traces are shown in 
Figure 8. The two upper traces show Talysurf profiles from the 
transfer film for a ground counterface having an i n i t i a l roughness 
(Ra) of 0.08 um parallel to the sliding direction. 

The two lower traces show similar profiles for a transfer film 
developed on a lapped counterface having an i n i t i a l roughness (Ra) 
of 0.02 ym parallel to the sliding direction. It can be seen that 
the transfer film on the much smoother lapped counterface is 
considerably thicker than that on the i n i t i a l l y rougher ground 
surface. The films were by no means uniform, but a very substantial 
increase i n thickness was evident on counterfaces having Ra < 0.1 
ym, compared with the films on rougher counterfaces, as shown in 
Figure 9. 

Discussion 

There has been considerable discussion aboout the most appropriate 
feature of counterface topography to be employed in the 
representation of wear factors for polymers. However, i t i s evident 
from Figures 3 and 4 that there is a firm relationship between (Ra) 
and other principal features of counterfaces prepared by consistent 
manufacturing processes. It may, therefore, be adequate to 
represent the wear factors as functions of (Ra) u n t i l more complete 
theoretical relationships are established for the polymer wear 
process. ^ 2 

The experiments reveal that under wet conditions ka(Ra) * and 
since i t has also been shown that.over the range of surface ^ 2^ 
roughnesses considered Ra a(tan9) ( G i l l i s (4)) or Ra a(tan9) 
(Diab (5)), i t seems probable that i f the mean slope of the 
counterface surface asperities plays an important role i n the wear 
process, i t w i l l have a significant effect upon (k). 

The earlier suggestion by Dowson et alj(3) that for the dry wear 
of UHMWPE against stainless steel there was an optimum i n i t i a l 
surface finish corresponding to a minimum wear factor, has been 
confirmed by further detailed and extensive studies by Gillis(4) and 
Diab(3)« These experiments indicate that the optimum (Ra) i s 
slightly less than 0.1 μΐη and in the range 0.05 to 0.1 ym. 

The fdry f wear factors are, in fact, remarkably steady over a 
wide range of counterface roughnesses extending over about two 
orders of magnitude, as shown in Figure 5. 
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ACROSS TRANSFER FILM 
[Perpendicular to Sliding Direction) 

ON TRANSFER FILM 
(Parallel to Sliding Direction) 

10-5 μ m 

ON TRANSFER FILM (Parallel to Sliding Direction) 

0-5mm 

Figure 8 Profiles Of Ultra-High-Molecular Weight 
Polyethylene Transfer Films On Stainless Steel 
Counterfaces Recorded After Dry Wear Tests 

 P
ub

lic
at

io
n 

D
at

e:
 S

ep
te

m
be

r 
12

, 1
98

5 
| d

oi
: 1

0.
10

21
/b

k-
19

85
-0

28
7.

ch
01

2



D O W S O N E T A L . Wear of Ultra High Molecular Weight Polyethylene 

Figure 9 V a r i a t i o n Of Maximum (UHMWPE) Transfer F i l m 
Thickness With O r i g i n a l (EN58J S t a i n l e s s S t e e l ) 
Counterface Roughness (Ra) 
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The presence of d i s t i l l e d water l a r g e l y i n h i b i t s t r a n s f e r f i l m 
formation and t h i s r e s u l t s i n a much more pronounced e f f e c t of 
counterface roughnesses upon the wear f a c t o r s ( F i g u r e 6). For 
counterface roughnesses i n excess of about 0.01 ym the 'wet 1 wear 
f a c t o r s exceed the 'dry' wear f a c t o r , w i t h the d i f f e r e n c e s being as 
l a r g e as one order of magnitude, on the rougher counterfaces. 

On very smooth counterfaces, as (Ra) p r o g r e s s i v e l y decreases, 
the 'dry 1 wear f a c t o r s r i s e w h i l s t the fwet f f a c t o r s f a l l . This 
causes a complete r e v e r s a l of the c h a r a c t e r i s t i c s observed on rough 
surfaces s i n c e the 'dry* wear now exceeds the 'wet 1 wear. In broad 
terms the wear f a c t o r s on very smooth counterfaces (Ra < 0.01 μιη) 
are l i t t l e a f f e c t e d by the change from a 'dry' to a fwet f 

environment. 
The d i s t i n c t i v e c h a r a c t e r i s t i c s observed f o r the wear f a c t o r s 

as f u n c t i o n s of counterface roughness and the i n t e r s e c t i o n of the 
tr a c e s at a value of (Ra) of about 0.01 μα provides an e x p l a n a t i o n 
of the c o n t r a d i c t o r y views which are held about the i n f l u e n c e of 
environment on the wear of UHMWPE. I t i s now c l e a r l y evident that 
comparisons must be r e l a t e d to the counterface roughness. 

I t i s i n t e r e s t i n g to note that very t h i c k t r a n s f e r f i l m s were 
e s t a b l i s h e d on smooth counterfaces (Figures 8 and 9). Such f i l m s 
are t y p i c a l l y 10 urn t h i c k and c l e a r l y submerge the d e t a i l s of the 
i n i t i a l counterface p r o f i l e , r a t h e r l i k e snow d r i f t s on the i n i t i a l 
land topography. In t h i s case the bulk polymer w i l l s l i d e on 
r e l a t i v e l y t h i c k t r a n s f e r f i l m s and i t w i l l then be the i n t e r f a c i a l 
c o n d i t i o n s between the two polymeric features which d i c t a t e the wear 
process, r a t h e r than the d e t a i l s of the b u r i e d m e t a l l i c counterface. 

I t i s p a r t i c u l a r l y i n t e r e s t i n g to note that the t r a n s f e r f i l m 
t h i ckness b u i l d s up as the counterface becomes smoother and that i t 
exceeds the counterface roughness at a value of (Ra) of about 0.1 
ym, which i s c l o s e to the optimum surface roughness observed f o r dry 
c o n d i t i o n s . I t i s suggested that i t i s the polymeric t r a n s f e r f i l m , 
and p a r t i c u l a r l y i t s t h i c k n e s s r e l a t i v e to the surface roughness of 
the counterface, that i s r e s p o n s i b l e f o r the observed minimum wear 
f a c t o r under dry c o n d i t i o n s . 

Conclusions 

A comprehensive study of the i n f l u e n c e of counterface topography 
upon the wear r a t e of u l t r a h i g h molecular weight polyethylene i s 
reported. The combined r e s u l t s from experiments c a r r i e d out under 
'dry' (atmospheric) or 'wet 1 ( d i s t i l l e d water) environments enabled 
the f o l l o w i n g conclusions to be drawn. 

1. There are simple r e l a t i o n s h i p s between (Ra) and p r i n c i p a l 
f e a t u r e s of counterface topography f o r the ground and lapped 
specimens s t u d i e d . This means that i t i s acceptable to consider 
the i n f l u e n c e of some simple and r e a d i l y measured feature of 
counterface topography l i k e (Ra) upon wear, s i n c e the r o l e of 
other topographic f e a t u r e s can then be deduced. 

2. Under 'dry* c o n d i t i o n s the i n f l u e n c e of counterface topography 
upon the wear f a c t o r i s r e l a t i v e l y s m a ll over a very wide range 
of (Ra). 
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D O W S O N E T A L . Wear of Ultra High Molecular Weight Polyethylene 187 

3. The existence of an optimum (Ra) of the counterface f o r a 
minimum wear f a c t o r has been confirmed and found to be i n the 
range 0,05 to 0.1 urn (Ra). 

4. Under 'wet 1 c o n d i t i o n s the long term wear f a c t o r s (k) decrease 
s t e a d i l y as the q u a l i t y of the counterface improves. I t has 
been found that the wear f a c t o r i s given, to a good 
approximation, by, 

k = 4 χ 10" 5 ( R a ) 1 " 2 

5. I t appears from the study of 'wet 1 wear f a c t o r s and the 
separate s t u d i e s of features of counterface topography that 
changes i n the slope of the counterface a s p e r i t i e s (tanO) w i l l 
have a s i g n i f i c a n t i n f l u e n c e upon the wear f a c t o r ( k ) . 

6. The 'wet 1 and 'dry' wear f a c t o r s i n t e r s e c t at a surface 
roughness (Ra) of about 0.01 urn. 

7. On very smooth countersurfaces, (Ra < 0.01 ym), the 'dry' wear 
f a c t o r exceeds the 'wet' wear f a c t o r , whereas the reverse i s 
true on rougher counterfaces (Ra > 0.01 ym). 

8. On r e l a t i v e l y rough surfaces (Ra > 0.1 ym) the 'wet' wear 
f a c t o r exceeds the 'dry' wear f a c t o r by at l e a s t one order of 
magnitude. 
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13 
Theory of Rubber Abrasion by a Line Contact 

S. W. Zhang1 

Department of Mechanical Engineering and Applied Mechanics, The University of Michigan, 
Ann Arbor, MI 48109 

On the basis of the investigation of rubber abrasion by 
small-scale tearing on a line contact, a theory has been 
presented. According to the physical processes of rub
ber abrasion and its mathematic description proposed, a 
general process of rubber abrasion can be described by 
using a simple wear curve. A wear equation obtained de
scribes the basic correlation among the material proper
ty, running condition and wear characteristic. It is 
pointed out that the number of revolution to trasform 
the wear state from unsteady to steady can be considered 
as a criterion of rubber abrasion. An approximate re
lationship between the state criterion and tensile rup
ture ratio has been obtained. These theoretical results 
agree qualitatively with experimental observation. 

Rubber abrasion i s an extremely complex process. Recently, a s i m p l i 
f i e d t e s t method has been developed, by choosing a l i n e contact ( i n 
p r a c t i c e a ra z o r blade) as the abrading apparatus (1). A number of 
experimental s t u d i e s about t h i s mode of wear have been c a r r i e d out 
(1-4). Champ, Southern, and Thomas proposed a simple theory r e l a t 
i n g the rubber abrasion i n steady s t a t e to the crack growth property 
of rubber ( 1_,2) . However, a complete ex p l a n a t i o n of the formation 
and development of the abrasion p a t t e r n has not yet been given. I n 
t h i s paper, a theory concerning the mechanism of rubber abrasion i s 
presented. I t i s supported by some experimental observation i n d i f 
f erent stages o f abrasion. These experimental r e s u l t s were obtained 
f o r s e v e r a l elastomers, using a blade abrader as described by 
Southern and Thomas (2) and a scanning e l e c t r o n microscope Ç5,_6). 

P h y s i c a l Processes of Rubber Abrasion 

As a blade moves r e l a t i v e to the rubber s u r f a c e , under the a c t i o n of 
a normal f o r c e , a brasive wear of rubber occurs. According to some 
of the experimental observations and t h e o r e t i c a l analyses, the pro
cesses of dry ( p a r t i c u l a t e ) a b r a s i v e wear might be considered to be 

'Current address: Department of Mechanical Engineering, East China Petroleum Institute, 
Dongying, Shangdong, China 

0097-6156/85/0287-0189S06.00/0 
© 1985 American Chemical Society 
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190 P O L Y M E R W E A R A N D I T S C O N T R O L 

comprised of the f o l l o w i n g p e r i o d i c a l l y repeating processes. 
(a) The blade deforms and t e a r s the rubber surface under the a c t i o n 

of the normal f o r c e and the f r i c t i o n a l f o r c e . Consequently, 
crack growth appears and a t o r n tongue of rubber forms (Figure 
l , a ) . 

(b) As the blade moves, the tongue of rubber i s bent backwards; 
t h e r e f o r e , a part of the rubber surface i s protected from the 
s c r a p i n g a c t i o n of blade at the r e a r . This process i s s i m i l a r 
t o using a needle or a small hemisphere of 1 mm i n diameter to 
s c r a t c h the rubber s u r f a c e , as described by Schallamach (7-J9) · 

(c) Under the t e n s i o n caused by the f r i c t i o n a l f o r c e , the t i p of 
tongue i s ruptured. Then, the remaining p a r t of the tongue i s 
released (Figure l , b ) . 

(d) Along w i t h the gradual crack growth and the rupture of the t o n 
gue t i p , ridges are formed, l e a d i n g to a sawtooth p r o f i l e on the 
rubber s u r f a c e . Such a photograph can be found i n Reference 2. 
As seen, the abrasion processes of rubber are i n v o l v e d not only 

the crack growth v i a mechanical f a t i g u e , but a l s o the rupture of ton
gue t i p r e s u l t i n g from t e n s i l e s t r e s s . Moreover, the l a t t e r i s the 
proximate cause of the l o s s of m a t e r i a l . 

Mathematic D e s c r i p t i o n of the Processes of Rubber Abrasion 

A p h y s i c a l model of rubber abrasion i n unsteady s t a t e and 
ponding processes of tongue ruptured are shown i n Figures 
r e s p e c t i v e l y . As seen from Figure 3, 

tanO = — ± = - — = ... = , 
Δ χ χ Δχ ί4Δχ 2 Σ Δ χ ± 

then 

the c o r r e s -
2 and 3 

(1) 

Ay± - Γ Δ χ ^ η θ ( i = l , 2 , . . . ) (2) 

For a given m a t e r i a l and constant f r i c t i o n a l f o r c e , the angle θ 
can be considered as a constant approximately. Thus, 

ΑΎ±&ζΣΑχ± (3) 

However, i n l i g h t of the p h y s i c a l processes s t a t e d above, the t h i c k 
ness of tongue i s unchangeable once steady s t a t e has been reached. 
At t h i s p o i n t , assuming that Ν represents the number of r e v o l u t i o n s 
to a t t a i n steady s t a t e , the rupture t h i c k n e s s of tongue can be dedu
ced from Figure 2 : 

A y N - N.rSinO (4) 

Apparently, the magnitude of the rupture t h i c k n e s s of tongue has 
a maximum which i s given by 

In order t o describe the process of the rupture of tongue t i p 
p r e c i s e l y , a t e c h n i c a l term, t e n s i l e rupture r a t i o , i s introduced and 
defined as a r a t i o of the rupture length of the tongue t i p to the 
o r i g i n a l length of the tongue (Figure 2 ) . Thus, 
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Z H A N G Rubber Abrasion by a Line Contact 

Figure 1. Formation of ridge from f i l l e d NBR,W = 1.5kJ/in 
(10Ox): (top) tongue formed; (bottom) tongue ruptured. 
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192 P O L Y M E R W E A R A N D I T S C O N T R O L 

6K - Δ Χ ι / 1 . (6) 

As seen from Equations ( 3 ) , (5) and ( 6 ) , the t e n s i l e rupture r a 
t i o can be roughly considered to be d i r e c t l y p r o p o r t i o n a l to the 
f r i c t i o n a l f o r c e and i n v e r s e l y p r o p o r t i o n a l to the t e n s i l e s t r e n g t h : 

tKocl/% (7) 

Therefore, i t i s supposed to be a constant f o r a given m a t e r i a l 
and constant f r i c t i o n a l f o r c e . Under the circumtances,Δχ^ i s d i 
r e c t l y i n p r o p o r t i o n t o 1^; the length 1^, which mainly r e s u l t s from 
crack growth, increases w i t h the number of passes of the blade only. 
Moreover, the crack growth per r e v o l u t i o n ( p a s s ) , r , i s n e a r l y a 
constant. Hence, the processes of rupture of the tongue t i p can be 
described as f o l l o w s : 

S i n c e , 
i - 1 

l i = i r - ]ΓΔχ.£, Δ χ ο = 0, 
i = l 

then, a f t e r the 1st pass ( i = 1 ) , 

Δχι = ι 1 ε κ = r £ K , 

a f t e r the 2nd pass ( i = 2 ) , 
2 

Δ χ 2 = 1 2 £ K = ( 2 r - Δ χ 1 ) tK
 = 2r £ K - r t K, 

a f t e r the i t h pass ( i = i ) , 

Δχ.^ = l i t K - [ i r - ( Ax± + ... + Δ χ 1 _ 1 ) ] £ κ 

- l r £ K - [ ( i - l ) + t l - l > j i - 2 ) ] r & 2 

+ [ ( i , T l ) ( i - 2 > + ( j - l ) ( i - 2 ) ( i - 3 ) ] r £ 3 ( 8 ) 

2! 3! K 

Thus, 

Ax± = <|>(i) ( i - 1,2,3,...) (9) 

According t o the a n a l y s i s above, the sum of rupture length of a 
tongue a f t e r Ν r e v o l u t i o n s w i l l be given by 

1 = 1
 + ^ H - l K N - 2 ) + ftl-l)(N-2)(K-3)] Q 2 J 

= N r £ K f 0 ( N , £ K ) , (10) 

V » . ε κ) - i < N + D - [ f l t a + fltJJOfcH, ε κ 
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13. Z H A N G Rubber Abrasion by a Line Contact 193 

+ Γ(Ν-1)(Ν-2) + ( N - l ) ( N - 2 ) ( N - 3 ) ] £ 2 
3! 4f Κ K L ) 

As f o r the sum of the volume l o s s of a tongue a f t e r Ν r e v o l u 
t i o n s , as seen by Figure 3, i t can be determined by 

Wear Curve; D e s c r i p t i o n of General Process of Rubber Abrasion 

From the p h y s i c a l processes of rubber abrasion and i t s mathematic 
d e s c r i p t i o n , i t can be deduced t h a t a general process of rubber abra
s i o n might be regarded as c o n s i s t i n g of three stages and expressed 
correspondingly i n terms of a wear curve (Figure 4) : 
1· f i r s t stage ( t « 0-t^) , unsteady s t a t e (wear i n ) 

Δχ^ < r « const (13) 

Ax^,Ay. and A are increased g r a d u a l l y . 

2. second stage ( t - ti" t2^» steady s t a t e (normal wear) 

Δχ^ • r - const (14,a) 

Ay± β Δ Υ Ν * A y m a x - const (14,b) 

A = const 

3. t h i r d stage ( t > t 2 ) , damage (accident wear) 

Δχ^ = r ̂  const 

Δχ ,Αν^, r and A are increased s t e e p l y . 
The f i g u r e of t h i s t h e o r e t i c a l wear curve i s c o i n c i d e n t w i t h 

tha t one of an experimental curve of the abrasion process (Figure 5). 
Wear Equations 

In g e n e r a l , the r i d g e s are uniformly d i s t r i b u t e d on the whole c y l i n 
d r i c a l surface of the t e s t i n g rubber wheel (2)· I n the e a r l y (un
steady) stage o f rubber a b r a s i o n , according t o the experimental 
observâtion(5) and the p h y s i c a l processes s t a t e d above, the spacing 
of r i d g e s i s approximately equal to the crack growth t a k i n g p l a c e 
during the development of wear. Thus, we have 

S ± « i r (15) 

Hence, an equation f o r the amount of wear per r e v o l u t i o n from 
0 t o Ν r e v o l u t i o n s ( i . e . , i = N) can be derived as f o l l o w s 

A « 2irRh (m/rev) (16) 

where, 
S Ν 

S S ±/N Β S N/2 (17) 
i = l 
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194 P O L Y M E R W E A R A N D I T S C O N T R O L 

Direction of rubber wheel motion 

Figure 2. P h y s i c a l model of rubber abrasion 

ΔΥ 

Figure 3· Rupture process of a tongue 

 P
ub

lic
at

io
n 

D
at

e:
 S

ep
te

m
be

r 
12

, 1
98

5 
| d

oi
: 1

0.
10

21
/b

k-
19

85
-0

28
7.

ch
01

3



13. Z H A N G Rubber Abrasion by a Line Contact 195 

 P
ub

lic
at

io
n 

D
at

e:
 S

ep
te

m
be

r 
12

, 1
98

5 
| d

oi
: 1

0.
10

21
/b

k-
19

85
-0

28
7.

ch
01

3



196 P O L Y M E R W E A R A N D I T S C O N T R O L 

As seen, 

S N= Nr (18) 

Thus, 

S 2 Nr/2 (19) 

I n s e r t i n g Equations (12),(19), and (4) i n t o Equation (16), we 
have 

A = r S i n e ^ f ^ N , ^ ) (m/rev) (20) 

According t o Reference 2, the crack growth per r e v o l u t i o n , r , i s 
given approximately by 

r « B(2F)* (21) 

Then 

B(2F)*Sineô f 0(N,£ K) (m/rev) (22) 

This i s the wear equation of rubber abrasion i n unsteady s t a t e . 
Assuming th a t the steady s t a t e has been reached when the number of 
r e v o l u t i o n i s equal to N, on the b a s i s of Equations(14,a) and (14,b), 
the sum of volume l o s s of a tongue a f t e r another Ν r e v o l u t i o n s , i . e . , 
from Ν t o 2N r e v o l u t i o n s , can be c a l c u l a t e d by 

V N = Nr*y N h (23) 

As f o r the equation of steady-state r a t e of wear, i t i s about 
the same as Equation (16): 

A = £ϊ*.-Ν /2irRh (m/rev) (24) 
S Ν 

However, i n t h i s equation, the spacing of r i d g e s i s S i n s t e a d 
of S as i t i s considered t o be unchanged only i f the f r i c t i o n a l f o r c e 
i s kept constant. Obviously, i n t h i s case, S — 8JJ. I n s e r t i n g Equa
t i o n s ( 1 8 ) , ( 2 3 ) , ( 4 ) , and (21) i n t o the equation above, the wear 
equation of rubber abrasion i n steady s t a t e i s given by 

A = B(2F)°<Sine (m/rev) (25) 

This equation i s i d e n t i c a l t o that obtained by Southern and 
Thomas ( 2 ) . 

Comparing Equation (22) w i t h Equation (25) , as w i l l be r e a d i l y 
seen, the term, £χίο ( Ν , £ κ )» i s the c h a r a c t e r i s t i c of rubber abrasion 
i n unsteady s t a t e . I t can be termed c h a r a c t e r i s t i c f u n c t i o n of un
steady s t a t e , denoted tj(N,6K) . Thus, 

η(Ν,εκ) = εκί0(Ν,εκ) (26) 
I n s e r t i n g t h i s f u n c t i o n i n t o Equation (22) gives 
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13. Z H A N G Rubber Abrasion by a Line Contact 197 

A = Ï[(N,6K)B(2F) Sine (m/rev) (27) 

Making a comparison between Equations (25) and (27), i t i s 
known that the value of c h a r a c t e r i s t i c f u n c t i o n i s always l e s s than 
u n i t y and approaches u n i t y as a l i m i t i n the unsteady-state process 
of wear according t o the t h e o r e t i c a l wear curve (Figure 4) and the 
experimental r e s u l t s (4,5) (Figure 6)· Apparently, i t i s a mark to 
t r a n s f e r unsteady s t a t e i n t o steady s t a t e that ^(Ν,δχ) * 1. 

As seen from the wear Equations (25) and (27), i n e i t h e r cases, 
the wear ra t e i s mainly dependent on the f r i c t i o n a l f o r c e . This 
conclusion i s i n accordance w i t h the r e s u l t s of a number of e x p e r i 
mental s t u d i e s (1-6)(Figures 6 and 7) ; moreover, Southern and Thomas 
pointed out t h a t the exponent oC I s equal to 2 at l e a s t f o r the 
steady-state r a t e of wear ( 2 ) . As f o r the unsteady-state r a t e of 
wear, i t i n c r e a s e s as abrasion proceeds. This r e s u l t i s c o n s i s t e n t 
w i t h the experimental observation (Figure 8) (5) . 

A f t e r a steady s t a t e has been reached and the p a t t e r n has been 
f u l l y developed, the s c a l e of the abrasion p a t t e r n appears to be 
approximately p r o p o r t i o n a l to the f r i c t i o n f o rce f o r a given tempe
r a t u r e , as described by Southern and Thomas ( 2 ) , then 

I n s e r t i n g Equations (23), (28), ( 5 ) , and (21) i n t o Equation (24) 
the m o d i f i c a t i o n of the steady-state wear equation w i l l be obtained 

E v i d e n t l y , the above equation r e v e a l s the b a s i c c o r r e l a t i o n 
among the m a t e r i a l property, running c o n d i t i o n and wear c h a r a c t e r i s 
t i c , i . e . , the wear r a t e i s increased w i t h an inc r e a s e i n the f r i c 
t i o n a l f o r c e , and i s i n v e r s e l y p r o p o r t i o n a l to the t e n s i l e s t r e n g t h . 
Therefore, the experimental observation t h a t p a r t i c u l a t e f i l l e r s , 
n o t a b l y carbon b l a c k , reduce the wear r a t e of amorphous elastomers 
to a remarkable degree a t room temperature (Figure 7) (4,6) , might 
be explained as r e s u l t i n g from an increase i n the t e n s i l e s t r e n g t h 
of amorphous elastomers. 

C h a r a c t e r i s t i c Function of Unsteady State 

There are two independent v a r i a b l e s i n the c h a r a c t e r i s t i c f u n c t i o n 
of unsteady s t a t e , i . e . , the number of r e v o l u t i o n s and the t e n s i l e 
rupture r a t i o . The e f f e c t of the number of r e v o l u t i o n s on unsteady-
s t a t e r a t e of wear i s obvious as seen by Figure Ρ Ç 5 ). However, the 
in f l u e n c e of the t e n s i l e rupture r a t i o on wear r a t e i s s t i l l not 
e s t a b l i s h e d . 

According t o the r e s u l t s of numerical c a l c u l a t i o n of Equation 
(26) on c o n d i t i o n t h a t r - 1, two s e t s of f u n c t i o n curve have been 
obtained (Figures 9 and 10). Obviously, the value of the characte
r i s t i c f u n c t i o n increases w i t h an inc r e a s e i n the number of r e v o l u 
t i o n s when £^ i s constant (Figure 9). I t i s i n agreement w i t h the 
experimental observation of the abrasion process i n unsteady s t a t e 

S = cF (28) 

A = K(2F)°<ArD 
(m/rev) (29) 

(Figure 8). 
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P O L Y M E R W E A R A N D I T S C O N T R O L 

(m/rev) 

Figure 6. Wear r a t e of u n f i l l e d NR p l o t t e d a g a i n s t f r i c 
t i o n a l work: (A) unsteady s t a t e (0-10P0 r e v ) ; (B) steady 
s t a t e (data taken from Reference 4)(5). 

(J/m2) 

Figure 7. Steady-state r a t e of wear p l o t t e d against 
f r i c t i o n a l work: (A) u n f i l l e d NBR; (B) f i l l e d NBP; (H) 
u n f i l l e d PB and (E) f i l l e d PB (data, taken from Referen
ce 4) ( 6 ) . 
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Z H A N G Rubber Abrasion by a Line Contact 

I0"6 

A 
(m/nev) 

,0-81 1 1 
500 1500 2500 

i(rev) 

Figure 8. Unsteady-state rate of wear of u n f i l l e d NR 
p l o t t e d against the number of r e v o l u t i o n s (5) . 

I 1 1 i Γ 

(rev) 

Figure 9, C h a r a c t e r i s t i c f u n c t i o n p l o t t e d against the 
number of r e v o l u t i o n s : (A) e K = 0.01; (B) e„ = 0.02; 
(C) € « 0.03; (D) e K - 0.04; (E) € K = 0.05. 
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200 P O L Y M E R W E A R A N D I T S C O N T R O L 

As seen i n Figure 10, the l a r g e r the t e n s i l e rupture r a t i o , the 
l a r g e r the value of the c h a r a c t e r i s t i c f u n c t i o n i s , and, the e a r l i e r 
the steady s t a t e i s reached (Figure 9)· I t i s a l s o supported by the 
experimental observation t h a t the l a r g e r the f r i c t i o n a l f o r c e , the 
e a r l i e r the r i d g e s appeared. 

Besides, as shown i n Figure 9, the slope of the curve i s a 
steep r i s e along w i t h an i n c r e a s e i n the t e n s i l e rupture r a t i o . 
Hence, the f a c t t h a t the unsteady-state r a t e of wear of u n f i l l e d NBF 
i s much more s e n s i t i v e to the number of r e v o l u t i o n s than t h a t of 
f i l l e d NBR would be a s c r i b e d t o the d i f f e r e n c e i n t e n s i l e s t r e n g t h 
or i n t e n s i l e rupture r a t i o , i . e . , the t e n s i l e s t r e n g t h of u n f i l l e d 
NBR i s l e s s than t h a t of f i l l e d NBF, i n other words, the t e n s i l e rup
ture r a t i o of u n f i l l e d NBR i s much more than that of f i l l e d NBR. 

State C r i t e r i o n of Rubber Abrasion 

In g e n e ral, the number of r e v o l u t i o n s corresponding w i t h the c r i t i 
c a l p o i n t t o transform the wear s t a t e from unsteady to steady, i s a 
constant under otherwise i d e n t i c a l c o n d i t i o n s . Hence, i t can be 
considered as a s t a t e c r i t e r i o n of rubber a b r a s i o n , then 
1. i < Ν unsteady s t a t e 
2. i > Ν steady s t a t e 

Oh the b a s i s of the p h y s i c a l processes and mathematic d e s c r i p 
t i o n of rubber abrasion s t a t e d above, a t h e o r e t i c a l r e l a t i o n s h i p 
between Ν and £ K can be obtained through the use of numerical c a l c u 
l a t i o n under the c o n d i t i o n of Δχ^ = r , as shown i n Figure 11. More
over, i t can be approximately represented as f o l l o w s 

Ν = 1 . 2 8 £ D e 9 (30) 

E v i d e n t l y , the higher the t e n s i l e rupture r a t i o , the lower the 
value of the s t a t e c r i t e r i o n i s . Thus, t h i s s t a t e c r i t e r i o n can be 
a p p l i e d t o estimate the wear c h a r a c t e r i s t i c s of d i f f e r e n t elastomers 
under s i m i l a r running c o n d i t i o n s . 

Conclusions 

The p h y s i c a l process during dry a b r a s i v e wear i s a gradual t e a r i n g 
l e a d i n g to not only the crack growth but the rupture of tongue t i p 
as w e l l . I t can be described mathematically through the medium of 
i n t r o d u c i n g a concept of t e n s i l e rupture r a t i o . 

A wear curve can be used t o describe the general process of 
rubber a b r a s i o n , i n which i t i s d i v i d e d i n t o three r e g i o n s : unsteady, 
steady and damage stage. 

The wear equation of rubber abrasion 4i steady s t a t e r e v e a l s 
the b a s i c c o r r e l a t i o n among the m a t e r i a l property, running c o n d i t i o n 
and wear c h a r a c t e r i s t i c . The wear r a t e increases w i t h an increase 
i n the f r i c t i o n a l f o r c e , however, i t i s i n v e r s e l y p r o p o r t i o n a l to 
the t e n s i l e s t r e n g t h . 

The c h a r a c t e r i s t i c f u n c t i o n , ̂ (N,£ K), i s a c h a r a c t e r i z i n g f a c t o r 
of rubber abrasion i n unsteady s t a t e . I t s value increases w i t h an 
i n c r e a s e i n the number of r e v o l u t i o n s and t e n s i l e rupture r a t i o . 
However, i t approaches u n i t y as a l i m i t i n the unsteady-state process 
of wear. Hence, a steady s t a t e i s reached i f once Ij (N,6jç) ~ 1· 
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Z H A N G Rubber Abrasion by a Line Contact 

U ( N,6k ) 

Figure 10. C h a r a c t e r i s t i c function p l o t t e d against t e n s i l e 
rupture r a t i o : (A) i = 20 rev; (B) i = 40 rev; (C) i = 60 rev. 

Figure 11. State c r i t e r i o n of rubber abrasion p l o t t e d against 
t e n s i l e rupture r a t i o (r = 1.0). 
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202 P O L Y M E R W E A R A N D I T S C O N T R O L 

The number of r e v o l u t i o n s transformed the wear s t a t e from un
steady t o steady can be regarded as a s t a t e c r i t e r i o n of rubber 
abrasion to estimate the wear c h a r a c t e r i s t i c s of rubber under i d e n t i 
c a l running c o n d i t i o n s . I t was found to be p r o p o r t i o n a l to a nega
t i v e exponent of the t e n s i l e rupture r a t i o . 

I t i s concluded that the theory proposed can be appl i e d to 
c l a r i f y the phenomena and processes of rubber abrasion i n d i f f e r e n t 
stages of wear by a l i n e contact. 
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Legend of Symbols 

A l i n e a r wear r a t e 
B_ crack-growth constant 
F f r i c t i o n a l f o rce per width 
Κ c o e f f i c i e n t 
Ν s t a t e c r i t e r i o n , the number of r e v o l u t i o n s to transform the wear 

s t a t e from unsteady to steady 
R radius of t e s t i n g rubber wheel 
S_ spacing of ridges 
S average spacing of ridges 
V|j sum of abraded volume of a tongue a f t e r Ν r e v o l u t i o n s 
W f r i c t i o n a l work 
c p r o p o r t i o n a l i t y constant 
h width of tongue ( t e s t i n g rubber wheel) 
i number of r e v o l u t i o n s (passes) 
1 l e n g t h of tongue 
r crack growth per r e v o l u t i o n 
t time 
ΔΧ rupture length of tongue 
Ay rupture t h i c k n e s s of tongue 
<* crack-growth constant 
θ angle showing the d i r e c t i o n of crack growth 
0b t e n s i l e s t r e s s a t break 

t e n s i l e rupture r a t i o 
ÎJ(N,£^) c h a r a c t e r i s t i c f u n c t i o n of unsteady s t a t e 
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Molecular Features of Transfer Fragments When 
High-Density Polyethylene Rubbed Ag a i n s t M e t a l s 

V. A. Belyi and V. V. Nevzorov 
Institute of Mechanics of Metal-Polymer Systems, Byelorussian S.S.R. Academy of Sciences, 
Gomel, U.S.S.R. 

The method of thermal deposition of polymers 
is suggested for studying molecular weight 
distribution (MWD) of polyethylene transfer 
products. The method allows recording varia
tions in the molecular characteristics of PE 
transfer products and evaluating the amount 
of the polymer taken from the metallic surface 
with a solvent using the light—scattering data. 
By analysing the variations in the integral and 
differential MWD-curves for the original PE and 
its transfer products, the peculiarities of wear 
and transfer for the polymer sliding against steel 
( R a = 0.04 µm) have been studied as influenced 
by loads and sliding velocities, chemical nature 
of the organic additives present in the polymer, 
and the counterface metal. The results obtained 
helped to substantiate the ways of wear control 
for polyethylene in terms of transfer. 

Rubbing of polymers against metals is known to cause the 
changes in molecular weight of macromolecules. In the first 
place, and to a larger extent, changes take place in polymer 
fragments that transfer onto metals. Those fragments are the 
most changeable portion in a tribological system ~ Study 
of changes in molecular features of these fragments, on the 
one hand, leads to a better understanding of the orientation of 
physico-chemical processes within the metal—polymer rubbing 
zone during dry friction, and on the other hand, it allows the 
establishment of relations between the transfer process and the 
wear of polymers, which is of importance today. 

Despite numerous investigations in the field of polymer 
wear, there is no unity of opinions on the wear process as 
related to the transfer of polymers onto metals because of 
inadequate knowledge of the structure and physical properties 
of the transfer fragments. In this paper the structure and 

0097-6156/85/0287-0205S06.00/0 
© 1985 American Chemical Society 
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206 P O L Y M E R W E A R A N D I T S C O N T R O L 

physical properties of transfer fragments mean the data a c c u 
mulated on the distribution of polymers over metallic surfaces, 
weight of the transferred fragments, molecular weight distribu
tion (MWD) and average molecular weights. 

The data available on the degree of crystallinity, initiation 
of orientation in transfer fragments and mode of transfer, be it 
patch—like or film—like, do not give a proper idea of the struc
ture and physical properties of the transferred particles; be
sides, they do not lead to the understanding of the features 
and orientation of physico-chemical processes resulting from 
rubbing and occurring at a molecular level in the transfer 
fragments. The establishment of the orientation in the dispersion 
process of the transfer fragments macromolecules would provide 
adequate knowledge of the transfer and wear mechanisms, it 
would also make it possible to find ways of improving friction 
characteristics of metal-polymer friction pairs. 

Ex pe rim ental 

Engineering thermoplastic polymers are usually polydispersed. 
Therefore changes in the molecular characteristics of the 
transfer and wear products have been studied by using integ
ral curves of molecular weight distribution. The authors applied 
the procedure of polymer thermal deposition to studying MWD 
of H DPE transfer and wear products (4» j?) . MWD characteris
tics of the transfer and wear products were analyzed according 
to the results of thermal deposition of highly diluted H D P E 
solutions ( 1 to 5 • 10—4 g/dl ). Diphenyl oxide served as 
the & — solvent. Highly diluted polymer solutions were depo
sited using a device for polymer thermal oxidation ( TOP-1, 
USSR ) in the automatic regime when the solution was cooled 
at a rate of 1 deg./ min. The intensity of the scattered light 
was measured at a 20°— angle with a green filter adjusted 
( ?\ = 0.550 m; absorption coefficient = 40%; and pass band 
A A = 0.013/1 m ). Temperature curves of the light scattered 

by HDPE solutions were replotted to obtain MWD integral 
curves by using F l o r y - Huggins equation(^): 

where ff/ is the molecular weight of an i—polymer fraction, 
T7 and Q are the deposition temperatures of an i-poly— 

mer molecular weight and of an infinitely large polymer molecu
lar weight, and is the constant for H D P E - diphenyl oxide 
system. 

T o estimate the amount of the polymer transferred onto 
the metal a master curve was drawn based on the light 
scattering results obtained for solutions of given H D P E 
concentrations. 

Friction tests were performed on H D P E film specimens 
according to the schematic "shaft - partial bearing" under 
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14. B E L Y I A N D N E V Z O R O V Polyethylene Transfer Products 207 

the loads of up to 0.5 MPa at sliding velocities of up to 
0.5 m/s. Steel rollers ( 40 mm in diameter ) served as a model 
shaft. The roller surfaces were polished with diamond paste 
to R a = 0.04yUm and rinsed in benzene and acetone before 
tests. 

Results and Discussion 

Effect of Rubbing Conditions. Study of the molecular characteri
stics of the fragments transferred at various loads and speeds 
showed considerable changes in H D P E molecular weight even 
during running-in ( test time was 1 h ) ( Fig. 1, Table I ). 

It was found out that at the experimental conditions lower 
sliding velocities and higher loads caused greater shifts in the 
transfer product MWD curves to the lower molecular weight 
region ( Fig. 1 a, curves 1 to 3 ). 

Analysis of the shape of q w-MWD differential curves 
( Fig. l b ) gave interesting results. q w Curves were ob
tained by graphic differentiation of MWD integral curves. q w -
Curves for the original HDPE closely resembled unimodal 
ones ( Fig. l b , 1 ), while for the transfer products they 
may appear bimodal or trimodal depending on test conditions 
( Fig. 1 b, 2 and 3 ). Changes in modality of q w - c u r v e s 
are caused by dispersion, branching and increase in molecular 
weight of macromolecules in the transferred particles defined 
by the characteristics of mechanical and chemical processes 
in the course of rubbing. 

Table I. Effect of Rubbing Conditions on Molecular Characteris
tics of H DPE Transfer Fragments 

Parameters Sliding Velocity, m/s Original 

0.1 0.25 0.5 H D P E 

Load, MPa 

0.1 0.5 0.1 0.5 0.1 0.5 

*MW- 10 3 32 28 28 38 42 35 54 

*Mn. 10~ 3 27 18 18 27 27 22 28 

M w / M n 1.2 1.6 1.6 1.5 1.5 1.6 1.9 
Weight of transfer 
fragments, ^ 

mg • 10 
2.9 4.8 6 9.7 9.6 49.5 

Coefficient 
of friction 0.4 0.35 0.4 0.4 0.4 0.4 
* M w and M n are the weight-average and number-average 

molecular weights 
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208 P O L Y M E R W E A R A N D I T S C O N T R O L 

W, % 

0 I I I I I I I I I i I 

0 50 100 M.10 3 

Figure 1. Molecular characteristics of H D P E ( l ) and 
fragments transferred onto steel at a sliding velocity of 
0.1 m/s and loads of 0.1 MPa (2) and 0.5 MPa(3). 
a) MWD integral curves, b) q w - MWD differential curves. 
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14. B E L Y I A N D N E V Z O R O V Polyethylene Transfer Products 209 

q w - Curves allow a qualitative estimation of the variations 
in weight fractions of macromolecules of various molecular 
weights with regard to rubbing conditions. The transferred par
ticles demonstrated an increase in the weight fraction of macro-
molecules of 1 x 1 0 4 to 1.2 x 10 4 molecular weights as 
compared to the original HDPE ( F i g a . l b, 2 and 3 ). The 
higher the load within the rubbing zone the greater the weight 
fraction ( peak intensity in the q w - c u r v e ). New peaks in 
q w - c u r v e s for molecular weights of 3 x 1 0 4 and 5.5 x 1 0 4 

indicate that besides macromolecular dispersion branching and 
molecular weight increase may take place on the rubbing sur
face resulting from macroradical recombination and chain 
breaking. 

Variations in the HDPE molecular features such as 
M w and M n and MWD integral curves depend mainly on 
the mode of transfer. 

At a sliding velocity of o.l m/s patch-like transfer was 
observed that roughened the metallic surfaces. The size of 
the polymer patches transferred onto metal increased with load 
which intensified macromolecular dispersion ( Figs. 1 to 3, 
Table I ). 

Macromolecular dispersion in H D P E with patch-like 
transfer is defined by polymer-metal and polymer-polymer ad
hesive interactions. The major contribution to macromolecular 
dispersion is from the alternating areas of polymer-polymer 
and metal-polymer contacts. Macroradicals generated within 
polymer-polymer contact may recombine on the metallic surface 
to form chemisorption and coordination complexes with an oxide 
film . Under the dynamic contact this process may increase 
the effect of mechanical actions on the macromolecular disper
sion of polyolefine. 

At a sliding velocity of 0.5 m/s under the environmen
tal conditions film-like transfer took place which caused a 
decrease in macromolecular dispersion as compared to the 
patch-like mode of transfer ( Table I ). At a load of 0.5 
MPa M w and M n dropped by 48 % and 37 % for 
patch-like transfer at a sliding velocity of 0.1 m/s, and 
by 35 % and 23 % for film-like transfer at a sliding 
velocity of 0.5 m/s. 

It should be noted that the polydispersion ratio does 
not, in fact, depend upon rubbing conditions and in most 
cases it maintains the values of 1.5 to 1.6 (T a b l e I ). 

The data given in the paper on H D P E macromolecular 
dispersion based on rubbing conditions allow a conclusion 
that the degree of dispersion depends mainly on load. Effect 
of velocity on this process is indirect and related to the 
transfer mode or to the ratio of the metal—polymer and polymer-
polymer contact areas. If the metal-polymer contact area is 
predominant this leads to intensification of macromolecular 
dispersion. 

The microscopy revealed large films of polymer particles 
attached to the transferred film surfaces. It was found out 
that these particles might have been resulted from the adhesive 
sticking between the transferred films and the polymer. In terms 
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210 P O L Y M E R W E A R A N D I T S C O N T R O L 

of wear this process may increase H DPE wear rate when 
the attachment of particles is slight, otherwise wear rate decre
ases due to the retention of particles within the rubbing zone 
and increase in the transfer film thickness. 

The steel surfaces with transfer fragments rinsed in boil
ing solvent (toluene and xylene) exhibited stable brown patches 
(up to 5 jura in size) of the polymer. Strong attachment of the 
retained transfer fragments to the polished steel may be due to 
mechanical interaction and chemical bonding. The incomplete 
solution of the transfer fragments is also indicative of the poss
ible crosslinkage of H D P E macromolecules at the initial stage 
of transfer. 

Active Additives 

Mechano-chemical processes that are essential for H D P E 
macromolecular dispersion were defined by analyzing MWD of 
the transfer fragments of polyolefine—based composites doped 
with active additives (5 wt.%), such as antioxidant (Neozone D), 
aromatic compound (anthracene) and metal salt (zinc stearate). 
Effect of the active additives on molecular features and certain 
friction characteristics of HDPE (load = 0.5 MPa; sliding velo
city = 0.25 m/s) is shown in Table II. 

Table II. Effect of Active Additives on Molecular and Friction 
Characteristics of HDPE Transfer Fragments 

Original 
H D P E 

HDPE +Zinc 
Stearate 

H D PE + 
Neozone D 

H D P E + 
Anthracene 

R u b b i n g 

Before 
After 

Before 
After 

Before 
After 

Before 
After 

M w- 10 3 54 41 62 35 76 68 56 45 

Wear rate, 
mg/h 0.06 0.02 1.22 0.3 

Coefficient 
of friction 0.4 0.2 0.4 0.4 

HDPE specimens doped with Neozone and anthracene 
exhibited higher wear rates ( by 20 and 5 times, respectively) 
than the original polyolefine ( Table II ). The microscopy 
found a great difference in the mode of transfer. With Neozone 
present within the rubbing zone, oriented polymeric film bands 
had been produced over the steel surface, while anthracene 
had given unoriented islands of large particles. In both cases 
the transferred particles were slightly attached to the metallic 
surfaces, which caused the high wear rates ( Table II ). 
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14. B E L Y I A N D N E V Z O R O V Polyethylene Transfer Products 211 

Slight attachment of the transferred particles to the metal 
allows a conclusion that inhibition of oxidation (Neozone) and 
relaxation (anthracene) of the HDPE transfer fragments macro-
molecules decrease the number of macroradicals capable of 
strong attachment to the steel surface. Transfer fragments un
dergo fewer deformation cycles and faster become wear debris. 
The molecular features of the above fragments have been 
found to correlate or to be superior to those of the original 
H D P E ( Pig. 2, curves 1, 3, and 4 ). 

The incorporation of zinc stearate ( up to 5 wt.% ) 
into H DPE promoted the formation of the transferred films 
strongly attached to the steel surface, weakened the friction 
forces in the contact and led to a three-fold decrease in wear 
rates as compared to the original HDPE. M w of the transfer 
fragments dropped by 45% (Table II). Low molecular weight 
fractions and zinc stearate of the rubbed surface caused 
weakening of the friction forces and decrease in the wear rate. 

The experimental results obtained with the active additives 
promoted the following recommendations be derived about the 
substances that control the process of polymer transfer onto 
metals for optimizing unlubricated sliding regimes: 

- The substance should not eliminate the adhesive inter
action between the transfer fragments and the metal. 

- The substance must be a lubricant for polymer—polymer 
contacts. 

- The substance should provide intensive macromolecular 
dispersion in the transfer and wear products. 

The molecular characteristics of the HDPE wear 
particles may be superior to or comparable with those of the 
transfer fragments. However, the test time ( from 2 to 8 h ) 
did not affect the values of M w and M n and MWD of 
the H D P E wear particles. 

The origin of the metal influences undoubtedly the H D P E 
macromolecular dispersion. At a sliding velocity of 0.25 m/s 
and load of 0.5 MPa M w of the transferred products 
decreased as compared to the original H D P E in the following 
way: in contact with steel - by 10%; with copper - by 12%; 
with aluminum alloy — by 30%. In contact with titanium a 
reverse process of the titanium oxide transfer onto the polymer 
was observed. 

Conclusions 

Thus, the new method for studying the molecular characteristics 
of the thermoplastic polymer transfer and wear products makes 
it possible to establish the orientation of mechano-chemical 
processes in the rubbing zone and to find ways of dispersion 
and wear control. The method also enables the wear 
mechanisms of antifriction polymers to be studied in terms 
of the transfer phenomena. 

 P
ub

lic
at

io
n 

D
at

e:
 S

ep
te

m
be

r 
12

, 1
98

5 
| d

oi
: 1

0.
10

21
/b

k-
19

85
-0

28
7.

ch
01

4



212 P O L Y M E R W E A R A N D I T S C O N T R O L 

0 40 80 120 M-10 

Figure 2. Molecular characteristics of the transfer 
products of the original H DPE ( l ) and composites 
thereof doped with : 5%-wt. zinc stearate (2); 5%-wt. 
anthracene (3); 5%-wt. Neozone D (4). 
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15 
Penetration of Metallic Femoral Components 
into Polymeric Tibial Components Observed 
in a Knee Joint Simulator 

D. Dowson1, B. J. Gillis2, and J. R. Atkinson3 

1Department of Mechanical Engineering, Institute of Tribology, The University of Leeds, 
Leeds LS2 9JT, United Kingdom 

2Adelaide Brighton Cement Ltd., Birkenhead, South Australia 
3Department of Metallurgy, The University of Leeds, Leeds LS2 9JT, United Kingdom 

The major factors limiting the effective l ife 
of a total replacement synovial joint are 
loosening of one or more of the prosthetic 
components, a variety of medical problems (e.g. 
infection) and wear. Most internal prostheses 
now consist of metallic and polymeric components 
and it is the penetration of the former into the 
latter which is the subject of this paper. 

A knee joint simulator designed to evaluate 
the mechanical and tribological characteristics 
of total replacement knee joints will be 
described. Measurements of penetrations of 
metallic femoral components into the polymeric 
tibial components by means of dual index holo
graphic contouring will be presented and the 
findings compared with observations from detailed 
studies of wear in well-controlled laboratory 
machines and the limited evidence of in-vivo 
performance of replacement knee joints. 

The development of satisfactory total replacement synovial joints is 
sometimes described as the major advance in orthopaedic surgery in 
recent times. The hip joint was the first major load bearing joint 
to respond to the efforts of surgeons, engineers and materials 
scientists in the past two decades to develop satisfactory 
replacements, but attention is now focussed upon the more complex 
knee joint. 

0097-6156/85/0287-0215S06.00/0 
© 1985 American Chemical Society 
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216 P O L Y M E R W E A R A N D I T S C O N T R O L 

Most total replacement joints consist of a metallic and a 
polymeric component, although alternative materials such as ceramics 
and carbon reinforced materials are currently being examined for 
this role. The l i f e of a prosthesis is thus directly affected by 
the rate of penetration of the metallic component into the polymeric 
component and this has prompted considerable interest in the subject 
of wear of polymers in the hostile environment of the body. 

When polytetrafluoroethylene (PTFE) was introduced in the early 
I960's the l i f e of total replacement hip joints was limited to about 
three years by the poor wear characteristics of the polymer. When 
ultra-high molecular weight polyethylene (UHMWPE) replaced PTFE, the 
rate of penetration of the metallic component into the polymeric 
component was reduced to such an extent that loosening emerged as a 
major aspect of prosthetic l i f e . There i s , nevertheless, a need to 
pursue studies of the wear of prosthetic materials to f a c i l i t a t e the 
development of satisfactory materials which can be used with 
confidence in long-life prostheses. 

A knee joint simulator was designed and built in the bio-
engineering laboratory at Leeds in the late 1970,s to enable the 
mechanical and tribological characteristics of current and projected 
knee joint replacements to be assessed. The simulator has been 
described by Dowson et a l ^ ' and i t i s shown in Figure 1. Realistic 
load and motion cycles are applied to the knee joints to simulate 
any desired activity, but usually walking, and the penetration of 
the metallic femoral components into the polymeric t i b i a l components 
after a large number of cycles can then be used to assess the l i f e 
of the joints. Furthermore, the penetrations recorded, which 
include both wear and creep, can be related to results of laboratory 
wear studies of the behaviour of UHMWPE and to the in-vivo 
performance of total replacement knee joints. The simulator i s 
therefore an important machine i n both the pragmatic and fundamental 
aspects of total replacement knee join development. 

Dual index holographic contouring has been used to record the 
nature and the extent of femoral penetration into worn polymeric 
t i b i a l components tested on the knee joint simulator. The system is 
briefly described and results are presented for two different forms 
of prostheses. 

Wear factors based upon at least 10 cycles have been derived 
from the overall penetrations recorded in the simulator and compared 
with laboratory wear studies and a single result from in-vivo 
conditions. 

Apparatus and Experimental Technique 
(2) 

The Morrison^ ' load cycles were applied to selected prostheses in 
the simulator shown in Figure 1. Cyclic loading patterns were 
applied in the Tib i a l Axis and A-P directions, the hydraulic 
mechanisms being controlled by a waveform synthesiser supplied with 
some 200 bits of information. The primary joint motion in 
flexion-extension was achieved by means of a cam driven rack-and-
pinlon system, while a low-friction self-aligning bearing 
arrangement on the upper, femoral, specimen holder allowed rotation 
about the A-P axis. 
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D O W S O N E T A L . Penetration of Metallic into Polymeric Components 217 

Figure l a Knee Joint Simulator 

Key 

1 Tape Reader 1 2 Cathode Ray Oscilloscope 
2 Peekel Strain measurement device 13 Filter 

3 Waveform Synthesiser 1 4 Tibial A x j s carrier Frequency Amplifier 
4 Joint Carriage and Holder 15 Tibial Axis Power Amplifier and Power Pack 

5 Tibial Axis Servo Valve 16 Tibial Axis Switching Box 
6 A - P Axis Servo Valve 17 A - P Axis Carrier Frequency Amplifier 
7 A - P Axis Loading Cylinder 18 80L Oil Reservoir 
8 Tibial Axis Loading Cylinder 19 Drive Shaft 
9 Drive Motor 20 Pressurised OH Reservoir (A-P constant 
10 Temperature Measurement Meters force cylinder) 
11 A - P Axis Power Amplifier 21 Pump Mousing 
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P O L Y M E R W E A R A N D I T S C O N T R O L 

Figure 1(c) 'Freeman-Swanson* Prosthesis in Simulator. 

Figure 1(d) 'Leeds' Prosthesis in Simulator. 
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15. D O W S O N E T A L . Penetration of Metallic into Polymeric Components 219 

Reflective dual-index holography was used to measure the 
penetration of the metallic femoral component into the polymeric 
t i b i a l component at the end of each test. The procedure produced 
contour maps of the images of the wear specimens before and after 
the wear process. The general arrangement of the measuring system 
is shown in Figure 2 and the authors gratefully acknowledge the 
advice and assistance made available by Dr. M.J. Lalor and Mr. J.T. 
Atkinson of Liverpool Polytechnic when the f a c i l i t y was established 
in Leeds. A 5-mW laser (L) and a rotational beam splitter (BS) were 
used, together with standard optical mirrors (M), spatial f i l t e r s 
(S) and a convex collimating lens (C). The liquid c e l l (T) was 
fitted with an optical glass front and a peristaltic pump was used 
to change the immersion liquids. The two liquids used were ethanol 
or methanol or mixtures of both, depending upon the contour depth (A 
h) required. The contour depth is given by, 

where, 
Ah « contour depth increment 

X 3 5 wavelength (laser beam) 
n l , n 2 ~ r e f r a c t i v e indices of immersion liquids 

The polymeric t i b i a l components were coated with pure 
aluminium, some thick In a vacuum evaporation unit to improve 
the quality of the holographs. This film was removed in isopropyl 
alcohol before each wear test. Holographs of the 'unworn' and 
'worn' t i b i a l components were assessed and the volume of material 
removed (V) in a known period was estimated by simple geometrical 
procedures. The loading cycle enabled ( PdX) to be evaluated and an 
equivalent wear factor (k) was calculated from the relationship, 

V = kN / PdX 

- where (J*PdX) refers to one cycle and (N) is the number of cycles. 

Results 

Experiments were carried out in the simulator on an early form of 
'Freeman-Swanson' Knee Joint and on a 'Leeds' Knee Joint. D i s t i l l e d 
water was allowed to drip onto the prosthesis to wet the interface, 
the flow rate being adjusted to maintain temperature of the t i b i a l 
component at 37°C. Contour diagrams based upon holography are 
recorded for the i n i t i a l and worn t i b i a l components of each joint in 
Figures 3 and 4 and schematic representations of the wear scars are 
shown in Figures 5 and 6. 

The operating conditions and the derived wear factors are 
recorded in Table I • 
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D O W S O N E T A L . Penetration of Metallic into Polymeric Components 

Figure 3(a) Contours of 'Freeman-Swanson' Knee Prosthesis 
Tibial Component ( I n i t i a l Design). 
Prior to Test (Ah - 200 ym). 

Figure 3(b) Contours of 'Freeman-Swanson' Knee Prosthesis 
Tibial Component ( I n i t i a l Design). 
After Test in Knee Joint Simulator (Ah » 140 ym) 
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222 P O L Y M E R W E A R A N D I T S C O N T R O L 

Figure 4a. Contours of 'Leeds' Knee Prosthesis T i b i a l Component 
prior to test in knee joint simulator (Ah = 1.75 ̂im). 

Figure 4b. Contours of 'Leeds* Knee Prosthesis T i b i a l Component 
after test in knee joint simulator (Ah - 350 pim). 
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D O W S O N E T A L . Penetration of Metallic into Polymeric Components 

in 
6 
CD 

true length = 13.4/cos15° 
= 13.87 

A h = 30 pm 

t> represents node points 

Figure 5 Representation of Wear Scar in 'Freeman-Swanson1 

Knee Joint. 
(Simulator test). 
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224 P O L Y M E R W E A R A N D I T S C O N T R O L 

Figure 6 Representation of Wear Scar in 'Leeds' Knee Joint. 
(Simulator Test). 
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15. D O W S O N E T A L . Penetration of Metallic into Polymeric Components 225 

KNEE PROSTHESIS 

•FREEMAN-SWANSON1 

( i n i t i a l design) 
'LEEDS1 'FREEMAN-SWANSON' 

(in-vivo) 

/WdX (Nm/cycle) 47.7 67.1 47.7 

Number of Cycles 1,030,563 1,008,574 <2|82a£S9) 
V (mm3) 48.7 55.9 387 

R (jJfli) a 
FEMORAL 0.02 0.025 -

R (jJfli) a 
TIBIAL 0.33 0.11 -

k (mm3/Nm) 0.99 x K f 6 0.83xlO~6 1.86 x 10"6 

TABLE I KNEE JOINT OPERATING CONDITIONS AND DERIVED 

WEAR FACTORS 

Discussion and Conclusions 

The polymeric t i b i a l components worn In the joint simulator 
exhibited the evidence of adhesive and abrasive wear found in 
reciprocating pin-
on-plate experiments. However, there were also signs of abrasion 
associated with the particles of acrylic cement, some of which 
became embedded in the polyethylene. The femoral component 
exhibited fine scratching with deeper grooves superimposed. This 
was particularly evident in the case of the 'in-vivo' 
Freeman-Swanson prosthesis. 

The derived wear factor (k) for the 'Freeman-Swansog' and 
•Leeds' knee joints tested in the simulator for about 10 cycles are 
both interesting and similar. The 'in-vivo' Freeman-Swanson joint 
was kindly made available by Professor S.A.V. Swanson and the 
conditions of service were not known with any certainty. The joint 
had functioned in an elderly patient for some four years, with a 
•light to medium' level of walking activity. It was therefore 
assumed that /PdX remained constant at 47.7 Nm/cycle and that the 
patient achieved 6000 strides or 3000 loading cycles per day. These 
assumptions are consistent with a subsequent study of the walking 
activity of patients fitted with total replacement joints reported 
by Wallbridge and Dowson^ , but considerable scope for errors 
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226 P O L Y M E R W E A R A N D I T S C O N T R O L 

remain in this part of such calculations. It can also be seen from 
Figure 7 that the wear scar on the 'in-vi^o' joint was asymmetric. 
The overall wear factor of 1.86 x 10~ mm /Nm was slightly higher 
than those^reco^rded in the simulator tests of 0.99 x 10 mm /Nm and 
0.83 x 10 mm /Nm for the Freeman-Swanson and Leeds knee joints 
respectively. 

It is also of interest to estimate the 'effective' wear factor 
for a natural knee joint. If i t is assumed that the joint is 'worn 
out' between the ages of 20 and 70 years and that the combined 
thickness of the layers of cartilage essentially worn away during 
this period is 4 mm, the volume of material removed can be estimated 
frgm measured areas of the condyles and is li k e l y to be about 10 
mm . If the average healthy person takes some 10,000 steps per day 
throughout this period, and the value of /PdX i s 47.7 Nm/loading 
cycle, then (k) is given by; 

4 
k = 5000x4^7x365x50 = 2.3xlO~6 mm3/Nm 

The derived wear factors can.be compared directly with the 
results reported by Dowson et a l i elsewhere in this Conference for 
laboratory experiments based upon similar combinations of materials 
in a laboratory linear, reciprocating, wear testing machine. For 
counterfaces of similar roughness, in d i s t i l l e d water, the _^ 
reciprocating machine results indicated wear factors of 0.4 x 10 
mm /Nm for the 'Freeman-Swanson' and 'Leeds' prostheses _^ 
respectively, compare^ wijjh the simulator results of 0.99 x 10 
mm /Nm and 0.83 x 10 mm /Nm. These values are much closer than is 
commonly thought to be reasonable when simulator, and particularly 
*in-vivo', results are compared with the findings from well 
controlled laboratory wear machines. This is particularly 
interesting when i t is recalled that the simulator evaluations 
record 'wear and creep' and that there is considerable additional 
abrasive wear from acrylic cement particles in the simulator and 
In-vivo. 

The experimental findings confirm the merit of joint simulators 
in furthering the development of total replacement joints. 
Dual-index holography has been shown to reveal the nature and extent 
of the wear scars on worn, polymeric t i b i a l components in a 
satisfactory manner. The derived equivalent wear factors are 
reasonably consistent with, but somewhat greater than, the wear 
factors recorded on laboratory linear reciprocating wear machines. 
It i s , however, most important to make the comparisons of simulator 
and in-vivo wear rates with findings from laboratory wear machine 
experiments In which the environment and counterface topography are 
adequately represented. 

There i s an urgent need for further careful analysis of the 
wear characteristics of total replacement joints after service in 
the body. Such studies would enhance the understanding of the long 
term performance of prostheses and would indicate the merit of 
versatile laboratory wear testing machines and joint simulators. 
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D O W S O N E T A L . Penetration of Metallic into Polymeric Components 

inter-node volumes are as previously defined, 

except A,C,P,R 

• represents node point. 

A h = 189pm 

inter-node volume bounded 

by 3 node points 

Figure 7 Representation of Wear Scar In •Freeman-Swanson' 
Knee Joint, 
(in vivo). 
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W e a r Character is t ics of Articular Car t i l age 

Effects of Time-Varying Loads and Intermittent Sliding 

Harold Lipshitz1 

Laboratory for Skeletal Disorders and Rehabilitation, Harvard Medical School 
and Children's Hospital Medical Center, Boston, MA 02115 

Bovine articular cartilage, worn under cyclic 
loading patterns against a highly polished 
characterized stainless steel surface, wore at 
significantly lower rates than would have been obtained 
under constant pressures equal to the time average of 
the oscillating pressures. The differences between the 
observed rates and those that would have been obtained 
under constant equivalent pressures were greater, the 
greater were the amplitudes of the cyclic pressures. 
These phenomena are interpreted as being due in large 
measure to the tissues greater ability to dissipate 
stress under these conditions. 

Under time varying loads, gross surface fissures 
were evident during the wear experiments. This was not 
the case under constant loads. 

When worn against articular cartilage that was 
slightly cross-linked with formaldehyde, interrupted 
sliding resulted in significantly greater wear rates 
than those obtained under constant sliding. During the 
interruptions the tissues underwent slow compression 
and reswelled on the resumption of sliding. The 
greater wear rates in this case are attributed to 
ploughing or large deformations on resumed sliding. 

Articular Cartilage i s a tissue that serves as a bearing 
material in diarthrodial joints (Fig. 1). Its wear properties 
have interested biomedical scientists for many years because of 
the belief that the tissue's wear i s a factor in the etiology of 
osteoarthritis (1). Material and biological scientists have, on 
the other hand, sought an understanding of the mechanisms by 
which i t is normally able to withstand the rather large stresses 

1 Current address: The Kendall Company, Lexington, MA 02173 

0097-6156/85/0287-0229$07.00/0 
© 1985 American Chemical Society 
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230 P O L Y M E R W E A R A N D I T S C O N T R O L 

during joint function without appreciable loss of mass; this, 
despite i t s poor biological reparative capability (2). 
Nevertheless, despite this interest, the tissue 1s wear 
characteristics have remained inadequately described and poorly 
understood. This has been due, in part, to the complexities of 
the phenomena - a result of i t s unique mechanical properties -
and the experimental and theoretical d i f f i c u l t i e s of studying the 
problem. These have been, principally, the d i f f i c u l t i e s of 
isolating the variables that govern the tissue's wear 
(particularly under in vivo conditions). 

Articular cartilage is a complex composite polymeric 
material that consists principally of a network of collagen (in 
various states of aggregation), protein-polysaccharides, living 
cells (chondrocytes) and inorganic ions. The latter are 
primarily counterions to the charged moieties of the 
polyelectrolytes of the matrix. The entire network is swollen 
with water, a major fraction of which is in regions between i t s 
fibrous elements. On compression this water is exuded. The 
tissue's network structure, composition, and equilibrium f l u i d 
contents vary with depth from the surface (_3 ,4^_5). Its structure 
and chemical composition have been extensively reviewed (_6> 7.»_8>.9). 

Mechanically, the tissue is anisotropic and inhomogenous, 
i t s moduli vary with direction and depth from the surface 
(10,11). Its principal mechanism for attaining stress 
relaxation, at strains above a c r i t i c a l l y small strain, is by 
exuding i n t e r s t i t i a l f l u i d (12). Its stress relaxation rates are 
therefore not only functions of the viscoelastic properties of 
it s macromolecular network, but also the fr i c t i o n a l resistances 
to f l u i d transport in and out of the tissue. Factors affecting 
fl u i d exudation and imbibition therefore necessarily affect the 
tissue's wear resistance. 

In vivo, the tissue is subjected to pressures that vary with 
time. This occurs because of pressure variances during 
locomotion and the like and because articulation often results in 
regions of the tissue compressing opposite regions for 
intermittent periods during sliding. This is a consequence of 
joint incongruities. Sliding therefore results in regional 
contacts being broken or becoming effectively unloaded while 
other regions bear the loads (Fig. 2). During the unloaded 
periods, f l u i d from the media is reimbibed (13). Joint 
articulation therefore results in the tissue's i n t e r s t i t i a l f l u i d 
being alternately exuded and reimbibed. Dimensional recovery 
occurs during reimbibition (13). In vitro, i t is found that 
cartilage that is not equilibrated with aqueous media does not 
completely recover dimensionally after compression. Dimensional 
recovery therefore results from a combination of the factors 
governing network "elasticity" and swelling. 

The rates of dimensional recovery vary with the average 
compressive strain (14) and with certain characteristics of the 
solution with which the tissue is equilibrated (15). These 
include the concentration and type of ions dissolved in the water 
(15), i t s viscosity, temperature, and macromolecular content. 
The average compressive strain varies with load, loading 
frequency, and with the time a given region is subjected to 
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LIPSHITZ Wear Characteristics of Articular Cartilage 231 

F i g u r e 1. S c h e m a t i c o f D i a r t h r o d i a l j o i n t . 

F i g u r e 2 Q S c h e m a t i c s h o w i n g i n c o n g r u i t i e s b e t w e e n 
t h e a r t i c u l a r s u r f a c e s , . As s u r f a c e A r o l l s a c r o s s 
s u r f a c e B r e g i o n s o f t h e t i s s u e u n d e r g o i n t e r m i t t a n t 
c o m p r e s s i o n and r e l a x a t i o n . 
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232 POLYMER WEAR AND ITS CONTROL 

load. Under time varying loads, this can become a function of 
sliding speed. 

If sliding is interrupted, while a small region of the 
tissue under load is interfaced with a larger region, the tissues 
become progressively compressed. When sliding is resumed, the 
process is reversed and the tissues reswell. This results in 
greater deformation on the resumption of sliding with consequent 
effects on the wear of the tissue. 

It is the purpose of this paper to describe the effects of 
time varying loads and interrupted sliding on the tissue 1s wear, 
under specified in vitro conditions and to compare i t s wear 
characteristics under these conditions with that under constant 
load and continuous sliding. 

EXPERIMENTAL PROCEDURES 

A. Source and Form of the Cartilage 
The studies were carried out using circular cylindrical 

plugs of cartilage and bone that were cut from the medial femoral 
condyles of adult steers (approximately 2 years old). The 
techniques and tools used for their preparation have been 
described elsewhere (16). The condylar surfaces used were 
predominantly but not totally curved. The plugs obtained from 
them were prepared in such a manner that the surface of the 
tissue was both f l a t and perpendicular to the axis of the 
cylindrical shaft of underlying bone. They were used in these 
studies to assure that the geometric contact areas between 
wearing surfaces were reproduceable under the same loads (17). 

B. The Wearing of the Tissue 
1. Apparatus 
The tissue was worn in apparatus that is described in detail 

elsewhere (17). In essence, the instrument consists of a 
sturdily mounted stainless steel turntable (type 302) that is 
made to move back and forth, sinusoidally, by an attached rod, 
spring loaded against an off-center, motor-driven cam. The 
travel distance, for these studies, was 0.64 cm. 

The tissues were worn either against a highly polished 
stainless steel surface designated previously as Surface A (see 
ref. 17) or against slightly cross-linked cartilage. The same 
apparatus was used for both types of experiments. The procedures 
for doing so are described below. 

The surface of the metal was characterized by randomly 
oriented depressions, 0.2 to 0.3 jum deep, 6 to 10 jum long, spaced 
4 to 8 um apart (17). These dimensions were determined using 
stereoscopic scanning electron microscopy at two angles of t i l t 
and applying the equations described by Boyde (18). 

The tissues were interfaced with the wearing surfaces as 
follows. The plugs were secured in stainless steel holders that 
were held by chucks attached to pneumatic actuators. The loads 
on the tissue were monitored by a load c e l l (BLH, Inc., Waltham, 
MA) positioned between the chuck and the piston of the actuators 
(Fig. 3). When loads were applied through the actuators, the 
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234 POLYMER WEAR AND ITS CONTROL 

tissue was compressed against the countersurface while the plate 
was made to move sinusoidally to effect i t s wear. The geometric 
contact areas between tissue and plate were previously determined 
as a function of load. As such the average pressures on the 
tissue were known for each load (17). 

As stated, the tissue 1s mechanical properties are sensitive 
functions of i t s f l u i d content. The wear experiments therefore 
had to be carried out with the tissue bathed in aqueous media. 
This was accomplished as follows: A trough 0.64 cm deep, and 
2.54 cm. wide was accurately machined into the plate at i t s 
periphery. The trough was partitioned into compartments allowing 
duplicate experiments to be simultaneously run. Approximately 10 
ml. of 0.03M trisChydroxy)methylaminomethane buffer at pH 7.4 
containing 1 X 10~̂ M phenylmethylsulfonyl fluoride was placed in 
each compartment at the start of each experiment. The latter 
compound served to inhibit proteolytic enzymes within the tissue 
(17). The tisses were bathed in this solution throughout the 
experiments. The solutions served to both lubricate and hydrate 
the cartilage during the wear experiments. 

2. Measurement of Wear 
Wear was measured as follows: At selected times, the f l u i d 

from each compartment was quantitatively removed and rapidly 
replaced with fresh solution while oscillation of the plate was 
maintained. These procedures were previously shown to result in 
the quantitative removal of the wear debris and i t s dissolved 
constituents (4,17). In these experiments regular sliding 
patterns were maintained during sampling to assure that the 
tissue was not subjected to artifactual deformation. This was 
not a concern when the tissue was worn under constant pressure. 

The extent of wear was determined by measuring the 
hydroxyproline content of the lubricant. Details of the 
procedure are described in reference 4. The assay used was that 
described by Grant (19). Hydroxyproline is an amino acid found 
almost exclusively in collagen. It was previously shown to have 
a constant relationship to the mass of organic material of this 
tissue throughout i t s thickness (4). This i s so except for a 
thin surface region calculated to have been removed within the 
f i r s t few minutes of the experiments. Since the tissue's 
thickness varies with pressure, f l u i d content, etc., dimensional 
changes cannot be used to monitor the extent of wear. 

While the constituents of the intact tissue are not 
extracted by this solvent, the wear debris 1 constituents are 
partially dissolved. Presumably, chain scission and/or network 
breakdown during wear results in the partial dissolution of the 
debris. It was therefore necessary to measure the hydroxyproline 
contents of the wear debris and i t s dissolved constituents. 

Using these procedures, around 0.1 jjgm of hydroxyproline was 
detectable. Since the dry weight of this cartilage i s , on 
average, 12.8 times the weight of i t s hydroxyproline content (4), 
as l i t t l e as 1.3 jugms of worn cartilage could be detected. 
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16. LIPSHITZ Wear Characteristics of Articular Cartilage 235 

3. The Attainment of Varying Pressures on the Tissue 
Time varying loads on the tissue were achieved as follows: 

Air, from a compressor, was forced through two reducing valves 
through a voltage-pressure transducer (model T-502, Fairchild 
H i l l e r , Inc., Winston Salem, NC). The air then flowed through an 
adjustable ratio relay to the pneumatic actuators through which 
loads on the tissue were applied. The load variations were 
controlled by voltage inputs to the voltage-pressure transducer 
through a function generator. A schematic of the flow pattern is 
seen in Figure 3. For the mechanical advantages in our system, 
between pressures on the actuators and pressures on the tissue, 
frequencies of up to 9 Hz could be obtained for pressure 
variations on the tissue of up to 0.7 MN/m̂ . For pressure 
variations of 7 MN/m̂  frequencies were limited to 3 Hz. 

For the studies reported here, the form of the load changes 
with time were limited to modified "square" waves. The "square" 
waves were somewhat rounded because the system's response lagged 
somewhat behind the voltage changes to the voltage-pressure 
transducer. The actual form of the load variance obtained is 
seen in Figure 9. 

The extents of tissue compression, during and following 
loading were monitored by a linear voltage displacemnt 
transducer (LVDT) positioned between the chuck and piston of the 
actuator (Fig. 3). 

4. Interfacing Cartilage Against Cross-linked Cartilage 
The interfacing of cartilage against lightly cross-linked 

cartilage was achieved as follows: Large diameter plugs (Diam. • 
1.3 cm) were cut from the femoral condyles. These were prepared 
from selected condylar regions that had a fl a t area such that 
smaller f l a t plugs (Diam. - 0.57 cm) could slide over i t a 
distance of 0.64 cm. The boney part of the larger plugs were 
ground to a thickness of around 0.6 cm. These were cross-linked 
(see below) and then press f i t into holders that f i t snugly into 
the troughs of the wear plate. The holders, made from poly-
(methyl methacrylate) ("Lucite" ) were positioned within the 
compartments of the plate and secured to i t with C clamps. Walls 
of "Lucite" were glued to the holders surrounding the larger 
plugs. These served to contain the lubricant. The arrangement 
is schematically illustrated in Figure 4. 

The larger base plugs were reacted with formaldehyde prior 
to their use in the wear experiments. The extents of 
cross-linking were however small (see results section). This 
reaction was necessary because in this experimental arrangement, 
cartilage worn against unreacted cartilage resulted in 
significant tearing within a half to one hour after the start of 
the experiment. This rendered the data meaningless. Against 
cartilage that was cross-linked to a small extent, however, no 
tearing occurred and reproducible experiments were readily 
performed. 

Reaction with formaldehyde was accomplished by equilibrating 
the plugs in aqueous solutions of 1% formaldehyde in 0.03M 
phosphate buffer at pH 7.4 for 16 hours at 37 °C. The 
formaldehyde solutions were "spiked" with 

C l 4 H 2 ° 
to measure the 
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16. LIPSHITZ Wear Characteristics of Articular Cartilage 237 

extents of reaction with the tissue. Radioactivity-formaldehyde 
content relationships were empirically established by 
colorimetric assay of the "hot" solutions for formaldehyde using 
the chromotropic acid assay acid and hexamethylene tetramine as 
primary standard (20). The methodology is described by Walker 
(20). Following equilibration, the plugs were washed extensively 
with phosphate buffer until no radioactivity was detectable in 
the wash solutions. 

Formaldehyde remaining in the tissue, after washing, was 
assumed to have been reacted with the tissue. The extents of 
reaction were measured by determining the tissue's dry weight, 
then digesting the sample with "Protosol" (New England Nuclear 
Inc., Boston, MA) and measuring i t s radioactivity by liquid 
s c i n t i l l a t i o n . 

Different extents of reaction were obtained by equilibrating 
for shorter periods and/or lower temperatures. Under these 
conditions formaldehyde was shown to react with the tissue 
throughout i t s thickness (21). 

5. Surface Characteristics of the Tissue During Wear 
To assess changes to the tissue's gross surface 

characteristics during the wear experiments, several plugs were 
each worn for different time periods (30, 60, 90, 310, 700, 1480, 
and 2100 minutes). These were then removed from the apparatus, 
equilibrated with phosphate buffer (pH 7.4) for 4 hours at 4°C. 
During this time the tissue's attained their equilibrium swelling 
characteristics. They were then stained with India ink using the 
procedure of Meachim (22). This procedure f a c i l i t a t e s the 
visualization of surface fissures (22_ ). The surfaces were 
then photographed through the lens of a dissecting microscope. 

RESULTS 
The amount of cartilage worn as a function of time against 

the stainless steel surface is plotted in Figure 5 for the cyclic 
patterns: (1) 25 seconds at 0.69 MN/m2 followed by 25 seconds at 
6.9 MN/m2 (Curve A) and 25 seconds at 0.69 MN/m2 followed by 25 
seconds at 4.14 MN/m2 (Curve B). As was the case for a l l loading 
patterns, the tissue i n i t i a l l y wore at higher rates that 
decreased with time during the f i r s t 180 to 200 minutes. After 
that the tissue wore at constant steady state rates. For the 
0.69 to 6.9 MN/m2 pattern these rates were sustained for the 
duration of the experiments. For the 0.69 to 4.14 MN/m2 pattern, 
the tissue wore at an average steady state rate of 1.1 Mgms. 
cart, worn/min. ( a l l rates expressed on a dry weight basis) from 
about 200 to about 600 minutes and then at a higher rate of 1.6 
;ugms. cart, worn/min. for the remainder of the experiments. 

When the pressure cycle was 47 seconds at 0.69 MN/m2 and 3 
seconds at 4.14 MN/m2, the tissue wore at a constant steady state 
rate of 0.4 jugm. cart, worn/min. after about 150 minutes. This 
was sustained to about 1100 minutes after which the rates 
increased to 0.7 xigm. cart, worn/min. In this cycle the higher 
pressure was imposed more pulse like. 
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238 POLYMER WEAR AND ITS CONTROL 

Time (min. X 10*) 

Figure 5. The wear of the tissue with time, (For a l l experiments the 
plate was made to oscillate at an average velocity of 0,52 M/min. The 
abscissas can therefore be converted to distance slid.) Curve A: 
pressure on the tissue alternated equally between 0.69 and 6.9 MN/m2 

at a frequency of 0.02 Hz. Curve B: the pressure was alternated equally 
between 0.69 and 4.14 MN/m2 at a frequency of 0.02 Hz. Note the 
i n i t i a l higher wear rates and the two steady state rates of Curve B. 
The mean values of 6 to 10 experiments + 1 stdn. dev. are plotted. 
The same number of experiments were run for each of the figures. 

1.5-1 

0 2 4 6 8 10 12 14 16 

Time (min. X 10*) 

F i g u r e 6. The wear o f t h e t i s s u e as a f u n c t i o n o f 
t i m e when worn u n d e r p r e s s u r e s t h a t were a l t e r n a t e l y 
47 s e c o n d s a t 0.69 MN/m and 3 s e c o n d s a t 4.14 MN/m. 
The b r o k e n l i n e i s t h e wear t h a t w o u l d be o b t a i n e d 
were t h e t i s s u e worn u n d e r a c o n s t a n t p r e s s u r e e q u a l 
t o t h e t i m e a v e r a g e o f t h e two p r e s s u r e s . 
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16. LIPSHITZ Wear Characteristics of Articular Cartilage 239 

In a l l cases, the tissue wore at considerably lower rates 
than would have been the case were i t under a constant pressure 
equal to the time average of both pressures. (These are shown in 
Figures 7a and b). These rates were computed using an equation 
that was previously shown to describe empirically the steady 
state wear of the tissue under constant pressure against this 
surface (17). That i s : 
(1) W = 1.13 VPt + 0.11 
W is the micrograms of cartilage worn (on a dry weight basis); V 
is the average speed of the oscillating plate in meters/minute 
(in a l l experiments this was 0.52 m/min); P is the average 
pressure on the tissue in MN/m2; and t is the time in minutes. 
If the tissue was worn under constant pressure for a sustained 
period, this equation described i t s wear irrespective of i t s 
having been worn under other pressures (17). 

The above equation is similar in form to the often used (23) 
(2) V = kLs 
where V is the volume worn; L, the load; s, the sliding distance; 
and k, a wear factor. Since the tissue's average f l u i d content 
is around 81.1% (29) and i t s hydrated density around 1, equation 
1 can be transformed to yield a wear factor, k, in the steady 
state region of 5.35 X 10~4 u liters/kgm-meter for this tissue 
against this highly polished surface. In this case V would be 
the volume of tissue worn i f i t were f u l l y hydrated. 

The effects of the frequency of changing pressure on the 
tissue's wear characteristics are seen in Figure 8. In these 
experiments the pressure was alternated equally between 0.69 and 
4.14 MN/m2 at frequencies of 0.02, 0.06, and 0.25 Hz (i.e. 25, 
8.4, and 2 seconds at each pressure of the cycle). The tissue 
wore at i t s highest steady state rates at 0.06 Hz while at 0.02 
and 0.25 Hz the rates were about equal. 

Changes in cartilage thickness with time, when worn under 
cyclic pressures (0.69 - 4.14 MN/m2 at 0.02 Hz) are seen in 
Figure 9. During the f i r s t 300 minutes, i t s thickness changed as 
follows. With the application of pressure i t compressed 
instantaneously to a strain that depended on the pressure and 
particular cycle of the sequence. It then underwent slow further 
compression during the cycle such that i t s thickness changed 
linearly with time (Fig. 9). When pressure was relieved, i t 
recovered rapidly (almost elastically) to a thickness (or 
hydration state) that was somewhat less than the starting point 
of the cycle. On repetition of the cycle the deformation pattern 
was repeated for about 300 minutes after which the tissue behaved 
almost elastically. The slow creep phase following the 
application of pressure did not occur and on the relief of 
pressure the tissue's thickness was the same as i t was prior to 
the application of pressure. It should be noted that the 
tissue's thickness i s generally proportional to i t s f l u i d content 
(14). 

Changes to the tissue's surface features during the course 
of the wear experiments are shown in Figures 10 (a-f). Under 
constant time invariant loads, no evidence of gross surface 
fissures was seen at the end of the experiments (Fig. 10a and 
b). Essentially a l l the India ink used to visualize surface 
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240 POLYMER WEAR AND ITS CONTROL 

A 

Time (min. X 10*) 

F i g u r e 7 a 0 C o m p a r i s o n o f t h e wear o f c a r t i l a g e when 
worn u n d e r a p r e s s u r e c y c l e o f 0 o 6 9 - 6 o 9 MN/m a t 0.02 
Hz. w i t h t h a t u n d e r a c o n s t a n t p r e s s u r e e q u a l t o t h e 
t i m e a v e r a g e o f t h e two. 

o 

B 

Time (min. X 10*) 

F i g u r e 7 b e C o m p a r i s o n b e t w e e n t h e wear u n d e r p r e s s u r e s 
t h a t a l t e r n a t e d b e t w e e n 0.69 and 4.14 MN/m a t 0.02 Hz 
w i t h t h a t u n d e r an e q u i v a l e n t c o n s t a n t p r e s s u r e . 
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LIPSHITZ Wear Characteristics of Articular Cartilage 241 

Time (min. X 10 ) 

F i g u r e 8 Q The e f f e c t o f f r e q u e n c y on t h e wear o f t h e 
t i s s u e . C u r v e A = 0.06Hz; C u r v e B = 0 o 2 5 H z ; and 
Cu r v e C = 0 o 0 2 H z o 

ISO 

O ^ Q) <f *-2 U » 
r O E 

< 2 
< 0 L - g 
Oco E 

Q 

I00 

50 

~ IO 

a < o 

0. 850 900 950 I000 I050 
TIME (SECONDS) 

15 

I8OO0 

850 900 950 I000 1050 
TIME (SECONDS) 

-V/-
18000 

F i g u r e 9 Q The d i s p l a c e m e n t s o f c a r t i l a g e w h i l e worn 
u n d e r c y c l i c a l t e r n a t i n g p r e s s u r e s . F o r t h e c u r v e s 
shown t h e p r e s s u r e c y c l e was 0 o 6 9 t o 4 0 1 4 MN/m2 a t 
0 o 02 Hzo Note t h e d i m e n s i o n a l c h a n g e s o f t h e t i s s u e 
a f t e r p r e s s u r e i s a p p l i e d t h a t o c c u r r e d d u r i n g t h e 
f i r s t 300 m i n u t e s , and t h e l a c k o f s u c h c h a n g e s a f t e r 
300 m i n u t e s o 
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POLYMER WEAR AND ITS CONTROL 

F i g u r e 1 0 o S u r f a c e f e a t e r s o f t h e t i s s u e a t v a r i o u s 
t i m e s d u r i n g t h e wear e x p e r i m e n t s a f t e r b e i n g r e -
s w o l l e n 0 The p l u g s were s t a i n e d w i t h I n d i a i n k and 
washed 0 

a) The s u r f a c e o f t h e t i s s u e p r i o r t o i t s b e i n g worn 
b) A f t e r b e i n g worn f o r ^400 m i n u t e s u n d e r a c o n s t a n t 

p r e s s u r e o f 2.07 MN/m . 
c ) A f t e r 180 m i n u t e s Q P r e s s u r e c y c l e s same as c Q 
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16. LIPSHITZ Wear Characteristics of Articular Cartilage 243 

Figure 10, Surface featers of the tissue at various times 
during the wear experiments after being reswollen. The plugs 
were stained with India ink and washed. 
d) A f t e r 360 m i n u t e s , P r e s s u r e c y c l e s same as c. Note 

a p p e a r a n c e o f f i s s u r e s ( d a r k r e g i o n s ) , 
e) A f t e r 700 m i n u t e s . P r e s s u r e c y c l e same as C 0 Note 

s p l i t i n t h e t i s s u e . Not a l l s p e c i m e n s d i d t h i s 0 

f ) A f t e r 1480 m i n u t e s , P r e s s u r e c y c l e same as c. 
The s u r f a c e s have many f i s s u r e s . 
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244 POLYMER WEAR AND ITS CONTROL 

fissures could be washed out. The tissue's surfaces had ridges 
on reswelling, that ran parallel to the wear direction. These 
were not, however, the result of different extents of wear. 
Rather, they were thought to be the result of macromolecular 
orientation within a surface region that caused the tissue to 
pucker on reswelling (17). 

Under time varying loads, the tissue's surface 
characteristics were quite different. These are seen in Figures 
10(c-f"). In the cases shown the tissue was worn under a pressure 
pattern that alternated between 0.69 to 4.14 MN/m2 at 0.02 Hz. 
In these experiments surface fissures appeared after around 300 
minutes (Fig. 10). Their number increased with time unt i l after 
around 20 hours the tissue's surfaces were almost totally black 
after being stained with India ink and washed. (This is taken as 
a qualitative measure of the extent of fissuring.) In many cases 
the tissues fractured or split to the bone after around 700 
minutes of wear under this pattern. It's wear rates increased at 
about this time, but remained steady. When worn under constant 
pressure such splitting was never observed. 

Under constant pressure, against stainless steel, 
interrupted sliding for different periods had no effect on the 
tissue's wear rates. This was not the case when the tissue was 
worn against slightly cross-linked cartilage. (In these 
experiments, the tissue was worn under a constant pressure of 
2.07 MN/m2). Before describing the results of interrupted 
sliding, we should state f i r s t , that the extent of formaldehyde 
reaction of the bottom plug did not effect the tissues steady 
state wear rates (Fig. 11). We note further that while the 
amount of formaldehyde bound was easily assessd (by measuring the 
radioactivity) i t was not possible to measure the degree of 
cross-linking. The reacted tissue was somewhat s t i f f e r , but 
there was no detectable change in the tissue's swelling ratio in 
equilibrium with 0.03M phosphate buffer, at pH 7.4. The amount 
of formaldehyde bound was exceedingly small (Fig. 11) and the 
extents of cross-linking were likely only a small fraction of 
that (24). 

When sliding was interrupted with the tissue under load, the 
tissues underwent steady compression (Fig. 12). The 
displacements measured by the LVDT were the sum of the 
compressions of both unreacted and formaldehyde reacted tissues. 
Visually, however, i t was observed that both tissues were 
compressed. On the resumption of sliding reswelling occurred 
even though the tissues were under load (Fig. 12). The longer 
the stationary periods, the larger the compression. Likewise, 
the longer the oscillating period following interruption, the 
greater was the dimensional recovery until equilibrium swelling 
was attained. 

The effect of interrupted sliding on the wear of the tissue 
is shown in Figure 13. When sliding was interrupted for 55 
seconds, after being worn for 1 minute, the tissue wore at 
significantly higher rates than when sliding was interrupted for 
only 15 seconds. 
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cc 
CO 9 

0.3-

0.2-

0.1-

.01 .02 .03 .04^-20 
Formaldehyde Content (^mole/mg. Cart. ) 

.21 

F i g u r e 1 1 0 S t e a d y s t a t e wear r a t e s o f c a r t i l a g e when 
worn a g a i n s t c a r t i l a g e t h a t was r e a c t e d w i t h f o r m a l 
dehyde t o d i f f e r e n t e x t e n t s . The t i s s u e s were worn 
u n d e r a c o n s t a n t p r e s s u r e o f 2.07 MN/m i n t h e s e e x 
p e r i m e n t s , By c o m p a r i s o n a g a i n s t S u r f a c e A o f t h e 
s t a i n l e s s s t e e l p l a t e t h e t i s s u e wore a t a c o n s t a n t 
r a t e o f 1 ugm c a r t , / m i n . 

60 61 62 63 64 65 66 
Time (minutes) 

F i g u r e 12, D i s p l a c e m e n t o f b o t h p l u g s d u r i n g i n t e r -
m i t t a n t s l i d i n g u n d e r a c o n s t a n t p r e s s u r e o f 2.07 MN/m 
I n t e r r u p t i n g t h e o s c i l l a t i o n s f o r 55 s e c o n d s r e s u l t e d 
i n b o t h t i s s u e s b e i n g c o m p r e s s e d a r o u n d 30 u. When 
s l i d i n g was resumed t h e t i s s u e s r e c o v e r e d . 
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246 POLYMER WEAR AND ITS CONTROL 

F i g u r e 1 3 D S t e a d y s t a t e wear o f t h e t i s s u e u n d e r i n t e r -
m i t t a n t s l i d i n g . C u r v e A: o s c i l l a t i o n s t o p p e d f o r 55 
s e c o n d s , resumed f o r 1 m i n . C u r v e B: o s c i l l a t i o n 
s t o p p e d f o r 15 s e c o n d s , resumed f o r 1 m i n . P r e s s u r e 
2,07 MN/m . 
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16. LIPSHITZ Wear Characteristics of Articular Cartilage 247 

DISCUSSION 
The tissue's steady state wear rates, under cyclic pressures 

were significantly lower than would have been obtained were i t 
worn under a constant pressure equal to the time average of the 
two pressures. (In computing the equivalent pressure, account 
was taken of the fraction of each cycle spent at pressures 
between the two alternating pressures.) In the absence of 
detailed mechanical analyses, the explanations for this remain 
qualitative. Nevertheless, we would suggest that the lower wear 
rates are probably attributable, in large measure, to the tissues 
greater a b i l i t y to dissipate stress under these conditions. 

The reasoning is as follows: On the application of 
pressure, localized stresses are dissipated principally by fl u i d 
exudation and redistribution, the rates of which increase with 
the tissue's hydration state and the amounts of pressure applied 
(9912,25,26) . They likewise decrease with time (_9,12,25,26) . 
When pressure on the tissue is reduced, fluid is reimbibed and 
its thickness increases (Fig. 9). This i s again reexuded on the 
reapplication of pressure. Since the tissues in these 
experiments were subjected to higher pressures for only 
relatively short periods, stress dissipation likely occurred at 
significantly higher rates throughout the experiment than would 
have been the case under constant equivalent pressures. This is 
so because the tissue's stress relaxation or stress dissipation 
rates decay exponentially with time (_12,_25,26). The net result 
is that the duration of localized stresses above that necessary 
to i n i t i a t e failure would be less. Under constant pressure, 
imbibition and exudation could not occur to the same extent. 

The reasoning is consistent with the greater differences in 
wear rates observed between the 0.69 - 6.9 MN/m2 cycle and those 
that would have been attained under an equivalent constant 
pressure as opposed to the 0.69 - 4.14 MN/m2 cycle and i t s 
equivalent counterpart. The relative rates of decay of localized 
stresses would be significantly greater under 6.9 MN/m2 as 
compared with 4.14 MN/m2^(9,12). 

The higher rates during the i n i t i a l 180 to 200 minutes are 
believed to be due to a combination of the following: (1) 
gradual orientation of segments of the tissue's macromolecules in 
a thin surface region that renders the tissue more wear 
resistant; and (2) gradual coating of tissue constituents or a 
transfer layer onto the steel plate in the region interfaced with 
the tissue. When worn under constant load against this surface, 
macromolecular orientation i s believed to have occurred prior to 
it s wearing at constant rates (17). After attaining constant 
rates, rotating the plugs 90° resulted in the tissue wearing 
briefly at higher rates before resuming the same rates i t wore at 
prior to rotation (17). Such orientation could result from the 
contact stresses occurring during sliding. 

With regard to the second factor, prior to the start of an 
experiment the plate was scrupulously cleaned with alkaline 
solutions until the wetting angle between buffer and plate was 
visually minimal (17). Failure to do this resulted in the tissue 
wearing at higher rates and the data not being reproducible. 
Nevertheless, during the f i r s t 200 minutes or so the wetting 

American Chemical Society 
Library 

1155 16th St., N,w» 
Washington, DC 20036 
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248 POLYMER WEAR AND ITS CONTROL 

angle between buffer and plate increased. This likely resulted 
from a hydrophobic, l i p i d - l i k e material from the tissue coating 
the metal surface or a thin transfer layer of the tissue i t s e l f . 
This could have resulted in less f r i c t i o n between tissue and 
plate until steady state conditions were attained with consequent 
lower wear rates. Analagous phenomena have been reported for 
polytetrafluoroethylene sliding on metal (27). 

The lower steady state wear rates, as compared with those 
under equivalent constant pressures were obtained for a l l 
frequencies tried (Fig. 8) and for the two loading patterns at 
the same frequency (Fig. 7 ). However, i f the pressure 
differences in these experiments were much less or the 
frequencies considerably lower, the differences in wear rates 
would probably not be so evident. With lower frequencies the 
importance of stress dissipation on the tissue's overall wear 
rates would be smaller since the rates decay rapidly. Likewise, 
i f the pressure differences were markedly less, the amounts of 
fluid reimbibition and the extents of stress dissipation would be 
smaller. 

This suggests that, in vivo, the anatomical surface contours 
of the joints are of paramount importance in rendering the tissue 
wear resistant. If during articulation, tissue regions are 
periodically loaded and unloaded at sufficiently rapid 
frequencies, then localized stresses within the tissue are more 
likel y to be kept below that needed to initiate failure than 
would be the case i f the two hemi-joints were perfectly congruent 
such that f l u i d exudation was impeded. 

The lower wear rates at 0.25 Hz as compared with those at 
0.06 Hz are consistent with the above. However, we cannot 
explain why the rates at 0.02 Hz were lower than those at 0.06 
Hz. Clearly stress dissipation and/or relaxation are not the 
only factors. 

In the case of the 0.69 to 4.14 MN/m2 cycle, the wear rates 
increased somewhat after around 700 minutes. This time coincided 
with the appearance of a large number of macroscopic fissures on 
the tissue's surfaces and in some cases splitting to the bone 
(Fig. 10c-f)* Their number per unit area increased relatively 
rapidly with time. Nevertheless the wear-time curves remained 
linear. Such fissures were not observed when the tissue was worn 
under constant pressure. Apparently, under these conditions of 
periodic stress r e l i e f , cracks i n i t i a t i n g near the tissue's 
surface do not necessarily propagate to form wear particles. 

Weightman, et a l . have concluded that f i b r i l l a t i o n , the 
earliest changes in osteoarthritic cartilage visible to the naked 
eye, can result from fatigue failure (28). The phenomena 
observed here are consistent with their observations. It would 
seem that the extents of fissuring varies with the frequency, 
duration, and magnitudes of the pressure cycles. Clearly both 
fatigue and adhesive mechanisms were operative under these 
conditions. 

The displacements of the tissues on cyclic loading, indicate 
that during the f i r s t 300 minutes the extents of f l u i d exudation 
were greater than reimbibition. The tissues did not completely 
recover dimensionally on reducing the pressure. The slow creep 
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16. LIPSHITZ Wear Characteristics of Articular Cartilage 249 

after i n i t i a l deformation likely resulted, in part, from network 
compaction which reduced the rates of f l u i d exudation. Its 
constancy with time may, however, be as much a function of the 
smooth surface i t was interfaced with, as an inherent property of 
the tissue. A quantitative elucidation of the factors governing 
flu i d exudation and reimbibition under prolonged cyclic loading 
with sliding would be most valuable in understanding the tissue's 
wear resistance. 

After 300 minutes, steady state conditions were attained and 
fl u i d imbibition equalled f l u i d exudation. The tissues f l u i d 
contents were, however, lower than at the start of the 
experiments (17,29). 

With cartilage interfaced with cross-linked cartilage, 
interrupted sliding resulted in both tissues being compressed 
(Fig. 12). When sliding was resumed the tissues reswelled even 
though they were under load. Evidently, the small intervals of 
time during oscillation that regions of the bottom plug were 
under reduced pressure and the changed stresses in both plugs 
during oscillation, resulted in their reswelling at significant 
rates. Interruptions for longer time periods resulted in 
significantly greater steady state wear rates (Fig. 13). It 
appears that the energy dissipated by the rather large 
deformations of the tissue on resumed sliding resulted in greater 
wear rates. 

This points to an additional role of rapid f l u i d imbibition, 
other than i t s being able to effect internal stress dissipation 
and relaxation on applied pressure. It appears that rapid f l u i d 
imbibition reduces ploughing or large volume deformations during 
articulation. 

The wear rates of cartilage under constant load were 
insensitive to the extents to which the bottom plugs were reacted 
with formaldehyde (Fig. 11). The wear rates were similar whether 
0.2 «timoles of Cl^O/gm. cart, were reacted or 0.02 ^lumoles of 
CH20/gm. cart. Considering that only a small fraction of the 
bound formaldehyde participates in cross-links (2%) i t is 
astounding that this was sufficient to prevent the severe tearing 
that occurred with unreacted tissue. Further, the bottom plugs 
were hardly worn, i f at a l l . No changes to i t s surface were 
evident at the end of the experiments. It would appear that i t s 
increased stiffness was important in increasing i t s wear 
resistance. This further illustrates the importance of 
minimizing large deformations in preventing excessive wear to the 
tissue. 

There has been extensive investigative effort in trying to 
understand the mechanisms of the presumed low coefficients of 
f r i c t i o n between cartilage and cartilage (30). It has been 
thought that a breakdown of these mechanisms results in increased 
tissue wear. This work suggests that factors affecting f l u i d 
exudation and imbibition may be as signifiant in preventing 
tissue wear as low interfacial stresses. 
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Discussion 

Question: Professor D. Dowson (University of Leeds, Leeds, England) 

I would like to congratulate the author on a very interesting i n 
vestigation. The chemical approach to wear in biological material 
is most interesting. I wonder i f the author has tried to relate 
his short-term wear results to the long-term performance of c a r t i 
lage in the body- would the cartilage last for 50 or 70 years? 

I would also like to know i f the author has tried to relate his 
wear rates to the "wear factors ( f r ) " discussed throughout this 
Conference. 

Answer: Dr. Lipshitz 

With regard to the f i r s t question, i t would be either d i f f i c u l t to 
relate this kind of data directly to the in vivo data. 

With regard to the second question, I have tried to do i t and have 
incorporated in the paper. 

R E C E I V E D January 23, 1985 
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Role of F i l l er s in the Friction and W e a r B e h a v i o r 

of High-Density Po lye thy lene 

S. Bahadur1 and D. Tabor 

Physics and Chemistry of Solids, Cavendish Laboratory, University of Cambridge, 
Cambridge, England 

Sliding experiments between high density polyethylene 
filled with polar graphite, CuO, CuS, Pb3O4, 
2-mercurobenzothiazole and S in different proportions 
and combinations and the steel surfaces were performed. 
The latter were finished by grinding, lapping, and 
abrasion against 600 grade Emery paper. In some of the 
experiments, in addition to the steel surfaces the glass 
and brass surfaces were also used. The steady-state 
wear rate of 5% CuO, 30% Pb3O4, 65% HDPE sliding against 
a ground steel surface was found excessive but i t was 
very low while sliding occurred against an abraded 
steel surface. The steady-state wear rate of 30% CuS, 
70% HDPE sliding against an abraded steel surface was 
practically zero. In this case a very thin transfer 
film of the filled polymeric material was formed on the 
steel surface. Electron diffraction studies indicated 
chemical bonding between the f i l ler and steel surface. 

The tribological behavior of high density polyethylene i s of consid
erable interest due to i t s good mechanical properties, ease of 
processing and low material cost. When sliding against a metal 
surface under mild conditions, i t exhibits low f r i c t i o n and low 
wear and forms a very thin highly oriented film on the metal counter-
face. Pooley and Tabor (1) associate this transfer behavior with 
the "smooth" molecular profile of high density polyethylene in con
trast with the "rough" molecular profile of polymers which have 
either branching or the substitution of heavy atoms in their 
molecular chains. The thickness of the transferred film i s greater 
and so is the coefficient of f r i c t i o n and wear rate for the latter 
class of polymers. However, under very severe sliding conditions, 
the wear rate of high density polyethylene i s much higher and is 
accompanied by a considerable increase in thickness of the transfer 
film. This has been attributed to surface softening or melting 

1 Current address: Department of Mechanical Engineering, Iowa State University, 
Ames, IA 50011 

0097-6156/ 85/ 0287-0253$06.00/ 0 
© 1985 American Chemical Society 
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254 POLYMER WEAR AND ITS CONTROL 

under high speed sliding conditions (2, 3) and so accounting for a 
different mechanism of film formation as opposed to the interlamellar 
shear at low speeds (4). An alternative explanation offered for 
high wear rate is poor adhesion between the oriented polymer transfer 
film and the metal counterface (5>). Thus, in the case of repetitive 
sliding, the transferred film is continuously removed and replenished 
resulting in a relatively high wear rate. If this is true, a f i l l e r 
material l i k e l y to increase adhesion between the transferred polymer 
film and the metal substrate, while retaining the smooth molecular 
profile of the polymer, would result in both low f r i c t i o n and low 
wear of the f i l l e d polymer. The mechanism of improved adhesion is 
s t i l l unresolved. Whereas the mechanical interlocking effects which 
depend upon the surface texture of counterface are obvious, the part 
played by chemical reaction in improving the adhesion of transfer 
films i s obscure (6) Sviridyonok et a l . (7) have indicated that for 
highly polar polymers, such as polyamides and polymethyl methacry-
late, the transfer i s controlled by the formation and interactions 
of free radicals generated during the sliding process. 

Belyi et a l . (8) have discussed various methods for decreasing 
wear and/or f r i c t i o n in polymer-metal sliding. These involve modi
fication of the supramolecular structure of the polymer, structural 
transformations by gamma-irradiation, thermo-activation effects from 
the decomposition of f i l l e d materials under sliding conditions, and 
selective transfer by incorporating specific f i l l e r s in the poly
meric material. The use of cuprous oxide as a f i l l e r in polytetra-
fluoroethylene (PTFE) has been shown to reduce the wear rate by a 
factor of 3. It is believed to be due to the selective transfer of 
copper to the steel surface because cuprous oxide is reduced to pure 
copper at the temperatures produced in sliding (9). 

Pratt (10-12) studied the role of a large number of f i l l e r s in 
PTFE composites rubbing against steel and concluded that the active 
inorganic constituents in these composites were cupric oxide (CuO) 
and lead monoxide (PbO). By analogy with the case of PTFE, Briscoe 
et a l . (5) experimented with CuO and Pb304 (red lead) as f i l l e r s in 
high density polyethylene. Here Pb30^ was used because PbO degraded 
the polymer at the processing temperature. They found that 5% CuO, 
35% Pb^O^ and 60% high density polyethylene had practically zero 
wear rate after the i n i t i a l few minutes of sliding. 

The objective of this paper is to investigate the role of some 
potential f i l l e r s in modifying the f r i c t i o n and wear behavior of 
high density polyethylene. It has been studied in terms of the 
transfer film formation capability and i t s bonding to the counter-
face in view of the surface texture and chemical reaction p o s s i b i l i 
ties. 

Experimental 

The sliding experiments were performed on a pin-on-disc machine. 
The arrangement consisted of the circular end of a stationary 
cylindrical pin resting on the f l a t surface of a disc. The latter 
could be rotated at varying speeds. The f r i c t i o n force was measured 
using strain gauges and was continuously recorded. The wear data 
were obtained by weighing the polymer pin at suitable intervals. 
The sliding system was enclosed in a chamber. A l l the f r i c t i o n and 
wear experiments were performed at a sliding speed of 2.1 m/s and 
under ambient conditions. 
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17. BAHADUR AND TABOR Role of Fillers in Friction and Wear Behavior 255 

The discs of the size, 100 mm-diameter and 6.5 mm-thick approxi
mately, were made of mild steel, glass and brass. The sliding sur
faces of the steel discs were finished by grinding, lapping, or 
abrasion against 600 grade Emery paper. These have been designated 
in the text as the ground, lapped and "abraded" surfaces. The last 
two finishing operations were performed on ground surfaces. The 
discs were then thoroughly cleaned in an ultrasonic bath and stored 
overnight for drying purposes. The pins were molded in the form of 
13 mm-diameter cylinders. The base material was high density poly
ethylene (075-60 Rigidex Powder) supplied by the B.P. Chemicals 
International Co. A variety of f i l l e r materials, v i z . , graphite, 
CuO, CuS, Pb304, 2-mercurobenzothiazole and sulfur were used in d i f 
ferent proportions and combinations. The graphite material was 
hydrophilic and polar in character. T^e samples were compression 
molded at a temperature of 150°C. 

The cla surface roughness of the discs was measured using a 
profilometer. A detailed analysis of the steel disc surfaces, one 
of each of the ground, lapped and abraded types, was made in the 
f i r s t author fs laboratory using a data acquisition system and an 
IBM 360 computer. 

The transfer films were studied by optical and transmission 
electron microscopy. 

Results and Discussion 

In order to detect the probable chemical reaction between the f i l l e r 
materials in the polymer and the disc surface, three counterface 
materials, viz., steel, brass and glass, were used. Of these 
materials, glass i s the most inert while the constituents of brass 
are l i k e l y to react with sulfur in the free or combined form. In 
the event of a chemical reaction, the transfer film of the f i l l e d 
polymeric material would be more tenaciously bonded to the disc 
surface. Furthermore, the effect of surface texture on the transfer 
film formation and bonding capability was investigated using the 
ground, abraded and lapped surfaces for the steel discs and the f l a t 
and abraded surfaces for the glass discs. The effects of the 
finishing operations on the surface roughness parameters, based on 
our analysis of a typical steel surface of each kind, have already 
been described in our earlier paper (13). A l l the surfaces had 
nearly the same AA (0.176-0.251 ym) and rms (0.248-0.375 ym) roughness 
values. The asperity slopes of the abraded surfaces were found to 
be smaller than those for the ground and lapped surfaces. As for 
the asperity tips, the abraded surfaces had maximum rounding while 
the ground surfaces had maximum sharpness. 

The results of the f r i c t i o n and wear tests for high density 
polyethylene sliding against the metallic disc surfaces are shown in 
Figures 1 and 2, respectively. The coefficients of sliding f r i c t i o n 
for the ground and lapped surfaces are about the same and are lower 
than that for the abraded steel surface. One probable reason for 
the latter i s smaller slope and larger radius of curvature of 
asperities on the abraded surface resulting in increased area of 
contact. The wear rate of high density polyethylene sliding against 
the abraded and lapped surfaces is much smaller than that for the 
ground steel surface. It is believed to be due to the excessive 
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0.4 

L U O 
O 

o.ol I I I I 
0 2 4 6 8 10 

SLIDING TIME, hr 

Figure 1. C o e f f i c i e n t of f r i c t i o n of high d e n s i t y polyethylene 
s l i d i n g against metal sur f a c e s . S l i d i n g c o n d i t i o n s : 49 N l o a d , 
2.1 m/s speed. 
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17. BAHADUR AND TABOR Role of Fillers in Friction and Wear Behavior 257 

abrasion from sharp asperities on the ground surface, as evidenced on 
the worn surface of polyethylene pin in Figure 3. The transfer of 
polymer was minimal at best on the metal disc surfaces. 

When sliding occurred between high density polyethylene pin and 
glass surfaces, there was no transfer of polymer on the smooth sur
face but there was some transfer on the abraded surface. The large 
fluctuations in the coefficient of f r i c t i o n in sliding against the 
smooth surface (Figure 4) indicate intermittent fracture of adhesive 
junctions at the interface. It was accompanied by a wear rate of 
19.5 mg/hr which i s considerably higher than the wear rate observed 
in the case of metallic surfaces (Figure 2). The wear rate jumped 
to about 44 mg/hr in the case of abraded glass surface due to the 
added effect of abrasion (Figure 4). 

Since graphite as a f i l l e r i s known to reduce drastically the 
wear rate of polytetrafluoroethylene, i t s effectiveness as a f i l l e r 
in high density polyethylene was investigated. From the results 
shown in Figures 5 and 6 for a ground steel surface, i t is seen that 
30% polar graphite in polyethylene doubles the coefficient of f r i c 
tion and increases the wear rate by about 30%. A similar trend was 
observed in the sliding of graphite-filled polyethylene against an 
abraded steel surface (Figures 7-8). It was, therefore, concluded 
that graphite is not a suitable f i l l e r in polyethylene for reduced 
wear. 

As a next step, high density polyethylene was f i l l e d with 5% 
CuO and 30% Vh^O^. While sliding against a ground steel surface, 
the coefficient of f r i c t i o n was found to increase by about 25% and 
the wear rate increased by a factor of 15 (Figures 5-6). There was 
a considerable transfer of the f i l l e d polymeric material on the metal 
surface (Figure 9). It was an alarming observation because this 
particular f i l l e d composition has been reported to have a practically 
zero wear rate in sliding against an abraded steel surface (5). The 
experiments were, therefore, repeated against an abraded surface and 
the results are shown in Figures 7 and 8. There i s not a s i g n i f i 
cant change in the coefficient of f r i c t i o n but the wear rate is 
drastically reduced by a factor of 10^ to about 0.019 mg/hr. There 
was again a transfer film of the f i l l e d material formed on the steel 
surface (Figure 10) but not as thick as in the case of the ground 
surface. The dramatic change in wear rate of the f i l l e d material 
brought about by a different finishing operation of the steel disc 
proves that the surface finish and texture have a lot to do with the 
st a b i l i t y of the transferred films and so the wear rate. The pres
ence of abrasion marks on the f i l l e d polymer samples in both cases 
indicates that some abrasion does occur in the sliding process. The 
size of the detached wear fragment due to the abrasive action is 
governed by the shape, size, distribution and proportion of the 
f i l l e r material on one hand and the surface finish and texture of 
the hard counterface on the other. The latter being the case, the 
thickness of the transferred film on the ground surface was much 
larger than that on the abraded surface. Furthermore, a thick film 
of the transferred material is not necessary for reduced wear rate. 

Since iron can react with sulfur and form sulfide films which 
can affect the tribological behavior significantly, CuS as a f i l l e r 
in high density polyethylene was next investigated. With 30% CuS, 
70% HDPE sliding against the abraded steel surface, a steady-state 
wear rate of 0.01 mg/hr and a coefficient of fraction of about 0.28 
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POLYMER WEAR AND ITS CONTROL 

Figure 3. High density polyethylene pin worn against a ground 
steel disc. 

SLIDING TIME, hr 

Figure 4. Coefficient of f r i c t i o n (—) and wear (—) of high 
density polyethylene sliding against smooth and abraded glass 
surfaces. Sliding conditions: 49 N load, 2.1 m/s speed. 
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0.5 
z o 

§0.4 

^0.2 -

0.1 

30% C, 70% HDPE 

£0.3 V 
O N y . U LJ- 4 

5% CuO, 30% Pb 30 4, 65% HDPE 
/HDPE 

O <%• Q Q 

I I I I J I 
0 1 2 3 4 5 6 7 8 9 

SLIDING TIME, hr 

Figure 5. Coefficient of f r i c t i o n of f i l l e d and unfilled high 
density polyethylene sliding against a ground steel disc. 
Sliding conditions: 39 N load, 2.1 m/s speed. 

80 t WEAR 170 mg 
U AFTER 4 hrs 

70 
/ ^ 5 % CuO, 30% Pb.0 A, 
/ 65% HDPE J * 

60 

50 
/^23-5 mg/hr 

E 
g 4 0 
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30 - I 
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10 - p •jT-0"" M«5 mg/hr 
^•HDPE 

0 I 1 1 1 1 1 1 1 1 
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SLIDING TIME, hr 

Figure 6. Wear of f i l l e d and unfilled high density polyethylene 
sliding against a ground steel disc. Sliding conditions: 39 N 
load, 2.1 m/s speed. 
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0.6 

o 0.2 -

0.0 

30% C, 70% HDPE 
• 

b-°-
H D p E

 N 5 % CuO, 30% Pb 30 4, 65% HDPE 

3 4 5 
SLIDING TIME, hr 

Figure 7. C o e f f i c i e n t of f r i c t i o n of f i l l e d and u n f i l l e d high 
d e n s i t y polyethylene s l i d i n g against an abraded s t e e l d i s c . 
S l i d i n g c o n d i t i o n s : 49 N l o a d , 2.1 m/s speed. 

0*35 mg/hr 

5% CuO, 30% P b , 0 4 . 65%_HDPE 
~ 0-019 mg/|hr 

WEAR 0-77 mg 
AFTER 27.5 hrs 

3 4 5 
SLIDING TIME, hr 

Figure 8. Wear of f i l l e d and u n f i l l e d high d e n s i t y polyethylene 
s l i d i n g against an abraded s t e e l d i s c . S l i d i n g c o n d i t i o n s : 49 N 
lo a d , 2.1 m/s speed. 
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Figure 9. Transfer film of 5% CuO, 30% P D 3 O 4 , 65% HDPE formed in 
sliding against a ground steel surface. 

Figure 10. Transfer film of 5% CuO, 30% Pb 30 4, 65% HDPE formed 
in sliding against an abraded steel surface. 
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262 POLYMER WEAR AND ITS CONTROL 

was obtained (Figure 11). Thus, CuS as a f i l l e r produces a 
remarkable reduction in the wear rate of polyethylene without 
affecting the coefficient of f r i c t i o n . The same was true when 
sliding was performed between the f i l l e d material and the lapped 
steel surface. Here the wear in the i n i t i a l 1 1/4 hr of sliding 
was 0.26 mg but then no wear could be detected in the subsequent 
sliding period of 16 hrs. As in the case of 5% CuO, 30% Pb304, 65% 
HDPE, the film formed in this case was also very thin (Figure 12). 
When 10% P b ^ and 30% CuS were f i l l e d in the polymer, both the 
f r i c t i o n and the steady-state wear rate remained practically 
unchanged (Figure 11). Thus Pb^O^ does not seem to play any s i g n i f i 
cant role in modifying the f r i c t i o n and wear behavior of CuS-filled 
high density polyethylene. 

In the sliding of 30% CuS, 70% HDPE against the rolled brass, 
the steady-state wear rate was 0.78 mg/hr (Figure 13) compared to 
3.1 mg/hr for (unfilled) high density polyethylene (Figure 2) and 
the coefficient of f r i c t i o n was unaltered. Furthermore, the trans
fer film in sliding of the f i l l e d material was more pronounced. The 
brass surface had been badly abraded which must be from CuS in the 
f i l l e d material. It was probably this third body abrasion that pre
vented the wear rate of the f i l l e d material from being reduced con
siderably. While sliding against the smooth glass surface, the 
f i l l e d material had a steady-state wear rate of 0.67 mg/hr (Figure 
13) compared to 19.5 mg/hr for the unfilled material (Figure 4) and 
the coefficient of f r i c t i o n was reduced from 0.3 to 0.2. There was 
no evidence of the transfer of polymeric film on glass surface in 
either case. The drastic reduction in the wear rate of the f i l l e d 
material sliding against glass considering that the latter i s 
chemically inert leads to the conclusion that the lowering in wear 
rate which occurs here i s due to the mechanical effects. Since 
glass offers the smoothest possible surface, the wear arises from 
adhesion due to the van der Waals1 forces of attraction. The wear 
rate depends upon the rate at which junctions are formed and broken 
during sliding and the size of wear fragments which i s governed by 
the size, shape and distribution of the f i l l e r particles. The 
transfer film i s not formed because of the absence of asperities to 
lock in the worn particles as well as the absence of chemical bond
ing. 

In order to investigate the effect of free sulfur in the wear 
process, high density polyethylene was f i l l e d with 2% S and 2% 
2-mercurobenzothiazole. This composition provided almost the same 
wear rate as that of the unfilled material and the coefficient of 
f r i c t i o n was also the same. It proves that the strengthening of the 
polymer from the f i l l e r material i s important for the reduction of 
wear. 

Electron diffraction pattern analysis was performed on the wear 
fragments produced in the sliding of 30% CuS, 70% HDPE against the 
abraded steel surface. The indexing of the diffraction spots cor
responded to diffraction from the planes (100), (210), (224), (300) 
and (308) of FeS, (210) of FeS 2, (440) of Fe3S4, (024), (136) and 
(143) of CuFeS2, (006), (112), (113) and (208) of Cu 5FeS 6 and (102) 
of Cu 3 g FeQ £2 ^4* The d-spacings of some of the planes of these 
compounds are so close that i t i s not possible to conclude in a 
definite manner whether a few or a l l of these compounds are being 
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0.6 0.6 

30% CuS, 70% HDPE 
WEAR 0-51 mg 
AFTER 22-5 hrs o 

0-01 mg/hr 
WEAR 0-48 mg _ 
AFTER 22-5 hrs 

0-01 mg/hr 
o 

U J 

30% CuS, 10% Pb 30 4, 60% HDPE 

L I L 
0 2 4 6 

SLIDING TIME, hr 
8 10 12 

0.0 

Figure 11. Wear (—) and coefficient of f r i c t i o n ( ) of 30% 
CuS, 70% HDPE and 30% CuS, 10% Pb 30 4, 60% HDPE sliding against an 
abraded steel disc. Sliding conditions: 49 N load, 2.1 m/s 
speed. 

Figure 12. Transfer film of 30% CuS, 70% HDPE formed in sliding 
against an abraded steel surface. 
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0 1 2 3 4 5 6 7 8 
SLIDING TIME, hr 

Figure 13. Wear (—) and coefficient of f r i c t i o n ( ) of 30% 
CuS, 70% HDPE sliding against the smooth glass and brass surfaces. 
Sliding conditions: 49 N load, 2.1 m/s speed. 
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produced in the sliding process. However, i t proves beyond any 
doubt that CuS particles do react chemically with the steel surface. 
Thus the transfer film of CuS-filled high density polyethylene i s 
bonded both mechanically and chemically to the steel surface. The 
film i s , therefore, not being easily scraped away during sliding 
which accounts for the negligible wear in this case. 

It suggests that a careful selection of the f i l l e r materials 
that would strengthen the polymeric material and would also react 
chemically during sliding with the metallic surface to produce 
enhanced bonding i s needed for reduced wear. 

Conclusions 

1. For low wear in the case of polymer-metal sliding, a steel sur
face i s better than a glass or brass surface. A ground surface 
produces too much abrasion due to sharp asperities. As such the 
surface should be finished smooth after grinding by abrasion. 

2. The use of polar graphite as a f i l l e r in high density polyethy
lene results in both increased f r i c t i o n and wear. 

3. In the sliding of 5% CuO, 30% Pb304, 65% HDPE against an abraded 
steel surface, a very low steady-state wear rate of 0.019 mg/hr 
is observed and the coefficient of f r i c t i o n i s the same as that 
of the unfilled high density polyethylene. The wear rate of 
this composition i s excessively high when sliding occurs against 
a ground steel surface. 

4. Thirty percent CuS as a f i l l e r in high density polyethylene 
produces a dramatic reduction in the steady state wear rate to 
0.01 mg/hr without affecting the coefficient of f r i c t i o n while 
sliding against an abraded steel surface. 

5. In the case of 30% CuS, 70% HDPE sliding against an abraded 
steel surface, a thin film of the f i l l e d polymer is formed on 
the counterface. Electron diffraction analyses of the wear 
debris provided evidence of the presence of the compounds of Fe, 
S and Cu which implies that the transfer film i s being bonded 
chemically to the steel surface. 

6. The role of the f i l l e r in reducing the wear rate i s threefold: 
strengthening of the polymeric material, enhanced bonding 
between the transfer film and the metal surface by chemical 
reaction, and reduction in the size of wear particles formed. 

7. For reduced wear a very thin transfer film bonded strongly to 
the interface is needed. 
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Discussion 

Question: M. P. Wolverton (LNP Corporation) 
What steel and brass compositions and what surface roughness values 
were used for the discs? 
Answer: 
The steel disc was made of plain carbon steel with about 0.2% carbon 
in i t . The composition of brass was about 70% Cu and 30% Zn. The 
arithmetic average surface roughness values for glass and brass 
disc surfaces were 0.006 Urn and 0.08 Um, respectively. The rough
ness parameters for the steel disc surfaces are given in the table 
below. 
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Ground Abraded Lapped 

Roughness Parameter A* P** A P A P 

Arithmetic average 
(AA), Urn 

rms, Um 

Asperity slope 

Radius of curvature, 
ym 

0.251 0.161 0.176 

0.375 0.212 0.262 

0.015 0.035 0.013 

46.935 33.339 55.735 

0.102 0.177 0.381 

0.167 0.248 0.574 

0.014 0.028 0.039 

76.954 50.463 42.434 

*A - along the asperities. 

**P - perpendicular to the asperities. 

Question: A. I. Medalia (Consultant, Newton, Massachusetts) 
What is the mechanism whereby a thin transfer film causes a decrease 
in wear rate without causing a decrease in coefficient of friction? 
Answer: 
A polymer transfer film drapes over the asperities on the metal sur
face. This in effect suppresses the abrading action of metal 
asperities. If the transfer film i s thin, i t locks tenaciously into 
the metal surface by conforming better to the surface irregularities 
thereby reducing the likelihood of i t s being scraped away during 
sliding. When the film i s f i n a l l y worn away after repeated sliding, 
a new film of a small thickness is deposited again. The longer l i f e 
of the film coupled with i t s smaller thickness result in lower wear. 
The coefficient of f r i c t i o n remains unaffected so long as sliding 
occurs between the polymer pin and the transferred film of polymer 
on metal surface. It is so because the adhesive forces which mostly 
contribute to f r i c t i o n a l resistance are independent of the transfer 
film thickness. 

Question: Donald H. Buckley (NASA, Lewis Research Center) 
What was the technical basis for selecting the particular f i l l e r s 
used? 
Answer: 
The f i l l e r s graphite, CuO and Pb^O^ which are known to reduce wear 
were used in this work to study the difference in the transfer films 
formed against surfaces of various textures and materials and thus 
investigating the role of these films in reducing wear. CuS was 
selected on the consideration that i t s low decomposition temperature 
of 220°C could promote, due to the heat generated at the interface 
during sliding, some sort of chemical bonding between CuS and the 
steel surface thereby rendering the transfer film removal from the 
counterface extremely d i f f i c u l t . This in effect would reduce wear. 
Sulfur and 2-mercurobenzothiazole were used as f i l l e r s to investi
gate the effect of free sulfur in the wear process. 
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268 POLYMER WEAR AND ITS CONTROL 

Question: Donald H. Buckley (NASA, Lewis Research Center) 
The high interface temperatures could promote the reactions between 
CuS and steel. If you reduce speed and/or load, w i l l you eliminate 
the potential for reaction and accordingly the effectiveness of CuS 
as a f i l l e r ? 
Answer: 
I think so. Unless experiments are carried out with varying sliding 
speed and load conditions, i t is not possible to say when this 
change w i l l occur. 

Question: B. J. Briscoe (Imperial College of Science and Technology) 
Early work suggests that the wear rate in these systems is quite 
sensitive to counterface temperature. Did you control counterface 
temperature in your experiments? Have you any data on wear in d i f 
ferent environments which might reveal the influence of chemical 
processes? 
Answer: 

No. These are good suggestions for future work. 

Question: N. S. Eiss, Jr. (VPI and S.U.) 
The interface temperatures would be quite different for the glass 
and steel discs. Could your conclusions be modified by considering 
the effects of different interface temperatures? 
Answer: 
A considerably higher interface temperature during sliding of the 
polymer against glass surface could have produced thermal softening 
of the junctions and thereby contributed to a much greater wear rate. 
The large fluctuations in the coefficient of f r i c t i o n in Figure 4 
support this explanation. 
Question: G. Eisenbrand (Hughes Aircraft) 
Did you make any measurements of particle size for the 5% CuO and 
30% Vb^O^ f i l l e r ? Was the morphology of the polymer specimen iden
t i c a l before and after the experiment? Did either of the f i l l e r 
materials transfer preferentially to the counterfaces? 
Answer: 
The particles were extremely fine but specific measurements were not 
made. The morphology of the polymer before and after the wear 
experiment was not verified. The transfer seemed to depend more upon 
the disc material, surface roughness and texture than on the f i l l e r . 

RECEIVED January 23, 1985 
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Tribology of Fiber-Reinforced Polyimides Sliding 
Against Steel and Silicon Nitride 

Paul Sutor 
Midwest Research Institute, Kansas City, MO 64110 

Graphite-polyimide composites, containing solid lubri
cant additives, were found to give low fr i c t i o n and 
wear when sliding against steel at 316°C. The same 
composites were found to give higher f r i c t i o n , with 
more wear and surface damage, when sliding against 
silicon nitride under identical conditions. High 
interfacial temperatures, graphite fiber abrasiveness, 
and adverse additive reactions contributed to the poor 
lubricant effectiveness of the composites sliding 
against si l i c o n nitride. Composites which contained a 
MoS2-based solid lubricant additive were found to give 
substantially lower f r i c t i o n against s i l i c o n nitride 
than composites which contained a WSe2/GaIn-based 
additive. Composites which contained a coarse fiber 
weave, which produced a greater concentration of 
graphite fibers at the composite sliding surface, were 
found to give generally higher wear and fr i c t i o n 
against sili c o n nitride than composites which con
tained a fine fiber weave. 

Graphite fiber-reinforced polyimides possess attractive properties 
as lubricating materials of construction, particularly for elevated 
temperature operation. Polyimides as a class are thermally stable 
and exhibit reasonably low fr i c t i o n and wear up to 300°-350°C. 
Graphite fiber reinforcement provides the strength and stiffness 
required in structural components, and can also improve the tribo
logical properties of polyimides. Graphite-polyimide composites may 
be used as bearings, bearing separators, bushings, gears, and s l i d 
ing seals. 

Much of the recent work on the f r i c t i o n and wear behavior of 
polyimides, with and without graphite fiber reinforcement and/or 
solid lubricant additives, has been conducted by Fusaro (_1) , who has 
recently reviewed the f i e l d (2). Reduction of fr i c t i o n and wear of 
polyimides by inclusion of graphite fibers, particularly at elevated 
temperature, is illustrated in a study by Fusaro and Sliney (3). In 

0097-6156/85/0287-0269$06.00/0 
© 1985 American Chemical Society 
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270 POLYMER WEAR AND ITS CONTROL 

experiments in which stainless steel pins were s l i d against solid 
polyimide disks at 25°C, these authors found that addition of 50% 
graphite fibers to one polyimide markedly improved the f r i c t i o n 
coefficient (from 0.40 to 0.19) and wear rate (from 35 x 10" 1 4 to 
0.6 x 10""14 m3/m), compared to the base polyimide. At 300°C, the 
fr i c t i o n coefficient of the graphite fiber-reinforced polyimide was 
even lower (0.05), but the wear rate was nearly the same (0.7 x 
10" 1 4 m3/m) as at 25°C. 

Sliney and Johnson investigated graphite fiber-polyimide com
posites for spherical bearings to 340°C (4); Sliney and Jacobson 
investigated graphite fiber-polyimide composites in self-aligning 
plain bearings to 315°C (5). Gardos and McConnell subsequently i n i 
tiated a long term program to develop graphite-polyimide composites 
suitable for use as self-lubricating separators for high speed ball 
bearings, operating at 316°C, in small, limited l i f e gas turbine 
engines (6). The composite separators were to provide solid lubri
cation for bearings consisting of hot-pressed si l i c o n nitride balls 
and M50 steel races. Inorganic solid lubricant additives were in
corporated in these composites, with the aim of lowering f r i c t i o n 
and f a c i l i t a t i n g lubricant transfer to the bearing surfaces, while 
maintaining low wear. 

Development and tribological evaluation of these s e l f - l u b r i 
cating composites over the past several years has recently been 
reviewed by Sutor and Gardos (7, 8). This work demonstrated that 
many of the composites which were excellent lubricants for steel 
were poor lubricants for sil i c o n nitride. Thus, achieving effective 
solid lubrication of sil i c o n nitride was of particular concern. 

The work reported here was the culmination of our study of 
self-lubricating composites intended for use as lubricating sepa
rators in high speed ceramic and metal ba l l bearings. In this work, 
the f r i c t i o n , wear, and transfer behavior of four graphite-polyimide 
composites, containing, solid lubricant additives, was evaluated in 
sliding versus M50 steel and hot-pressed silicon nitride, at 316°C 
in air. The effects on composite tribological properties of solid 
lubricant additive type, and of the manner in which the graphite 
fibers were woven, was examined. 

Experimental 

Materials. The composite lubricants contained four components: 
polyimide matrix resin, woven graphite fiber reinforcement, in
organic solid lubricant additives, and (NH4)2HP04. A l l composite 
formulations consisted of 40% graphite fiber, 45% polyimide, 13% 
inorganic lubricant pigment, and 2% (NH4)2HP04, based on the weight 
of each component before molding. Composition based on volume of 
each component after molding differed for each composite, as shown 
in Table I, due to the different densities of some components and 
to process variables which were not easily controlled. 

Four composites were studied. Each contained the same poly
imide matrix resin, graphite fiber, and (NH4)2HP04. The composites 
differed in the type of solid lubricant additive employed and in the 
manner in which the fibers were woven. Two types of inorganic solid 
lubricant additives, denoted LI and L2, and two types of fiber 
weave, denoted Wl and W2, were employed. The materials to which 
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18. SUTOR Tribology of Fiber-Reinforced Polyimides 271 

these designations refer are described in detail below. For 
brevity, the composites w i l l be identified in this paper as L1W1, 
L1W2, L2W1, and L2W2, indicating the lubricant additive and fiber 
weave employed. Table I describes in detail the composite formula
tion to which each designation refers. 

The polyimide matrix resin employed in a l l composites was 
THERMID 600, a thermosetting resin polymerized from acetylene-
terminated oligomers. Its chemical structure is shown below (9). 

THORNEL 50 graphite fibers were employed for reinforcement. 
These fibers, obtained by pyrolysis of polyacrylonitrile, have a 
tensile strength of 2.41 GPa and tensile modulus of 391 GPa. Tows 
containing several thousand THORNEL 50 filaments were woven into 
three dimensional, orthogonal preforms in one of two manners, i l l u s 
trated in Figure 1. Weave 2 (W2) was relatively coarser than weave 
1 (Wl), although fiber volume in the preforms was similar (30.0% for 
Wl and 31.2% for W2). 

One of two inorganic lubricant mixtures was employed. Lubri
cant 1 (LI), f i r s t reported by Boes (10), is formed by heating a 
compact of 80% WSe2 and 20% Ga/In eutectic to 540°C. The resultant 
mixture contains WSe2, gallium and indium selenides, W, Ga, and In. 
The compact was ground to form a powder for inclusion in the compos
ites. LI resists oxidation at remarkably high temperatures due to 
formation of a passivating layer of gallium and indium oxides. 
Lubricant 2 (L2) was TURBOLUBE (ASU Composants), a mixture of layer 
lattice transition metal dichalcogenides. Elemental analysis is 
consistent with the approximate composition 75% MoS2, 20% MoSe2, and 
5% WS2 or WSe2, by weight. L2 was furnished as a powder. 

Dibasic ammonium phosphate, (NH4)2HP04, was included in a l l 
composites, acting both to improve fiber-matrix bonding and to re
duce the fr i c t i o n and wear of the graphite fibers at elevated tem
perature, as reported by Lancaster (11). 

The composites were fabricated by mixing the inorganic addi
tives with the resin, i n f i l t r a t i n g fiber preforms with this mixture, 
pressing in a hydraulic press, and curing. Test specimens were then 
machined from the composites. Although mechanical properties of the 
four new composites were not measured, similar previously fabricated 
materials had tensile strengths and moduli of approximately 200 MPa 
and 8 GPa, respectively. 

One sliding counterface was M50 steel (alloying elements: 4.0% 
Cr, 4.2% Mo, 1.0% V, 0.8% C, 0.2% Si, 0.2% Mn, by weight), hardened 
to Rockwell C 58-60, with an average surface roughness of 0.15-
0.20 pm r.m.s. The other counterface was NC-132 hot-pressed s i l i c o n 
nitride (Norton Co.), which contains approximately 1% MgO as a 
sintering aid, of the same surface finish. 

VAC c , C = CH 

Methods. Sliding f r i c t i o n and wear experiments were conducted using 
a Hohman A-6 dual rub shoe machine. The sliding configuration 
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18. SUTOR Tribology of Fiber-Reinforced Polyimides 273 

COARSE WEAVE W2 

Figure 1. Unit c e l l comparison of fine weave (Wl) and coarse 
weave (W2). 
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274 POLYMER WEAR AND ITS CONTROL 

consists of two conforming rub shoes loaded against the outside d i 
ameter of a rotating disk. The rub shoes were made of composite 
laminates, adhesive bonded to stainless steel base blocks, and the 
disks were made of steel or silic o n nitride. Relative humidity of 
the air in the laboratory was 30 ± 8%. A 111 N (25 lb) load was ap
plied to the rub shoes and the specimens were heated to 316°C by an 
oven which enclosed the test zone. Temperature was monitored and 
controlled by a thermocouple inserted in one of the rub shoe steel 
base blocks, 5.5 mm from the sliding interface. After temperature 
equilibration, the steel or ceramic counterface disk was rotated at 
a velocity of 1.10 m/s. Specimens were s l i d for 3.85 km, removed 
for wear measurement and optical microscopy, s l i d an additional 
3.85 km against si l i c o n nitride and 13.8 km against steel, and re
moved for wear and SEM/EDX analysis. 

Frictional torque was recorded continuously. Wear was measured 
as weight loss, to the nearest mg, and converted to volume loss 
using the measured composite densities. The composites were hygro
scopic. In order to obtain accurate and reproducible measurements 
of wear, in the absence of dehydration, by the method of weight 
loss, the following procedure was employed. Before each test, the 
composite rub shoes were heated to 316°C for 30 min and weighed im
mediately upon cooling to 30°C. After each test, they were also 
weighed immediately upon cooling to 30°C. Between tests, they were 
stored at 25°C in a desiccator. 

Results 

Table II presents the specific wear rates (in mm3/Nm, volume loss 
per unit load per unit sliding distance) and average kinetic f r i c 
tion coefficients of the composites sliding versus steel and silic o n 
nitride, upon i n i t i a l and continued sliding. Plots of f r i c t i o n co
efficient versus sliding duration in kilocycles (1 kc = 107 m) are 
shown in Figures 2-5, for a l l experiments. A l l composites formed 
transfer films upon sliding against both steel and si l i c o n nitride. 
The films were similar in appearance under optical microscopy, and 
covered approximately 30% of the contact region. 

Steel Counterface. Wear and f r i c t i o n against steel, for a l l compos
ites except L1W1, indicate excellent lubrication. Friction coeffi
cients are near the minimum, and wear rates near the maximum, of the 
"low f r i c t i o n , low wear" regime delineated for a wide variety of 
polyimides by Fusaro (2). 

The experiments in which composite L1W1 was sliding against 
steel were conducted at a reduced sliding velocity, 0.73 m/s, com
pared to the sliding velocity of 1.10 m/s employed in a l l other re
ported experiments. The sliding distance was the same, so that wear 
rates may be ju s t i f i a b l y compared. The lower velocity was required 
for L1W1 because the composite soon began to glow red at the higher 
speed. Temperature measured by an optical pyrometer focused on the 
sliding interface quickly rose to 510°C at the higher speed, but the 
red glow indicates that interfacial temperatures may have been at or 
above 650°C. No gross thermal decomposition of the L1W1 composite 
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Composite 

• L1W1 
• L1W2 

• \ 
• ^ o—•. 

10 20 
Sliding Duration, kc 

30 40 

Figure 2. Friction coefficient as a function of sliding duration 
for LI composites sliding against steel. 

Figure 3. Friction coefficient as a function of sliding duration 
for L2 composites sliding against steel. 
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18. SUTOR Tribology of Fiber-Reinforced Polyimides 277 

Sliding Duration, kc 

Figure 4. Friction coefficient as a function of sliding duration 
for LI composites sliding against s i l i c o n nitride. 

Sliding Duration, kc 

Figure 5. Friction coefficient as a function of sliding duration 
for L2 composites sliding against s i l i c o n nitride. 
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278 POLYMER WEAR AND ITS CONTROL 

was observed during sliding at the reduced velocity, for which the 
wear and f r i c t i o n results are reported. 

A l l composites, except L1W1, gave similar wear and f r i c t i o n 
when sliding against steel. The anomalously high wear of L1W1, even 
at reduced velocity, was due to complete spalling of the polyimide 
matrix from the region between the fibers, as shown in Figure 6. 
This extensive matrix spalling was not observed for the other com
posites, implying relatively weak fiber-matrix bonding in the L1W1 
specimens. Weak bonding was possibly due to poor impregnation of 
the fibers by the matrix during fabrication, or a deficiency of the 
phosphate fiber-matrix binder in the near surface region of the com
posite . 

Silicon Nitride Counterface. Increased wear, f r i c t i o n , and surface 
damage was apparent for every composite when sliding against si l i c o n 
nitride, as compared to sliding against steel. Figure 6 compares 
the negligibly damaged, smooth surface of composite L1W1 after s l i d 
ing against steel with the same composite after sliding against 
silic o n nitride, in which gross breakage of fiber tows and chaotic 
mixing of fibers and matrix is apparent. Except for L1W1, wear of 
the composites was consistently greater against si l i c o n nitride 
than against steel. More significantly, when sliding against s i l i 
con nitride, f r i c t i o n of the composites containing LI was particu
la r l y high. In the case of L1W2, the f r i c t i o n coefficient increased 
monotonically to values approaching 1.0 with continued sliding. On 
continued sliding, f r i c t i o n of composites containing L2 also in
creased, although more modestly. It is clear that only L2W1 can be 
considered an effective lubricant for si l i c o n nitride under the 
conditions investigated. 

Discussion 

Comparison with Previous Work. Our previous work had shown that 
internally lubricated graphite-polyimide composites experienced more 
wear and gave much higher f r i c t i o n when sliding against si l i c o n 
nitride, as compared to steel, at 3l6°C in air (8). We had also ob
served that composites containing inorganic lubricant additive L2 
gave lower f r i c t i o n against sili c o n nitride than those containing 
additive LI. The present work confirms these effects for four new 
composites. 

Previous composites contained a relatively tight weave of 
graphite fibers, corresponding to 46 volume-% fiber in the preforms. 
We hypothesized that the tribological properties of the composites 
might be improved i f a relatively looser weave of graphite fibers 
was employed. This is because a looser weave would presumbaly allow 
better impregnation of the graphite fiber tows by the polyimide 
matrix and inorganic lubricant additives. Therefore, composites 
containing the looser Wl and W2 weaves (approximately 30 volume-% 
fiber in the preforms) were fabricated for this study. 

Composites similar in a l l respects to those reported here, but 
reinforced with the tight graphite fiber weave, were previously 
evaluated in our laboratory, sliding against si l i c o n nitride under 
conditions corresponding to those of the " i n i t i a l sliding" results 
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18. SUTOR Tribology of Fiber-Reinforced Polyimides 279 

Figure 6. Surface of composite L1W1 after sliding against steel 
(a & b) and s i l i c o n nitride (c & d). 
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280 POLYMER WEAR AND ITS CONTROL 

reported here. For these composites, the material containing lubri
cant additive LI gave a wear rate of 8.53 x 10 5 mm3/Nm and average 
fr i c t i o n coefficient of 0.99;_the material containing additive L2 
gave a wear rate of 6.79 x 10 5 mm3/Nm and average f r i c t i o n coeffi
cient of 0.08. Comparison with the results in Table II shows that 
no significant change in tribological properties of composites con
taining L2 occurs upon changing reinforcement from the former tight 
weave to the present loose weaves. For composites containing LI, on 
the other hand, considerable improvement in f r i c t i o n is associated 
with loose weave reinforcement, compared to tight weave reinforce
ment. 

Effects of Counterface and Composite Variables. Some of the greater 
surface damage observed in composites sliding against si l i c o n n i 
tride, as compared to steel, is undoubtedly due to the lower thermal 
conductivity of si l i c o n nitride. It is well known that interfacial 
temperatures between sliding surfaces are often much higher than the 
temperature of the test environment, and higher even than the tem
peratures which can be measured close to the interface (12). This 
is particularly true at higher sliding velocities. We have measured 
temperatures of 100°C as far as 5.5 mm from the interface for com
posites sliding against si l i c o n nitride in 26°C air, at the load and 
velocity conditions reported here. The present results for L1W1 
sliding against steel indicate that true interfacial temperatures 
during sliding may be double the 316°C temperature of the specimen 
enclosure. Since si l i c o n nitride has a much lower thermal con
ductivity than steel, true surface temperatures during sliding are 
expected to be much higher. 

As observed by Fusaro (2) and substantiated in our previous 
work (7), the properties of the graphite fibers tend to dominate the 
tribological performance of graphite-polyimide composites. Photo
micrographs of composites reinforced with the W2 weave show that the 
composite surfaces are considerably enriched in fibers, compared to 
composites reinforced with the Wl weave. The generally higher wear 
and f r i c t i o n of composites reinforced with the W2 weave may be 
attributed to the higher concentration of graphite fibers at the 
surface. 

At elevated temperature, graphite can be abrasive rather than 
lubricating, due to desorption of moisture, unless additives (such 
as dibasic ammonium phosphate) are incorporated. This abrasiveness 
appears to be more severe in the case of a sil i c o n nitride counter-
face. Surface profilometry of the s i l i c o n nitride disks in the 
region of contact showed that the ceramics had been polished and, 
in some cases, grooves had been worn in the ceramic surfaces. 

Wear of the sili c o n nitride counterface was substantiated by 
EDX detection of Si on the composite surfaces after sliding. This 
is shown most clearly in the EDX of Figure 7, for L2W2. A d i f f i 
culty in detecting Si for the LI composites is the presence of W in 
the additive; the major EDX peak for W overlaps that of Si. Sliding 
experiments with similar Ll-containing composites have previously 
shown that Si-rich surface layers formed on the composites during 
sliding against s i l i c o n nitride may be from 0.6-3.0 um thick, and 
may completely prevent the inorganic lubricant additives from reach
ing the contact interface. 
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18. SUTOR Tribology of Fiber-Reinforced Polyimides 281 

Since no N was found at the composite surface, Si was presumed 
to be in the form of s i l i c a , Si0 2. Two hypotheses have been ad
vanced to explain the presence of s i l i c a in terms of ceramic oxida
tion. F i r s t , at interfacial temperatures above 700°C, oxidation of 
si l i c o n nitride to s i l i c a can occur (13). The s i l i c a can then be 
abraded by the graphite fibers and wear particles may be imbedded in 
the composite surface. Second, the presence of locally reducing 
conditions (due to graphite) at the sliding interface can allow the 
so-called "active oxidation" of si l i c o n nitride to take place, 
whereby volatile SiO is formed (14). Both hypotheses predict 
adverse affects due to a higher concentration of fibers at the sur
face, and the W2 composites do indeed give higher wear and f r i c t i o n 
than the comparable Wl composites. 

Since the major component of lubricant 1 (WSe2) and a l l com
ponents of lubricant 2 are layer lattice transition metal dichalco-
genides, i t is at f i r s t d i f f i c u l t to explain the large differences 
in f r i c t i o n a l behavior observed between LI and L2 composites sliding 
against sili c o n nitride. We advance here a hypothesis for involve
ment of the phosphate additive in adverse reactions both with the 
ceramic counterface and with lubricant 1. 

Dibasic ammonium phosphate melts with decomposition at 155°C. 
In fact, a large proportion of the porosity in the composites may 
be attributed to generation of volatile ammonia at the processing 
temperature. Globules of molten phosphate can be seen on the sur
face of composite L1W1 in Figure 8. EDX of a l l composite surfaces, 
except for the best performing L2W1, showed particularly high con
centrations of P. Phosphates as a class are well known to be glass 
formers; phosphate glasses are expected to have high adhesion to 
hot-pressed si l i c o n nitride, in which the nitride grains are bound 
together by magnesium si l i c a t e glasses. This high adhesion can 
cause high f r i c t i o n and promote counterface wear. We postulate that 
the free metals (W, Ga, and In) or metal oxides present in LI may 
react preferentially with phosphate decomposition products to pro
duce a glassy, b r i t t l e surface layer on the composites and hence 
decrease lubricant effectiveness. A more complete chemical and 
surface analysis than was possible in this work would be needed to 
confirm or deny this postulate. 

Conclusions 

Internally lubricated, graphite-polyimide composites are excellent 
lubricants for steel at 316°C. They give very low f r i c t i o n and 
reasonably low wear, while maintaining exceptional strength and 
stiffness. When sliding against hot-pressed s i l i c o n nitride, how
ever, both composite and counterface wear are higher, and f r i c t i o n 
can be very high. The adverse interfacial chemistry which may con
tribute to high f r i c t i o n against sili c o n nitride can be substan
t i a l l y mitigated when the concentration of graphite fibers at the 
sliding surface is decreased (as by fiber weave Wl discussed in the 
paper) and an inorganic lubricant pigment containing only molybdenum 
dichalcogenides (additive L2 discussed in the paper) is incorporated 
in the composites. 
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282 POLYMER WEAR AND ITS CONTROL 

Figure 7. Silicon-containing layer on composite L2W2 after 
sliding against si l i c o n nitride. 

Figure 8. Phosphate globules on surface of composite L1W1 after 
sliding against si l i c o n nitride. 
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Characterization and Measurement of Polymer Wear 

Donald H. Buckley and Paul R. Aron 
National Aeronautics and Space Administration, Lewis Research Center, Cleveland, OH 44135 

A host of analytical tools are available to assist 
the tribologist in understanding and characterizing 
the polymer wear process. They can be used in the 
study of polymer wear and the development of polymer 
transfer films to nonpolymer counterfaces. Some of 
the devices discussed include visual observation of 
polymer wear with SEM, quantifying it with surface 
profilometry and ellipsometry, studying chemistry 
with AES, XPS and SIMS, establishing interfacial 
polymer orientation and accordingly bonding with 
QUARTIR, polymer state with Raman spectroscopy and 
stresses that develop in polymer films using a X-ray 
double crystal camera technique. 

When any two surfaces are brought i n t o s o l i d s t a t e contact and sub
sequently separated the nature of one or both surface f r e q u e n t l y has 
changed as a r e s u l c of the contact. I t i s even more l i k e l y to occur 
when mechanical forces are imposed on the contact. Polymeric mate
r i a l s are not d i f f e r e n t than other s o l i d s i n t h i s respect. The sur
face and near surface changes that have occurred i n polymers may 
however be more d i f f i c u l t to c h a r a c t e r i z e , i n part because of the 
d i f f i c u l t y i n i d e n t i f y i n g these m a t e r i a l s w i t h a n a l y t i c a l t o o l s . 

Wear i n a s t r i c t sense occurs whenever m a t e r i a l i s l o s t from a 
s o l i d . The mechanism of l o s s can be abrasion, adhesion, e r o s i o n , 
c a v i t a t i o n , c o r r o s i o n or f a t i g u e . This loss can occur at the atomic 
l e v e l . At t h i s l e v e l a n a l y t i c a l t o o l s such as the f i e l d i on micro
scope and the atom probe can be used to study wear l o s s of polymers. 
These t o o l s have been used i n the authors' l a b o r a t o r y f o r many years 
to study polymer adhesion and t r a n s f e r to metal surfaces (_1,2:) • 
They are capable of p r o v i d i n g i n s i g h t i n t o the presence or absences 
of t r a n s f e r (wear), the adhesive strength of polymer to metal, 
amount of t r a n s f e r , bond s c i s s i o n , mechanical e f f e c t s such as l o a d 
ing of surfaces together, chemical e f f e c t s on bonding and surface 
e n e r g e t i c s . The f i e l d ion microscope coupled wi t h the atom probe 
i s the u l t i m a t e t o o l f o r the study of polymer wear because i t allows 

This chapter not subject to U.S. copyright. 
Published 1985, American Chemical Society 
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288 POLYMER WEAR AND ITS CONTROL 

the analysis both structural and chemical aspects of the wear pro
cess at the atomic level. While the f i e l d ion microscope with the 
atom probe may be the ultimate in polymer wear analysis in many 
instances such depth may not be required as the wear process may be 
a relatively gross event. In such cases much more conventional 
tools may be used to characterize polymer wear. Two such tools are 
the surface profilometer and the scanning electron microscope (SEM). 
These devices provide a macroscopic picture of the wear of polymers. 

There are many other analytical tools that can assist the t r i 
bologist in the characterization of polymer wear. Many of these 
tools including those discussed herein are described fully in 
Reference 3 where their capabilities, sensitivities and limitations 
are given in detail. They can identify quantity of polymer trans
ferred to a counterface surface (ellipsometer), amorphous verses 
crystalline state (Raman spectroscopy), stresses in transfer films 
and worn polymer surfaces (double crystal X-ray techniques), orien
tation of transferred molecules of polymer on the counterface 
(reflection-absorption infrared spectroscopy; RAIR), bonding mode 
(inelastic electron tunneling spectroscopy, IETS), elements present 
in polymer wear debris (Auger electron-spectroscopy, AES), mapping 
of polymer wear surface distribution (scanning Auger microscopy, 
SAM), distinguish between various homologs (low-damage secondary 
ion mass spectrometry, SIMS) and interfacial polymer to counterface 
chemical analysis (X-ray photoelectron spectroscopy, XPS). 

The objective of this paper is to review the wear of polymers 
using the above tools in order to characterize the wear process. 
Wear analysis w i l l include microscopy observation, profiling, thick
ness measurements and chemistry both structural and analytical. 

Visual Observation of the Wear Surface 

The visual observation of the polymer wear surface is the simplest 
method for characterizing the wear process. Frequently a consider
able amount of very useful information can be gained from the use 
of the light optical and scanning electron microscope studies of 
the polymer surface that has undergone wear. 

An example of how visual observation can assist in wear studies 
has been demonstrated in the erosion behavior of thermoplastics C 3 ) . 
In the erosion of polymers the shape of the impinging particle on 
the polymer surface determines the mechanism by which wear occurs. 
If the particle is relatively smooth and spherical wear to the 
polymer surface occurs by the formation of deformation flakes, frac
ture and sub-surface fatigue. Where the particle have sharp edges 
the wear process is dominated by cutting analogous to an abrasive 
g r i t . 

Figure 1 contains micrographs of polymethyl methacrylate (PMMA), 
polycarbonate (PC) and polytetrafluoroethylene (PTFE) surfaces which 
have undergone erosive wear by the impingement of glass beads. With 
a l l three polymers loss from the surface occurs by flake formation 
as indicated in each of the micrographs. 

Profiling Polymer Wear 

In addition to seeing the wear surface i t is often desirable to 
quantify the loss of polymer due to wear. One of the most straight-
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BUCKLEY AND ARON Characterization and Measurement of Polymer Wear 

Figure 1. SEM micrographs (40 t i l t ) of eroded thermoplastic 
m a t e r i a l surfaces. Exposure time, 10 min; gas pressure, 0.27 MP 
p a r t i c l e v e l o c i t y , 72 m/s. 
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290 POLYMER WEAR AND ITS CONTROL 

forward techniques for accomplishing this is to profile the wear 
area. This can be done with mechanical devices such as a stylus 
tracking of the profile or for extremely deformation prone surfaces 
with the use of optical or laser beam profiling. 

An example of the use of the profilometer in following the 
erosive wear of polytetrafluoroethylene (PTFE) is presented in 
Figure 2. The profiles of the wear spot, which are circular in 
nature at the surface, are presented for various periods of exposure 
time to the erosive particles (4). With increasing time the depth 
of the pit continues to increase. It is important to note that 
magnification in the horizontal and vertical directions is not the 
same. Thus, in using the profiles and integrating the wear area to 
arrive at total loss, care must be taken to correct for the 
differences. 

The profilometer can also be used to track polymer wear where 
one material in contact is a polymer and the other i s , for example, 
a metal. If wear occurs by transfer of polymer to the metal, the 
surface of the metal can be profiled to identify the amount of 
polymer transferred. 

Thin Film Identification 

Where polymers transfer to counterface surfaces in extremely thin 
film forms, of the order of monolayers the surface profilometer 
becomes ineffective and other tools must be used. A device which 
can measure the thickness of such films is the ellipsometer. It 
can detect film thicknesses of polymers on the order of angstroms. 

In Figure 3 the film thickness of a polymer is presented as a 
function of deposition time (_5). It can be seen from the data of 
Figure 3 that polymer films of thicknesses of the order of 30 to 40 
angstroms can be readily detected by ellipse-metric techniques. 
This device, then, permits the transfer of extremely thin polymer 
films and allows for the identification of the onset of adhesion 
and transfer, providing the opportunity to identify when bonding 
occurs and some indication of bond strength. If the polymer is 
seen to transfer to a counterface surface, then i t is reasonable to 
assume that the interfacial adhesive bond strength is greater than 
the cohesive strength of the polymer i t s e l f . This observation w i l l 
only hold where the counterface surface is atomically smooth. 

The Chemistry of Polymer Wear 

Devices. The tools described thus far in this paper present a 
physical view of polymer wear. What about the chemistry of the 
polymer wear process In studying chemistry i t is desirable to 
have the analytical tool incorporated directly into the wear exper
iment. An example of such a device is presented in the schematic 
of Figure 4 from the authors laboratory (6). 

Figure 4 presents what is commonly referred to as the pin-on-
disk f r i c t i o n and wear device. A hemispherical rider mounted in a 
beam is loaded against a rotating disk. The disk is rotated uni-
directionally. The beam containing the rider is mounted in a gimbal 
which is connected to a strain gage assembly for measuring f r i c t i o n 
force. 
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19. BUCKLEY AND ARON Characterization and Measurement of Polymer Wear 291 

Fig. 2. - Surface traces on PTFE as a function of time. 
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Fig. 4. - Schematic diagram of apparatus for XPS analysis of polymer transfer. 
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19. BUCKLEY AND ARON Characterization and Measurement of Polymer Wear 293 

Wear to the rider and disk can be measured periodically or upon 
completion of an experiment. One or both specimens can be polymers 
or polymer compositions. 

The system depicted in Figure 4 contains the components for XPS 
analysis of the disk and ion depth profiling for the removal of sur
face films and polymer layers. X-rays are the excitation for the 
emission of electrons from the surface whose binding energies are 
measured with the analyzer. A beam of argon ions are directed at 
the surface in the location of analysis for depth profiling. 

The beam of X-rays strike the surface of the disk in Figure 4 at 
a location of 180° from where the rider contacts the disk. Thus, 
changes in surface chemistry in the wear track can be continuously 
monitored during the course of an experiment. A similar type of 
device is used for Auger analysis (AES) only the excitation source 
is a beam of electrons rather than X-rays as used for XPS. With 
AES an elemental analysis is obtained while with XPS compounds and 
changes in polymer chemistry can be followed. 

Surfaces and Interfaces. Sliding f r i c t i o n and wear experiments 
were conducted with polytetrafluoroethylene (PTFE) sliding of 
nickel. An important question to be asked is does the polymer chem
istry change when i t undergoes wear? There is a considerable amount 
of energy dissipated at the sliding interface and this energy could 
conceivably degrade or alter the polymer from that observed for the 
bulk unworn polymer. 

Figure 5 presents the fluorine KLL Auger spectra for both bulk 
PTFE and the wear transfer film (7). Feature 1 involves the 2s and 
Is electrons, while feature 2 involves the 2p and Is electrons and 
would be expected to change size with a change in chemical bond. 
Thus, a change in the ratio of feature 2 to feature 1 is indicative 
of a change in the chemical state of the film. Although the fea
tures are not sharp and feature 1 is particularly d i f f i c u l t to 
measure, there is no difference in the spectra beyond the limit of 
uncertainties. The transfer polymer wear film is therefore the 
same as the bulk PTFE. 

The data of Figure 5 t e l l us that the surface of the transfer 
film has the same chemistry as the bulk polymer. Auger analysis is 
surface sensitive and probes only to a depth of four to five atomic 
layers. What about the chemistry at the interface between polymer 
and metal? Is there any chemical interaction resulting from the 
sliding process and contributing to polymer wear XPS with ion 
depth profile analysis can assist in answering these questions. 
First, XPS probes more deeply than AES and secondly ion depth pro
f i l i n g can assist in getting to the interface through removal of 
thick polymer wear transfer films and thereby arrive at the 
interface. 

The XPS spectrum of Figure 6 for the F(ls) peak indicates that 
at the nickel to polymer interface some nickel fluoride (NiF2) 
forms. The amount is extremely small but is nonetheless present. 
Both peak heights and film thickness indicate that only an occa
sional flourine has reacted with the nickel chemically. Since 
fluorine is monovalent, i t is unlikely that i t can function in the 
formation of a strong bond between the metal and the PTFE. The 
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ELECTRON KINETIC ENERGY, eV 

Fig. 5. - Fluorine auger electron spectra from PTFE transfer film (on 
clean nickel in vacuum) and from bulk PTFE. Load, 2 newtons; sliding 
speed, 0.94 millimeter per second. (To account for charging, the up
per peak is shifted horizontally so that the spectra coincide.) 

696 694 692 690 688 686 684 682 
BINDING ENERGY, eV 

Fig. 6. - F(ls) XPS peak from PTFE transfer film on clean 
nickel in vacuum. Load, 2 newtons; sliding speed, 
0. 94 millimeter per second. 
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19. BUCKLEY AND ARON Characterization and Measurement of Polymer Wear 295 

single fluorine bond must interact either with the metal when i t 
forms nickel fluoride or with carbon of the polymer. 

The presence of NiF2 at the polymer metal interface may be 
indirect evidence for the formation of a metal to carbon bonds. 
When the fluorine reacts with the nickel a carbon is available for 
bonding also to the metal. 

Just as the ellipsometer can be used to measure polymer film 
thickness so can XPS. For example, with PTFE by the use of the 
ratio of intensities of the F(ls) and the C(ls) peaks and the atten
uation of the nickel peak intensities i t is possible to measure 
polymer film thickness and accordingly polymer wear (7). 

Figure 7 indicates the amount of polymer transfer on wear that 
occurs as a function of a mechanical parameter, sliding speed. An 
examination of Figure 7 indicates that the higher the sliding speed 
for a polymer in contact with a metal the greater the film thickness 
and accordingly the amount of polymer wear. 

Similarly AES can be used in two ways to probe the thickness of 
the transfer film. In Figure 8 is plotted the amplitude of the 
carbon Auger signal (derivative mode) as a function of the sputter
ing time (depth) for a sample of titanium on which a PTFE transfer 
film had been formed with a hemispherical rider 1 cm in diameter 
under a load of 2 Newtons. This depth profile contains information 
as to the thickness and composition of the film and can be used to 
gain an understanding as to the way in which these parameters vary 
as a function of the substrate condition. Films on three different 
substrates are shown. The film on the clean titanium is clearly 
thicker than the films on either the oxidized titanium or the i r i d 
ium. The titanium was sputter cleaned just prior to forming the 
film which was done without exposure to atmosphere. The oxide is 
the native oxide which formed during the polishing, which was done 
in a i r . Both of the later substrates are expected to be less reac
tive than titanium. 

The second way in which AES can be used to learn about the 
thickness is illustrated by Figure 9. This is an image of the film 
taken using the intensity of the 54 eV Auger line of iridium to 
modulate the brightness while the position of the electron beam i s 
moved over the surface (scanning Auger microscopy, SAM). Since the 
inelastic mean free path of electrons of such a low energy is of 
the order of intermolecular distances i t makes a sensitive probe of 
the thickness of these films. High brightness indicates low atten
uation. A variation of the thickness over the surface is clearly 
indicated. This information can be quantified by taking data in 
the form of Figure 8 which is a single line scan through the center 
of the picture where the intensity of the line appears in the v e r t i 
cal direction and the position of the point sampled is on the 
horizontal axis. 

While Auger electron spectroscopy and X-ray photoelectron spec
troscopy can give elemental and organic structual information, 
respectively, they have limitations in the amount of material they 
can detect. For example, where polymers are in sliding, rolling or 
rubbing contact with metal or alloys wear to the metal as well as 
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296 POLYMER WEAR AND ITS CONTROL 

SLIDING SPEED, mm/sec 
Fig. 7. - Average thickness of PTFE transfer film on nickel at various 

sliding speeds in vacuum. Load, 2 newtons; temperature, 24° to 
27° C. 

5 r — 

.5 1.0 1.5 2.0 
SPUTTER TIME PER 1000, sec 

Fig. & - Depth profiling of a PTFE wear film on titanium and 
iridium substrates. Load, 2N; temperature, 24° C; and 
sliding speed of 0.1 mm. 

Figure 9. Scanning auger microscopy (SAM) maps and surface p r o f i l e 
trace f o r PTFE wear f i l m on an I r i d i u m substrate. Load, 2 newtons; 
temperature, 24 C; s l i d i n g speed, O.l mm per second. 
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19. BUCKLEY AND ARON Characterization and Measurement of Polymer Wear 297 

wear to the polymer can occur. Metals have been observed to trans
fer to polymer surfaces (6). This transfer can be extremely dis
crete and d i f f i c u l t to detect in the polymer surface as well as 
polymer wear debris. 

Static or low-damage secondary ion mass spectrometry (SIMS) can 
be used to characterize polymers and also detect very small amounts 
of metals transferred to polymers or in polymer wear debris. While 
SIMS uses an ion beam to sputter remove surface species and is 
therefore inherently destructive, damage can be minimized by using 
low ion beam fluxes (3x10"^ A/cnr). This allows for monolayer 
analysis. 

SIMS can be effectively u t i l i z e d to distinguish, for example, 
among a series of polyalkyl methacrylate films deposited on a metal 
substrate• 

Low-damage SIMS has distinguished thin transfer films of the 
homologous series of poly(methyl, ethyl, isobutyl, n-butyl and 
lauryl) methacrylates. Figure 10 is a SIMS spectrum from a poly-
lauryl methacrylate films on a silver substrate (8). 

The mass to charge ratios (m/Z) are detected in Figure 10 for 
the methyl (m/Z 15) ethyl (m/Z 29), propyl (m/Z 43) ions as well as 
that for [C4Hy]+ ion (m/Z 55) associated with the breakup of 
the lauryl group. The [C^Hy]"1" has the greatest intensity. 
With the poly(methyl and ethyl) methacrylates, the methyl ion (m/Z 
15) and the ethyl ion (m/Z 29) are respectively the most intense 
ion species present. In the case of the butyl isomers the ethyl 
ion (m/Z 29) is dominant over the propyl ion (m/Z 43) for the iso
butyl isomer while with the n-butyl isomer the reverse is observed. 
With the lauryl isomer the (m/Z 55) is the most intense of the four 
ions and the other ion intensities decrease with decreasing m/Z. 
Silver is detected in the polymer from the silver substrate. 

SIMS has proved to be a very useful tool in polymer film studied 
and accordingly wear analysis. Various polymers have been finger
printed with SIMS including in addition to those already discussed, 
low density polyethylene, polypropylene, polystyrene, nylon-6 and 
polyethylene terephthalate (8,£). 

Polymer to Counterface Bonding. Of extreme interest to the tribolo
gist is the nature and structure of interfacial adhesion of polymers 
to substrate surfaces because i t contributes heavily to the adhesive 
wear of polymers. A very useful tool for the study of this subject 
is quantitative absorption - reflection thickness infrared spectro
scopy (QUARTIR). This device is uniquely suited for the study of 
preferential orientation of large molecules at interfaces. Thus, 
insight into the structural interfacial bonding of molecules can be 
had, adhesion and accordingly adhesive wear better understood. 

Studies have been conducted with a surfactant, 4,5 dimethoxy-
2-nitrobenzyl hexadecane sulfonate (PMS) cast on a copolymer-
substrate. The structure of the surfactant ig indicated in Figure 
11(a). Films of thicknesses from 100 to 1000A on an aluminum sub
strate were examined (10). 

The use of QUARTIR (1) permitted the analysis from bulk film to 
near monolayer, (2) quantitatively established individual bond 
absorbances in the film, (3) allowed for the commutation of frac
tional changes in normalized absorbance between bulk and interface 
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298 POLYMER WEAR AND ITS CONTROL 

values, (4) determined the transition moment direction of the modes 
producing each bond in terms of internal molecular coordinates, and 
(5) from (3) and (4) made possible the angles of the various tran
sition moments and accordingly molecular coordinates of bonding to 
the solid surface. 

Figure 1Kb) presents the mechanism of bonding of the surfactant 
PMS to the oxidized aluminum surface. Certainly such information 
is extremely useful in predicting adhesive bond strengths at 
interfaces. 

Polymer Structure. In addition to visualization, profiling, thick
ness measurements and chemistry of polymer wear i t is frequently 
desirable to know whether the polymer is in the amorphous or crys
talline state because other properties relate to state. Raman 
spectroscopy is very useful in studying very low frequency modes 
associated with vibrations of polymer chain backbones and the l a t 
tice modes of polymer crystals. It complements infrared 
spectroscopy. 

The a b i l i t y of Raman spectroscopy to distinguish between mylar 
in the crystalline and amorphous state is presented in Figure 12 
taken from Reference 11. The figure reveals the distinct d i f 
ferences in peak shape with crystallization of the polymer. 

Molecular relaxations, and molecular orientation of polymers 
can be related to tribological performance. Such studies have been 
conducted with polyimides (11). 

Stresses in Polymers. During the sliding, rolling or rubbing pro
cess for polymers stresses are generated in the polymer. Where 
polymers are in contact with metals or alloys transfer films of the 
polymer generally develop on the counterface. These polymer wear 
films are generally highly stressed. Until recently there has been 
no good effective technique for the simple measurement of these 
stresses. A X-ray scheme has been demonstrated as being capable of 
providing such measurements. It has been used for the measurement 
of stresses generated in polyimide films (12). 

Figure 13 presents a schematic of a double crystal camera 
arrangement with a) unstrained crystals, and b) a strained crystal. 
The polymer films have been deposited on single crystal sil i c o n 
substrates. In Figure 13(a) an unstrained crystal is in position 
two, with each crystal aligned to obtain Bragg diffraction in trans
mission from a set of planes. Translation of the two crystals pro
duces no change in the double-diffracted X-ray intensity because 
the Bragg angle remains constant across the crystal. The crystal 
in position two of Figure 13(b) has a curvature due the stresses 
generated in the polymer. Translation of the two crystals of 
Figure 13(b) results in a sharp decrease in the double-diffracted 
X-ray intensity due to lattice curvature. Details of the technique 
can be found in Reference 13. 

With the X-ray technique described stresses in polymer wear 
films can be measured. One could incorporate a pin-on-disk f r i c t i o n 
device within the opening of the X-ray camera and conduct in situ 
measurements. The stresses developed in the film with repeated 
passes, increasing load, varied sliding speeds and polymer composi
tions can be measured. This could lead to a better understanding 
of the role of stresses in polymers on their wear behavior. 
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BUCKLEY AND ARON Characterization and Measurement of Polymer Wear 

Fig. 11. - The use of quartir for the determination of molecular coordination 
of a surfactant (PMS) with a oxidized aluminum surface (ref. 10). 
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1770 1750 1730 1710 1690 
RAMAN SHIFT, cm"1 

Fig. 12. - Raman spectrum of Mylar - appearance of 
the carbonyl stretching band of quenched and crys
tallized polyethelene terephthalate (ref. 11). 

SLIT 

(a) With unstrained crystals. (b) With a strained crystal. 

Fig. 13. - Schematic of double crystal camera arrangement 
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19. BUCKLEY AND ARON Characterization and Measurement of Polymer Wear 301 

The effect of temperature on polymer stresses can also be 
measured. Again, this could be done in sit u . Figure 14 presents a 
plot of stress as a function of temperature (13). The data for a 
polyimide in Figure 14 indicates that interfacial stress decreases 
with an increase in temperature. This could be effectively utilized 
to determine the effect of fri c t i o n a l heating on polymer stress as 
well as wear. 

0 100 200 300 400 
TEMPERATURE, °C 

Fig. 14. - Plot of stress versus temperature for a polyimide film 
(ref. 13). 

Concluding Remarks 

A host of analytical tools are available to the tribologist for the 
study of the wear of polymers and polymer films. Much can be 
learned about the wear behavior of polymer with visual observation 
of the wear surfaces with the scanning electron microscope while 
surface profilometer can assist in quantifying polymer wear. 

The thickness of polymer transfer films to counterface surfaces 
can be measured with sensitivities into the angstrom range with the 
ellipsometer. The device can be arranged for in situ thin film 
measurements. 

The chemistry of polymer surfaces and their wear can be measured 
in situ with Auger electron spectroscopy, X-ray photoelectron spec
troscopy and secondary ion mass spectrometry. These tools provide 
elemental, compound analysis and distinguish among a series of homo-
logs respectively. 

Orientation at the interface between polymers and metals where 
the polymer transfer to the metal can be determined with quantita
tive absorption-reflection thickness infrared spectroscopy. With 
an understanding of polymer interfacial orientation, bonding mecha
nisms can be identified and accordingly adhesion of polymers to 
metals better understood. 

Raman spectroscopy can be used to identify the polymer state 
and double camera X-ray techniques to determine the amount of 
stresses developed in films of transferred polymers. 
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Wear of Polymers in the Pin-on-Disk Configuration 

B. J. Briscoe1 and T. A. Stolarski2 

1Department of Chemical Engineering and Chemical Technology, Imperial College, 
London SW7, England 

2Department of Mechanical Engineering, Brunel University, Uxbridge, Middlesex, England 

A common simulation technique which is used to 
evaluate the wear of polymers i s to sl ide the polymer, 
usually in the form of a p in , over the surface of a 
rotating disc. The pin may be loaded along i t s major 
axis, either in a direction normal to or para l l e l 
with the axis of rotation. Hence the contact area is 
produced on the edge or the face of the disc . 

We w i l l show that the rate of wear produced in 
these two cases may be different for certain polymers 
and further when the pin is slid over the disc face 
the rate of wear is also a function of the radius 
which the pin describes on the disc surface. 

Organic polymers wear by a v a r i e t y of mechanisms (1-5) but i n 
general there are two d i s t i n c t c l a s s e s of behaviour. C e r t a i n 
polymers such as p o l y t e t r a f l u o r o e t h y l e n e (PTFE) and the l i n e a r 
polythenes have a c h a r a c t e r i s t i c mode of wear which i n v o l v e s the 
formation and removal of h i g h l y o r i e n t a t e d t h i n t r a n s f e r r e d f i l m s . 
Some polymers form r a t h e r t h i c k u n o rientated t r a n s f e r r e d f i l m s as 
f o r example low-density polyethylene (LDPE) and others do not 
apparently form these f i l m s without gross surface m e l t i n g . 
Polymethylmethacrylate (PMMA) i s an example of the l a t t e r . The 
s p e c i a l t h i n f i l m t r a n s f e r of PTFE and hi g h - d e n s i t y polyethylene 
(HDPE) and the a s s o c i a t e d low f r i c t i o n , w h i l e not f u l l y understood, 
does seem to correspond w i t h the vague n o t i o n of a "smooth molecular 
p r o f i l e " (_3) . This connotation i s not causal but i t i s apparently 
comprehensive. These polymers (PTFE, HDPE) a l s o showed an unusual 
loa d a x i s s p i n s e n s i t i v i t y i n t h e i r f r i c t i o n and t r a n s f e r behaviour. 
This aspect i s d e a l t w i t h l a t e r i n more d e t a i l . The present paper 
concentrates upon the i n f l u e n c e of contact geometry on the wear of 
range of polymers when they are st u d i e d i n a pin-on-disc 
c o n f i g u r a t i o n . Rather unusual wear c h a r a c t e r i s t i c s are seen i n the 
polymers which wear by the c r e a t i o n and l o s s of h i g h l y o r i e n t a t e d 
t r a n s f e r r e d f i l m s . In essence, the adhesive o r t r a n s f e r wear process 
i n v o l v e s the formation of adhesive j u n c t i o n s between the polymer and 
the counterface f o l l o w e d by bulk f a i l u r e i n the surface l a y e r s of 

0097-6156/85/0287-0303S06.00/0 
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304 POLYMER WEAR AND ITS CONTROL 

the polymer i n response t o the a p p l i e d shear s t r e s s . Polymer i s 
consequently t r a n s f e r r e d t o the counterface, and repeated 
t r a v e r s a l s of the polymer specimen over t h i s l a y e r detach the f i l m 
which i s then u l t i m a t e l y d i s p l a c e d from the contact zone. A 
f u r t h e r l a y e r i s t r a n s f e r r e d , the process i s repeated and the 
polymer g r a d u a l l y wears away. A c c o r d i n g l y , the wear of a polymer 
l i k e PTFE and HDPE should be a f u n c t i o n of the number of t r a v e r s a l s 
over the same wear path. With an i n c r e a s i n g number of t r a v e r s a l s 
the wear should i n c r e a s e . This i s not observed i n p r a c t i c e i n the 
experiments described i n t h i s paper. 

To assess the wear p r o p e r t i e s of polymers a number of r e l a t i v e l y 
simple wear t e s t i n g machines have been developed (6-7). These 
t e s t s attempt, as f a r as p o s s i b l e , to reproduce the s l i d i n g 
c o n d i t i o n s encountered i n p r a c t i c e . A common s i m u l a t i o n technique 
which i s widely used t o evaluate the wear of polymers i s t o s l i d e 
the polymer, u s u a l l y i n the form of a p i n , over the surface of a 
r o t a t i n g d i s c . There are two b a s i c c o n f i g u r a t i o n s ; the p i n may be 
loaded, along i t s major a x i s , e i t h e r i n a d i r e c t i o n normal t o or 
p a r a l l e l w i t h the a x i s of r o t a t i o n . Hence the contact area i s 
produced on the edge or the face of the d i s c . I t w i l l be shown 
t h a t the r a t e of wear produced i n these two c o n f i g u r a t i o n s may be 
d i f f e r e n t f o r c e r t a i n polymers and furthermore, when the polymer 
p i n i s s l i d over the d i s c f a c e , the r a t e of wear i s a l s o a f u n c t i o n 
of the r a d i u s of a c i r c u l a r path which the p i n describes on the 
d i s c s u r f a c e . By changing the r a d i u s of t h i s path while maintaining 
the s l i d i n g v e l o c i t y constant, i t i s p o s s i b l e t o t e s t whether the 
wear of the polymer i s a f u n c t i o n of the number of t r a v e r s a l s . A 
very simple model suggests t h a t the r a t e of wear should be a l i n e a r 
f u n c t i o n of the number of t r a v e r s a l s . 

Experimental method 

The wear experiments were c a r r i e d out on two types of pin-on-disc 
machine. The f i r s t type, c a l l e d " v e r t i c a l " c o n f i g u r a t i o n i s shown 
sc h e m a t i c a l l y i n F i g u r e 1. 

The polymer p i n (A) was clamped i n t o a s p e c i a l specimen holder 
(B), which i n t u r n was attached to a s h a f t (C) supported i n a 
l i n e a r bearing (D). With the s p e c i a l specimen holder (B), i t was 
p o s s i b l e to impose a r o t a t i o n of the p i n around i t s l o a d a x i s , 
independent from r o t a t i o n of a d i s c , as w e l l as t o change the r a d i u s 
of the wear path p r e s c r i b e d by the p i n on the counterface ( J ) . 

R o t a t i o n of the d i s c r e s u l t e d i n a torque on the s h a f t which 
was monitored by means of s t r a i n gauges (G). 

Loading of the specimen was achieved by p l a c i n g weights on the 
l o a d i n g p l a t f o r m (H). The l o a d range was 25 t o 150 N and the 
s l i d i n g v e l o c i t y c o u l d be continuously v a r i e d from 50 to 1500 rpm. 
The bulk temperature of the counterface was c o n t r o l l e d by passing 
c o o l i n g water through a s e r i e s of s e a l s i n t o the hollow counterface 
v i a the hollow d r i v e s h a f t (M). This arrangement allowed the bulk 
temperature of the counterface t o be kept w i t h i n 20°+ 2°C during 
experiments. 
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20. BRISCOE AND STOLARSKI Pin-on-Disk Wear of Polymers 305 

F i g . l . Schematic r e p r e s e n t a t i o n of the " v e r t i c a l " i n - o n - d i s c 
machine. 
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306 POLYMER WEAR AND ITS CONTROL 

The second type of pin-on-disc machine, c a l l e d " h o r i z o n t a l " c o n f i g 
u r a t i o n , i s s c h e m a t i c a l l y shown i n Figure 2. 

The polymer p i n (A) was mounted i n the specimen holder which i n t u r n 
was supported by two strain-gauge beams f i x e d to the loa d i n g arm (H) 
i n such a way t h a t the measurement o f the t a n g e n t i a l force was 
p o s s i b l e during the a p p l i c a t i o n of the normal l o a d . The polymer p i n 
was loaded a g a i n s t a d i s c (B) of f i x e d diameter (100 mm) which was 
r o t a t e d on the s h a f t (C) h o r i z o n t a l l y supported by two tapered b a l l 
bearings (D). The s h a f t was d r i v e n by an AC motor (E) which, 
together w i t h a v a r i a b l e speed gear box (F) and b e l t d r i v e (G), was 
capable of continuous v a r i a t i o n i n speed over the range 120 to 1280 
rpm. Loading of the polymer p i n by means of a dead load c o u l d be 
changed from 10 to 150 N. The bulk temperature of the d i s c was 
c o n t r o l l e d by blowing a i r upon i t by means of a fan w i t h v a r i a b l e 
speed. This arrangement allowed to keep the bulk temperature of 
the counterface w i t h i n 20° ± 30°C during wear t e s t s . 

To create a random t e x t u r e on the counterface a s p e c i a l g r i n d i n g 
and p o l i s h i n g procedure was adopted. The m i l d s t e e l counterfaces 
used i n both types of pin-on-disc machine were f i n i s h e d t o 0.2-0.3 
um c . l . a . , as revealed by T a l y s u r f examination. Before the beginn
i n g o f the wear t e s t , the counterface was cleaned w i t h "Analar" 
acetone. 

The wear behaviour of p o l y t e t r a f l u o r o e t h y l e n e (PTFE), carbon-
f i l l e d PTFE, high d e n s i t y polyethylene (HDPE), u l t r a h i g h molecular 
weight polyethylene (UHMPE), low d e n s i t y polyethylene (LDPE) and 
polymethyl methacrylate (PMMA) was s t u d i e d . To ensure c o n s i s t e n t 
and c o n t r o l l e d p r o p e r t i e s of the samples, many of the m a t e r i a l s 
were processed i n the authors' l a b o r a t o r y . The d e t a i l s of sample 
pr e p a r a t i o n and processing techniques are reported elsewhere (8). 

In the m a j o r i t y of cases, the diameter of the polymer p i n was 
13 mm, the l i n e a r s l i d i n g , V = 0.5 ms"^ and the s p e c i f i c contact 
pressure, P = 6 x 10^ Nm"2. These parameters were maintained a t a 
constant value f o r each wear path r a d i u s and the specimen. In the 
case of the " v e r t i c a l " p in-on-disc c o n f i g u r a t i o n , f i v e d i f f e r e n t 
values o f the r a d i u s , R, o f the path described by the p i n on the 
d i s c were chosen: 6.5 mm; 10 mm; 25 mm; 40 mm; and 65 mm. In 
a l l wear experiments, f l a t - e n d e d p i n s were used. Polymer specimens 
were pre-weighed on an a n a l y t i c a l balance before being p o s i t i o n e d 
i n the t e s t machine. Test parameters (load, s l i d i n g v e l o c i t y ) 
were determined before the i n i t i a t i o n of t e s t i n g . The t e s t was 
continued f o r 10 hours i n a l l cases and the sample was removed and 
weighed a f t e r 2 hourly i n t e r v a l s a t an accuracy of * 0.0001 g. 
P r i o r t o weighing any loose d e b r i s was c a r e f u l l y brushed from the 
p i n and i t s ho l d e r . The wear d e b r i s was c o l l e c t e d f o r f u r t h e r 
examination and the wear path was cleaned w i t h "Analar" acetone t o 
remove l o o s e l y attached d e b r i s . 

The wear r a t e was considered t o be steady a f t e r an i n i t i a l 
r u n n i n g - i n p e r i o d of 15-20 minutes. This r e l a t i v e l y short running-
i n p e r i o d was a t t r i b u t e d t o the f a c t t h a t i t was p o s s i b l e t o a l i g n 
c a r e f u l l y the polymer surface and counterface on i n i t i a t i o n of 
t e s t i n g . D u p l i c a t e experiments were c a r r i e d out t o ensure the 
consistency o f the wear data. G e n e r a l l y , wear t e s t s on s i m i l a r 
samples under s i m i l a r c o n d i t i o n s were r e p r o d u c i b l e t o w i t h i n 10%. 
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20. BRISCOE AND STOLARSKI Pin-on-Disk Wear of Polymers 307 

Fig.2. Schematic r e p r e s e n t a t i o n of the " h o r i z o n t a l " p i n-on-disc 
machine. 
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308 POLYMER WEAR AND ITS CONTROL 

Res u l t s 
T y p i c a l data f o r wear of the polymers s t u d i e d , expressed as a t o t a l 
l o s s of m a t e r i a l s , as a f u n c t i o n of s l i d i n g d i s t a n c e a t a value of 
wear path, R =°° are shown i n Figure 3. The immediate observation 
t o note i s t h a t , the wear i s p r o p o r t i o n a l t o the s l i d i n g d i s t a n c e . 
This i s c o n s i s t e n t w i t h the f i n d i n g s of other workers. Figure 4 
shows the data f o r the wear, expressed as the mass l o s s per u n i t 
s l i d i n g d i s t a n c e , K, as a f u n c t i o n o f R. I t i s c l e a r t h a t K i s a 
marked f u n c t i o n o f R f o r PTFE and, to a l e s s e r e x t e n t , f o r HDPE and 
UHMPE but not f o r LDPE and PMMA. In a d d i t i o n , there i s a r a t h e r 
s u r p r i s i n g r e s u l t t h a t K decreases as R decreases. Thus, K a c t u a l l y 
decreases as the number of t r a v e r s a l s over the t r a n s f e r r e d f i l m 
i n c r e a s e s . F i g ure 5 shows the same data and a l s o the data f o r 20% 
po l a r g r a p h i t e - f i l l e d PTFE. Here, the wear data have been 
normalised by d i v i d i n g the value of K(R), obtained a t a p a r t i c u l a r 
value o f R, by the value f o r K(°°) , which was obtained by e x t r a 
p o l a t i n g K(R) agai n s t 1/R curves t o 1/R = 0. The ex t r a p o l a t e d value 
K(°°) corresponds t o the wear r a t e f o r "pure" l i n e a r s l i d i n g which 
e x i s t s i n the " h o r i z o n t a l " c o n f i g u r a t i o n (see Figure 3 ) . In 
Figure 5 the data are presented as the r a t i o of K(R)/K(°°) aga i n s t 
1/R which has the v i r t u e o f superimposing the sets o f data f o r PTFE, 
l i n e a r polythenes and PMMA on three master curves. Two polymers, 
namely PMMA and LDPE, show no radi u s e f f e c t u n t i l R approaches the 
ra d i u s o f the p i n . For PTFE and t o a l e s s e r extent f o r HDPE and 
UHMPE the wear decreases as R i s reduced. 

Simultaneous measurements o f the c o e f f i c i e n t of f r i c t i o n have 
a l s o been made, and these data i n d i c a t e t h a t where the wear decreases 
the f r i c t i o n increases (9). 

An o p t i c a l microscope was used t o c a r r y out a study o f the 
la r g e q u a n t i t i e s of wear d e b r i s c o l l e c t e d during the course of wear 
experiments on PTFE. The wear d e b r i s was placed between two g l a s s 
microscope s l i d e s which i n t u r n were clamped together w i t h a 
pressure s e n s i t i v e tape. C h a r a c t e r i s t i c features of the wear d e b r i s 
were recorded a t low m a g n i f i c a t i o n (X13) i n t r a n s m i t t e d l i g h t . A 
s e r i e s o f photographs were taken a t higher m a g n i f i c a t i o n (X60) 
between cross p o l a r i s e r s i n order to o b t a i n more d e t a i l e d i n f o r m a t i o n 
about fe a t u r e s o f the wear d e b r i s . The wear d e b r i s f o r PTFE obtained 
i n " h o r i z o n t a l " pin-on-disc c o n f i g u r a t i o n (pure l i n e a r s l i d i n g ) i s 
h i g h l y f i b r i l l a r i n form (Figure 6a). C l e a r l y , under these wear 
c o n d i t i o n s the t r a n s f e r of the polymer t o the counterface could be 
compared w i t h the process of drawing out the molecular chains or 
morphological u n i t s . On the other hand, t h i s s t r u c t u r e was l o s t and 
was replaced by m a t e r i a l which forms r e l a t i v e l y r e g u l a r p l a t e s 
(Figure 6b) when PTFE was t e s t e d i n " v e r t i c a l " pin-on-disc c o n f i g u r a 
t i o n . There are a l s o d i f f e r e n c e s i n the appearance of the 
t r a n s f e r r e d PTFE f i l m s formed on the counterface during t e s t s c a r r i e d 
out i n " v e r t i c a l " and " h o r i z o n t a l " c o n f i g u r a t i o n s (8). One of the 
important observations i s t h a t the th i c k n e s s of the t r a n s f e r r e d f i l m 
i ncreases w i t h decreasing r a d i u s o f the wear path, R. At the 
sm a l l e s t value of R (6.5 mm), r e l a t i v e l y l a r g e lumps of polymer are 
seen on the wear t r a c k . 
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20. BRISCOE AND STOLARSKI Pin-on-Disk Wear of Polymers 309 

F i g . 3 . Wear as a weight l o s s of m a t e r i a l a g a i n s t s l i d i n g 
d i s t a n c e . S l i d i n g v e l o c i t y - 0.5 m/s; L o a d - 6 x l 0 5 N/m2 ; 
P i n diameter - 13 mm; Wear path diameter - °°; Counterface 
roughness - 0.2-0.3 um c . l . a . ; Counterface temperature 
- 20± 3°C. 
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310 POLYMER WEAR AND ITS CONTROL 
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F i g . 4 . Rate of wear, K(R), expressed as a mass l o s s per u n i t 
s l i d i n g d i s t a n c e as a f u n c t i o n of R, the r a d i u s of the 
wear path. 
S l i d i n g v e l o c i t y - 0.5 m/s; Load - 6 x l 0 5 N/m2; P i n 
diameter - 13 mm; 
Counterface roughness - 0.2-0.3 urn c . l . a . ; Counterface 
temperature - 20± 2°C. 
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BRISCOE AND STOLARSKI Pin-on-Disk Wear of Polymers 311 

LDPE 

HDPE 
UHMPE 

PTFE 
PTFE(filled) 

1/R [mm] 

F i g . 5 . Normalised wear r a t e , expressed as K(R)/K(°°), a g a i n s t 
1/R where K(°°) i s the wear r a t e obtained i n " h o r i z o n t a l " 
c o n f i g u r a t i o n . 
S l i d i n g v e l o c i t y - 0.5 m/s; Load - 6 x l 0 5 N/m2; P i n 
diameter - 13 mm; 
Counterface roughness - 0.2-0.3 Mm c . l . a . 

F i g . 6 . O p t i c a l micrographs of wear d e b r i s showing the changes i n 
t h e i r appearance r e s u l t i n g from the r o t a t i o n of the 
contact area i n the pin-on-disc machine. 
a) " h o r i z o n t a l " c o n f i g u r a t i o n - 0° r o t a t i o n 
b) " v e r t i c a l " c o n f i g u r a t i o n - 90° r o t a t i o n 
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312 POLYMER WEAR AND ITS CONTROL 

Di s c u s s i o n 
Experimental data presented here i n d i c a t e t h a t the wear behaviour 
of PTFE, as w e l l as l i n e a r polythenes, i s q u i t e d i f f e r e n t from t h a t 
expected on the b a s i s o f the simple t h i n f i l m t r a n s f e r mechanism 
described e a r l i e r . The r e s u l t s are unambiguous but a t f i r s t s i g h t 
d i f f i c u l t t o e x p l a i n . In the search f o r an expl a n a t i o n of the 
unusual wear behaviour shown by PTFE and l i n e a r polythenes, an 
a n a l y s i s o f the r e l a t i v e motions i n " v e r t i c a l " p i n - t o - d i s c 
c o n f i g u r a t i o n was c a r r i e d out. There was a strong i n d i c a t i o n t h a t 
t h i s unusual wear behaviour of PTFE, HDPE and UHMPE a r i s e s from a 
p e c u l a r i t y i n the pin-on-disc method (10). Since the f i x e d p i n 
des c r i b e s a c i r c u l a r path, the motion i s complex. To a good 
approximation i t may be considered to be comprised of a l i n e a r v e c t o r 
V, combined w i t h a p i n e f f e c t i v e l y r o t a t i n g about i t s a x i s w i t h an 
angular v e l o c i t y , U) , equal to t h a t of the d i s c , U)^. As R 
decreases whi l e V i l maintained constant, 03 increases as 1/R. This 
angular component produces a complex s t r a i n n i s t o r y i n the contact 
which i s b e l i e v e d t o be r e s p o n s i b l e f o r the unusual f r i c t i o n and 
wear beheaviour shown by PTFE and l i n e a r polythenes. 

LDPE and PMMA show no such r a d i u s e f f e c t . The wear of these 
polymers i s constant r e g a r d l e s s of the value of the wear path 
r a d i u s , R, save f o r the regions where the value of R becomes l e s s 
than t h a t of the p i n r a d i u s . S i m i l a r l y , the f r i c t i o n o f these 
polymers i s i n s e n s i t i v e t o the changes i n the value o f R. The 
common r e d u c t i o n i n wear as R approaches the p i n r a d i u s i s almost 
c e r t a i n l y due t o the f a c t t h a t while the polymer surface i s damaged, 
the comparatively small r e l a t i v e displacement o f the c o n t a c t i n g 
surfaces f a c i l i t a t e s the confinement o f the wear d e b r i s i n the 
contact zone. 

The p r e c i s e mechanism o f t h i s r a d i u s e f f e c t i s not e n t i r e l y 
c l e a r , but the f o l l o w i n g r a t i o n a l e accounts f o r the experimental 
r e s u l t s . PTFE and HDPE have unusual f r i c t i o n and t r a n s f e r 
behaviour, although t h i s i s more pronounced w i t h PTFE (11-12). I f a 
PTFE p i n i s s l i d l i n e a r l y a t low speeds against a c l e a n , hard, 
smooth s u r f a c e , the s t a t i c f r i c t i o n a l f o r c e i s i n i t i a l l y high and a 
r e l a t i v e l y t h i c k t r a n s f e r r e d l a y e r i s deposited. Further s l i d i n g 
produces a t h i n n e r and more h i g h l y o r i e n t e d f i l m and a lower dynamic 
f r i c t i o n a l f o r c e . I f s l i d i n g i s a r r e s t e d and the polymer p i n i s 
then r o t a t e d about i t s l o a d a x i s by 90 , the i n i t i a l behaviour i s 
repeated (8), (11). The f r i c t i o n a l f o r c e i n the d i r e c t i o n of 
l i n e a r motion s i g n i f i c a n t l y increases w i t h the i n t r o d u c t i o n of 
r o t a t i o n i n the contact area f o r polymers l i k e PTFE and t o a l e s s e r 
extent HDPE and UHMPE but not f o r LDPE and PMMA. These f r i c t i o n 
data are c o n s i s t e n t w i t h wear data f o r PTFE which i s a t i t s lowest 
f o r s m a l l e s t r a d i u s o f the wear path, R. Under such t e s t c o n d i t i o n s , 
the t h i n f i l m t r a n s f e r process o f PTFE and l i n e a r polythenes i s 
apparently n o n - e x i s t i n g and the t h i c k e r f i l m t r a n s f e r process 
c h a r a c t e r i s t i c f o r LDPE takes p l a c e . Thus, i n t r o d u c i n g the v a r i o u s 
amount of r o t a t i o n o f the contact area by changing the r a d i u s of the 
wear path i n " v e r t i c a l " pin-on-disc machine, i t i s p o s s i b l e t o 
change the mode of the t r a n s f e r process of PTFE and l i n e a r polythenes 
from t h i n , o r i e n t a t e d f i l m t o t h i c k e r , l e s s o r i e n t a t e d f i l m . The 
s p e c i a l wear behaviour seems t o be r e s t r i c t e d t o the genetic c l a s s 
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20. BRISCOE A N D STOLARSKI Pin-on-Disk Wear of Polymers 313 

o f "smooth molecular p r o f i l e " polymers. To e x p l a i n the r e d u c t i o n 
i n wear of these polymers w i t h small a d d i t i o n s o f angular v e l o c i t y , 
i t i s necessary t o assume t h a t the t h i c k u norientated l a y e r s adhere 
more s t r o n g l y t o the substrate than the t h i n n e r , more o r i e n t a t e d 
f i l m s . The comparatively low wear of LDPE compared w i t h PTFE 
i n comparable c o n d i t i o n s i s c o n s i s t e n t w i t h t h i s hypothesis. 

Conclusions 

In the " v e r t i c a l " p in-on-disc c o n f i g u r a t i o n , the motion i s complex 
and r e s u l t s i n an i n t r i n s i c r o t a t i o n o f the contact area. This 
i n t r i n s i c r o t a t i o n appears t o be re s p o n s i b l e f o r the s p e c i a l wear 
behaviour of PTFE and l i n e a r polythenes which are observed t o be 
s e n s i t i v e t o the o r i e n t a t i o n o f t h e i r molecular chains i n the 
contact r e g i o n . 

LDPE and PMMA e i t h e r do not t r a n s f e r o r i f the t r a n s f e r occurs 
i t i s not h i g h l y o r i e n t a t e d . Hence the wear process i s not s p i n 
s e n s i t i v e . There i s t h e r e f o r e need f o r c a u t i o n when measuring the 
wear of PTFE and l i n e a r polythenes using the " v e r t i c a l " pin-on-
d i s c c o n f i g u r a t i o n . Thus, i n a d d i t i o n t o s p e c i f y i n g the usual 
v a r i a b l e s of the wear t e s t , i t i s a l s o d e s i r a b l e t o s t a t e both the 
r a d i u s of the p i n and the r a d i u s of the wear path. The ra d i u s of 
the wear path seems t o be a new and i n t e r e s t i n g v a r i a b l e f o r 
probing the f r i c t i o n and wear mechanism o f organic polymers. I t 
provides a c l e a r i n d i c a t i o n o f the presence of i n t e r f a c e molecular 
or morphological r e o r d e r i n g . 
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R e l a t i n g Laboratory W e a r Test ing to the 

In-Serv ice W e a r of P o l y m e r s 

J. C. Anderson1 and P. K. Williamson2 

1National Centre of Tribology, Risley, Warrington WA3 6AT, United Kingdom 
2Lubrication and Wear Unit, Railway Technical Centre, Derby DE2 8UP, United Kingdom 

A large quantity of wear data for polymers and polymer composites is 
now available from laboratory tests. Except in special circumstances, 
much of the in-service wear data is incomplete and cannot readily be 
compared with laboratory data. This paper draws together some 
laboratory and selected in-service wear data in an attempt to relate 
the two. 

The uncertainties in calculating specific wear rates from in-
service data are discussed, as well as the data from laboratory tests 
which attempt to simulate particular modes of wear (eg abrasion, 
fretting). 

From the information presented, conclusions are drawn on the 
capability of predicting in-service wear from laboratory tests. 

Over 70 d i f f e r e n t types of polymer-based m a t e r i a l s are s o l d i n the UK 
alone as dry bearing m a t e r i a l s . W h i l s t the number of b a s i c polymers 
used i n these m a t e r i a l s i s l i m i t e d to about 6 - v i z p o l y a c e t a l , nylon, 
polyethylene, PTFE, polyimide and phenolic - i t i s the i n c o r p o r a t i o n 
of a great v a r i e t y of f i l l e r s i n t o these polymers, and the d i f f e r e n t 
methods of f a b r i c a t i o n employed, tha t gives r i s e to the l a r g e number 
of commercially a v a i l a b l e m a t e r i a l s . The number of polymer bearing 
m a t e r i a l s has grown s t e a d i l y over the l a s t twenty years, and t h i s 
growth i s bound t o continue as newer polymers, polymer blends and 
p o l y m e r / f i l l e r combinations reach the stage of commercial production. 

Polymers and composites can be used as bearing m a t e r i a l s i n a 
wide range of a p p l i c a t i o n s . They are p a r t i c u l a r l y appropriate f o r 
bearings i n which a f i l m of l u b r i c a n t cannot be maintained between the 
working surfaces at a l l times. 

The s e l e c t i o n of an appropriate m a t e r i a l , and the e s t i m a t i o n of 
i t s l i k e l y performance i n a p a r t i c u l a r a p p l i c a t i o n , can become 
complicated because of the combined e f f e c t s of bearing pressure, 
temperature, counterface roughness, s l i d i n g speed, and other 
parameters, on the wear r a t e of the m a t e r i a l . Guidance on the 
s e l e c t i o n of polymer m a t e r i a l s f o r bearings i s a v a i l a b l e , f o r example 

This chapter not subject to U.S. copyright. 
Published 1985, American Chemical Society 
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316 POLYMER WEAR AND ITS CONTROL 

i n the Engineering Sciences Data U n i t Item No 76029 Cl\ the Wear 
Control Handbook(21and i n the r e c e n t l y published Polymer M a t e r i a l s f o r 
Bearing Surfaces (3) # A l l c o n t a i n u s e f u l information and i n r e f 3 
comprehensive data i s given f o r a l a r g e number of commercially 
a v a i l a b l e polymers and composites. This data was obtained from t h r u s t 
bearings and other t e s t s at the N a t i o n a l Centre of T r i b o l o g y . However 
considerable d i f f e r e n c e s can e x i s t between the t e s t c o n d i t i o n s from 
such sources and those p e r t a i n i n g to the wide v a r i e t y of p o s s i b l e 
s e r v i c e a p p l i c a t i o n s . The theme of t h i s paper t h e r e f o r e i s the 
importance of r e l a t i n g l a b o r a t o r y t e s t to i n - s e r v i c e wear data and the 
problems i n v o l v e d . 

Laboratory Wear Assessment 

Considerable research e f f o r t s have been made i n recent years i n t o the 
study and measurement of the wear of a range of polymer-based 
m a t e r i a l s i n the l a b o r a t o r y . This has r e s u l t e d i n the p u b l i c a t i o n of 
numerous s t i m u l a t i n g papers which describe i n d e t a i l the wear 
mechanisms p e r t a i n i n g to r e s t r i c t e d t e s t c o n d i t i o n s and s p e c i f i c 
m a t e r i a l s . U s e f u l and general references on polymer t r i b o l o g y are 
given i n r e f s # 4 , 5, 6. A designer could be f o r g i v e n f o r being 
somewhat confused by t h i s wealth of data, with perhaps l i t t l e of i t 
a p p l i c a b l e to h i s p a r t i c u l a r problem. In s e r v i c e a p p l i c a t i o n s , 
p a r t i c u l a r l y when exposed to a changing environment, bearings may be 
subjected to a complex i n t e r a c t i o n of wear processes and c o n d i t i o n s , 
and no l a b o r a t o r y t e s t can p e r f e c t l y simulate these. A l s o , by t h e i r 
very nature, mixed wear processes i n v o l v e a s i g n i f i c a n t degree of 
s t a t i s t i c a l v a r i a t i o n i n wear r a t e s and t h i s makes an accurate 
p r e d i c t i o n of i n - s e r v i c e l i f e from l a b o r a t o r y t e s t s even more 
d i f f i c u l t (see r e f 6 ) . 

Therefore i n l a b o r a t o r y t e s t s i t i s common to choose s p e c i f i c 
combinations of lo a d , speed, contact geometry ( p o i n t , l i n e or area), 
motion (continuous r o t a t i o n , o s c i l l a t i o n , r e c i p r o c a t i o n or f r e t t i n g ) , 
counterface m a t e r i a l and surface f i n i s h , ambient temperature and the 
presence or absence of l u b r i c a n t or abrasive. The number of p o s s i b l e 
t e s t combinations i s t h e r e f o r e v a s t , and yet i t i s v i t a l l y important 
f o r the c o r r e c t choice to be made i f the r e s u l t s are to be of value i n 
p r e d i c t i n g i n - s e r v i c e bearing l i f e . 

In the B r i t i s h R a i l l a b o r a t o r i e s at Derby a number of s m a l l - s c a l e 
t e s t s are c a r r i e d out and the r e s u l t s given i n t h i s paper are from 
t e s t s which simulate the f o l l o w i n g ; 3-body abrasion, low frequency 
f r e t t i n g , continuous r o t a t i o n and wear i n long stroke r e c i p r o c a t i n g 
motion. The 3-body abrasion t e s t i s c a r r i e d out on a r o t a t i n g l a p p i n g 
machine using f i n e l y d i v i d e d s i l i c a i n a l i g h t o i l as the abrasive 
s l u r r y . The f r e t t i n g t e s t uses a displacement of 5 degrees and a 
frequency of 5 Hz, which i s t y p i c a l of the major v i b r a t i o n a l 
frequencies of bogie-mounted equipment induced by t r a c k f o r c e s . The 
continuous r o t a t i o n t e s t has a standard p i n - o n - r i n g c o n f i g u r a t i o n and 
the r e c i p r o c a t i n g t e s t comprises a block of polymer loaded onto a 
s t e e l p l a t e which r e c i p r o c a t e s over a 127mm stroke at 0.5 Hz. In the 
NCT l a b o r a t o r i e s a v a r i e t y of wear t e s t methods are used i n c l u d i n g 
t h r u s t washer, pin-on-disc and r e c i p r o c a t i n g t e s t s . 

From the l a r g e number of polymers tha t have been t e s t e d , two 
observations are worthy of note here. F i r s t l y , the presence of a f i n e 
abrasive s l u r r y can increase the wear r a t e of many polymers by about 2 
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21. ANDERSON AND WILLIAMSON Laboratory Vs. In-Service Polymer Wear 317 

orders of magnitude. Figure 1 i n d i c a t e s the range of wear r a t e s of 
seven polymers of d i f f e r e n t types under d i f f e r e n t wear t e s t c o n d i t i o n s 
and the marked increase i n wear under abrasive c o n d i t i o n s i s shown f o r 
four out of the seven polymers. The increase was l e s s pronounced f o r 
the f i l l e d nylon. However both the polyurethane elastomers and 
u l t r a - h i g h molecular weight polyethylene d i d not give higher wear 
rat e s under 3-body abrasion compared with other wear processes, and 
t h i s i s as s o c i a t e d w i t h t h e i r high f r a c t u r e toughness. Figure 1 a l s o 
i l l u s t r a t e s the second observation, namely that the wear r a t e s of the 
m a t e r i a l s are ranked d i f f e r e n t l y i n each type of wear t e s t . A f i l l e d 
p olyimide, f o r example, gave a very low wear r a t e under clean 
r e c i p r o c a t i n g c o n d i t i o n s where a t r a n s f e r f i l m can form, but under 
abrasive c o n d i t i o n s wore very r a p i d l y . 

In order to produce data i n a form which can be analysed d i r e c t l y 
when generated under d i f f e r e n t t e s t c o n d i t i o n s , a " s p e c i f i c wear r a t e " 
(swr) i s commonly used. S p e c i f i c wear r a t e i s defined as the volume 
of wear per u n i t a p p l i e d load per u n i t s l i d i n g distance and i s 
p r o p o r t i o n a l to the slope of the wear d e p t h - s l i d i n g distance curve. 
I t i s sometimes a l s o r e f e r r e d to as a "wear f a c t o r " . F o l l o w i n g a 
running-in p e r i o d , the volume of wear tends to be p r o p o r t i o n a l to the 
a p p l i e d load and s l i d i n g distance unless the mechanism of wear 
changes. As an example of the l a t t e r , work on u l t r a - h i g h molecular 
weight polyethylene has i n d i c t e d that a t r a n s i t i o n i n wear r a t e can 
occur and t h i s i s thought to be as s o c i a t e d with the onset of surface 
f a t i g u e on the polymer, a f t e r a c e r t a i n s l i d i n g distance (7) and 
therefore care would be needed when using the swr f o r t h i s m a t e r i a l . 

When attempting to e x t r a p o l a t e l a b o r a t o r y wear data to p r e d i c t 
the l i f e of a s e r v i c e bearing, one f u r t h e r l i m i t a t i o n i s tha t of 
s c a l i n g . This i s normally c a r r i e d f o r two reasons; f i r s t l y to 
reproduce s e r v i c e bearing pressures on a small s c a l e l a b o r a t o r y r i g 
and secondly to a c c e l e r a t e the wear process. In l a b o r a t o r y t e s t s the 
f r i c t i o n a l heat generation and d i s s i p a t i o n w i l l be d i f f e r e n t from 
s e r v i c e and the wear r a t e s of many polymers are s e n s i t i v e to 
temperature. A l s o , the wear debris generated i n small s c a l e 
l a b o r a t o r y t e s t s can escape more r e a d i l y than «in l a r g e r conformal 
bearings and the r e t e n t i o n of wear debris i s known to a f f e c t wear r a t e 
adversely i n some cases C8), Other f a c t o r s to be considered are the 
r a t i o of contact area to parameters such as surface f i n i s h , polymer 
and f i l l e r p a r t i c l e s i z e and metal g r a i n s i z e . 

F i n a l l y , w i t h regard to la b o r a t o r y t e s t i n g a l l the important 
s e r v i c e c o n d i t i o n s must be incorporated i f the r e s u l t s are to be of 
value to the designer. For example the e f f e c t of abrasives has 
already been mentioned, but i n a i r c r a f t a p p l i c a t i o n s the leakage of 
f u e l or other f l u i d s onto polymer bearings can be a major f a c t o r i n 
t h e i r performance. In the nuclear i n d u s t r y candidate bearing 
m a t e r i a l s f o r exposed a p p l i c a t i o n s must have been t e s t e d under 
s u i t a b l y i r r a d i a t e d c o n d i t i o n s . 

However, because of these d i f f i c u l t i e s , candidate m a t e r i a l s f o r 
an a p p l i c a t i o n should not be s e l e c t e d by an a r b i t r a r y method i f a 
la b o r a t o r y t e s t i s not f e a s i b l e . The published data should be 
consulted t a k i n g i n t o account the parameters of the a p p l i c a t i o n w i t h a 
c r i t i c a l a p p r a i s a l of the environmental c o n d i t i o n s . An i n - s e r v i c e 
t r i a l can be undertaken and the problems a s s o c i a t e d w i t h t h i s approach 
are considered next. 
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POLYMER WEAR AND ITS CONTROL 

L e g e n d 

Fil led PTFE 

P o l y a c e t a l 

Fil led nylon 

Polyurerhane 
e l a s t o m e r 

F i l l e d 
polyimide 

F a b r i c 
r e i n f o r c e d 
phenolic 
r e s i n 

U l t r a high 
molecular weight 
polyethylene 

Abrasion 

Fretting 

Continuous 
rotation 

Reciprocation 

Figure 1. Comparison of l a b o r a t o r y wear of 7 polymer composites 
under d i f f e r e n t l a b o r a t o r y wear t e s t s . 
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21. ANDERSON AND WILLIAMSON Laboratory Vs. In-Service Polymer Wear 319 

In Service Wear Assessment 

Once a prototype bearing i s i n s t a l l e d i n a s e r v i c e a p p l i c a t i o n i t i s 
o f t e n d i f f i c u l t , by v i r t u e of the s e r v i c e duty requirements, f o r the 
t r i b o l o g i s t to gain access to i t or to have s u f f i c i e n t time to make 
adequate measurements. Disassembly can be d i f f i c u l t or impossible, 
and the accuracy of the wear measurement may w e l l be i n f e r i o r to t h a t 
of a l a b o r a t o r y t e s t . To take an extreme example, a r t i f i c i a l h i p 
j o i n t s cannot be removed from the body f o r r o u t i n e wear measurement, 
and wear i s assessed from p e r i o d i c X-ray photographs of the j o i n t from 
which the thickness of the polymer l i n i n g can be estimated. A s i m i l a r 
problem e x i s t s i n many engineering examples where bearings are not 
a c c e s s i b l e (the nuclear, o f f s h o r e o i l and aerospace i n d u s t r i e s ) or 
where they cannot be dismantled during normal s e r v i c e . 

Since wear and f r i c t i o n are system-based p r o p e r t i e s , i t i s a l s o 
important to measure other f a c t o r s such as bearing temperature, 
although t h i s g e n e r a l l y only c a r r i e d out i n c r i t i c a l a p p l i c a t i o n s . 
Service wear can comprise a complex mixture of wear processes and the 
e f f e c t o f machine v a r i a b l e s such as v i b r a t i o n , ingress of d i r t and 
c o r r o s i o n products needs to be taken i n t o account f o r each 
a p p l i c a t i o n , although a q u a n t i t a t i v e assessment of the e f f e c t of each 
i s v i r t u a l l y impossible. 

A l l the above makes the comparison of the r e l a t i v e i n - s e r v i c e 
performance of d i f f e r e n t m a t e r i a l s f a r from accurate. The c a l c u l a t i o n 
of s p e c i f i c wear r a t e f o r a given a p p l i c a t i o n may r e q u i r e estimates to 
be made of the average load i f i t i s dynamic, but t h i s would not take 
account of the p o s s i b l e e f f e c t of the few high load c o n d i t i o n s . 
Moreover e s t i m a t i n g the r e l a t i v e distance of s l i d i n g between the 
surfaces may be very imprecise. 

For a continuously r o t a t i n g s h a f t the estimate of s l i d i n g 
distance may be more acceptable. However, f o r an i n t e r m i t t e n t l y 
o perating support s h a f t bearing f o r , say, a r a i l w a y v e h i c l e b r a k i n g 
system, the estimate i n c l u d e s not only the number of brake 
a p p l i c a t i o n s w i t h i n the t r i a l p e r i o d , but a l s o the amount of r e l a t i v e 
pin/bush movement that occurs as a r e s u l t of the " r a t t l i n g " of the 
brakegear during the p e r i o d when i t i s hanging f r e e l y . Obviously con
s i d e r a b l e e r r o r s could a r i s e i n such an estimate since i t i s based on 
"average values" f o r t r a i n speed, bogie v i b r a t i o n a l frequency and 
angular displacement, and frequency of a p p l i c a t i o n , dynamic force s 
from bogie o s c i l l a t i o n and c e r t a i n component weights. Moreover, a 
c a l c u l a t i o n must be made of the worn volume based on the measured 
increase i n bushing diameter, which normally occurs e s s e n t i a l l y at one 
p o s i t i o n around the circumference as a r e s u l t of a u n i d i r e c t i o n a l 
load. In other instances, the bushes are " b e l l e d out" at t h e i r ends. 
C a l c u l a t i o n s and estimations have to be made f o r each of these wear 
volumes where necessary. 

In the case of a s e r v i c e t r i a l of polymer bushing f o r a r a i l c a r 
brake linkage the estimated t o t a l r e l a t i v e pin/bush s l i d i n g distance 
as a r e s u l t of o c c a s i o n a l brake a p p l i c a t i o n s was only 0.3% of t h a t 
a r i s i n g from the f r e t t i n g of the surfaces during f r e e movement of the 
brakegear over the t r i a l p e r i o d . Using the estimated volume wear of 
the bushing f o r each m a t e r i a l together w i t h the distance of s l i d i n g 
and the bushing l o a d , the s p e c i f i c wear r a t e i n s e r v i c e f o r each of 
the four m a t e r i a l s could be c a l c u l a t e d . The average values are 
p l o t t e d i n Figure 2 together w i t h the values obtained from each of the 
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LABORATORY DATA 
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x P o l y a c e t a l A F i l led nylon 
f Fabric re inforced phenolic r e s i n 
* Fabric reinforced phenolic resin + fr iction modifier 

Figure 2. R a i l c a r and brakegear bushes comparison of s e r v i c e and 
la b o r a t o r y data. 
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21. ANDERSON AND WILLIAMSON Laboratory Vs. In-Service Polymer Wear 321 

l a b o r a t o r y t e s t s . I t i s evident that the band of s e r v i c e values l i e s 
c l o s e to that f o r the abrasion t e s t . In p r a c t i c e , the large i n i t i a l 
clearances i n t h i s equipment allowed the entry of la r g e volumes of 
airborne dust ( o r i g i n a t i n g from the brakes and the t r a c k b a l l a s t ) and 
i t can be assumed that the main cause of the wear i s the f r e e movement 
of the linkage e s p e c i a l l y when i n the presence of abrasive dust. 

Comparison Of Laboratory And In-Service Assessments 

In c e r t a i n f a i r l y r a r e circumstances a s u f f i c i e n t number of m a t e r i a l s 
are t e s t e d i n a s i n g l e s e r v i c e a p p l i c a t i o n to allow a d i r e c t 
i n - s e r v i c e comparison to be c a r r i e d out although a comparison with the 
lab o r a t o r y data r e q u i r e s considerable e s t i m a t i o n . Nevertheless t h i s 
can be a u s e f u l e x e r c i s e . 

I t cannot be denied t h a t data taken from a s e r v i c e t r i a l compares 
bearing m a t e r i a l s i n t h e i r true working environment, although a good 
performance i n one a p p l i c a t i o n w i l l not n e c e s s a r i l y ensure the same i n 
another, unless the mixture of wear mechanisms i s i d e n t i c a l . However, 
duty requirements and economic c o n s i d e r a t i o n s do not always allow f u l l 
i n - s e r v i c e t r i a l s to be undertaken. 

An a l t e r n a t i v e approach i s to assess a s e r v i c e a p p l i c a t i o n i n 
terms of the r e l a t i v e importance of b a s i c wear mechanisms (abrasion, 
f a t i g u e , adhesion, i m p a c t / s l i d e , e r o s i o n etc) and the geometry and 
motion. Small s c a l e t e s t s are then c a r r i e d out i n the la b o r a t o r y to 
simulate these mechanisms and parameters i n order to produce r e l e v a n t 
wear data. The performance data f o r each m a t e r i a l w i t h reference to 
each of these t e s t s w i l l t h e r e f o r e grade the s u i t a b i l i t y of that 
m a t e r i a l to the proposed a p p l i c a t i o n . 

In many l a b o r a t o r i e s (BR and NCT) f u r t h e r t e s t s at e i t h e r f u l l or 
reduced s c a l e are c a r r i e d out on r i g s designed to simulate s p e c i f i c 
a p p l i c a t i o n s . Candidate m a t e r i a l s w i t h s u i t a b l e p r o p e r t i e s chosen 
from the small s c a l e mechanism t e s t s are then run on these r i g s under 
r e a l i s t i c or s c a l e d loads, speeds, geometries, types of motion and 
surface f i n i s h e s . Sometimes the a c t u a l s e r v i c e component can be 
operated i n the lab o r a t o r y to avoid the n e c e s s i t y to manufacture a 
s p e c i a l r i g . In e i t h e r instance i t i s s t i l l not p o s s i b l e to simulate 
a l l f a c t o r s which a f f e c t wear such as v i b r a t i o n , shock loads, abrasion 
from airborne dust and c o r r o s i o n . 

In the f o l l o w i n g paragraphs data from s e r v i c e and l a b o r a t o r y are 
compared f o r seven case h i s t o r i e s , four from the r a i l w a y i n d u s t r y , and 
three from other areas. The r e l a t i o n s h i p between performance i n the 
component and on a la b o r a t o r y r i g i s demonstrated on a c o r r e l a t i o n 
graph such as i n Figure 3 comparing the s p e c i f i c wear r a t e s from the 
two sources on l o g a r i t h m i c coordinates. A p e r f e c t c o r r e l a t i o n would 
be shown by p o i n t s l y i n g along the l i n e at 45° to the x-axis and a l l 
p o i n t s below t h i s l i n e i n d i c a t e a higher wear r a t e i n the la b o r a t o r y 
t e s t than i n s e r v i c e , that i s a conservative or safe l i f e p r e d i c t i o n . 
Above t h i s l i n e the value obtained i n s e r v i c e i s higher than would be 
expected from l a b o r a t o r y t e s t s and, on the f i g u r e , the dotted l i n e s 
i n d i c a t e the d e v i a t i o n from exact c o r r e l a t i o n . 

In the case of human h i p and knee prostheses, some data i s 
a v a i l a b l e (9) which compares wear t e s t r e s u l t s from j o i n t s i m u l a t o r s , 
and other l a b o r a t o r y t e s t s with " i n - v i v o " wear r a t e s . In j o i n t 
s i m u l a t o r s the amplitude and frequency of motion and the c y c l i c loads 
r e l a t e d to walking are simulated as c l o s e l y as p o s s i b l e . The 
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POLYMER WEAR AND ITS CONTROL 

acetabular cup 

SPECIFIC WEAR RATE , m3/ N m. LABORATORY T E S T S 

Figure 3. C o r r e l a t i o n of la b o r a t o r y and s e r v i c e wear data. 

 P
ub

lic
at

io
n 

D
at

e:
 S

ep
te

m
be

r 
12

, 1
98

5 
| d

oi
: 1

0.
10

21
/b

k-
19

85
-0

28
7.

ch
02

1



21. ANDERSON AND WILLIAMSON Laboratory Vs. In-Service Polymer Wear 323 

e s t i m a t i o n of an " i n - v i v o " s p e c i f i c wear r a t e i s again d i f f i c u l t s i n c e 
assumptions have to be made concerning p a t i e n t a c t i v i t y . In Figure 3 
" i n - v i v o " and la b o r a t o r y t e s t wear r a t e s are compared f o r u n f i l l e d 
PTFE and f o r u l t r a - h i g h molecular weight polyethylene. For both 
m a t e r i a l s the lab o r a t o r y wear t e s t data were obtained from 
pin-on-plate r e c i p r o c a t i n g t e s t s i n which the environment and 
counterface topography i n a hip j o i n t were simulated as c l o s e l y as 
p o s s i b l e . Also i n the same f i g u r e are data f o r knee j o i n t s t e s t e d i n 
a simulator compared with estimated wear r a t e s from " i n - v i v o " 
measurements. In a l l cases the agreement of la b o r a t o r y and " i n - v i v o " 
wear r a t e s i s w i t h i n a f a c t o r of three which demonstrates the care 
taken i n t h e i r c a l c u l a t i o n and i n c l o s e l a b o r a t o r y s i m u l a t i o n o f the 
important wear parameters. 

A comparison between the la b o r a t o r y and i n - s e r v i c e wear 
assessment of two la r g e marine bearings i s shown i n Figure 4. In 
s e r v i c e , the load on, and motion of, these bearings i s d i c t a t e d by 
wind and sea c o n d i t i o n s . In order to c a l c u l a t e a s p e c i f i c wear r a t e 
f o r the i n - s e r v i c e bearings, an average load and amplitude of motion 
was derived. From measurements of the diameters of bearings a f t e r 2.5 
years of use, average wear depths were c a l c u l a t e d . The la b o r a t o r y 
wear data was obtained from t h r u s t washer t e s t s on i d e n t i c a l m a t e r i a l 
combinations at the mean i n - s e r v i c e load and amplitude of o s c i l l a t i o n . 
The agreement f o r bearing 1 i s remarkably good c o n s i d e r i n g the assump
t i o n s made, and the f a c t t h a t the a c t u a l ( j o u r n a l ) bearings were an 
order of magnitude l a r g e r than the t e s t ( t h r u s t ) bearings. In the 
case of bearing 2 the i n - s e r v i c e wear r a t e was lower than the 
labo r a t o r y r a t e by a f a c t o r of 6-7. The reason f o r t h i s i s that the 
a x i s of motion of t h i s bearing was b e l i e v e d to be f u r t h e r removed from 
the p r e v a i l i n g wind and sea c o n d i t i o n s compared wit h bearing 1. 

Also i n f i g 4 i s the comparison of i n - s e r v i c e and la b o r a t o r y wear 
data f o r small bearings f o r an e l e c t r i c a l charge conveyor. The reason 
f o r the higher than p r e d i c t e d i n - s e r v i c e wear of these bearings was 
t h a t , i n the presence of, high v o l t a g e s , an e l e c t r i c a l discharge 
occurred through the t h i n polymer l a y e r between the s t e e l backing and 
the bearing p i n . Consequently, some of the bronze f i l l e r i n the 
polymer was deposited on the counterface, causing a s i g n i f i c a n t 
increase i n the roughness of the p i n and hence i n the wear r a t e of the 
polymer. F o l l o w i n g t h i s f i n d i n g , steps were taken to e l i m i n a t e t h i s 
discharge, and the wear r a t e s of replacement bearings appear to be 
s i m i l a r to those obtained i n the l a b o r a t o r y . 

Within the BR l a b o r a t o r i e s both s m a l l - s c a l e wear process 
s i m u l a t i o n and l a r g e - s c a l e s e r v i c e s i m u l a t i o n r i g s are used but the 
data regarding the f o l l o w i n g r a i l w a y a p p l i c a t i o n s o r i g i n a t e only from 
the s m a l l - s c a l e t e s t s . Therefore f o r each m a t e r i a l a s et of four 
l a b o r a t o r y wear values are p l o t t e d on the c o r r e l a t i o n graphs r e l a t i n g 
t o ; three-body abrasion, low frequency f r e t t i n g , continuous r o t a t i o n 
and r e c i p r o c a t i n g s l i d i n g . Figure 5, f o r instance, shows the four 
l a b o r a t o r y values p l o t t e d against the c a l c u l a t e d wear r a t e from s e r 
v i c e f o r each of the three m a t e r i a l s used i n a t r i a l on a r a i l c a r 
a n t i - r o l l suspension system. The wear i n s e r v i c e was s i m i l a r f o r the 
three m a t e r i a l s and the 1:1 c o r r e l a t i o n l i n e i n d i c a t e s that the 
abrasion t e s t s i n the la b o r a t o r y g r e a t l y over-estimate the observed 
s e r v i c e wear whereas the c o r r e l a t i o n with the other r e s u l t s i s 
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POLYMER WEAR AND ITS CONTROL 

SPECIFIC WEAR R A T E , m3/Nm L A B O R A T O R Y T E S T S 

Figure 4. C o r r e l a t i o n of l a b o r a t o r y and s e r v i c e wear data. 
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ANDERSON AND WILLIAMSON Laboratory Vs. In-Service Polymer Wear 

SPECIFIC WEAR R A T E , m 3 / Nm - LABORATORY TESTS 

Figure 5. C o r r e l a t i o n of l a b o r a t o r y and s e r v i c e data. 
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326 POLYMER WEAR AND ITS CONTROL 

reasonable. A short d i s c u s s i o n of the r e l a t i o n s h i p of t h i s data to 
the known s e r v i c e environment f o r the four r a i l w a y a p p l i c a t i o n s i s 
given l a t e r . 

Figure 6 shows the data f o r the r a i l c a r brakegear a p p l i c a t i o n 
discussed e a r l i e r but here the s e r v i c e wear r a t e s are c a l c u l a t e d to be 
higher than f o r the a n t i - r o l l bar bearings although the v e h i c l e i s 
s i m i l a r . The 1:1 l i n e c o r r e l a t i o n here passes through the l a b o r a t o r y 
abrasive wear values and corresponds to the s e r v i c e observation of 
l a r g e deposits of abrasive dust i n these bushings. 

Two f u r t h e r t r i a l s have been c a r r i e d out on the treadbrake system 
of the Advanced Passenger T r a i n (APT) and the High Speed T r a i n (HST) 
using polymer bushes i n the l i n k a g e , and the c o r r e l a t i o n graph on 
Figure 7 again shows a spread of l a b o r a t o r y values f o r each s e r v i c e 
wear c a l c u l a t i o n . I t should be pointed out t h a t the p o l y a c e t a l bush 
on the HST t r i a l was run against a low-temperature-nitrided s t e e l p i n 
as opposed to a case hardened s t e e l f o r the other a p p l i c a t i o n s . To 
date only the continuous r o t a t i o n a l wear t e s t has been c a r r i e d out on 
t h i s combination of m a t e r i a l s and the l a b o r a t o r y data on Figure 7 i s 
t h e r e f o r e r e s t r i c t e d . The 1:1 c o r r e l a t i o n l i n e passes between the 
abrasion and the other l a b o r a t o r y t e s t r e s u l t s , i n d i c a t i n g a mixed 
wear process, w i t h only a s m a l l abrasive wear component. 

The data from the above four r a i l w a y a p p l i c a t i o n s can be f u r t h e r 
analysed s i n c e one m a t e r i a l , p o l y a c e t a l , was used i n a l l of the t r i a l s 
and Figure 8 shows the v a r i a t i o n of the c a l c u l a t e d s e r v i c e wear r a t e s . 
The highest wear was i n the r a i l c a r a p p l i c a t i o n and i s a s s o c i a t e d with 
high i n i t i a l clearances and a f a i r l y long s e r v i c e l i f e r e s u l t i n g i n 
considerable r a t t l i n g of the brakegear and the entry of a high 
p r o p o r t i o n of airborne dust. The APT treadbrake t r i a l , i n c o n t r a s t , 
was very much s h o r t e r and the i n i t i a l clearances were very small 
r e s u l t i n g i n a l a r g e r e d u c t i o n i n abrasive dust contamination. 
However, the brakegear support pins on the APT were axle mounted which 
r e s u l t e d i n high t r a c k impact forces being t r a n s m i t t e d through the 
pin/bush assembly which would produce an increase i n wear r a t e . 

The HST treadbrake support bushes are mounted on the bogie at a 
g r e a t e r distance from the t r a c k than the r a i l c a r and APT bushes, and, 
t h e r e f o r e , the volume of abrasive dust e n t e r i n g the bearings was much 
reduced. The wear r a t e s c a l c u l a t e d from these three s e r v i c e 
a p p l i c a t i o n s are t h e r e f o r e i n l i n e w i t h the s e v e r i t y of the bearing 
environment and, i n p a r t i c u l a r , the amount of abrasive airborne dust 
e n t e r i n g the bearing. 

The f i n a l s e r v i c e r e s u l t shown i n f i g u r e 8 r e f e r s to the bushes 
i n the a n t i - r o l l system of r a i l c a r s designed by B r i t i s h R a i l f o r 
operation i n Taiwan, where the i n i t i a l clearances were small and the 
operation a l l e g e d l y smooth. However some evidence of abrasive wear 
was seen on the surfaces of these bushes r e s u l t i n g i n a f a i r l y high 
wear r a t e with respect to time i n s e r v i c e . The c a l c u l a t e d swr i s 
t h e r e f o r e r a t h e r l e s s than might have been expected from the 
observations of the worn bearings and the only p o s s i b l e reasons are 
t h a t the values f o r the angular displacement, frequency or load are 
overestimated, or other unusual environmental c o n s i d e r a t i o n s have not 
been taken i n t o account. 
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POLYMER WEAR AND ITS CONTROL 

SPECIFIC WEAR RATE, m'/Nm - LABORATORY TESTS 

Figure 7. C o r r e l a t i o n of l a b o r a t o r y and s e r v i c e data. 
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21. ANDERSON AND WILLIAMSON Laboratory Vs. In-Service Polymer Wear 329 

Anti - roll H ST A PT R a i l c a r 
bar bearings treadbrake treadbreak brakegear 

bushes bushes bushes 

Figure 8. R e l a t i o n s h i p between s e r v i c e and s p e c i f i c wear r a t e and 
a p p l i c a t i o n . 
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330 POLYMER WEAR AND ITS CONTROL 

Recommendations 

The paper has o u t l i n e d the problems which can a r i s e when using wear 
data from l a b o r a t o r y t e s t s or from s e r v i c e t r i a l s . The examples 
i l l u s t r a t e the p o t e n t i a l e r r o r of wear r a t e s and hence l i f e 
p r e d i c t i o n s . I t would be i n a p p r o p r i a t e to conclude t h i s paper without 
some p o s i t i v e recommendations which may help to reduce t h i s e r r o r . 

F i r s t l y , i t i s c l e a r t h a t i f l a b o r a t o r y t e s t s are to be c a r r i e d 
out then they must simulate the s e r v i c e environment i f they are to 
give a reasonable p r e d i c t i o n of expected l i f e . A good s i m u l a t i o n i s 
necessary f o r a good c o r r e l a t i o n . 

I f the wear data s u p p l i e d by a polymer bearing s u p p l i e r has to be 
r e l i e d upon, f u l l d e t a i l s of the t e s t c o n d i t i o n s should be obtained. 
In a d d i t i o n , the a p p l i c a t i o n must be assessed i n terms of the l i k e l y 
wear processes. Where p o s s i b l e , an independent assessment of a 
m a t e r i a l ' s performance should be sought. 

Where i n - s e r v i c e t e s t s are used to s e l e c t m a t e r i a l s the designer 
should be cautious about using the data from one t r i a l to p r e d i c t 
performance i n another. Even i f the load, motion and speed are 
s i m i l a r , unforeseen environmental changes can markedly a l t e r the wear 
performance of polymer bearings. 

The wear data on m a t e r i a l s obtained from published l i t e r a t u r e may 
not be r e l e v a n t to the s e r v i c e c o n d i t i o n s proposed and advice from an 
independent source should be sought i n such cases. 

Conclusions 

(a) Obtaining an accurate p r e d i c t i o n of the l i f e of a bearing from 
s p e c i f i c wear r a t e s generated i n a l a b o r a t o r y t e s t i s not an 
easy task. Not only do the important wear parameters of the 
a p p l i c a t i o n have to be i d e n t i f i e d and simulated but environ
mental f a c t o r s can have a s i g n i f i c a n t e f f e c t on i n - s e r v i c e wear 
r a t e s . 

(b) Not only do s p e c i f i c wear rate s of m a t e r i a l s vary w i t h the type 
of l a b o r a t o r y t e s t ; the ranking of m a t e r i a l s a l s o changes with 
t e s t type. 

(c) Where s e r v i c e c o n d i t i o n s can be defined and simulated i n the 
l a b o r a t o r y , then the c o r r e l a t i o n between i n - s e r v i c e and l a b o r a 
t o r y t e s t wear ra t e s can be c l o s e ; that i s i n agreement to 
w i t h i n a f a c t o r of 2 or l e s s . 

(d) Conversely where s e r v i c e c o n d i t i o n s are v a r i a b l e and cannot be 
c l o s e l y simulated, or i f wear r a t e data i s used to p r e d i c t l i f e 
without c o n s i d e r a t i o n of the appropriate f a c t o r s , then the 
p r e d i c t e d l i f e could be i n e r r o r ( i e o p t i m i s t i c ) by an order of 
magnitude or more. 
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Standardization of Laboratory Methods to Evaluate 
Friction Behavior of Polymer-Based Materials 

A. I. Sviridyonok and Yu. E. Kirpichenko 
Institute of Mechanics of Metal-Polymer Systems, Byelorussian S.S.R. Academy of Sciences, 
Gomel, U.S.S.R. 

The paper deals with the problem of standar
dization of friction and wear test methods for 
polymer—based materials. A review is presented 
of the test methods available in the developed 
countries. Their classification is given with the 
consideration of friction process modelling. The 
reasons of data discrepancies are discussed 
between different sources. It is concluded that 
procedures for comparative tests should include 
tests for generalized regimes. A procedure is 
described for evaluation of the tribological pro
perties of polymer—based materials as suggested 
in IMMS AS BSSR which is reviewed in ISO 
as a draft of International Standard. Friction test 
data are arranged as a map on the material and 
used to compile a bank of standardized reference 
information on the tribological properties of 
polymeric materials. 

In r e c e n t y e a r s a v a r i e t y o f n o v e l a n t i f r i c t i o n p o l y m e r - b a s e d 
m a t e r i a l s h a v e b e e n d e v e l o p e d a n d t h e k n o w n i m p r o v e d a t 
d i f f e r e n t r e s e a r c h c e n t e r s a n d l a b o r a t o r i e s o f t h e w o r l d . H o w 
e v e r , e v e n a v e r y l e a r n e d e x p e r t i n t h e f i e l d o f f r i c t i o n i s i n 
a d i f f i c u l t y t o e v a l u a t e t r u l y t h e p u b l i c i t y a n d l i t e r a r y d a t a w h e n 
m a k i n g c o m p a r a t i v e a n a l y s i s o r s e l e c t i n g p r o p e r m a t e r i a l s f o r 
p a r t i c u l a r f r i c t i o n a p p l i c a t i o n s . T h e r e a s o n s l i e i n t h e u n a v a i l a 
b i l i t y o f c o m m o n m e t h o d s f o r f r i c t i o n t e s t i n g o f m a t e r i a l s a s 
w e l l a s e v a l u a t i n g c r i t e r i a o n t h e f r i c t i o n c h a r a c t e r i s t i c s o f 
m a t e r i a l s . E x p l a n a t i o n a n d s e l e c t i o n o f e v a l u a t i n g c r i t e r i a 
l a r g e l y d e p e n d u p o n t h e f a c t o r s t h a t i n f l u e n c e t h e f r i c t i o n 
c h a r a c t e r i s t i c s o f p o l y m e r s , a n d c a p a b i l i t i e s o f t h e t e s t i n g 
e q u i p m e n t . 

0097-6156/85/0287-0333$06.00/0 
© 1985 American Chemical Society 
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334 POLYMER WEAR AND ITS CONTROL 

F a c t o r s I n f l u e n c i n g t h e F r i c t i o n i n 
M e t a l - P o l y m e r P a i r s 

T h e f a c t o r s t h a t i n f l u e n c e t h e f r i c t i o n a n d w e a r p r o c e s s e s c a n 
b e c o m b i n e d i n t o t h r e e g r o u p s : i ) s t r u c t u r a l ( g e o m e t r i c a l d i 
m e n s i o n s , s h a p e o f t h e p a r t s , g e o m e t r y o f c o n t a c t , e t c . ) ; i i ) 
p h y s i c a l ( p r e s e n c e o f v i b r a t i o n s , t h e r m a l c o n d i t i o n s , d u r a t i o n 
o f c o n t i n u o u s o p e r a t i o n , p r e s e n c e o f r a d i a t i o n , e l e c t r i c o r m a g 
n e t i c f i e l d s , e t c . ) ; a n d i i i ) c h e m i c a l o n e s ( w o r k i n g e n v i r o n 
m e n t s a n d t h e i r a c t i v i t y t o w a r d s t h e m a t e r i a l s r u b b e d ) . E a c h 
f a c t o r i n t u r n h a s i t s o w n f e a t u r e s . F o r i n s t a n c e , p h y s i c a l 
f a c t o r s m a y b e c o n s t a n t o r v a r i e d i n t h e d i r e c t i o n o r v a l u e s ; 
g r e a t i s t h e v a r i e t y o f t h e c o n t a c t g e o m e t r y , i . e . t i t m a y b e 
a s p h e r e , a p l a n e o r a c y l i n d e r , o r a n y c o m b i n a t i o n t h e r e o f , 
t o g i v e p o i n t , l i n e o r p l a n e c o n t a c t s ( 1 ). 

I n v i e w o f t h e a b o v e , o f i n t e r e s t a r e t h e d a t a r e p o r t e d b y 
t h e O r g a n i z a t i o n f o r E c o n o m i c C o o p e r a t i o n a n d D e v e l o p m e n t 
( O E C D ) w i t h t h e h e a d q u a r t e r s i n P a r i s r e s u l t e d f r o m a 
P r o g r a m o f C o m p a r a t i v e W e a r T e s t s c o n d u c t e d o n t h e s a m e 
m a t e r i a l s ( c o p p e r , b r a s s , b r o n z e a n d s t e e l ) i n d i f f e r e n t l a b o 
r a t o r i e s o f d i f f e r e n t c o u n t r i e s o n d i f f e r e n t t e s t i n g e q u i p m e n t ( ) . 
T h e a n a l y s i s o f t h e t e s t r e s u l t s s h o w e d t h a t t h e v a l u e s o f 
w e a r r e s i s t a n c e o b t a i n e d f r o m d i f f e r e n t l a b o r a t o r i e s d i f f e r e d 
a l m o s t 2 0 — f o l d . S i m i l a r p i c t u r e s a r e n o w o b s e r v e d w i t h p o l y 
m e r i c m a t e r i a l s . T h i s l a c k o f c o r r e l a t i o n b e t w e e n t h e t e s t 
r e s u l t s u n d e r l i n e s t h e l o s s e s o w i n g to t h e u n a v a i l a b i l i t y o f 
c o m m o n t e s t i n g p r o c e d u r e s a n d e x p l a n a t i o n o f t h e m a i n f a c t o r s 
t h a t i n f l u e n c e g r e a t l y t h e f r i c t i o n c h a r a c t e r i s t i c s o f m a t e r i a l s . 

S p e c i f i c p h y s i c a l a n d m e c h a n i c a l b e h a v i o r o f p o l y m e r i c 
m a t e r i a l s a l l o w s to i d e n t i f y t h e m a i n f a c t o r s t h a t i n f l u e n c e t h e 
f r i c t i o n p r o c e s s : 

* t e m p e r a t u r e i n t h e c o n t a c t z o n e 
* v i s c o e l a s t i c b e h a v i o r o f p o l y m e r s u n d e r l o a d ( c r e e p ) 
* d i m e n s i o n s 
* c h e m i c a l a c t i v i t y o f t h e e n v i r o n m e n t s i n t h e c o n t a c t 

z o n e 
* o v e r l a p p i n g r a t i o f o r t h r u s t b e a r i n g s o r e n c o m p a s s i n g 

a n g l e b e t w e e n t h e t e s t i n g s h a f t a n d p o l y m e r i c b e a r i n g 
o r b u s h i n g t e s t e d 

* t h e p r o c e s s e s o f p o l y m e r t r a n s f e r o n t o r u b b e d m e t a l l i c 
s u r f a c e s . 

It i s c l e a r t h a t t h e i n f l u e n c e o f t h e s e f a c t o r s u p o n f r i c t i o n 
a n d w e a r s h o u l d b e s t u d i e d i n c o m b i n a t i o n w i t h f r i c t i o n p a r a 
m e t e r s s u c h a s l o a d , s l i d i n g v e l o c i t y , a n d s u r f a c e r o u g h n e s s . 

T h e c o n v e n t i o n a l m e t h o d s o f f r i c t i o n t e s t i n g p r o v i d e 
m e a s u r e m e n t o f t h e m a i n t r i b o m e t r i c a l c h a r a c t e r i s t i c s t h a t 
s p e c i f y t h e m a t e r i a l a p p l i c a b i l i t y f o r d r y o p e r a t i o n a t g i v e n 
l o a d s a n d s l i d i n g v e l o c i t i e s . T h e m a i n t r i b o m e t r i c a l c h a r a c t e r i s 
t i c s f o r p o l y m e r s a r e a s f o l l o w s : 

* l o a d — c a r r y i n g c a p a c i t y w i t h m i n i m u m d e f o r m a t i o n 
* w e a r r a t e 
* c o e f f i c i e n t o f f r i c t i o n 
* s e r v i c e l i f e o f b e a r i n g s i n t e r m s o f P , V , a n d T . 
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22. SVIRIDYONOK AND KIRPICHENKO Friction Behavior Evaluation 335 

A l l t h e s e f a c t o r s a r e i n t e r r e l a t e d t o a c e r t a i n d e g r e e , a n d 
t o o b t a i n t r u e a n d u s e f u l d a t a f o r d e s i g n i n g f r i c t i o n u n i t s , t e s t 
i n g m e t h o d s a r e r e q u i r e d t h a t a r e c a p a b l e o f e s t a b l i s h i n g t h e 
i n f l u e n c e o f t h e m a i n f r i c t i o n f a c t o r s a n d c o n d i t i o n s o n t h e 
i n t e r r e l a t i o n o f t h e c h a r a c t e r i s t i c s m e n t i o n e d . 

M e t h o d s o f F r i c t i o n I n v e s t i g a t i o n 

T h e m e t h o d s a v a i l a b l e f o r e v a l u a t i n g t h e t r i b o m e t r i c c h a r a c t e 
r i s t i c s c a n b e c l a s s i f i e d b y t h e m o d e o f m o d e l l i n g t h e f r i c t i o n 
p r o c e s s e s . T h e s e a r e t r i b o m e t r i c s c h e m a t i c s m o d e l l i n g t h e 
f o l l o w i n g : 

* s i m p l e a c t s o f f r i c t i o n a l i n t e r a c t i o n 
** p e r f o r m a n c e o f p a r t i c u l a r f r i c t i o n u n i t s a n d p a r t s 
* s e r v i c e c o n d i t i o n s . 
T h e m e t h o d s o f t h e f i r s t g r o u p a r e m o s t l y i n t e n d e d f o r 

r e s e a r c h l a b o r a t o r i e s a n d d e v e l o p i n g m o s t d y n a m i c a l l y . O f 
t h e s e a r e t h e m e t h o d s d e s i g n e d f o r s t u d y i n g t h e s t r u c t u r e — a n d -
f r i c t i o n p r o p e r t i e s o f m a t e r i a l s ( j . ) , (3_—6.), a n d t h o s e m o d e l l i n g 
s i m p l e a c t s o f f r i c t i o n i n t e r a c t i o n o n a c e r t a i n s t r u c t u r e l e v e l 
(7—j9) . S e v e r a l p r o c e d u r e s a n d i n s t r u m e n t s o f t h i s g r o u p a r e 
u n i q u e , h o w e v e r , o n e m e e t s o f f i c i a l l y a p p r o v e d a n d u n i v e r s a l 
o n e s f o r t a c k l i n g u r g e n t p r o b l e m s s u c h a s s e l e c t i o n o f c o n s t i 
t u e n t s f o r s e l f - l u b r i c a t e d c o m p o s i t i o n s , s t u d y i n g a d h e s i o n a n d 
d e f o r m a t i o n p r o c e s s e s a t r u b b i n g ( l f j ) , ( 1 1 ) . 

T h e s e c o n d g r o u p i s f o r l a b o r a t o r y e s t i m a t i o n o f t h e 
p e r f o r m a n c e o f a c t u a l f r i c t i o n u n i t s s u c h a s p l a i n b e a r i n g s , 
g e a r o r c h a i n d r i v e s , o r o t h e r s t a n d a r d f r i c t i o n u n i t s o n 
s p e c i a l s t a n d s . T h e p u r p o s e o f t h e s e t e s t s i s t o o b t a i n d a t a 
f o r p r e d i c t i n g p e r f o r m a n c e o f a c t u a l f r i c t i o n a s s e m b l i e s . 

T h e t h i r d g r o u p o f m e t h o d s f o r f r i c t i o n t e s t i n g i s a t p r e 
s e n t m o s t i m p o r t a n t i n s t u d y i n g t h e e f f e c t o f f r i c t i o n p a r a m e t e r s 
a n d m a i n f a c t o r s u p o n t h e v a l u e s o f t r i b o m e t r i c a l c h a r a c t e r i s t i c s . 
T h e v a r i e t y o f t e c h n i q u e s f o r f r i c t i o n t e s t i n g a n d d e v i c e s f o r 
t h e i r r e a l i z a t i o n ( . 12 ) , ( .13) i n d i c a t e a w i d e s e a r c h f o r 
" u n i v e r s a l " p r o c e d u r e s f o r t e s t i n g m a t e r i a l s . H o w e v e r , t h e 
s t a n d a r d s a v a i l a b l e ( 1 4 - 1 6 ) d e s c r i b e i n m o s t i n s t a n c e s 
t h e w a y o f e s t i m a t i o n o f c e r t a i n t r i b o m e t r i c a l c h a r a c t e r i s t i c s 
( c o e f f i c i e n t o f f r i c t i o n , w e a r r a t e ) f o r p a r t i c u l a r c o n d i t i o n s o f 
m a t e r i a l a p p l i c a t i o n s . T h e d a t a o b t a i n e d d u r i n g t h e s e t e s t s f i n d 
l i m i t e d u s a g e , f a i l t o g i v e c o m p l e t e u n d e r s t a n d i n g o f t h e e f f e c t 
o f f r i c t i o n p a r a m e t e r s a n d m a i n f a c t o r s u p o n t h e c h a r a c t e r i s t i c s 
m e n t i o n e d , a n d d o n o t a l l o w c o m p a r i s o n o f t h e m a t e r i a l s . 

T h e s e a r c h f o r c o m p l e t e u n d e r s t a n d i n g o f f r i c t i o n p r o p e r 
t i e s l e d t o t h e m e t h o d s ( . 1 7 ) , ( .18) a c c o u n t i n g f o r t h e c o m b i n e d 
e f f e c t s o f t h e m a i n f a c t o r s . F r o m R e f . ( j L 7 ) r e l a t i o n s a r e 
f o u n d f o r t h e f r i c t i o n c o e f f i c i e n t , t e m p e r a t u r e , w e a r r a t e 
v e r s u s s l i d i n g v e l o c i t i e s a n d l o a d s . T h e n b y t h e d a t a o b t a i n e d , 
a s e t o f c u r v e s i s d r a w n i n P - V c o o r d i n a t e s , h a v i n g t h e 
s a m e v a l u e s o f t h e f r i c t i o n c o e f f i c i e n t , t e m p e r a t u r e , a n d w e a r 
r a t e . It i s c l e a r t h a t g r e a t d i f f i c u l t i e s a r i s e i n o b t a i n i n g a n d 
u s i n g t h i s v o l u m e o f i n f o r m a t i o n . C r e a s e ( j L8 ) f i n d s o n l y 
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336 POLYMER WEAR AND ITS CONTROL 

r e l a t i o n s f o r t h e f r i c t i o n c o e f f i c i e n t v e r s u s l o a d s a n d t e m p e r a 
t u r e s ( K = f ( P ) , K = f ( T ) ) , a n d m a x i m u m t o l e r a b l e 
p r e s s u r e v e r s u s t e m p e r a t u r e ( P m a x = f ( T ) ) . T h i s p r o v i d e s 
a p r e d i c t i o n o f t h e w e a r r e s i s t a n c e f o r f r i c t i o n u n i t s w i t h t h e 
r e l a t i o n K = f ( T ) u s i n g e q u a t i o n 

T r = T + c • f • P • V 
f r e n v 

w h e r e T f r i s t h e t e m p e r a t u r e i n t h e f r i c t i o n z o n e ; T e n v i s 
t h e t e m p e r a t u r e o f t h e e n v i r o n m e n t ; c i s a c o e f f i c i e n t 
d e p e n d e n t o n t h e a s s e m b l y d e s i g n ; f i s t h e c o e f f i c i e n t o f 
f r i c t i o n ; P i s t h e u n i t l o a d o n t h e b e a r i n g , a n d V i s t h e 
s l i d i n g v e l o c i t y . 

N o v e l M e t h o d s f o r A c c e l e r a t e d E v a l u a t i o n 
o f F r i c t i o n C h a r a c t e r i s t i c s 

I n t h e I n s t i t u t e o f M e c h a n i c s o f M e t a l - P o l y m e r S y s t e m s , 
B y e l o r u s s i a n S S R A c a d e m y o f S c i e n c e s , U S S R a m e t h o d 
M R 7 4 - 8 2 (_20) f o r e v a l u a t i n g t h e t r i b o t e c h n i c a l p r o p e r t i e s o f 
p o l y m e r - b a s e d m a t e r i a l s h a d b e e n d e v e l o p e d b a s e d o n t h e 
g e n e r a l i z a t i o n o f t e c h n i q u e s a n d t a k i n g i n t o c o n s i d e r a t i o n t h e 
f r i c t i o n b e h a v i o r o f p o l y m e r s a n d p o l y m e r - b a s e d c o m p o s i t e s 

( 1 2 ) . 
W i t h p o l y m e r i c m a t e r i a l s i n f r i c t i o n p a i r s t h e w o r k i n g 

c a p a c i t y o f t h e a s s e m b l y i s l o s t f o r t h r e e r e a s o n s : i ) t e m p e 
r a t u r e r i s e i n t h e f r i c t i o n z o n e a b o v e t h e l i m i t i n g v a l u e , i i ) 
w e a r e x c e e d i n g t h e t o l e r a b l e l i m i t , a n d i i i ) l o a d s o v e r t h e 
y i e l d p o i n t o f t h e p o l y m e r i c m a t e r i a l . 

I n v i e w o f t h i s a n d o t h e r w o r k s ( 1 9 , 2 1 - 2 3 ) , t h e 
f o l l o w i n g c r i t e r i a o f a c c e l e r a t e d p r e d i c t i o n o f f r i c t i o n p r o p e r t i e s 
f o r p o l y m e r i c m a t e r i a l s w e r e s e l e c t e d w h e n d e v e l o p i n g t h e 
m e t h o d m e n t i o n e d : 

* A c o m p l e x o f l o a d s a n d v e l o c i t i e s a t w h i c h t h e w e a r 
r a t e o f t h e p o l y m e r i c m a t e r i a l i s b e l o w 0 . 2 5 yum/h [ P V 2 5 J • 

"* A c o m p l e x o f l o a d s a n d v e l o c i t i e s a t w h i c h t h e t e m p e 
r a t u r e i n t h e f r i c t i o n z o n e i n c r e a s e s s i g n i f i c a n t l y a l o n g w i t h 
t h e f r i c t i o n m o m e n t , i . e . f P v ] r e g i m e s a r e r e a c h e d 
c o r r e s p o n d i n g t o t h e l o s s o f w o r k i n g c a p a c i t y b y t h e p o l y m e r i c 
m a t e r i a l . ^ ^ 

* C o e f f i c i e n t o f f r i c t i o n f a n d w e a r K . = - , 
S P 

w h e r e A h i s l i n e a r w e a r o f t h e p o l y m e r i c s p e c i m e n ; 
S i s t h e r u b b e d d i s t a n c e , a n d P i s t h e l o a d o n t h e 
s p e c i m e n . 

T h e s e l e c t i o n o f f r i c t i o n p a r a m e t e r s i n o r d e r t o d e t e r m i n e 
t h e a b o v e c r i t e r i a f o r e v a l u a t i n g t h e f r i c t i o n p r o p e r t i e s w a s 
b a s e d o n t h e a n a l y s i s a n d s t a t i s t i c a l t r e a t m e n t o f t h e d a t a o n 
t h e r e g i m e s o f f r i c t i o n u n i t s o p e r a t i o n w h e r e i t i s b e n e f i c i a l to 
u s e s e l f - l u b r i c a t e d p o l y m e r i c m a t e r i a l s . T h e c h a r a c t e r i s t i c 
o p e r a t i o n r e g i m e s w e r e f o u n d t o b e i n t h e r a n g e o f s l i d i n g 
v e l o c i t i e s f r o m 0 . 0 1 u p t o 5 . 0 m/s a n d l o a d s f r o m 
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22. SVIRIDYONOK AND KIRPICHENKO Friction Behavior Evaluation 337 

0.1 up to 20 M P a . 9 0 % of the u n i t s e x a m i n e d s h o w e d a 
s u r f a c e - t o - s u r f a c e contact; 8 0 % of t h e s e w e r e c y l i n d e r s 
with i n s i d e c o n t a c t s and 2 0 % w e r e b e a r i n g s w i t h b u t t - e n d 
c o n t a c t s . T h u s , the s c h e m a t i c " s h a f t - p a r t i a l b e a r i n g 1 1 i s most 
s u i t a b l e f o r a g e n e r a l i z e d m o d e l of the f r i c t i o n c o n t a c t . 

T h e p r o c e d u r e s u g g e s t e d i s r e a l i z e d a s f o l l o w s : the 
c o m p l e x of l o a d s a n d v e l o c i t i e s c o r r e s p o n d i n g to the l o s s of 
w o r k i n g c a p a c i t y b y the p o l y m e r i c m a t e r i a l i s f o u n d a u t o m a t i 
c a l l y w i t h f r i c t i o n m a c h i n e s UMT, S M T - 1 a n d c o mputer 
s y s t e m S M - 1 , F i g u r e 1. A minimum l o a d from T a b l e I i s 
a p p l i e d to a c l e a n e d r u n - i n s p e c i m e n w i t h a b l o c k of l o a d 
s e l e c t i o n . T h e b l o c k of v e l o c i t y s e l e c t i o n p r o v i d e s a minimum 
s l i d i n g v e l o c i t y from T a b l e I a s w e l l . S i g n a l s from the 
d e v i c e s that m e a s u r e the t e m p e r a t u r e , f r i c t i o n moment a n d w e a r 
go to the r e g i s t e r w h e r e t h e y a r e r e c o r d e d ( F i g u r e 2 ) a n d 
to the b l o c k s h o w i n g the extreme v a l u e s . A f t e r the t e m p e r a t u r e 
and the f r i c t i o n moment b e c o m e s t e a d y , the b l o c k s h o w i n g the 
extreme v a l u e s , forms a s i g n a l b e i n g r e c o r d e d b y a b r i d g e d e 
v i c e w h i c h f o r c e s the v e l o c i t y - s e l e c t i o n - b l o c k to g i v e 
a n o t h e r v a l u e from T a b l e I. A f t e r the w h o l e s e t of v e l o c i t i e s 
w e r e t a k e n o r a l i m i t i n g l o a d r e a c h e d f o r a g i v e n m a t e r i a l , 
the s i g n a l from the p u l s e c o u n t e r g o e s to the c o i n c i d e n c e 
c i r c u i t w h i c h s w i t c h e s on the l o a d i n g d e v i c e that p r o v i d e s a 
n e x t l o a d l e v e l . F o r t h i s l o a d l e v e l the s ame a l g o r i t h m g i v e s 
a l i m i t i n g s l i d i n g v e l o c i t y . 

A f t e r the r e s u l t s of a g r o u p of t e s t s h a v e b e e n t r e a t e d 
m a t h e m a t i c a l l y , a c u r v e i s c o n s t r u c t e d i n the c o o r d i n a t e s of 
l o a d ( P ) a n d v e l o c i t y ( v ) c o v e r i n g the s e t of l i m i t i n g 
l o a d s a n d v e l o c i t i e s [PV] . 

T h e s e t of l o a d s and v e l o c i t i e s at w h i c h the w e a r r a t e 
r e a c h e s 0.25 yum/h fo r the p o l y m e r i c m a t e r i a l i s d e t e r m i n e d 
from the c u r v e of the [PV] l i m i t i n g v a l u e s . F r o m T a b l e I 
a minimum v e l o c i t y i s s e l e c t e d a n d a l o a d a p p l i e d that p r o v i d e s 
p r e s s u r e o n the f r i c t i o n unit of o.5 [PV] . A f t e r 100 h 
o p e r a t i o n the w e a r i s m e a s u r e d . S h o u l d i t s v a l u e be o v e r 
25 yum, a n o t h e r t e s t i n g i s c o n d u c t e d at a l o w e r l o a d i n g l e v e l . 
S h o u l d the w e a r be b e l o w 25 yum, the l o a d i s i n c r e a s e d up 
to a n e x t l e v e l . 

S i m i l a r t e s t s a r e c o n d u c t e d f o r a l l the r e s t r a n g e s of 
s l i d i n g v e l o c i t i e s . T h e t e s t r e s u l t s a r e p r e s e n t e d a s c u r v e s 
from w h i c h a c o m p l e x of l o a d s and v e l o c i t i e s i s s e l e c t e d that 
c o r r e s p o n d s to w e a r rate of 25 yum after 100 h o p e r a 
t i o n ( F i g u r e 3 ) . 

T r i b o t e c h n i c a l p r o p e r t i e s of 30 p o l y m e r - b a s e d m a t e r i a l s 
w i d e l y u s e d i n e n g i n e e r i n g h a v e b e e n s p e c i f i e d a c c o r d i n g to 
the U S S R T e s t i n g M e t h o d M R - 7 4 - 8 2 . T h e h i g h d e g r e e of 
r e p r o d u c i b i l i t y a l l o w s a s u c c e s s f u l a p p l i c a t i o n of the d a t a 
o b t a i n e d i n d e s i g n i n g p r a c t i c e . 

T h e w e a r r a t i o of the m a t e r i a l s t e s t e d that c o r r e s p o n d s 
to the w e a r rate of 0.25 yUm/h i s c h a r a c t e r i z e d b y a w i d e 
r a n g e of v a l u e s from 0.2 up to 2.1, w h i c h d e p e n d to a 
l a r g e e x t e n t on the t e m p e r a t u r e i n the f r i c t i o n z o n e . T h u s b y 
u s i n g the d e p e n d e n c e of the w e a r r a t i o on the t e m p e r a t u r e it 
i s p o s s i b l e to f o r e c a s t the p e r f o r m a n c e of a t r u e f r i c t i o n unit 
a s it h a d b e e n s i m i l a r l y d o n e e l s e w h e r e (18, 2 l ) . 
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338 POLYMER WEAR AND ITS CONTROL 

F i g u r e 1. C e n t e r w h e r e t r i b o t e c h n i c a l p r o p e r t i e s of 
m a t e r i a l s a r e t e s t e d . 
T e s t s a r e c a r r i e d out o n s t a n d a r d m a c h i n e s S M T - 1 , U M T 
and c o m p u t e r s y s t e m S M - 1 . 

T, K 

450 - 0.3 -

400 -

350 -

300 

F i g u r e 2. D e p e n d e n c e of f r i c t i o n z o n e temperature ( T ) 
( c u r v e 2) a n d the c o e f f i c i e n t of f r i c t i o n ( f ) ( c u r v e l ) 
u p o n PV. 
F o r l o a d v a l u e s from P m i n up to P m a x with s t e p w i s e 
v e l o c i t y i n c r e a s e , a l i m i t i n g v a l u e f o r s l i d i n g v e l o c i t y 
( Vmax) i s f o u n d at w h i c h the m a t e r i a l s u f f e r s f r i c t i o n a l 
f a i l u r e . In the c o u r s e of t e s t i n g the c o e f f i c i e n t of f r i c t i o n 
( c u r v e l ) a n d temperature i n the s u b s u r f a c e l a y e r of 
the p o l y m e r i c s p e c i m e n ( c u r v e 2) a r e r e c o r d e d . 
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340 POLYMER WEAR AND ITS CONTROL 

T o s y s t e m a t i z e t h e d a t a o b t a i n e d , k e y p u n c h e d c a r d s a r e 
u s e d w i t h t w o r o w s . T h e f r e e f i e l d o f t h e o n e c a r d - s i d e 
( F i g u r e 4 ) i s f i l l e d w i t h t h e n e c e s s a r y i n f o r m a t i o n o n t h e 
t r i b o t e c h n i c a l p r o p e r t i e s o f t h e m a t e r i a l ( t e s t i n g s c h e m a t i c , 
e q u i p m e n t , m a t e r i a l s i n c o n t a c t , p r o c e d u r e o f s p e c i m e n p r e p a 
r a t i o n , a n d s u r f a c e c o n d i t i o n s , t e s t r e s u l t s , e t c . ) . T h e e d g e 
p u n c h i n g o f t h e c a r d s a l l o w s c o d i n g t h e n e c e s s a r y d a t a a n d 
e f f i c i e n t s e a r c h i n g o f t h e r e q u i r e d i n f o r m a t i o n . T h e d a t a i s 
c o d e d w i t h a u n i v e r s a l k e y b y u s i n g o u t e r p u n c h i n g . I n t h e 
s e c t i o n s o f l o a d , v e l o c i t y , a n d t e m p e r a t u r e b o t h o u t e r a n d i n n e r 
p u n c h i n g s a r e u s e d . T h e i n n e r p u n c h i n g i s f o r o p e r a t i o n r e g i 
m e s ; t h e o u t e r p u n c h i n g i s f o r t h e t o l e r a b l e l i m i t i n g v a l u e s o f 
[ Ρ ] , [V] , [ Τ ] . T h e o t h e r s i d e o f t h e c a r d c a r r i e s t h e m a i n 
p h y s i c a l - a n d - m e c h a n i c a l , t h e r m o p h y s i c a l a n d t e c h n o l o g i c a l 
p r o p e r t i e s o f t h e m a t e r i a l s t e s t e d . 

T h e p r o c e d u r e d e s c r i b e d h a d b e e n p a s s e d t o I S O a s 
a d r a f t o f a n i n t e r n a t i o n a l m e t h o d f o r a c c e l e r a t e d t e s t i n g o f 
p o l y m e r - b a s e d m a t e r i a l s f o r b e a r i n g s . 

0 . 5 1.0 1.5 

P R E S S U R E , M P a 

F i g u r e 3 . W e a r r a t e d e p e n d e n c e o n l o a d a n d s l i d i n g 
v e l o c i t y . 

F o r s l i d i n g v e l o c i t i e s f r o m V m i n t o V m a x l o a d s a r e 
f o u n d a t w h i c h a f t e r 1 0 0 h o p e r a t i o n w e a r r e a c h e s 1 5 
3 5 yum. I n t e r c e p t i o n o f V i , V 2 , V 3 c u r v e s w i t h a 
l i n e a t 2 5 /im g i v e s l o a d v a l u e s t h a t c o r r e s p o n d t o 
w e a r r a t e o f 0 . 2 5 yum/h f o r g i v e n s l i d i n g v e l o c i t i e s . 

t o 
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342 POLYMER WEAR AND ITS CONTROL 

C o n c l u s i o n s 

T h e d e s c r i b e d m e t h o d M R - 7 4 - 8 2 a l l o w s i n a s h o r t t i m e a n 
e s t i m a t i o n o f t h e p e r f o r m a n c e l i m i t s f o r p o l y m e r — b a s e d m a t e r i a l s 
d e p e n d i n g o n t h e f r i c t i o n p a r a m e t e r s ( Ρ - V ) . T h e m e t h o d 
c o n s i d e r s t h e t e m p e r a t u r e , e n v i r o n m e n t , v a r i a t i o n s o f t h e l o a d 
i n g r e g i m e , e t c . T h e b a n k o f d a t a c o m p i l e d a s t h e r e s u l t o f 
t e s t i n g t h e t r i b o t e c h n i c a l p r o p e r t i e s a l l o w s t h e c o m p a r a t i v e 
a n a l y s i s t o b e d o n e w h e n s e l e c t i n g m a t e r i a l s f o r f r i c t i o n 
a s s e m b l i e s . 

Literature Cited 

1. Kragelskii I. V. , "Friction and Wear", Mashinostroenie, 
Moscow, 1968. 

2. Begelinger, Α.; Gee, A. W. L., Lubrication Engineering 
1970, 2, 56-63. 

3. Buckley, D. H.; Brainard, W. Α.," The Atomic Nature of 
Polymer—Metal Interaction in Adhesion, Friction and Wear", 
In " Advances in Polymer Friction and Wear", Ν. Y., 1974. 
Editor Lee, L. H, Plenum Press. 

4. Bely, V. Α.; Sviridyonok, A. I., "Role of Structure in the 
Friction Mechanism of Polymer Materials"; In "Advances in 
Polymer Friction and Wear", Ν. Y., 1974. Editor Lee, L. H., 
Plenum Press. 

5. Kostetskii, Β. I.,"Friction, Lubrication and Wear in Machines", 
Tekhnika, Kiev, 1970. 

6. Richardson, M. O. W."Chemical Aspects of Wear Process in 
Polymers", Wear , 1971, 17, p. 89. 

7. Shchukin, E. D. et al., "On the Initiation of Simple Plastic 
Deformations within Single Crystals of Fluorous Lithium at 
Boundary Friction", DAN SSSR, 1971, Ν 6, p. 200. 

8. Barquins, M., Kennel, M. ;Courtel, R., "Compartement de 
monocristaux hemispherique", Wear, 1968, 11, p. 87. 

9. Belyi, V. Α., Petrokovets, Μ. I., Savkin, V. G.; Sviridyonok, 
A. I.,"A New Method of Investigation of Supermolecular 
Deformation at External Friction", Mekhanika Polimerov, 
1969, Ν 5. 

10. USSR GOST 23.2o3-78 ,"Method of Measuring Strength of 
Adhesive Bonds for Rubbed Solids", Standards Publishers, 
Moscow, 1978. 

11. US Standard ANSI/A TM 1894-78 ,"Plastic Films. Method 
for Estimation the Friction Coefficient". 

12. Reshetov, D. N., Editor,"Machines and Stands for Testing 
Parts". Mashinostroenie: Moscow, 1979, 343 ps. 

13. "A Catalog of Friction and Wear Devices", ASLE, 1973. 
14. Norme Française NF Τ 51-107-77 ,"Matieres Plastiques. 

Essai d'Usure et de Frottement de Cylindre sur Plan". 
15. Norme Francaise NF Τ 51-110-75 ,"Matieres Plastiques, 

Essai d'Usure et de Frottement". 
16. USSR GOST 23.210-80 ,"Method for Estimation of Friction 

Heat Resistance of Materials", Standards Publishers, Moscow, 
1980. 

 P
ub

lic
at

io
n 

D
at

e:
 S

ep
te

m
be

r 
12

, 1
98

5 
| d

oi
: 1

0.
10

21
/b

k-
19

85
-0

28
7.

ch
02

2



22. S V I R I D Y O N O K A N D K I R P I C H E N K O Friction Behavior Evaluation 343 

17. "Problems of Performance Estimation of Polymeric Materials", 
In "Methods of Testing and Evaluation of Performance Pro
perties of Plain-Bearing Materials", Nauka:Moscow, 1972, 
pp. 140-144. 

18. Crease, A. B., "The Wear Performance of Rubbing Bearing
-Improved Data for Design", in "The Wear of Non-Metallic 
Materials, Proceedings of the 3rd Leeds-Lyon Symposium", 
1976, pp. 245-251. 

19. Belyi, V. Α., Sviridyonok, A. I., Petrokovets, M. I.; Savkin, 
V. G.,"Friction and Wear of Polymer-Based Materials", 
Nauka i Tekhnika: Minsk, 1976, 432 ps. 

20. Recommendations MR 74-82. "Method for Estimation of 
Tribological Properties of Polymer-Based Materials", 
Moscow, 1982. 

21. "A Guide to the Design and Selection of Dry Rubbing 
Bearing", Eng. Sciences Data , Item Number 76029 , London: 
Inst. of Mech. Eng., 1976, 43 ps. 

22. Kragelskii, I. V., Kombalov, B. S., Loginov, A. R. et al. , 
"On Single Wear Criteria". In " The Estimated and E x p e r i 
mental Methods of Friction and Wear Evaluation", Nauka: 
Moscow, 1980. 

23. Sviridyonok, A. I.; Alexeev N. M., Kenko, V. M. "Estimation 
of Tribotechnical Characteristics of Polymer-Based Materials", 
in "The Effect of Surface Quality on Performance Characte
ristics of Machine Moving Units", Synopses. Rybinsk, 
USSR, 1979. 

RECEIVED January 23, 1985 

 P
ub

lic
at

io
n 

D
at

e:
 S

ep
te

m
be

r 
12

, 1
98

5 
| d

oi
: 1

0.
10

21
/b

k-
19

85
-0

28
7.

ch
02

2



23 

Det e r i o r a t i o n Processes of Polymeric M a t e r i a l s and 
T h e i r Influence on the Durability of R e i n f o r c e d Concrete 

Toshio Fukushima and Kenji Motohashi 
Building Research Institute, Ministry of Construction, The Japanese Government, 1-Tatehara, 
Oho-machi, Tukuba-gun, Ibaraki Prefecture 305, Japan 

From the viewpoint of prediction of service lives, the 
photochemical deterioration processes of polymers used 
as paints and finishes are theoretically analyzed 
based upon unsteady state dynamics. Theoretical re
sults are compared with experimental data under nat
ural and accelerated exposure. Infrared spectra and 
scanning micrographs show that the deterioration pro
ceeds continuously inwards from the surface, but 
differently with the exposure conditions. Parabolic 
(√t ) law was derived approximately for the increase 
in the depth of the deteriorated layer of polymers 
with time. Paying attention to the influence of the 
deterioration of polymeric finishes, the parabolic 
law involving a constant term was also derived for the 
progress of carbonation of concrete. These parabolic 
laws well predict the progress of deterioration and 
explain the protective function of finishes on rein
forced concrete. 

The development of the petrochemical i n d u s t r y has enabled the mass 
supply of va r i o u s types o f polymers w i t h a t t r a c t i v e p r o p e r t i e s . A l 
though many polymers are widel y used i n va r i o u s f i e l d s ( e . g . as 
p a i n t s , adhesives, coatings and f i n i s h e s i n housing), they are sub
j e c t t o gradual d e t e r i o r a t i o n under n a t u r a l exposure. 

With the enlargement of recent s o c i a l needs f o r the conservation 
of n a t u r a l resources and energy, and f o r the high f u n c t i o n s o f i n -
s e r v i c e m a t e r i a l s , the importance of the concept of d u r a b i l i t y as 
performance w i t h time and the p r e d i c t i o n o f s e r v i c e l i v e s o f m a t e r i 
a l s has been i n c r e a s i n g l y appreciated among many researchers and en
gineers i n v a r i o u s f i e l d s . In p u r s u i t o f r a t i o n a l c r i t e r i a f o r e v a l 
uating the progress of d e t e r i o r a t i o n and f o r i d e n t i f y i n g d e t e r i o r a 
t i o n mechanisms of m a t e r i a l s , a l o t of phenomenological data have 
been accumulated f o r the d e t e r i o r a t i o n processes. However there s t i l l 
remain major d i f f i c u l t i e s t o be solved f o r a n a l y t i c a l methods of the 
d e t e r i o r a t i o n processes. 

On the other hand, i n housing under o r d i n a r y atmospheric e n v i r -

0097-6156/85/0287-0347$06.00/0 
© 1985 American Chemical Society 

American Chemical Society Library 
115516th St, H.% 

Washington, O.C. 20036 
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348 POLYMER WEAR AND ITS CONTROL 

onment, the carbonation o f concrete i s very important from the poi n t 
of view of the d u r a b i l i t y o f r e i n f o r c e d concrete component, because 
i t causes the n e u t r a l i z a t i o n o f concrete, r e s u l t i n g i n the re d u c t i o n 
of c o r r o s i o n p r o t e c t i v e f u n c t i o n against r e i n f o r c i n g bars. Many e f 
f o r t s have been done t o delay or surpress the progress of n e u t r a l i 
z a t i o n o f concrete e f f e c t i v e l y , e.g. by u s i n g p a i n t s and f i n i s h e s . 

This report deals w i t h dynamic processes of the d e t e r i o r a t i o n of 
polymers o f t e n used as p a i n t s and f i n i s h e s i n housing, and a l s o r e 
f e r s t o t h e i r i n f l u e n c e as the r e d u c t i o n i n p r o t e c t i v e performance 
on the d u r a b i l i t y o f r e i n f o r c e d concrete. The d e t e r i o r a t i o n processes 
of polymers by the simultaneous a c t i o n of u l t r a v i o l e t (UV) l i g h t 
and d i f f u s i v e oxygen i s explained t h e o r e t i c a l l y based upon unsteady 
s t a t e dynamics. The p a r a b o l i c law (/Γ law) i s der i v e d f o r a t y p i c a l 
path f o r the progress o f the d e t e r i o r a t i o n o f polymers inwards from 
the surface ( l ) , and compared w i t h some experimental data. The same 
p a r a b o l i c law i n v o l v i n g a constant term was al s o d e r i v e d f o r the 
carbonation of concrete, which w e l l e x p l a i n s the r e t a r d a t i o n e f f e c t s 
of f i n i s h e s on the carbonation (2_). 

Dynamic A n a l y s i s of D e t e r i o r a t i o n Processes o f Polymeric M a t e r i a l s 

O u t l i n e of the Th e o r e y i c a l Model. The main assumptions f o r the un
steady s t a t e dynamics are as f o l l o w s * l ) Only polymer molecules 
which are r a i s e d i n t o e x c i t e d s t a t e by absorbing UV l i g h t (photon 
f l u x , no; wavelength, λ) near the absorption band c h a r a s t e r i s t i c o f 
polymers can p a r t i c i p a t e i n photochemical r e a c t i o n s ( e f f i c i e n c y , η ; 
molar c o n c e n t r a t i o n , C*). (2) Photochemical r e a c t i o n s are: i ) depoly-
mer i z a t i o n of a c t i v a t e d polymer molecules ( f i r s t order r e a c t i o n , R x 

= ]q C * J , i i ) phot ο-oxidation by the c o l l i s i o n of d i f f u s i v e oxygen 
( i n i t i a l and time-dependent molar c o n c e n t r a t i o n , C^Q a n (^ Â.; e ^ ^ e c -

t i v e d i f f u s i o n c o e f f i c i e n t , D A ) and a c t i v a t e d polymer molecules (sec
ond order- r e a c t i o n , R 2 = k2C* C A ) · We can consider t-his r e a c t i o n 
t o be q u a s i - f i r s t order r e a c t i o n (R 2 = k i 'C^) ( 3 ) D e t e r i o r a t e d p o l y 
mer molecules (molar c o n c e n t r a t i o n , C B) do not d i f f u s e and remain i n 
the o r i g i n a l p o s i t i o n s , (h) The i n f l u e n c e o f temperature on photo
chemical r e a c t i o n s i s incl u d e d i n m a t e r i a l property constants ( l q , 
k 2 ) and d i f f u s i v e c o e f f i c i e n t ( D A ) according t o the Arrhenius law. 
(5) D e t e r i o r a t i o n proceeds inwards from the surface and the degree o f 
d e t e r i o r a t i o n v a r i e s w i t h exposure time (t) and the depth from the 
surface (x) . As the d e t e r i o r a t i o n advances, d e t e r i o r a t e d polymer 
molecules having i n f r a r e d (IR) a c t i v e f u n c t i o n a l groups as carbonyl 
(-CO) are cr e a t e d , and the degree o f d e t e r i o r a t i o n i s r e f l e c t e d i n 
IR s p e c t r a and i n the morphological change o f the sur f a c e . The 
d e t e r i o r a t e d surface l a y e r r e s u l t s i n the re d u c t i o n i n the f l e x u a l 
strength and i n p r o t e c t i v e performance of polymers. (6) Compared 
w i t h the t h i c k n e s s o f the p l a t e o f polymer, the d e t e r i o r a t e d depth 
(6) can be considered t o be small enough f o r the t h i c k n e s s o f the 
p l a t e t o be regarded as i n f i n i t e l y l a r g e . 

Basic d i f f e r e n t i a l equations f o r the dynamic a n a l y s i s , together 
w i t h the i n i t i a l and boundary c o n d i t i o n s , are summarized as f o l l o w s : 
dCA/dt = D a 8 2 C A / 3 X 2 - kx'C A (1) 
3C*/8t = ( nn 0/N 0 ) C 0 e x exp(-C 0e x) - k x *C* - k x C A (2) 
,9C B /at = kxC* + k x - C A ( 3 ) 
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23. FUKUSHIMA AND MOTOHASHI Deterioration of Polymeric Materials 349 

Here, NQ i s Avogadro's constant; C Q , i n i t i a l molar conc e n t r a t i o n o f 
undeteriorated polymer molecules ; ε χ, molar absorption c o e f f i c i e n t . 
[ i n i t i a l C o n d i t i o n s ] ; t £ 0: C* = C A = Cg = 0 
[Boundary Conditions] ; [ i ] t > 0 , x = 0 : C A = C Ao 

[II] t > 0 , x + œ : C A = 0 
[ I I I ] t > 0, χ = 6: dCB/dx = 0 

Results o f Dynamic A n a l y s i s . S o l v i n g the simultaneous d i f f e r e n t i a l 
equations 1.-3. under the given i n i t i a l and boundary c o n d i t i o n s by 
the Laplace t r a n s f o r m a t i o n method, a n a l y t i c a l solutuons U.-8. are 
obtained i n the form o f dimensionless c o n c e n t r a t i o n s : 
ΦΑ ξ C A ( x , t ) / C A = ( l / 2 ) [ e x p ( - x / k ! 7 D A ) erfc(x/2/D~t - /kf^t) 

+ e x p ( x / k x 7 D A ) e r f c ( x / 2 v ^ t " + / k p F " ) ] (h) 

Φ* - C*(x , t)/Cfl = [1 - exp(-kjt)] exp(- 0 0ε χ χ ) - (C A 0/C*)ki ' φ Α ( 5) 

φ Β Ξ C B ( x , t ) / C * = {kit - [1 - exp ( k i t)]}[exp(- C 0e xx /k i ) ] 

+ (k x ' - k! )(C Ao/C* ) / f o Adt + [1 - exp(- k x t ) ] (CA0/C*)<i>A (6) 
Here, C* = C 0nn 0e x/N 0 

On the other hand, u s i n g the boundary c o n d i t i o n [ i l l ] , we can ob t a i n 
approximately the p a r a b o l i c law f o r the progress o f the depth o f the 
d e t e r i o r a t e d l a y e r as f o l l o w s : 
δ = /et (7) 
β = D A(5k x + 2kr)(Tkx - 2 k i ' ) / U i - 2ki')(3k]. - 2k! Ο (8) 
Dynamic A n a l y s i s o f the Progress o f Carbonation o f Concrete 

The n e u t r a l i z a t i o n o f concrete leads t o r e d u c t i o n o f the c o r r o s i o n 
p r o t e c t i v e f u n c t i o n o f concrete against r e i n f o r c i n g s t e e l , and has 
an important i n f l u e n c e on the d u r a b i l i t y o f r e i n f o r c e d concrete 
s t r u c t u r e s . The n e u t r a l i z a t i o n i s i n f l u e n c e d by v a r i o u s f a c t o r s (con
c e n t r a t i o n o f C0 2 gas, type o f concrete, water-to-cement ra t i o ( W / C ) , 
water content, type o f f i n i s h e s and t h e i r t h i c k n e s s and p e r m e a b i l i t y , 
temperature and humidity c o n d i t i o n s , e t c . ) . From the physico-
chemical point o f view, t h i s process can be considered t o be the 
d i f f u s i o n o f C0 2 inwards i n t o concrete from the s u r f a c e , accompanied 
by the conversion o f Ca(0H) 2 i n t o CaC03. In t h i s c o n t e x t , unsteady 
s t a t e dynamics has been done f o r the progress of n e u t r a l i s a t i o n of 
concrete i n order t o r a t i o n a l l y understand the process and the 
in f l u e n c e of f i n i s h e s on the process (_3, k). 

The main assumptions are as f o l l o w s : 
( l ) In the i n i t i a l s t a t e , Ca(0H) 2 e x i s t s homogeneously i n s e m i - i n f i 
n i t e concrete ( i n i t i a l molar c o n c e n t r a t i o n , C^q), and the carbonation 
process begins when CO2 i n gas phase ( i n i t i a l molar c o n c e n t r a t i o n , 
C a g ) comes i n t o contact w i t h the surface o f concrete(take χ = 0 at 
the s u r f a c e ) . (2) D i f f u s i v e C0 2 (molar c o n c e n t r a t i o n , Ca 2 ; d i f f u s i o n 
c o e f f i c i e n t , Da 2 i n concrete) f e e l s the mass t r a n s f e r r e s i s t a n c e at 
the surface o f concrete (surface mass t r a n s f e r c o e f f i c i e n t , K a g ) , 
unless the e q u i l i b r i u m C a 2 = mC a l i s s a t i s f i e d ( k. a g +°°). The 
r e t a r d a t i o n e f f e c t s o f f i n i s h e s on the d i f f u s i o n o f C0 2 ( t h i c k n e s s , 
L; d i f f u s i o n c o e f f i c i e n t , D i n a f i n i s h ) are incorporated i n t o the 
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350 POLYMER WEAR AND ITS CONTROL 

t o t a l mass t r a n s f e r c o e f f i c i e n t ( K a g O de f i n d as f o l l o w s : 
1 / W = !/ kag + L/D (9) 

(3) Ca(0H)2 d i f f u s e s s l o w l y backwards (molar c o n c e n t r a t i o n , C-̂ 2 5 
d i f f u s i o n c o e f f i c i e n t , i n concrete) from the inner l a y e r of 
concrete, and coverts i n s t a n t a n e o u s l y i n t o CaCU3 w i t h CO2 which 
d i f f u s e s forwards from the surface. 

Based upon the above assumptions, fundamental d i f f e r e n t i a l equa
t i o n s are obtained. Laplace t r a n s f o r m a t i o n method was a l s o used t o 
solve the simultaneous d i f f e r e n t i a l equations under the given i n i t i a l 
and boundary c o n d i t i o n s . A n a l y t i c a l s o l u t i o n s are obtained i n the 
form of dimensionless concentrations which i n v o l v e e r r o r f u n c t i o n s 
concerning time and the depth from the surface. For the progress of 
n e u t r a l i z a t i o n , the p a r a b o l i c law i n v o l v i n g constant terms was 
deri v e d as f o l l o w s (X, n e u t r a l i z a t i o n depth of c o n c r e t e ) : 
X = k e / F - I (10) 

k e = m /D a i/D a 2 { ( C a g / 2 C b 0 ) - D b 2/ D ai} ( l l ) 
* = W ^ a g ' (12) 

Experimental 

SEM Observation of Masonry Coating M a t e r i a l s . For samples of the 
masonry c o a t i n g m a t e r i a l s l i s t e d i n Table I . , the surface morpholog
i c a l changes' due t o outdoor exposure and sunshine carbon arc 
i r r a d i a t i o n were i n v e s t i g a t e d by scanning e l e c t r o n microscopy (SEM) 
by H i t a c h i Model S-l+50 a f t e r m e t a l l i z i n g w i t h platinum by s p u t t e r 
c o a t i n g . The cross s e c t i o n s o f the specimens were exposed by f r a c t u r e 
a f t e r f r e e z i n g i n l i q u i d n i t r o g e n . 

Masonry c o a t i n g m a t e r i a l s , which are the mixture o f organic 
polymer, f i l l e r and f i n e aggregates, o f t e n a p p l i e d some 0 . 3 t o 15mm 
t h i c k by sprayingor r o l l i n g on the var i o u s types o f e x t e r n a l surface 
such as concrete, cement mortar, asbestos cement sheets and other 
boards, are objects i n t h i s i n v e s t i g a t i o n . 

The coated l a y e r s o f masonry co a t i n g m a t e r i a l s ( e x c l u d i n g sub
s t r a t e s ) were exposed on the a c r y l i c r e s i n sheet mounted on the expo
sure racks at an angle o f 30° f a c i n g south i n the B u i l d i n g Research 
I n s t i t u t e f o r one year. Sunshine carbon arc a c c e l e r a t i o n t e s t based 
on JIS A l U l 5 (black panel temperature 63±3°C, ion-exchanged water 
spray 18 minutes i n every two hours) was conducted using specimens 
of the same samples used i n the outdoor exposure t e s t above up t o 
1000 hours ( 5 ) . 

R e s u l t s . Examples of the SEM micrographs obtained are shown i n F i g 
ures 1 t o 8 . I t can be found t h a t the surface morphology of the 
outdoor exposed specimens i s e v i d e n t l y d i f f e r e n t from that of s p e c i 
mens exposed t o sunshine carbon arc i r r a d i a t i o n i n the l a b o r a t o r y . 

surface of the specimens exposed outdoor i s uniformly weathered 
(Figure l ) . On the c o n t r a r y , the surface o f the specimens exposed t o 
the a c c e l e r a t e d aging t e s t i s not uniformly d e t e r i o r a t e d depending 
upon the surface t e x t u r e s , but shows f u r t h e r the d e t e r i o r a t i o n i n 
concave p a r t s probably due t o longer remaining of sprayed water 
(Figure 2 ) . 

The d i f f e r e n c e i n the surface morphology of mansory c o a t i n g ma-
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352 POLYMER WEAR AND ITS CONTROL 

Figure 1. Micrograph of A i n Table I . outdoor exposure; 1 year, 
m a g n i f i c a t i o n b a r ; 500μ . 

Figure 2 . Micrograph o f A i n Table I . a c c e l e r a t i o n t e s t ; 1 ,000 
h r s . , m a g n i f i c a t i o n bar; 500u. 
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23. FUKUSHIM A AND MOTOH ASHI Deterioration of Polymeric Materials 353 

t e r i a l s i s more c l e a r l y o b s e r v e d i n m i c r o g r a p h s a t r a t h e r h i g h mag 
n i f i c a t i o n . The s u r f a c e o r g a n i c p o l y m e r e x p o s e d o u t d o o r s m i g h t be 
g r a d u a l l y d e g r a d e d and i n o r g a n i c f i l l e r i n t h e c o a t e d l a y e r s became 
e x p l i c i t l y o b s e r v a b l e ( F i g u r e s 3 t o 5 ) . The d e g r e e o f t h i s d e t e r i o 
r a t i o n , n a m e l y c h a l k i n g b e h a v i o u r , d i f f e r s d e p e n d i n g u p o n t y p e s o f 
o r g a n i c p o l y m e r , a n d r e a s o n a b l y c o r r e s p o n d s t o t h e r e s u l t o f p r a c t i 
c a l c h a l k i n g t e s t b a s e d on J I S Κ 5 5 l 6 . On t h e o t h e r h a n d , m i c r o -
c r a c k s ( F i g u r e s 6 a n d 7 ) a n d m i c r o f l a k i n g ( F i g u r e 8 ) c a n be o b s e r v e d 
on t h e s u r f a c e o f e v e r y s p e c i m e n a f t e r t h e a c c e l e r a t i o n t e s t . 

D i s c u s s i o n 

D e g r a d a t i o n o f P o l y m e r s . F r o m t h e r e s u l t s o f d ynami c a n a l y s i s , t h e 
d e g r e e o f t h e d e t e r i o r a t i o n o f p o l y m e r s v a r i e s w i t h t i m e and t h e 
d e p t h f r o m t h e s u r f a c e , a n d i s i n f l u e n c e d b y t h e p h o t o c h e m i c a l r e a c 
t i o n c o n s t a n t s (kx , k 2 ) a n d d i f f u s i o n c o e f f i c i e n t ( D . ) . F i g u r e 9 
shows t h e t h e o r e t i c a l r e s u l t o f t h e i n f l u e n c e o f p h o x o - o x i d a t i o n on 
t h e d i s t r i b u t i o n o f o x y g e n i n p o l y m e r s . D e r i v i n g t h e t i m e dependence 
o f s u r f a c e d e t e r i o r a t i o n , we o b t a i n e q u a t i o n 1 3 . 

φ Β ( 0 , ΐ ) Ξ C B ( x , t ) / C * 2 k i * t ( c A 0 / C * ) = k ] C A O t (13 ) 

T h i s shows t h a t t h e s u r f a c e d e t e r i o r a t i o n a d v a n c e s a p p r o x i m a t e 
l y i n p r o p o r t i o n t o e x p o s u r e t i m e , and t h a t t h e p r o g r e s s o f d e t e r i o 
r a t i o n depends upon t h e s u r f a c e o x y g e n c o n c e n t r a t i o n a n d t h e r a t e 
c o n s t a n t o f p h o t o - o x i d a t i o n , t h o u g h i t d e p e n d s , o f c o u r s e , l i n e a r l y o n 
t h e i n t e n s i t y o f i n c i d e n t l i g h t . The s u r f a c e d e t e r i o r a t i o n c a n be 
o b s e r v e d i n IR a b s o r p t i o n s p e c t r a a n d i n t h e m o r p h o l o g i c a l change i n 
S E M , and f u r t h e r i n t h e change o f m a t e r i a l p r o p e r t i e s . 

Watanabe e t a l . {k) h a v e m e a s u r e d IR a b s o r p t i o n s p e c t r a o f 
s l i c e d s a m p l e s o f o u t d o o r e x p o s e d p l a t e s o f p o l y s t y r e n e (PS ) a n d 
o t h e r p o l y m e r s . T h e i r e x p e r i m e n t a l d a t a a r e shown i n F i g u r e 1 0 . The 
a b s o r p t i o n n e a r 1730 c m " 1 , due t o t h e c a r b o n y l f u n c t i o n a l g r o u p , i s 
s e e n t o i n c r e a s e i n i n t e n s i t y w i t h t i m e . T h i s may show t h a t t h e 
p h o t ο - o x i d a t i o n p r o c e e d s r a t h e r i n t h e s u r f a c e l a y e r s o f p o l y m e r s . 

F i g u r e s 1 t o 8 show t h e m o r p h o l o g i c a l change o f m a s o n r y c o a t 
i n g m a t e r i a l s u n d e r o u t d o o r a n d a c c e l e r a t e d a g i n g e x p o s u r e . F o r o u t 
d o o r - e x p o s e d s a m p l e s , i t was o b s e r v e d t h a t a c r y l i c r u b b e r e m u l s i o n 
t y p e p o l y m e r i s g r a d u a l l y l o s t a n d t h a t f i l l e r becomes e x p l i c i t l y 
d i s c l o s e d a : f t e r o n e - y e a r e x p o s u r e ( c h a l k i n g p h e n o m e n a ) ( F i g u r e s 1 , 
k a n d 5 ) . F o r a c c e l e r a t e d - a g e d s a m p l e s , h o w e v e r , t h e f l a k i n g was o b 
s e r v e d . The d i f f e r e n c e i n t h e s u r f a c e m o r p h o l o g y b e t w e e n t h e o u t d o o r 
e x p o s u r e t e s t a n d l a b a r a t a r y t e s t c a n be due t o many c o m p l e x f a c t o r s 
w h i c h hav e n o t b e e n c o m p l e t e l y r e v e a l e d . 

On t h e b a s i s o f u n s t e a d y s t a t e d y n a m i c s , t h e d e g r e e o f t h e s u r 
f a c e d e t e r i o r a t i o n o f p o l y m e r s becomes h e a v i e r i n l i n e a r p r o p o r t i o n 
a s t h e i r r a d a t i o n l e v e l o f i n c i d e n t l i g h t becomes h i g h e r , b u t t h e 
p r o g r e s s o f d e t e r i o r a t i o n i n w a r d s f r o m t h e s u r f a c e d e p e n d s m a i n l y 
upon t h e d i f f u s i o n o f o x y g e n ( o r w a t e r ) . I n t h e c a s e o f a c c e l e 
r a t e d - a g e d s a m p l e s u n d e r r a t h e r s t r o n g and s h o r t - t e r m i r r a d i a t i o n 
b y s u n s h i n e c a r b o n a r c i n t h e l a b a r a t o r y , t h e s u r f a c e o f p o l y m e r s 
becomes s t r o n g l y d e t e r i o r a t e d a s t h e r e s u l t o f r a p i d p h o t o c h e m i c a l 
r e a c t i o n s . H o w e v e r , t h e d e t e r i o r a t i o n o f p o l y m e r s i s c o n s i d e r e d 
n o t t o e x t e n d t o t h e deep i n n e r l a y e r s . On t h e o t h e r h a n d , f o r 
o u t d o o r - e x p o s e d s a m p l e s u n d e r r a t h e r m i l d a n d l o n g - t e r m i r r a d i a t i o n 
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354 POLYMER WEAR AND ITS CONTROL 

Figure 3 . Micrograph o f A i n Table I . i n i t i a l specimen, m a g n i f i 
c a t i o n bar; 5y. 

Figure k. Micrograph of A i n Table I . outdoor exposure; 1 year, 
m a g n i f i c a t i o n bar; 5u . 
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23. FUKUSHIMA AND MOTOHASHI Deterioration of Polymeric Materials 355 

Figure 5 . Micrograph of Ε i n Table I . outdoor exposure; l y e a r , 
m a g n i f i c a t i o n bar; 5μ . 

Figure 6. Micrograph of Β i n Table I . a c c e l e r a t i o n t e s t ; TOO h r s . , 
m a g n i f i c a t i o n b a r ; 5u . 
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356 POLYMER WEAR AND ITS CONTROL 

Figure 7. Micrograph of D i n Table I . a c c e l e r a t i o n t e s t ; 700 h r s . , 
m a g n i f i c a t i o n b a r ; 5y . 

Figure 8 . Micrograph o f Ε i n Table I . a c c e l e r a t i o n t e s t ; 1000 
h r s . , m a g n i f i c a t i o n b a r ; 5μ . 
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23. FUKUSHIM A AND MOTOHASHI Deterioration of Polymeric Materials 357 

Figure 9 Influence of phot ο-oxidation on the d i s t r i b u t i o n of 
oxygen i n polymeric m a t e r i a l s ( r e s u l t o f t h e o r e t i c a l 
c a l c u l a t i o n ) . 

6 

J 1 1 I 1 L 
2000 1900 1800 1700 1600 1500 

WAVE NUMBER (cm-1 ) 

Figure 10. Change of i n f r a r e d absorption w i t h d i s t a n c e below the 
surface o f p o l y s t y r e n (.PS) polymer exposed outdoors 
(at Chosi) f o r three years (Reproduced w i t h permission 
from Réf. XI Copyright 1979, Japan Ind. Tech. Assoc.). 
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358 POLYMER WEAR AND ITS CONTROL 

"by n a t u r a l s u n - l i g h t , the surface d e t e r i o r a t i o n i s considered t o be 
not so s t r o n g , and the d e t e r i o r a t i o n i s mainly r u l e d by the 
d i f f u s i o n . The d e t e r i o r a t i o n i s considered t o proceed s l o w l y but 
deeper i n t o the inner l a y e r s , t h i s conceptual diagram i s i l l u s t r a t e d 
i n F igure 11, which seems t o be one of the reasons why the d i f f e r e n t 
morphology was caused on the surface l a y e r s . 

The depth o f the d e t e r i o r a t e d l a y e r was t o be a few microns at 
most f o r both specimens exposed outdoors f o r one year and those ex
posed t o sunshine carbon arc i r r a d a t i o n f o r 1000 hours by observing 
t h e i r cross s e c t i o n s . Of course, the depth i s onl y based on the mor
p h o l o g i c a l changes; t h e r e f o r e , molecular s t r u c t u r e changes, such as 
formation of carbonyl f u n c t i o n a l groups, c r o s s - l i n k i n g r e a c t i o n , r u 
pture of m o l e c i l a r chains e t c . are supposed t o be d i r e c t l y i n v i s i b l e . 

The d e t e r i o r a t i o n progresses continuously from the s u r f a c e , and 
the depth of the d e t e r i o r a t e d l a y e r increases i n p r o p o r t i o n t o the 
square root of exposure time as shown i n equations 7. and 8. This pa
r a b o l i c (/t~ ) law was obtained as the n a t u r a l d e r i v a t i o n based upon 
unsteady s t a t e dynamics, assuming the simultaneous a c t i o n of UV-
l i g h t and d i f f u s i v e oxygen. Figure 12 i s the least-square p l o t based 
on experimental data from Kubota et a l . (5)· I t can be seen th a t many 
polymers show the d e t e r i o r a t i o n by the power law o f exposure time 
( t n ; η = 0.5 - 1.0). The d i f f e r e n c e between theory and experiment i s 
considered t o be due t o the complex mechanisms not e x p l i c t l y t r e a t 
ed i n t h i s theory. 

Retardation E f f e c t s of Polymeric F i n i s h e s on Carbonation. The 
r e t a r d a t i o n e f f e c t s o f polymeric f i n i s h e s can be w e l l e x p l a i n e d , 
using equations 9. and 12., where Ζ i s the constant term which i n 
cludes t o t a l surface mass t r a n s f e r constant, and describes the 
r e t a r d a t i o n o f carbonation or i n d u c t i o n p e r i o d before the carbonation 
begins t o proceed. From equation 9. i t can be seen t h a t the e f f e c t s 
depend on the t h i c k n e s s and d i f f u s i o n c o e f f i c i e n t s o f f i n i s h e s 
(Figure 13). 

I f the f u n c t i o n a l t h i c k n e s s of f i n i s h decreases, or the d i f f u 
s i o n - r e s i s t a n c e of f i n i s h reduces by the d e t e r i o r a t i o n processes, i t 
i s considered t h a t the p r o t e c t i v e f u n c t i o n of polymeric f i n i s h e s 
against the carbonation of concrete g r a d u a l l y degrades. A f t e r a given 
long time the n e u t r a l i z a t i o n depth i s seen t o be reduced i n propor
t i o n t o the t h i c k n e s s of a given f i n i s h i n g m a t e r i a l . Though these r e 
t a r d a t i o n e f f e c t s have not been, so f a r , w e l l e s t a b l i s h d , Figure 14 
shows the r e t a r d a t i o n e f f e c t s of in o r g a n i c f i n i s h e s i n the f i e l d r e 
search f o r indoor v e r t i c a l w a l l s i n an e x i s t i n g r e i n f o r c e d b u i l d i n g 
aged 17 (Xo i n d i c a t e s the n e u t r a l i z a t i o n depth o f concrete without 
f i n i s h e s ) . The r e s u l t s represent the evidence f o r the c o n s i d e r a t i o n s 
described above, and the importance of the t h i c k n e s s as w e l l as the 
p e r m e a b i l i t y o f f i n i s h e s i n the r e t a r d a t i o n o f carbonation. 

Conclusions 

The photochemical d e t e r i o r a t i o n processes o f polymeric m a t e r i a l s o f 
ten used as p a i n t s and f i n i s h e s are st u d i e d both t h e o r e t i c a l l y and 
expe r i m e n t a l l y . T h e o r e t i c a l models f o r the d e t e r i o r a t i o n processes 
are developed based upon unsteady s t a t e dynamics. The r e s u l t s were 
compared w i t h experimental data under outdoor and a c c e l e r a t e d aging 
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23. FUKUSHIMA AND MOTOHASHI Deterioration of Polymeric Materials 359 

Figure 11. Schematic model of absorbed UV energy d i s t r i b u t i o n i n 
th i c k n e s s f o r the outdoor exposure t e s t and the sun
shine carbon arcs type a c c e l e r a t i o n t e s t . 

• PS. 
+ PVC 
Δ PMMA 
0 ABS 
0 POM 
X PE 

exposure s i t e : Choshi 
..·· 1; PS Y = 95.21 

2 ; ΡΕ Y = 100.93 

3 ; POM Y = 1^3.58X 

_ 4 - - U ; PVC 
- J ^ — 5; ABS 

1 2 3 h 

EXPOSURE TIME (year) 

6; PMMA 
4 — χ 

.09 

.03 

.0.63 

Y = 
Y = 

Y = 

69.9^1 
îoo.oox · ? 

1+.22Χ .0.39 

Figure 12. Least-squares p l o t u s i n g the power law f o r the depth 
o f the d e t e r i o r a t e d l a y e r o f var i o u s polymers a f t e r 
v a r i o u s periods o f outdoor exposure (at Ch o s i ) . 
Experimental data are from Kubota et a l . Réf. 12. 

 P
ub

lic
at

io
n 

D
at

e:
 S

ep
te

m
be

r 
12

, 1
98

5 
| d

oi
: 1

0.
10

21
/b

k-
19

85
-0

28
7.

ch
02

3



360 POLYMER WEAR AND ITS CONTROL 

ce 

r-t ce u 

Ο 

t 
Ρ 

C 0 2 ; 5Ϊ T; 20°C 
R.H.; 60$ 

X =/ce/t-Z 

D aj = 3.83E+7 mm2/month 

D a 2= 3.89E+U mn2/month 

1^2= 1296 nm2/month 

1* 6 8 10 

Time Τ(month) 

( 1 ) : k A g = 1 2 9 5 mm/month li =30.0 

( 2 ) : =1813 lz =21.5 

( 3 ) : =2590 I3 =15.0 

(10 : =25900 Ik =1.5 

Figure 13. Influence of the surface mass t r a n s f e r r e s i s t a n c e on 
the progress o f carbonation under a c c e l e r a t e d 
c o n d i t i o n . 

T o t a l Thickness of F i n i s h i n g 
M a t e r i a l s L(mm) 

Figure ik. R e l a t i o n s h i p between the carbonation ( n e u t r a l i z a t i o n ) 
depth of indoor concrete and the t o t a l t h i c k n e s s of 
f i n i s h e s (Result of f i e l d Research f o r e x t e r n a l 
v e r t i c a l w a l l s i n an e x i s t i n g r e i n f o r c e d concrete aged 
17). 
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23. FUKUSHIMA AND MOTOHASHI Deterioration of Polymeric Materials 361 

exposures. I n f r a r e d spectra and scanning e l e c t r o n micrographs show 
tha t the d e t e r i o r a t i o n proceeds continuously inwards from the surface 
of polymeric m a t e r i a l s , hut the "behaviour of d e t e r i o r a t i o n are d i f 
f e r e n t w i t h the exposed c o n d i t i o n s . P a r a b o l i c (/Γ ) law was deriv e d 
approximately f o r the increase i n the depth of the d e t e r i o r a t e d l a y -
yer w i t h time. 

Paying a t t e n t i o n t o the i n f l u e n c e of the d e t e r i o r a t i o n of p o l y 
meric f i n i s h e s , the p a r a b o l i c law i n v o l v i n g a constant term was a l s o 
d e r i v e d f o r the progress of carbonation o f concrete. These p a r a b o l i c 
laws combined p r e d i c t the progress of the d e t e r i o r a t i o n under natu
r a l weathering and e x p l a i n w e l l the p r o t e c t i v e performance of f i n i s h 
i n g m a t e r i a l s on r e i n f o r c e d concrete. 
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Effect of the Degree of Crystallinity on Friction 
and Wear of Poly(ethylene terephthalate) 

Yoshinori Yamada and Kyuichiro Tanaka 
Department of Precision Engineering, Faculty of Engineering, Kanazawa University, 
Kanazawa 920, Japan 

Measurements of f r i c t i o n and wear were made on poly 
(ethylene-terephthalate) (PET) sliding against a smooth 
steel disk. The f r i c t i o n was little dependent upon 
crys t a l l i n i t y , while the wear rate increased with 
increase in cr y s t a l l i n i t y , especially remarkable in 
the range above about 40%. It was found that the 
reciprocal of wear rate was closely related to the 
Vickers hardness in PET of different c r y s t a l l i n i t y . 
The wear of PET with a low cry s t a l l i n i t y as small as 
8% was mainly due to transfer. On the other hand, 
wear of high cr y s t a l l i n i t y PET is different from that 
of the low cry s t a l l i n i t y PET and seemed to be mainly 
due to a surface fatigue during sliding. The differnce 
between the mechanisms in PET of low and high 
cry s t a l l i n i t y was essentially due to the differnce in 
morphological structures. 

I t i s w e l l known, that the morphological and molecular s t r u c t u r e s of 
polymers play an important r o l e i n t h e i r wear behavior. I t seems 
that the degree of c r y s t a l l i n i t y i s a l s o a s t r u c t u r a l f a c t o r of semi-
c r y s t a l l i n e polymers important t o t h e i r wear. Lontz et a l . Q.) 
reported that the wear of p o l y ( t e t r a f l u o r o e t h y l e n e ) , ( P T F E ) decreased 
w i t h the increase i n c r y s t a l l i n i t y . Tanaka et a l . (2) s t u d i e d the 
wear of heat-treated PTFE specimens and concluded that the wear r a t e 
was a f f e c t e d by the width of the band i n the f i n e s t r u c t u r e r a t h e r 
than c r y s t a l l i n i t y . Recently, Hu et a l . (3) have studied the e f f e c t 
of c r y s t a l l i n i t y on wear of PTFE using v a r i o u s h e a t - t r e a t e d specimens. 
They have shown that the wear decreases w i t h the increase i n c r y s t a l 
l i n i t y , when molecular weight i s constant. E i s s et a l . (4 ) reported 
that p o l y ( c h l o r o t r i f l u o r o e t h y l e n e ) of a c r y s t a l l i n i t y of 65% exhib-
ted higher wear than that of 45%. The r e s u l t s obtained by the 
authors mentioned above i n d i c a t e that the e f f e c t of c r y s t a l l i n i t y on 
the wear of polymers i s somewhat complicated and f u r t h e r i n v e s t i g a t i o n 
i s needed to c l a r i f y the e f f e c t of c r y s t a l l i n i t y on polymer wear. 

I t i s known that p o l y ( e t h y l e n e - t e r e p h t h a l a t e ) , (PET) has a 
p e c u l i a r property that i t s c r y s t a l l i n i t y v a r i e s i n a very wide range 

0097-6156/85/0287-0363$06.00/0 
© 1985 Amer ican Chemica l Society 
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364 POLYMER WEAR AND ITS CONTROL 

after heat treatment. In the present work, therefore, the effect of 
cry s t a l l i n i t y on fr i c t i o n and wear of PET sliding against a smooth 
steel surface at a relatively low speed was studied within a crys
t a l l i n i t y range of 8% to 75% . In addition, the f r i c t i o n experiment 
using a steel sphere sliding on a f l a t PET surface was also carried 
out at a low speed under various load in order to study the fundamen
ta l f r i c t i o n a l properties of the PET specimens with various crystal
l i n i t y . 

Experimental 

Procedures for Studying the Fundamental Frictional Properties of PET 
To study the fundamental f r i c t i o n a l properties of PET specimens of 
various cry s t a l l i n i t y , a steel sphere of 2.38 mm in radius was s l i d 
on the PET specimens mounted on the glass plate at a speed of 0.25 
mm/s under loads in a range from 0.5 to 8.0 N. After a constant load 
was applied for 30 seconds, sliding was started and the fr i c t i o n a l 
force was measured using strain gauges attached to the spring plates f 

where the steel sphere was mounted at one end, while the other end 
was connected to the steel arm supported by a b a l l bearing. A steel 
b a l l for b a l l bearing was used as the steel sphere in the experiments. 
The PET specimen surfaces were abraded with 1500-grade abrasive cloth 
in water and made as clean as possible using ethylalcohol. 

Wear-Testing Apparatus and Experimental procedure. To study the 
effect of crys t a l l i n i t y on wear of PET specimens with different 
degrees of crys t a l l i n i t y , the pin-on-disk type wear-testing apparatus 
used in our previous work (5) was again employed. With this appara
tus, measurements of fr i c t i o n a l force and wear depth can be made 
continuously during the wear process. When the wear-testing appara
tus was used, experiments were carried out at a sliding speed 0.1 
m/s under a load 10 N. The PET specimens of 3 mm in diameter were 
bonded on the f l a t ends of polypropylene pins of the same diameter in 
order to mount the specimens to the pin holder and were rubbed against 
the disks made of a stainless steel (SUS 304). Finally, the f r i c t i o n 
a l surface of the disk was abraded with a 1500-grade waterproof 
abrasive cloth in water and i t had about 0.02 m c l . a . roughness. 
The diameter of the fr i c t i o n a l tracks on the disks was 5 cm. After 
the specimen was mounted to the holder, the specimen was i n i t i a l l y 
rubbed against a 6/0 grade Emery paper placed on the disk. This 
pre-rubbing was useful for allowing a uniform contact between the 
specimen surface and the disk. After the pre-rubbing, the specimen 
and disk surfaces were made as clean as possible by rubbing with a 
soft cloth wetted with ethylalcohol. A l l experiments in this work 
were carried out in the room air of 20 + 2 C and of 55 ± 10 % 
relative humidity. 

PET Specimen, The PET plate of 2-mm thick and of very low crysal-
l i n i t y was supplied by the Teijin Ltd.. By annealing the plate, the 
PET specimens of two different c r y s t a l l i n i t y ( 39 % and 55 % ) were 
obtained. On the other hand, the PET film of very high cr y s t a l l i n i t y 
( 75 % ) was also used as the specimen wich was obtained by annealing 
a film of 0.5-mm thick and of 60 % cr y s t a l l i n i t y . The original film 
was produced by Toray Industries, Inc. The cryst a l l i n i t y of 
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24. YAMADA AND TANAKA Crystallinity Effect on Friction and Wear 365 

specimens was determined by measuring their density and using the 
values of 1.328 g/cm3 and 1.450 g/cm3 as the values of the density of 
amorphous and crystalline phases, respectively. The c r y s t a l l i n i t y , 
density and annealing condition for the specimens are listed Table I. 

TAble I. Condition of Annealing and Crystallinity 

Specimen Conditionof Annealing Density 
(g/m3) 

Degree of Crystallinity 
( % ) 

1-0 none 1*337 8 

1-L Original, 1-0, 1.373 
Annealed; 120 C, 20 min 

39 

1-H Original, 1-0, 1.392 
Annealed; 210 C, 60 mir 

55 

2-H Original, Density 1.399, 1.417 
D.C. 60 % 

Annealed; 200 C, 90 min 

75 

Morphology of the Specimens. In order to examine the morphology of 
specimens, the sections perpendicular to the surfaces used as the 
fr i c t i o n a l surface were cut from the plate and film specimens and 
were observed by a polarizing microscope with crossed-Polaroid. 
Figures 1(a) and (b) show the polarizing micrographs of the sections 
of various specimens at a certain position under a polarizing micro
scope and those at the position turned 45 degrees from the micrograph 
(a), respectively. The structure of the specimen 1-0 i s almost amor
phous and very different from that of the other specimens, because 
any morphological structure cannot be observed in the micrographs of 
the specimen 1-0. The bright bands seen in the micrograph of the 
specimen 1-0 must be due to the local drawing during the sectionning 
process. The specimen 1-H has a spherulite structure and the 
spherulites are very small. With the specimen 1-L; however, the 
micrograph in Figure 1 (a) shows a maze-like pattern and that in 
Figure 1 (b) shows a mesh-like pattern. Thus, the specimen 1-L may 
have a structure somewhat different from the spherulite structure of 
the other semicrystalline polymers such as polyethylene and nylon. 
On the other hand, micrograph (b) of the specimen 2-H shows a 
fiber-like pattern and this may be due to a strong drawing during a 
fabrication process of the film. 

Experimental Results and Discussion 

Sliding of the Steel Sphere on Flat PET Surfaces. Figure 2 shows 
typical f r i c t i o n traces in the sliding of a steel sphere at a speed 
o.25 mm/s under a load 8 N. It i s seen that the static f r i c t i o n i s 
considerably higher than the kinetic f r i c t i o n and there i s no stick-
sli p phenomenon. Comparing the f r i c t i o n of PET with that of other 
polymers obtained in the sliding experiment (6) similar to that in 
the present work, i t was found that PET exhibited relatively lower 
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366 POLYMER WEAR AND ITS CONTROL 

Figure 1 0 P o l a r i z i n g micrographs of the s e c t i o n s of v a r i o u s PET 
specimens. The s e c t i o n s i n the micrograph (b) are turned 45 
degrees from the p o s i t i o n i n the micrograph ( a ) 0 
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24. YAMADA AND TANAKA Crystallinity Effect on Friction and Wear 367 

f r i c t i o n . The coefficient of static f r i c t i o n , ys obtained from the 
f r i c t i o n traces measured under various loads. As shown in Figure 3, 
μ 8 decreases with the increase in load and is represented by the 
relation ys<xW""n, where W i s the load. The index η was estimated to 
be respectively 0.14, 0.12, 0.14 and 0.25 for specimens 2-H, 1-H, 1-L 
and 1-0. The difference of kinetic f r i c t i o n , yfc was also proportional 
to W~n and the index η was estimated to be in the range 0.10 to 0.16. 
The values obtained show that the deformation at the contact i s 
partially elastic in the load range studied, because the index η 
should be 1/3 and 0 for perfectly elastic and plastic deformations 
respectively. Figure 4 shows the dependence of the width of f r i c 
tional track, d on the load W. the width of fr i c t i o n a l track was 
measured after sliding experiments. The values measured,d may be 
underestimated, because of the recovery of elastic deformation at the 
contact. It i s seen that d is proportional to d m in the load range 
studied. However, the data for low cryst a l l i n i t y specimen 1-L showed 
some disagreement with the line drawn in Figure 4. The data for the 
specimen 1-0 were not included in Figure 4, because i t was d i f f i c u l t 
to observe the f r i c t i o n a l track clearly. As shown in Figure 4, the 
index m was estimated to be 2.4 for a l l PET specimens. According to 
the approach by Tabor (7) the coefficient of fr i c t i o n should be prop-
proportional to W2'm ~ T , assuming that the f r i c t i o n force i s due to 
the shearing of adhesive junction at the contact and that the true 
area of contact i s given by rcd2/4 . If the value, 2.4 estimated 
above are used, i t should be expected that μ is proportional to 
y-0.17 m T h e v a i u e Q f 0.17 calculated from the f r i c t i o n a l track i s in 
relatively good agreement with the index η measured. Moreover, shear 
strength for various PET specimens i s calculated to be approximately 
15 MN/cm2. Figure 5 shows the relationship between the coefficients 
of f r i c t i o n measured at a load 8 Ν and cr y s t a l l i n i t y . It was found 
that the coefficients of static and kinetic f r i c t i o n are l i t t l e 
dependent upon cr y s t a l l i n i t y . 

Friction of PET Pins Sliding Against Stainless Steel Disk, Figure 6 
shows the variations with sliding distance in the coefficient of 
fr i c t i o n and wear depth of various specimens rubbing against stain
less steel disk. It was found that the steady state of f r i c t i o n 
appeared after the sliding distance reached several kilometers. 
Friction of the i n i t i a l stage of sliding i s generally somewhat higher 
than that during steady state of sliding. The coefficient of f r i c t i o n 
as described i n the following was obtained during the steady state 
of f r i c t i o n . The coefficient of f r i c t i o n i s plotted against the 
cr y s t a l l i n i t y in Figure 7. It seems that f r i c t i o n i s l i t t l e depen
dent upon cry s t a l l i n i t y , although i t tends to take a minimum value at 
a certain cr y s t a l l i n i t y . It is noted that PET exhibits much lower 
f r i c t i o n than nylon and polyacetal under similar sliding condition 
(5). The magnitude of the coefficient of f r i c t i o n and i t s dependence 
upon cr y s t a l l i n i t y shown in Figure 7 are different from those 
observed in the case of the sliding of a steel sphere. This must be 
due to the difference in experimental conditions. 

Wear of PET Pins Sliding Against Stainless Steel Disk. In Figure 6, 
i t i s seen that the steady state of wear following a transient state 
generally appears. The specific wear rate, Κ for various PET 
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368 POLYMER WEAR AND ITS CONTROL 

Figure 20 Typical f r i c t i o n traces in the sliding of a steel 
sphere on various PET specimens0 

0.5r-

Figure 3 0 Variations of coefficient of static f r i c t i o n , y s in the 
sliding of steel sphere with load: # ,1-0; Q ,1-L; Δ ,1-H; • 
2-H. 

1 

I . . . I 
0.5 1 5 

width of <j (xltf >jm) 
frictional track 

Figure 4. Relation between the width of fr i c t i o n a l track and load 
: Ο >1-L; Δ ,1-H; • ,2-H. 
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- 0 20 AO 60 80 
degree of crystallinity , Wc (V.) 

Figure 5„ R e l a t i o n between the c o e f f i c i e n t of s t a t i c and k i n e t i c 
f r i c t i o n , μ 8 and μ^ i n the s l i d i n g of s t e e l sphere and c r y s t a l 
l i n i t y : Q , \is; · >Mk ° 

sliding distance L (km) 

Figure 6. V a r i a t i o n s w i t h s l i d i n g d i s t a n c e i n the c o e f f i c i e n t of 
f r i c t i o n μ and wear depth h of v a r i o u s PET specimens s l i d i n g 
against s t a i n l e s s s t e e l d i s k : Ο ,1-0; Δ ,1-L; • ,1-H; # , 
2-H. 

0.5-

OA -
c 

I . ι ι . 1 . 1 . 1 
0 20 40 60 β0 100 

decree of crystallinity,**: (%) 

F i g u r e 7o R e l a t i o n between the c o e f f i c i e n t of f r i c t i o n μ of PET 
specimens s l i d i n g against s t a i n l e s s s t e e l d i s k and c r y s t a l l i n i t y . 
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370 POLYMER WEAR AND ITS CONTROL 

specimens was obtained during the steady state of wear and i s plotted 
against c r y s t a l l i n i t y Wc in Figure 8 (a) and (b), where normal and 
logarithmic scales are used in the Figure (a) and (b), respectively. 
It i s seen that the wear rate of PET increases with the increase in 
crys t a l l i n i t y , especially remarkable in the cry s t a l l i n i t y range above 
about 40 % . The fact that the relationship between log Κ and log Wc 

i s represented by a steep straight line for higher c r y s t s l l i n i t y 
range suggests that the predominant mechanism in the wear of the 
higher cr y s t a l l i n i t y PET is very different from that of the low crys
t a l l i n i t y PET. It is also noted that the specific wear rate of PET 
is generally much lower than those of nylon and polyacetal (5). It 
was found that there is a good correlation between the reciprocal of 
specific wear rate 1/K and Vickers hardness H. The Vickers hardness, 
which was measured under the condition of 1.0 Ν load and a loading 
time of 20 s, increased with the increase in cry s t a l l i n i t y . The 
reciprocal w i l l be called the wear resistance. Figure 9 shows the 
relationship between the wear resistance and Vickers hardness. 
Considering that the definite relationship between wear resistance 
and hardness for wear of polymers, i t should be remarkable that the 
wear resistance decreases with the increase in hardness. 

Optical and Electronmicroscopic Examinations of Frictional Surfaces. 
In order to obtain the infomation on the wear mechanis, microscopic 
observations of the f r i c t i o n a l tracks and worn surfaces of pins were 
made by optical and electron microscopes. It was found that the 
specimen of the lowest c r y s t a l l i n i t y was much smaller than those in 
the specimens of higher c r y s t a l l i n i t y . Figures 10(a) and (b) show 
the optical micrographs of the wear particles of the specimen 1-0 and 
of the specimen 1-L, respectively. It appears that the increase in 
crys t a l l i n i t y by a factor of about 5 causes the size of wear parti
cles to increase by a factor of 5 or more. Figures 11(a) and (b) 
show the optical micrographs of worn surfaces of the specimen 1-0 and 
1-L, respectively. With the specimen 1-0, many scratches parallel to 
the sliding direction can be seen on the worn surface and the feature 
of the worn surfaces is somewhat similar to that of other semicrys-
tal l i n e polymers rubbing against smooth steel surface (8)· On the 
other hand, the feature of worn surface of the specimen 1-L is rela
tively rough and very different from that of the specimen 1-0. 

The f r i c t i o n tracks on the disks and the worn surfaces of pins 
were observed by means of a transmission electron microscope (TEM). 
Figure 12 (a) and (b) show TEM micrographs of the worn surface of 
specimen 1-0 and 1-H, respectively. There are many long striations 
parallel to the sliding direction on the worn surface of the specimen 
1-0 and the feature is also similar to that of other semicrystalline 
polymers rubbed against smooth steel surface (5). On the other hand, 
in the case of specimen 1-H, the pitted feature surrounded by a 
boundary shown in the micrograph Figure 12(b) were frequently ob
served on the worn surface. The feature shown in Figure 12(b) seems 
to be caused by the separation of flake-like wear debris from the 
fr i c t i o n a l surface. Figures 13(a), (b) and(ç)show TEM micrographs of 
fr i c t i o n a l track on the disks rubbing against the specimens 1-0, 1-H, 
and 2-H, respectively. It i s seen that with the specimen 1-0, rela
tively coherent transferred film i s produced on the disk. The fea
ture of the transferred film i s very similar to that of the other 
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24. YAMADA AND TANAKA Crystallinity Effect on Friction and Wear 371 

\ I I I I 1 1 
0 10 20 30 40 50 

Vickers Hardness Number , Hv 

Figure 8. Variation of specific wear rate Κ of PET specimens with 
crystallinity ο 

degree of crystallinity, ( e M degree of crystallinity,^ (%) 

Figure 9„ Variation of wear resistance 1/K of PET specimens with 
Vickers hardness H v <> 

Figure 10» Optical micrographs of wear particles : (a), 1-0; (b), 
1-L » 
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372 POLYMER WEAR AND ITS CONTROL 

Figure llo Optical micrographs of the worn surfaces : (a),1-0; 
(b),l~H . 

Figure 120 Electron micrographs of the worn surfaces : (a),1-0; 
(b), 1-H . 

Figure 13. Electron micrographs of fr i c t i o n a l tacksrubbing against 
PET specimens: (a) ,1-0; (b),l-H; (c),2-H . 
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24. YAMADA AND TANAKA Crystallinity Effect on Friction and Wear 373 

semicrystalline polymers (9). On the other hand, the surfaces of the 
transferred materials are very irregularly rough in the case of the 
specimens of higher c r y s t a l l i n i t y and seems to be the roughest i n 
the case of the specimen with highest cr y s t a l l i n i t y , 2-H. 

The differences of the surface features of f r i c t i o n a l tracks and 
worn surfaces between the lowest and higher c r y s t a l l i n i t y specimens, 
which were observed by optical and electron microscopes suggest 
that the predominant wear mechanism in the specimens of the lowest 
crys t a l l i n i t y i s very different from that in those of higher crys
t a l l i n i t y . On the basis of microscopic observations, we believe that 
the wear mechanism of the lowest and higher cry s t a l l i n i t y specimens 
may be considered as follows: in the case of the specimen 1-0, the 
wear may be mainly due to the transfer which is the predominant wear 
mechanism in other semicrystalline polymers sliding against a smooth 
steel surfaces (8,9). On the other hand, in the case of PET of 
higher cry s t a l l i n i t y , the wear seems to be predominantly caused by 
the fatigue of the surface layer during sliding. As described above, 
the morphological structure of the specimens is different one another. 
However, the wear mechanism in three specimens of higher c r y s t a l 
l i n i t y i s similar as seen in crys t a l l i n i t y dependence of their wear 
rate shown in Figure 9 (b) and in the microscopic observations of 
the worn surfaces and f r i c t i o n a l tracks. Therefore, the difference 
in the morphological structures of three specimens of higher c r y s t a l 
l i n i t y seems not to play an important role in the wear mechanism 

Conclusions 

In order to study the effect of the degree of cry s t a l l i n i t y on f r i c 
tion and wear of PET, the f r i c t i o n measurements in which the steel 
sphere was s l i d on f l a t PET surfaces were carried out. Measurements 
of the f r i c t i o n and wear rate were also made on the PET pins sliding 
against a smooth steel surface at a speed 0.1 m/s under a load 10 Ν 
by means of a pin-on-disk type apparatus. The PET specimens of four 
different c r y s t a l l i n i t y (8, 39, 55 and 75 % ) were used in the present 
work. The specimen of the lowest cr y s t a l l i n i t y had a structure 
similar to an amorphous polymer, while two specimens of c r y s t a l l i n i t y , 
39 % and 55 % had a spherulite-like structure. The highest crys

t a l l i n i t y had a fiber-like structure. Conclusions obtained are as 
follows : 
(1) The f r i c t i o n was l i t t l e dependent upon crystallinity» 
(2) The wear rate increased with the increase in cry s t a l l i n i t y and 

especially remarkable in the cr y s t a l l i n i t y range above about 40%· 
(3) The relationship between the reciprocal of specific wear rate and 

Vickers hardness for various PET specimens was expressed by a 
straight line and the reciprocal decreased with the increase in 
hardness* 

(4) The wear in PET of low cry s t a l l i n i t y as small as 8 % was mainly 
due to transfer of PET to the counterface, while the wear of PET 
with higher c r y s t a l l i n i t y i s different from that of PET with the 
lowest cr y s t a l l i n i t y and seemed to be mainly caused by fatigue 
during sliding. 

(5) The difference in wear mechanisms for PET specimens of the lowest 
and higher cry s t a l l i n i t y i s essentially due to the difference in 
morphological structures. 
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25 
Wear of Poly(ethylene terephthalate) Monofilaments 

B. J. Briscoe1, T. K. Wee1, A. Winkler1, and M. J. Adams2 

1Department of Chemical Engineering and Chemical Technology, Imperial College, 
London, England 

2Unilever Research, Port Sunlight Laboratory, Port Sunlight, Merseyside, England 

The f r i c t i o n a l force between poly(ethyleneterephthalate) 
monofilaments (PET) and between PET sliding over glass 
or human hair fibres has been found to depend on the 
sliding distance. This non-stationarity can be descri
bed using linear or exponential functions of time and 
provides a sensitive means of detecting very low levels 
of wear which occur at normal loads considerably less 
than that required to produce plastic deformation. There 
is a close relationship between the extent of damage 
and the magnitude of the microslip which precedes a slip 
phase during the intermittent sliding. Microslip is 
probably the result of a sequence of adhesive junction 
ruptures prior to the catastrophic s l i p and effectively 
increases the sliding distance and hence the interfibre 
wear. At comparable normal loads, both the microslip 
and damage increases with the imposed sliding velocity. 

The wear of fine monofilaments when they slide over one another has 
important practical consequences in the deformation behaviour and the 
durability of fibrous assemblies. The fri c t i o n a l forces at the 
internal micro-contacts provide the local restraints which generate 
the cohesive response of the assembly. The f l e x i b i l i t y of ropes and 
the tactile properties of fabrics are in many respects governed by 
these local forces. The fr i c t i o n a l work produces surface damage and 
wear; hence the macroscopic response of an assembly is modified by 
deformation. Ultimately the damage is sufficient to undermine the 
strength of the fibres and the assembly strength is weakened. 

The measurement of surface damage at monofilament contacts i s 
problematical. Usually such filaments are small (ca. 15 ym in dia
meter) and the contact areas are in the submicron range. Direct 
measurement of mass loss is impracticable and electron microscopy is 
particularly subjective. We have found that the measurement on the 
fric t i o n a l force provides an indication of the damage produced 
during the sliding of one fibre over another. The procedures for 
monitoring the change in f r i c t i o n are described in this paper. It 
has not proved practicable to make comparisons between the trend in 

0097-6156/85/0287-0375$06.00/0 
© 1985 Amer i can Chemica l Society 
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376 POLYMER WEAR AND ITS CONTROL 

the f r i c t i o n a l force and the damage detected in a scanning electron 
microscope; invariably the surface damage produced during sliding is 
so small that no worthwhile quantitative assessment can be made. 

Actually, the data to be described in this paper are not p r i 
marily designed to monitor surface damage directly rather the 
influence that this damage has on the static f r i c t i o n of monofilament 
contacts. The acquisition of these data are an i n t r i n s i c part of an 
attempt to model the mechanical properties of non-woven monofilament 
assemblies. An assembly of this type accommodates a macroscopic 
strain by two means which involve internal motion in an element of 
monofilament which is strained locally by at least two contacts with 
adjacent monofilaments. The element may distort between fixed con
tact points. At high strains, however, the stresses on the contact 
points induce relative motion between monofilaments; the c r i t i c a l 
stress is produced by the f r i c t i o n at the point contact. 

In practice the f r i c t i o n a l characteristics of monofilament con
tacts is complex. The magnitude of the force is governed by stocha
st i c processes and is not single valued. In addition there is a 
slow creep of the contact prior to failure. The most probable 
value of the f r i c t i o n a l force does, however, follow the trends seen 
in larger contacts; i t varies with load and surface topography in a 
predictable manner. A particularly important feature of these con
tacts, in the context of assembly modelling, is that the most prob
able value of the f r i c t i o n a l force changes with the extent of the 
relative displacement of the contact. It is the analysis of these 
changes which i s the subject of the present paper. 

Experimental Techniques 

A f u l l account of the experimental method and general data analysis 
has been reported elsewhere (1-4). A brief summary of the features 
relevant to the present work i s useful. 

Poly(ethyleneterephthate), PET, fibres were supplied by Imperial 
Chemical Industries Limited, Harrogate with various titania contents 
although the work described w i l l be restricted to systems with nomi
nally zero titania contents. Typical fibre radii ranged from 15-20 
pin. They were cleaned by Soxhlet extraction with petroleum ether. 
The precise diameter of the fibres was measured optically and the 
bending modulus of each fibre was computed by measuring i t s deflec
tion under a series of bending moments (2); (see Figure l a ) . Simple 
beam theory gives the deflection Ah under a load W imposed at a dis
tance I from the fixed end as: 

Ah = W£3/(3EI) (for small deflections) (1) 

where Ε is a composite longitudinal modulus and I is the second mom
ent of area normal to the fibre axis. Since I is given by irr^/4, 
where r is the radius, the deflection is a sensitive function of r 
and hence the need for individual characterisation. In the present 
work the small deflection approximation is accurate. 

The calibration procedure provides the basis for the construc
tion of the f r i c t i o n experiment. Figure lb is a schematic diagram 
of the apparatus. One fibre is incarcerated under a slight tension 
at both ends (fibre 1). The second fibre (fibre 2) is held ri g i d l y 
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25. BRISCOE ET AL. Wear of Poly (ethylene terephthalate) Monofilaments 3ΊΊ 

at one end only and positioned orthogonally over fibre 1. Both 
fibres are mounted in a series of instrumented manipulation stages 
beneath an optical microscope (magnification χ 100). Figure 2 is 
pressed against fibre 1 and the normal load computed using Equation 
1. A complication in small contacts is that the autoadhesive load, 
which may be accurately measured by reversing the normal load and 
imposing a tensile force on the contact, is comparable with the 
applied load imposed by the bending moment. We w i l l not discuss this 
point further and only state that the loads reported here are the 
sums of the applied load and the magnitude of the measured autoadhe
sive force (2). Relative motion of the contact point is achieved 
by moving fibre 1 in a direction coincident with i t s axis. Various 
imposed velocities were studied but the data given here are mainly 
for an imposed velocity of 29 yms~l. The fr i c t i o n a l force produces 
a discontinuous motion of the contact point. 

The f r i c t i o n a l force as a function of time was determined from 
the tangential bending of the fibre using elastic beam theory. An 
optical microscope, to which was attached a photodiode array, was 
used to sense the position of the contact and hence the flexural dis
placement. The array used was of the IPL M series of linear photo-
diodes manufactured by Integrated Photomatrix Limited. It had 
integrated scanning circuitary with variable scan rate and 512 
diodes with a pitch of 2.58 χ 10"^ cm. The array was interfaced to 
an 8-bit microprocessor which reduced the effective number of diodes 
to 256 ( f u l l resolution required a 16-bit microprocessor). The scan 
rate was set at 5 Hz which meant that a diode was scanned every _^ 
384.6 ys. The same scan rate was used when the velocity was 3.6yms 
except that only every seventh point was retrieved to reduce the num
ber of data points to an acceptable level; a typical experiment at 
this velocity had a duration of about 3 hours. The primary data were 
recovered directly by a microcomputer and stored on diskette. It was 
then transferred to a main frame computer for subsequent processing. 
The d i g i t a l output of the array was calibrated using a stage micro
meter; i t was found that each diode corresponded to 5.79 ym in real 
space. 

Data Analysis 

A schematic representation of the contact motion is shown in Figure 
2. The motion is a sequence of apparent stick events, where there 
is no pronounced relative motion, followed by a brief period of rapid 
sliding of the order of one meter per second; the s l i p event. In 
this work we have discovered that some relative motion of the contact 
also occurs in the stick event although the average velocity is 
small; perhaps a few microns, although i t is not the classical micro-
sl i p which involves relative motion of distances which are a fraction 
of the contact diameter (.5) . In the present work, the contact often 
moves though many contact diameters before gross s l i p occurs at the 
c r i t i c a l junction rupture stress. 

Our analytical techniques provide several results. In summary 
they define: 

(i) The s t a t i s t i c a l representations of various characteristic 
points in the data, particularly the s t a t i s t i c a l distributions of the 
static f r i c t i o n a l force. 
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378 POLYMER WEAR AND ITS CONTROL 

Figure l a : A schematic diagram of the technique adopted to apply normal loads and 
detect frictional forces. A force W, applied on the fibre beam whose length is R 
produces a deflection Ah. Figure lb: A simplified outline of the basis of the 
friction experiment. One fibre (1) which is held in tension restrains the bending 
force of a cantilevered fibre (2). A deflection Ah produced a normal load of W at 
the point contact. The cantilevered fibre is i n i t i a l l y at A and moves to the region Β 
when fibre 1 is translated along i t s axis from left to right. A reversal of this 
translation moves the fibre 2 to the region C. Discontinuous motion is recorded in 
the regions Β and C by an optical device. 

Time 
Figure 2. A schematic trace of the stick-slip movement detected in regions A and Β 
(Figure lb) shown as frictional force or displacement against lapsed time. The point 
A (Figure lb) is the origin of this trace and the region ΒΒ' is normally the stick 
phase and B'B" the slip phase. The quantities F and t respectively the static 
friction and period. 
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25. BRISCOE ET AL. Wear of Poly (ethylene terephthalate) Monofilaments 

( i i ) The extent of m i c r o s l i p i n the s t i c k phase, 
( i i i ) The v a r i a t i o n of the mean or most probable value of the 

s t a t i c f r i c t i o n as a f u n c t i o n of time. 
The d e t a i l s of the f i r s t two of these a n a l y t i c a l methods and 

t h e i r a p p l i c a t i o n to s i m i l a r data are dep ic ted i n another p u b l i c a t i o n 
(4) . 

Experimental Results 

F i g u r e 3 shows a histogram of the measured s t a t i c f r i c t i o n of a mono
fi l a m e n t contact. Also i n c l u d e d i n t h i s f i g u r e i s the best s t a t i s t i 
c a l f i t which i s a gamma d i s t r i b u t i o n . Most PET contacts are best 
described by gamm d i s t r i b u t i o n s . This p a r t i c u l a r example i s f o r a 
case where r a t h e r l i t t l e damage to the contact i s observed; that i s 
the most probable value of the f r i c t i o n at the s t i c k - s l i p t r a n s i t i o n 
i s not a strong f u n c t i o n of time or displacement. When a strong 
trend of t h i s type i s present the q u a l i t y of comparison between expe
riment and a best gamma f i t i s s i g n i f i c a n t l y reduced and higher con
f i d e n c e l e v e l s are r e q u i r e d . This aspect of data f i t t i n g w i l l be 
discussed l a t e r when the reason f o r t h i s l o s s of f i t t i n g c a p a b i l i t y 
w i l l be apparent; i t does however a r i s e because the f r i c t i o n a l f o r c e 
i s s l o w l y changing w i t h time. This p o i n t w i l l now be examined 
f u r t h e r . 

A set of s t a t i c f r i c t i o n data which contain a trend are shown 
i n F i g u r e 4. These data are s a i d to be non- s t a t i o n a r y . The e x i s 
tence of these trends may be demonstrated using e i t h e r s e r i a l c o r r e 
l a t i o n a n a l y s i s or a p e r i o d i c data averaging technique known as the 
' r u n - t e s t 1 . S e r i a l c o r r e l a t i o n i n v o l v e s c a l c u l a t i o n of the auto
c o r r e l a t i o n c o e f f i c i e n t r ^ at a l a g k, which i s a measure of the 
c o r r e l a t i o n between events at a di s t a n c e k apart, and i s given by: 

N-k 
Σ (χ -χ) ( Χ , ^ - Χ ) 

= t= l 
k Ν 9 

Σ ( χ - χ Γ 
t = l 

(2) 

Ν 
Σ χ ± 

where χ i s the mean : t=l and Ν i s the number of events. 
Ν 

I f a time s e r i e s i s approximately random, then f o r l a r g e N, r, - 0; 
the c o e f f i c i e n t s of such a s e r i e s would be expected to l i e between 
+_ 1.96//N-1. Correlograms of non-stationary data are c h a r a c t e r i s e d 
by r e l a t i v e l y l a r g e values of r ^ that slowly converge to zero as k 
inc r e a s e s . Although t h i s technique i s s t r i c t l y only v a l i d f o r 
events o c c u r r i n g at f i x e d i n t e r v a l s (e.g. i n time), i t can be used to 
a f i r s t approximation f o r events o c c u r r i n g randomly i n time (6) such 
as the s t a t i c f r i c t i o n a l f o r c e values generated i n the present expe
riments . 

Figure 5 shows two examples of such an a n a l y s i s ; non-stationary 
behaviour i s c l e a r l y evident. L i t t l e , other than a trend e x i s t s can 
be i n f e r r e d from t h i s a n a l y s i s (7) although an a u t o c o r r e l a t i o n 
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380 POLYMER WEAR AND ITS CONTROL 

120 

105 4 

χ 

Figure 3 A t y p i c a l experimental frequency d i s t r i b u t i o n f o r PET 
contacts (continuous l i n e ) . The a b s c i s s a i s i n d i s p l a c e 
ment u n i t s which are p r o p o r t i o n a l to the s t a t i c f r i c t i o n 
F (Figure 2 ) . The ordinate i s the frequency f o r a sample 
of 500 measurements of F. A c a l c u l a t e d gamma frequency 
d i s t r i b u t i o n (95% confidence χ 2 t e s t ) i s shown as a 
broken l i n e . 

 P
ub

lic
at

io
n 

D
at

e:
 S

ep
te

m
be

r 
12

, 1
98

5 
| d

oi
: 1

0.
10

21
/b

k-
19

85
-0

28
7.

ch
02

5



BRISCOE ET AL. Wear of Poly (ethylene terephthalate) Monofilaments 381 

Time / sec 10° 
Figure 4 S t a t i c f r i c t i o n a l f o r c e , i n a r b i t r a r y u n i t s , against 

lapsed time. Each p o i n t represents one value of s t a t i c 
f r i c t i o n . The trend obtained by l e a s t mean squares i s 
shown.  P

ub
lic

at
io

n 
D

at
e:

 S
ep

te
m

be
r 

12
, 1

98
5 

| d
oi

: 1
0.

10
21

/b
k-

19
85

-0
28

7.
ch

02
5



382 POLYMER WEAR AND ITS CONTROL 

length (a value of for an arbitrary value of k) may be readily 
computed. A number of Γ^0<· = 20) values are listed in Table I and 
a trend is noted (see later). 

A more useful approach is the run test which is a simple non-
parametric test that is equally valid for point processes and time 
series. The data aredivided into a number of equal domains and for 
each region a s t a t i s t i c , e.g. the mean, variance or mean square 
value, is calculated. The median of these values is calculated and 
the number of times the s t a t i s t i c lies above or below the median 
determines the stationarity of the data. The test can be used as a 
criterion for independence using tables of the run distribution (8). 

In principle i t is possible to account for this non-stationarity 
by f i t t i n g a bivariate distribution i n F and t where t is the dura
tion of sliding. A much simpler alternative, However, was used in 
practice. This involved f i t t i n g a regression model to the data and 
correcting these data to make them independent of time. Linear and 
exponential regression were adequate for this purpose, viz: some of 
the data could be regressed with one or another of the following 
equations : 

F(t ) = a + b t (3) c c 
F(t ) = a 1 exp (b't ) (4) 

c c 
Thence the modified detrended data F (t ) are given by: 

m c 
F (t ) = F(t ) - bt (5) 
m c c c 
AnF (t ) = AnF(t ) - b f t (6) 

m c c c 
There is no theoretical basis for these equations but i t was found 
that much of the detrended data could then be fit t e d to particular 
distributions. One of the values of these empirical relationships 
is that they allow a point-wise correction of data in time. Essen
t i a l l y the data may be normalised to zero time. Data treated in this 
manner are found to show better comparisons with calculated gamma 
distributions. In the context of this paper these f i t t i n g equations 
provide a means of quantifying the rate of damage induced in the con
tact. Table I shows a set of b values generated using Equation 5. 
The data are for a fixed relative velocity (29yms~^) and i t is seen 
that b is an increasing function of the normal load. These para
meters are plotted in Figure 6. 

Microslip can be quantified by any one of the' equivalent bases 
relating to the stick phase: time, displacement or velocity by cal
culating the difference between the real and theoretical values of 
that property. The most convenient equation is based on displacement 
in which case microslip is defined as: 

V t - x 
ε = -2 - 1 - 1 i (7) 

V t m t m 
V m is the imposed sliding velocity and χ and t are the mean values 
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Figure 5 Correlograms of almost stationary random data (a) and 
random data which are non-stationary (b). Non-stationary 
data are characterised by fi n i t e values of the autocorre
lation coefficient r, even at large value of the lag, k. 

Table I. Data for Cleaned PET-PET Contacts 

Load/ Microslip V ° - U Autocorrelation 
^ ε μ Ν · 8 * Coefficient 

0.38 
0.48 
0.66 
0.98 
1.13 
1.61 
2.46 

0.28 
0.22 
0.18 
0.16 
0.15 
0.10 
0.08 

0.16 
0.64 
1.35 
2.10 

6.70 
9.60 

0.16 
0.28 
0.20 
0.16 
0.01 
0.18 
0.25 

* F(t) = F(0) - bt 
The parameters ε and r, (k=20) are defined in the text. 
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384 POLYMER WEAR AND ITS CONTROL 

of the displacement and period respectively (Figure 2). For ε=0 
there is unambiguous stick-slip and ε=1 represents continuous motion. 

Table I gives the values of ε for the PET fibre pairs and shows 
that the microslip decreases with increasing normal load (cf. Figure 
7). Figure 6 also displays the computed values of the microslip for 
this particular system. 

A comparison between the microslip observed for PET-PET contacts 
at sliding velocities of 29 and 145 \ims~ is made in Table II. The b 
value at 145 yms"-1- is considerably greater than that at 29 yms-1 des
pite the much higher normal force at the lower velocity which, as 
indicated above, would tend to produce greater non-stationarity. The 
ε values for sliding at 145 pms~l were also greater than those at 
29 yms~ at comparable loads except at very small loads when the 
microslip was similar (4). 

At 3.6 urns ^ the microslip was found to be zero at a l l normal loads 
investigated. The tentative conclusion is therefore that both the 
microslip and non-stationarity increase with increasing imposed 
sliding velocity. 

Table II also l i s t s some examples of non-stationarity corrections 
for other fibre combination where the fibre which is fixed at one end 
only is PET. These data show that the b values depend on the fibre 
type, as might be expected, but insufficient data has this far been 
obtained to make any general observations. 

Discussion 

Damage is detectable in terms of non-stationarity at a l l loads but is 
particularly pronounced when the normal load exceeds ca. 2 μΝ. In 
a previous study (2) we have computed that gross plastic deformation 
occurs in this type of system at about 30 μΝ in purely normal loading 
and the fr i c t i o n a l data was also consistent with this calculation; 
above a 30 μΝ load, the f r i c t i o n coefficient is not very sensitive 
to the normal load which is associated with the onset of gross plas
t i c deformation in sliding. The interesting point is that we are 
detecting appreciable damage at a load of less than one tenth of 
this value. 

There are precedents for time-dependent f r i c t i o n a l behaviour in 
large contacts. In particular the sliding of rubber on glass has 
been studied in some detail. At low sliding velocities, the f r i c t i o n 
decreases with sliding distance (9) while at higher velocities the 
converse was observed (10). The origin of these effects, however, 
is related to the deposition of lubricant material from the rubber 
to the counter-surface (10) and are therefore not close analogies to 
the present fibre system. 

Wear is a complex phenomenon, involving a wide range of possible 
processes (11) but invariably two of the most important governing 
factors are the normal load and sliding distance. At a constant 
normal load we have observed that both the non-stationarity and 
microslip increase with velocity. In terms of the adhesion model of 
fr i c t i o n , which provides a quantitative description of the fri c t i o n a l 
behaviour of PET fibres (2-3) a 'frictional event 1 is the formation 
and subsequent rupture of an adhesive junction. It is reasonable to 
suppose that these events are the underlying cause of wear. Micro-
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386 POLYMER WEAR AND ITS CONTROL 

Table II. Various b and b* Coefficients for Contacts where a PET 
Monofilament is the Cantilever 

Imposed 5 . 4 
Contacting Velocity F/ W/ b 10 _ b 1Ç 

Fibre μπι. s"~̂  μΝ μΝ μΝ.β s 

PET 29 2.50 2.34 9.60 6.00 
Glass 29 0.09 0.49 1.83 -Glass 29 0.42 0.77 - 1.52 
Human Hair 29 0.12 0.09 4.00 -
PET 145 0.19 0.15 37.12 -
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25. B R I S C O E E T A L . Wear of Poly (ethylene terephthalate) Monofilaments 387 

s l i p results from secondary junction formation following a peak 
fri c t i o n a l force in the stick phase. On this basis we may ascribe 
microslip to an effective increase in sliding distance. 

The measurements as a function of increasing normal load demon
strate that there is not a simple relationship between microslip and 
non-stationarity. Greater damage is produced during junction break
down at high loads but the microslip decreases with normal load. It 
is believed that this reduction in microslip with load is related to 
the corresponding increase in the f r i c t i o n a l force with load (4). 
This produces high bending moments and hence a relatively greater 
acceleration of the fibre after junction failure. The opportunity 
for the secondary junction formation is then reduced since the kine
t i c f r i c t i o n a l force w i l l decrease rapidly with velocity. There is 
some analogy to the dwell time effect in autoadhesion. 

Conclusions 

Small amounts of surface damage are found to produce a marked change 
in the most probable value of the static f r i c t i o n of monofilament 
contacts. This f r i c t i o n a l force or c r i t i c a l junction rupture stress 
decreases with time often in a linear manner. The rate of change is 
a function of the normal load and becomes pronounced above a c r i t i 
cal load which is about one tenth of the calculated plastic flow 
stress in normal loading. There is an empirical correlation between 
this rate of f r i c t i o n change and the extent of microslip detected in 
the contact prior to the i n i t i a t i o n of the rapid s l i p phase. At a 
constant normal load the observed rate increases with velocity. It 
is not yet possible to identify the processes responsible for the 
type of damage produced i n these fibre systems but i t has been demon
strated that f r i c t i o n a l measurements can provide a very sensitive 
means of detecting low levels of wear which may ultimately lead to a 
severe deterioration in physical properties. 
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26 
Quantitation of Nonvolatile Components from the 
Photochemical Decomposition of 
Poly(ethylene terephthalate) 

S. Krishnan1, S. B. Mitra, P. M. Russell, and G. Benz 

Central Research Process Technologies Laboratory, 3M Center, 3M Company, 
St. Paul, MN 55144 

The photochemical degradation of poly(ethylenetere-
p h t h a l a t e ) was s t u d i e d u s i n g an analytical 
spectroscopic procedure to quanti tate the water 
soluble non-volat i le products. Irradiations of f i l m 
samples were c a r r i e d out i n air, under ambient 
humidity using l ight i n the range of wavelengths from 
280 to 400 nm. Under these condit ions on ly chain 
sc i s s ions occur l ead ing to the formation of water 
extractable p h t h a l a t e r e s i d u e s . The extent of 
photodegradation was measured as the amount of water 
extractable phthalate residues. This information was 
used to study the e f f i c i e n c y of an a d d i t i v e used to 
retard photodegradation of poly(ethyleneterephthalate). 

Photochemical degradation of poly(ethyleneterephthalate) (abbr. PET) 
has been exhaust ive ly described by researchers at the N a t i o n a l 
Research Council of Canada (1-5). These reports describe the effect 
of various l ight wavelength regions on the polymer, the variations 
i n the y i e l d of v o l a t i l e decomposition products and chemical changes 
i n both the surface and bulk r e s u l t i n g from the v a r i a t i o n s i n the 
pressure and the composition of the gaseous environment around the 
sample being i r r a d i a t e d . I t has a l s o been pointed out that 
i r r a d i a t i o n s i n the presence of a i r or oxygen do not induce cross 
l i n k i n g i n the polymer ( ί , 6 - 8 ) . In t h i s study we observe that the 
photochemical chain scission in irradiated PET can be monitored by a 
procedure i n v o l v i n g aqueous ex trac t ion of a sample fo l lowed by 
u l t r a v i o l e t s p e c t r a l a n a l y s i s of the extract . Convent ional 
u l t r a v i o l e t l i g h t absorbers incorporated i n PET f i lms do not 
i n t e r f e r e i n the a n a l y s i s . We observe that the amount of water 
ex trac tab le m a t e r i a l increases with the time of exposure to 
radiat ion. 

1 Author to whom correspondence should be directed. 

0097-6156/85/0287-0389S06.00/0 
© 1985 American Chemical Society 
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390 POLYMER WEAR AND ITS CONTROL 

Experimental 

M a t e r i a l s . F i l m samples of PET were obtained from the S p e c i a l t y 
Films Divis ion of 3M Company, St.Paul, Minnesota 551*A» U.S.A. Two 
samples of thicknesses 6.3 u and 12.5 u contained no additives. A l l 
of the other samples contained varying amounts of a substituted 2,k-
dihydroxybenzophenone type (9»10) u l t r a v i o l e t l i g h t absorber. The 
dens i t i e s of the f i l m samples were i n the range 1.31 to 1.32 g/ml. 
Relat ive v iscos i t ies of 1:1 phenol:tetrachloroethylene solutions of 
PET were determined us ing a Ubbelohde viscometer at 25+ .0 .1°C. 
Intrinsic v iscosi t ies were calculated using the equation of Solomon 
( l l ) . Average molecular weights were c a l c u l a t e d using the Mark-
Houwink-Sakurada re lat ionship( l2) . 

I r r a d i a t i o n s . A QUV-accelerated weathering t e s t er (Q-Panel Co., 
C l e v e l a n d , Ohio) was used i n the experiments. This chamber was 
provided with a t o t a l of eight QFS-^0 lamps set in two arrays. The 
f i l m samples were mounted on aluminum panels (30 cm X 10 cm) and 
arranged in the chamber so that the surface of the samples were 2.5 
cm away from the surface of the lamps. Figure 1 depicts the range 
of wavelengths and the r e l a t i v e energy outputs for the lamp measured 
at 2.5 cm away from the surface of the lamp. A constant temperature 
of 60°C was set i n the chamber. A l l i r r a d i a t i o n s were done at 
ambient humidity and the lamps were switched o f f on ly for b r i e f 
periods while a sample was being withdrawn for analyses. Successive 
samples were taken out of the same location in the chamber and the 
remaining samples moved i n a queue to advance through each of the 
possible exposure positions to eventually take up the exit s l o t for 
the l a s t a l i q u o t o f exposure. This scheme enabled the samples to 
navigate through a l l possible l o c a l d i f ferences i n the r a d i a t i o n 
dosage within the chamber. 

The 50 u samples were cut into 2.5 cm X 20 cm s t r i p s and two 
s t r i p s of d i f f e r e n t f i lms were mounted on the same panel s ide by 
side. Each panel contained a s t r i p of f i l m #6 (Table I) and one 
of another 50 u sample. After irradiat ion for a specific period of 

Table I . C h a r a c t e r i s t i c s of PET Fi lms 

Fi lm# F i lm UV-Absorber Density Molecular 
Thickness Content(a) (g/ml) Weight 

1.318 19,500 
1.320 22,100 
1.315 21,201+ 

(a) 2-hydroxybenzophenone derivative (ref .9 , 10). 

time, samples for analysis were cut out of the same panel-latitude 
on both f i l m s ( F i g u r e 2). T h i s procedure as sured the same 
irradiat ion temperature and dosage for a direct comparison as we l l 
as enabled the comparison of a l l films normalized with respect to 
f i l m #6. 

(w/w I ) 

1 6.3 u 0.0 
2 12À u 0.0 
3 25.0 u 2.5 
k 50.0 u 2.0 
5 50.0 u 3.0 
6 50.0 u k.O 
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KRISHNAN ET AL. Decomposition of Polyethylene terephthalate) 

350 400 

WAVELENGTH (nm) 
450 

Figure 1. Irradiation Source: QFS-40 Lamp. 

F I L M 

ΓΖΖΙ 

CZZI 

ADHESIVE TAPE 

SAMPLE FOR 
A N A L Y S I S 

Figure 2. Mounting Film Samples. 

 P
ub

lic
at

io
n 

D
at

e:
 S

ep
te

m
be

r 
12

, 1
98

5 
| d

oi
: 1

0.
10

21
/b

k-
19

85
-0

28
7.

ch
02

6



392 POLYMER WEAR AND ITS CONTROL 

Spectra. A Perkin-Elmer H i t a c h i model 200 spectrophotometer was 
used to record a l l u l t r a v i o l e t spectra. The infrared spectra of the 
f i lms were obtained us ing a N i c o l e t FTIR-7199. The transmiss ion 
s p e c t r a o f f i l m s were o b t a i n e d from samples moistened i n 
t e t r a c h l o r o e t h y l e n e (2) and mounted between N a C l p l a t e s . 
Attennuated t o t a l re f lec t ion (ATR) spectra were taken by placing the 
exposed s ide of the f i l m i n contact with a germanium c r y s t a l at a 
k3 angle of incidence. Fluorescence from f i l m surfaces were 
measured us ing a Perkin-Elmer fluorescence spectrometer. 
The excitation beam (3^0 nm, s l i t , knm) was incident on the f i l m at 
h5° and the emission (1*00-500 nm) was measured at 90° to the 
excitation beam. 

Extraction of Non-volat i le Decomposition Products. A sample of PET 
f i l m (5-10 mg) was weighed using a Cahn 25 Automatic electrobalance 
and placed in a 10 ml volumetric flask. Deionized water was added 
to the sample and made up to the vo lumetr ic mark. The f l a s k was 
then loosely stoppered and placed in a support frame immersed in the 
water bath of a Bronson B321 u l t r a s o n i c a t o r . The water bath 
temperature was between 55 and 60°C. Af ter h a l f an hour of 
son ica t ion , the vo lumetr ic f l a s k was removed and e q u i l i b r a t e d to 
room temperature. More deionized water was added ( u s u a l l y a few 
drops, i f needed) to the volumetric f lask to make up for any loss of 
solvent due to evaporation. The absorbance of the aqueous extract 
was measured at 2^2 nm by tak ing 2 ml of the s o l u t i o n i n a quartz 
cuvette (path length , 1 cm). The sample from the cuvette was 
t rans ferred back to the vo lumetr ic f l a s k and the son icat ion was 
repeated for another h a l f hour period followed by a measurement of 
absorbance of the s o l u t i o n at 2^2 nm. The ex trac t ion was deemed 
complete and exhaustive when the absorbance of the extract at 2̂ 2 nm 
reached a maximum constant value. At least 3 samples were cut from 
different panel-latitudes and an average value of the absorbance of 
the extracts was used i n c a l c u l a t i o n s of the amount of s o l u b l e 
components extracted from the sample. A preparatory extraction was 
performed by us ing 20 g of 12.5 u PET that had been i r r a d i a t e d to 
britt leness (circa 80 hours). 

Chromatography. The material extracted from irradiated PET (12.5 u) 
was used in the chromatographic analyses. Liquid chromatography was 
performed using a Hewlett-Packard 108̂ +8 instrument with a variable 
wavelength detector. The sample solution concentration was 1 mg/ml 
i n methanol. The chromatogram was obtained by i n j e c t i n g 50 u l of 
the solution v ia a loop injector on to a 10 u ES Chromegabond MC-18 
(30 cm, h.6 cm, i .d.) column. The s o l v e n t system (MeOH-water, both 
containing 0.2$ (v /v ) HOAc) was programmed from 10$ MeOH to 100? 
MeOH i n 30 minutes. The e l u t i o n of peaks were recorded by 
cont inuously monitoring the absorbance at 2̂ -0 nm. The f low of 
solvent was stopped at the maxima of peaks and a continuous spectral 
scan of the solution i n the detector c e l l was recorded in the range 
200-350 nm. 

N o n - v o l a t i l e m a t e r i a l (ca. 5 mg) from i r r a d i a t e d PET was 
d e r i v a t i z e d using borontr i f luor ide -methano l (13) reagent. The 
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26. KRISHNAN ET AL. Decomposition of Poly (ethylene terephthalate) 393 

product was d i s s o l v e d i n 0.5 ml o f e ther and used f o r gas 
chromatographic analysis. A 0V-101 (5# on Chrom-GP, 2m X 2mm i.d.) 
column i n s t a l l e d i n a Hewlett-Packard 58^0 gas chromatograph 
inter faced through a g lass je t separator to a duPont 21-U91B mass 
spectrometer was used for the analysis. A 2 u l sample was used for 
each i n j e c t i o n and hel ium c a r r i e r gas flow was 20 ml/min. The 
e l u t i o n was temperature programmed from 100 to 330°C at 20°C/min . 
and the e f f luent was s p l i t i n two parts and channeled to "both a 
flame i o n i z a t i o n detector and the mass spectrometer. The mass 
spectrometer was operated in the electron impact mode. 

Results 

The viscosi ty average molecular weights of the PET samples used in 
this study are presented in Table I. The u l t r a v i o l e t spectra of the 
u n s t a b i l i z e d f i l m samples were s i m i l a r to those reported i n the 
l i terature (2,8). The samples that contain the u l t r a v i o l e t l i g h t 
absorber show an absorbance of > 2 for wavelengths under 365 nm. 
U n s t a b i l i z e d f i l m s became b r i t t l e a f t e r about 80 hours o f 
irradiat ion . 

The u l t r a v i o l e t spectrum of the aqueous extract from irradiated 
PET showed peaks at 195, 2^2 and 290 nm. In the exhaustive 
extraction procedure, the absorbance of the extract measured at 2k2 
nm reached a maximum v a l u e i n about 3 hours ( F i g u r e 3) o f 
sonication. The time required for the complete extraction of water 
soluble decomposition products from irradiated PET films was found 
to be the same for a l l f i l m thicknesses used i n t h i s study. The 
amount of water soluble decomposition products that absorb l ight at 
2̂ 2 nm was formed at a greater rate in the unstabilized films than 
in the films containing the u l t r a v i o l e t l ight absorber. Extraction 
of control samples, oven aged in the dark for the same duration as 
the i r r a d i a t e d f i lms y i e l d e d so lu t ions that have n e g l i g i b l e 
absorbance at 2̂ 2 nm. 

Fluorescence from the i r r a d i a t e d surface of 12.5 u PET f i lms 
increased with exposure time. The emission spectrum contained a 
single peak at k60 nm (lk). For the unstabilized 12.5 u PET f i l m a 
number of broad bands in the 3600-2500 cm region were observed in 
both transmiss ion and ATR i n f r a r e d spectra . Figures ^,5, and 6 
depict the trends with increasing exposure periods. The viscos i ty 
average molecular weights decreased rapidly in the i n i t i a l stages of 
irradiat ion (Figure 7). 

L i q u i d chromatography of the MeOH s o l u t i o n of the m a t e r i a l 
isolated from irradiated PET required the solvent system be spiked 
with ac id (HOAc) to get c l o s e to i d e a l peak shapes on the e l u t i o n 
prof i l e . There were four major components in the extracted mixture. 
The u l t r a v i o l e t spectra of a l l these compounds obtained through the 
"stop-scan" procedure contained peaks around 2h0 and 290 nm (Figure 
8). Gas chromatographic mass spectral analysis of the methyl esters 
showed three major compounds. Table II l i s t s the retention times, 
mass spectra of compounds and the structures assigned to the parent 
compound or the larges t fragment observed on the mass spectrum. 
Compounds e l u t i n g from the column at temperatures above 300°C 
y i e l d e d poor mass spectra as the t rans fer l i n e s i n c l u d i n g the jet 
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394 POLYMER WEAR AND ITS CONTROL 

0 50 100 150 200 
MINUTES OF ULTRASONICATION 

56 HR. EXPOSURE 

Ο Ο 

40 HR. EXPOSURE 

16 HR. EXPOSURE 

Λ Ο Ο 

Τ "Τ Ι 

Figure 3. Exhaustive Ultrasonic Extraction. 

Figure 4. FT-IR Subtraction Spectra. 
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KRISHNAN ET AL. Decomposition of Poly(ethylene terephthalate) 

120 
IRRADIATION TIME (hours) 

Figure 5. Changes in Infrared Transmission. 

Figure 6. Changes in Attennuated Total Reflection (Infrared). 
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25000 Ί 

20000 

15000-

ι ο ο ο ο Η 

12.5 u PET 

E3 

Η Η g, Η 13 

5000 Η 1 \ 1 1 1 
0 20 40 60 80 100 

IRRADIATION TIME (hours) 

Figure 7. Molecular Weight vs. Time. 

240 nm 

RETENTION TIME ( m i n u t e s ) 

Figure 8. Liquid Chromatographic Analysis. 
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26. KRISHNAN ET AL. Decomposition of Poly(ethylene terephthalate) 397 

separator had been maintained at 300°C. The highest mass fragment 
observed on the mass spectrum of the l a s t major peak on the 
chromatogram had an m/e value of 577. 

Discussion 

The major non-volat i le materials isolated from photooxidized PET are 
acidic compounds. This necessitated the use of acid spiked solvent 
system for the l i q u i d chromatographic separat ion of the mixture. 
A l l the major compounds separated on the l iqu id chromatogram showed 
typ ica l phthalate u l t r a v i o l e t absorption spectra with peaks at 2^0 
and 290 nm (inset, figure 8). Three major compounds are observed on 
the GC-MS chromatogram (Table II) . The larges t mass s p e c t r a l 
fragment (m/e=577) can be accounted for on the basis of a parent 

Table II. Gas Chromatographic Mass Spectrometry 

Retention Mass 
Time Spectrum 

(minutes) m/e ( r e l . i n t . ) 

5.92 

8.21+ 

13 AO 

19M17) 
163(100) 
135(19) 
103(12) 
76(7) 

252(3) 
221(2) 
163(100) 
11+9(10) 

577(1.5) 
385(3) 
359(3.5) 
3fcl(26) 
221(25) 
193(100) 

Structure 
(Compound or Fragment) 

H 3 C00C-C 6 H^-C00CH 3 

H3C00C-C6H1 |-C00CH2C00CH3 

H 3C(OOC-C 6H 4-COOCH 2CH 2)^| _ 
H3COOC-C6H4-COO-J 

compound with at l eas t three aromatic n u c l e i . This i s a d i r e c t 
evidence for B ia i s 1 calculated value of 3 repeat units per polymer 
chain on the i r r a d i a t e d (555 hours, Xenon arc) surface of PET (5.). 
The s tructures deduced for the methyl esters (Table II) show that 
photooxidation of PET r e s u l t s i n both aromatic and a l i p h a t i c 
carboxylic acid groups. 

The procedure used to quanti tate the amount o f extracted 
phthalate i n v o l v e d an estimate of a gravimetr ic e x t i n c t i o n 
coefficient for the phthalate peak around 2h0 nm in the absorption 
spectra (Table III) . An average e x t i n c t i o n c o e f f i c i e n t of 106.8 
ml/mg.cm was used to convert the absorbance values into amounts of 
phthalate residues extracted from 1 mg of irradiated f i lm (soluble 
fraction). 
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398 POLYMER WEAR AND ITS CONTROL 

Table III. Extinction Coefficients of Phthalates 

Compound Abs.Max. M •''cm x mlmg cm 
(nm) 

Terephthalic acid 2kl 17,500 105.h 
Dimethylterephthalate 21+1 20,630 106.3 
PET(a) 2kh 23,880 108.6 

(a) Cheung, P-S.R.; Roberts, C.W. J. Appl. Polym. S c i . 1979, 2l+, 
1809. 

Plots of t h i s s o l u b l e f r a c t i o n from i r r a d i a t e d PET versus 
exposure periods are shown i n Figures 9 and 10. The amounts of 
extractable non-volatile products i n i t i a l l y showed a linear increase 
with irradiation time and then decreased to almost a constant value 
at longer exposure times. The y-va lues at these plateaux (Figures 9 
and 10) can be recognized as i n v e r s e l y proportional to the f i l m 
t h i c k n e s s e s . When the d e n s i t i e s of the samples are not 
significantly different from one another, the same weight of 6.3 u 
fi l m has about four times the surface area exposed to radiation as 
the 25 u f i l m and twice as the 12.5 u f i l m . The 25 u f i l m 
containing the s t a b i l i z e r undergoes degradation at a much slower 
rate and takes a much longer period of exposure to produce the same 
amount of photodegradation products from the same unit surface. 

Fluorescence from the surface of i r r a d i a t e d PET has been 
ascribed to the product from the hydroxylation of the aromatic ring 
in the polymer (lip. The increase in the fluorescent emission (1+60 
nm) from the i r r a d i a t e d surface of the 12.5 u f i l m (Figure 11 ) i s 
similar to the data available from the literature (3). Hydroxy lation 
of the aromatic ring during the photooxidation of PET introduces a 
c o n t i n u a l l y i n c r e a s i n g s u r f a c e c o n c e n t r a t i o n of the 2-
hydroxyphthalate function. The 2-hydroxyphthalate group can act as 
a u l t r a v i o l e t screen by f i l t e r i n g light at the surface. This group 
may a l s o act as a u l t r a v i o l e t l i g h t absorber through mechanisms 
involving the dissipation of energy i n Keto-Enol interconversion 
(15). These factors operate to produce a steep, linear increase in 
fluorescence at f i r s t and then a decrease i n emission at longer 
exposures (Figure l l ) . 

Comparative FT-IR spectroscopy of the 12.5 u samples i s i n 
agreement with the results of the extraction study on photoxidised 
PET. Representative subtraction spectra of control PET films from 
i r r a d i a t e d ones are shown i n Figure h. A number of broad bands i n 
the 3600-2500 cm" region are t y p i c a l hydroxyl and carboxy 0-H 
stretching vibrations (l6). Similar bands have been reported i n the 
l i t e r a t u r e for PET films i r r a d i a t e d with Xenon and carbon arc 
radiation(£). The progressive increase i n hydroxyl and carboxyl 
groups upon exposure is qualitatively evident from Figure h. The 
band centered at 3270 cm*3- was assigned to carboxyl 0-H stretching 
mode(l6) and i t s increase was plot t e d against i r r a d i a t i o n time i n 
Figure 5. The band centered around 3500 cm was assigned (17) to 
hydroxyl group and was a l s o s i m i l a r l y p l o t t e d (Figure 5 ) · Both 
curves show profiles analogous to that observed for the increase i n 
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Figure 9. Soluble F r a c t i o n vs. Time. 

I— 
40 

I 
80 

4.On 

3.OH 

2 . OH 

1.0H 

0 . 0 -

25 u PET, UVA STABILIZED 

ο ο 

o^oo 

ο 
• Λ 

ο ο 

ο ο 

1 1 1 1 1 
50 100 150 200 250 

IRRADIATION TIME (hours) 
Figure 10. Soluble F r a c t i o n vs. Time. 
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400 POLYMER WEAR AND ITS CONTROL 

fluorescence and the amount of extractable material. The results of 
the ATR subtraction spectra (Figure 6) also show comparable plots. 
The decrease in molecular weight (Figure 7) indicates the absence of 
cross -linking. 

The procedure of exhaustive extraction followed by analytical 
spectroscopy of the aqueous extract was applied to determine the 
increase i n p h o t o s t a b i l i t y when the u l t r a v i o l e t l i g h t absorber 
content i n the 50 u PET f i l m i s increased from 2 to k % (w/w). 
Figure 12 shows the v a r i a t i o n of the s o l u b l e f r a c t i o n with the 

12.5 u PET 

• • • • 
Ι 9 Π Π J 

< Œ \— »H CD . 
cr toooH 
< 
ε c 
ο 
CO 

co 
CO Σ 
LU 

(EXT. WAVELENGTH = 340 nm) 

20 40 60 80 
IRRADIATION TIME (hours) 

100 

Figure 11. Fluorescence from Exposed Surface. 
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IRRADIATION TIME, 200 hours 
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12. Soluble Fraction vs. UV-Absorber Content. 
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26. K R I S H N A N E T A L . Decomposition of Polyfethylene terephthalate) 401 

increasing amounts of UV absorber content in the f i lm. As expected 
there is a decrease in the ex tractab le mater ia l (and hence an 
increase in photooxidative s tab i l i ty ) as the UV absorber content is 
increased. The slope of the regression l ine is a determinant of the 
efficiency of the additive. 

Conclusion 

Under photooxidative conditions where no cross - l inking occurs, the 
water e x t r a c t a b l e n o n - v o l a t i l e r e s i d u e s p r o v i d e a f a c i l e 
quant i ta t i ve means of studying the photodegradation of PET. This 
method could conce ivably be adapted for f ibers as w e l l . The 
r e l a t i v e e f f i c i e n c y of photostabi l i sers and/or their combinations 
inc luded i n PET can be determined from the rates of formation of 
extractable non-volat i le products after a short duration of exposure 
to radiat ion . 

Acknowledgments 

The authors thank Joseph N.Schroepfer and Craig G.Markell for their 
s k i l l e d assistance in chromatographic analyses. 

Literature Cited 

1. Carlsson, D.J.; Wiles, D.M. In "Ultraviolet Light Induced 
Reactions in Polymers"; Labana, S.S., Ed.; ACS Symposium Series 
No. 25 , American Chemical Society: Washington, D.C., 1976; p 
321. 

2. Day, M.; Wiles, D.M. J. Appl. Polym. Sci. 1972, 16, 175. 
3. Day, M.; Wiles, D.M. J. Appl. Polym. Sci. 1972, 16, 191. 
4. Day, M.; Wiles, D.M. J. Appl. Polym. Sci. 1972, 16, 203. 
5. B i a i s , P.; Day, M.; Wiles, D.M. J. Appl. Polym. S c i . 1973, 17, 

1895. 
6. Stephenson, C.V.; Moses, B.C.; Burks, R.E.; Coburn, W.C.; 

Wilcox, W.S. J. Polym. Sci. 1961, 55, 465. 
7. Stephenson, C.V.; Wilcox, W.S. J. Polym. Sci. 1963, A1, 2741. 
8. Marcotte, F.B.; Campbell, D.; Cleaveland, J.A.; Turner, D.T. 

J. Polym. Sci. 1967, A1, 5, 48l. 
9. Wear, R.L. U.S. Patent 3 580 927, 1971. 
10. Wear, R.L. U.S. Patent 3 666 713, 1972. 
11. Solomon, O.F.; Gotesman, B.S. Makromol. Chem. 1967, 104, 177. 
12. Rudin, A. "Elements of Polymer Science and Engineering", 

Academic Press, New York, 1982; p 98. 
13. H a l l a s , G. J. Chem. Soc. 1965, 5770. 
14. Pacifici, J.G.; Straley, J.M. J. Polym. Sci.1969, B7, 7. 
15. Valk, G.; Kehren, M.L.; Daamen, I. Die Angew. Makromol. Chemie 

1970, 13, 97. 
16. Conley, R.T. "infrared Spectroscopy", A l l y n & Bacon, Inc., 

Boston, 1972; p 129, 160. 
17. Patterson, D.; Ward, Ι.Μ. Trans. Faraday Soc. 1957, 53, 291. 

RECEIVED January 23, 1985 

 P
ub

lic
at

io
n 

D
at

e:
 S

ep
te

m
be

r 
12

, 1
98

5 
| d

oi
: 1

0.
10

21
/b

k-
19

85
-0

28
7.

ch
02

6



Author Index 

Adams, M. J . , 375 
Anderson, J . C , 315 
Aron, Paul R., 287 
Atkinson, J . R., 171,215 
Bahadur, S., 253 
B e l y i , V. Α., 205 
Benz, G., 389 
Boundy, R. R., 129 
Bri s c o e , B. J . , 151,303,375 
Buckley, Donald H., 287 
Chow, T. S., 67 
Czichos, Horst, 3 
Dowson, D., 171,215 
E i s s , J r . , N. S., 59,135 
El-Hady Diab, Μ. Μ., 171 
Fukushima, Toshio, 347 
G i l l i s , B. J . , 171,215 
Good, Robert J . , 39 
Jones, J . W., 135 
Kimball, D. J . , 129 
Kirpichenko, Yu. E., 333 

Krishnan, S., 389 
Lee, Lieng-Huang, 27,77 
L i p s h i t z , Harold, 229 
M i t r a , S. Β., 339 
Motohashi, K e n j i , 347 
Nevzorov, V. V., 205 
Potter, I I I , J . R., 59 
R u s s e l l , P. Μ., 389 
Shoraka, Fereydoun, 39 
S t o l a r s k i , Τ. Α., 303 
Sutor, Paul, 269 
Sviridyonok, A. I., 333 
Tabor, D., 253 
Tanaka, K y u i c h i r o , 103,363 
Vincent, H. L., 129 
Wee, T. K., 375 
Williamson, P. K., 315 
Winkler, Α., 375 
Yamada, Y o s h i n o r i , 103,363 
Yasuda, Η. K., 89 
Zhang, S. W., 189 

Subject Index 

A 

Abraded metal surfaces, e f f e c t on wear 
rate of HDPE, 255 

Abrasion 
rubber, by a l i n e contact, 189-202 
test parameter, p r e d i c t i n g 

i n - s e r v i c e bearing l i f e , 316 
Abr a s i o n - r e s i s t a n t coatings f o r 

p l a s t i c s ubstrates, 129-34 
Abrasive c u t t i n g , mechanisms of 

polymer wear, 59 
Abrasive s l u r r y , e f f e c t on wear rate 

of polymers, 316 
Abr a s i v e - t r a n s f e r modes, t r a n s i t i o n 

between, PTFE, 159 
Abrasive wear 

γ-irradiated PTFE, 158f 

Abrasive wear—Continued 
m u l t i p l e a s p e r i t y contacts, 

PTFE, 153 
polymer wear mechanisms, 31-32 
polymeric t i b i a l components, 225 
PTFE, 152 

A b s o r p t i o n - r e f l e c t i o n thickness IR 
spectroscopy (QUARTIR), 
q u a n t i t a t i v e , polymer wear 
a n a l y s i s , 297 

A c r y l i c cement, p a r t i c l e s , wear of 
polymeric t i b i a l components, 225 

Ac t i v e a d d i t i v e s , e f f e c t of, 
HDPE-metal t r a n s f e r fragments, 210 

Adhesion 
e f f e c t on polymer wear, 3-26 
f i b r i l - c r a z e model, 43 
i n i t i a l f r i c t i o n a l behavior, 

polymer-polymer p a i r s , 21 

405 

 P
ub

lic
at

io
n 

D
at

e:
 S

ep
te

m
be

r 
12

, 1
98

5 
| d

oi
: 1

0.
10

21
/b

k-
19

85
-0

28
7.

ix
00

1



Author Index 

Adams, M. J . , 375 
Anderson, J . C , 315 
Aron, Paul R., 287 
Atkinson, J . R., 171,215 
Bahadur, S., 253 
B e l y i , V. Α., 205 
Benz, G., 389 
Boundy, R. R., 129 
Bri s c o e , B. J . , 151,303,375 
Buckley, Donald H., 287 
Chow, T. S., 67 
Czichos, Horst, 3 
Dowson, D., 171,215 
E i s s , J r . , N. S., 59,135 
El-Hady Diab, Μ. Μ., 171 
Fukushima, Toshio, 347 
G i l l i s , B. J . , 171,215 
Good, Robert J . , 39 
Jones, J . W., 135 
Kimball, D. J . , 129 
Kirpichenko, Yu. E., 333 

Krishnan, S., 389 
Lee, Lieng-Huang, 27,77 
L i p s h i t z , Harold, 229 
M i t r a , S. Β., 339 
Motohashi, K e n j i , 347 
Nevzorov, V. V., 205 
Potter, I I I , J . R., 59 
R u s s e l l , P. Μ., 389 
Shoraka, Fereydoun, 39 
S t o l a r s k i , Τ. Α., 303 
Sutor, Paul, 269 
Sviridyonok, A. I., 333 
Tabor, D., 253 
Tanaka, K y u i c h i r o , 103,363 
Vincent, H. L., 129 
Wee, T. K., 375 
Williamson, P. K., 315 
Winkler, Α., 375 
Yamada, Y o s h i n o r i , 103,363 
Yasuda, Η. K., 89 
Zhang, S. W., 189 

Subject Index 

A 

Abraded metal surfaces, e f f e c t on wear 
rate of HDPE, 255 

Abrasion 
rubber, by a l i n e contact, 189-202 
test parameter, p r e d i c t i n g 

i n - s e r v i c e bearing l i f e , 316 
Abr a s i o n - r e s i s t a n t coatings f o r 

p l a s t i c s ubstrates, 129-34 
Abrasive c u t t i n g , mechanisms of 

polymer wear, 59 
Abrasive s l u r r y , e f f e c t on wear rate 

of polymers, 316 
Abr a s i v e - t r a n s f e r modes, t r a n s i t i o n 

between, PTFE, 159 
Abrasive wear 

γ-irradiated PTFE, 158f 

Abrasive wear—Continued 
m u l t i p l e a s p e r i t y contacts, 

PTFE, 153 
polymer wear mechanisms, 31-32 
polymeric t i b i a l components, 225 
PTFE, 152 

A b s o r p t i o n - r e f l e c t i o n thickness IR 
spectroscopy (QUARTIR), 
q u a n t i t a t i v e , polymer wear 
a n a l y s i s , 297 

A c r y l i c cement, p a r t i c l e s , wear of 
polymeric t i b i a l components, 225 

Ac t i v e a d d i t i v e s , e f f e c t of, 
HDPE-metal t r a n s f e r fragments, 210 

Adhesion 
e f f e c t on polymer wear, 3-26 
f i b r i l - c r a z e model, 43 
i n i t i a l f r i c t i o n a l behavior, 

polymer-polymer p a i r s , 21 

405 

 P
ub

lic
at

io
n 

D
at

e:
 S

ep
te

m
be

r 
12

, 1
98

5 
| d

oi
: 1

0.
10

21
/b

k-
19

85
-0

28
7.

ix
00

2



406 POLYMER WEAR AND ITS CONTROL 

Adhesion—Continued 
i n t e r f a c i a l forces and v i s c o e l a s t i c 

e f f e c t s , 39-56 
PI f r i c t i o n , 145 
pin-on-disk wear method, 313 
plasma polymers to substrate 

polymers, 95 
p o l y s i l o x a n e - s i l i c a hybrid r e s i n s to 

p l a s t i c s ubstrates, 131 
PTFE t r a n s f e r f i l m , 162 
various polymers, contact 

deformation s t u d i e s , 22f 
Adhesive i n t e r a c t i o n s , polymer-polymer 

and polymer-metal t r a n s f e r 
products, 209 

Adhesive t r a n s f e r , mechanisms of 
polymer wear, 59 

Adhesive wear 
PI, 141 
polymer wear mechanisms, 28 

Ad i a b a t i c systems, heat e f f e c t s i n the 
f a i l u r e of a bulk polymer, 40 

AES—See Auger e l e c t r o n spectroscopy 
Aluminum surface, o x i d i z e d , QUARTIR 

determination of molecular 
co o r d i n a t i o n of a s u r f a c t a n t , 299f 

Amorphous elastomers, t e n s i l e 
strength, e f f e c t of p a r t i c u l a t e 
f i l l e r s , 197 

Amorphous polymer, wear of pins 
s l i d i n g against s t e e l disk, 124 

A n a l y s i s of adhesion separation 
process, 45-50 

A n a l y t i c a l methods, s t a n d a r d i z a t i o n , 
f r i c t i o n behavior of polymer-based 
m a t e r i a l s , 333 

Anatomical surface contours, j o i n t s , 
e f f e c t s on wear rates of a r t i c u l a r 
c a r t i l a g e , 248 

Annealing, PET, 365 
A r t i c u l a r c a r t i l a g e 

d e s c r i p t i o n , 230 
measurement of wear, 234 
steady-state wear, 239 
surface features during wear, 242f 
surface i n c o n g r u i t i e s , 231f 
wear p r o p e r t i e s , 229 
wear with pressure, 240f 
wear with time, 238f 

Assessment, i n - s e r v i c e wear 
comparison with la b o r a t o r y , 321 
r e l a t e d to lab wear data, 319 

Atomic polymerization, chemical 
s t r u c t u r e of monomer, 90 

Auger e l e c t r o n spectroscopy (AES) 
f l u o r i n e , PTFE t r a n s f e r f i l m , 294f 
polymer wear, d i s c u s s i o n , 293 
wear a n a l y s i s , 288 

Β 

Backbone s t r u c t u r e , main chain, 
c o n t r o l of polymer wear, 78 

B a r r i e r c h a r a c t e r i s t i c s , plasma 
polymers, 97 

Bearing m a t e r i a l s , polymers and 
composites, 315 

B i c y c l i c step-growth mechanism, plasma 
polymerization, 96f 

Bi o m a t e r i a l s , wear, 215-82 
Bonding 

a n a l y t i c a l t o o l s , 297 
t r a n s f e r f i l m of C u S - f i l l e d HDPE to 

metal surface, 265 
Bovine a r t i c u l a r c a r t i l a g e , wear, 229 
Brakegear and r a i l c a r bushes, 

comparison of s e r v i c e and lab 
data, 320f 

Branches and short segments, networks, 
plasma polymers, 91 

B r i t t l e polymers 
abrasive wear, 31 
crack propagation, 41 

B r i t t l e separation 
adhering system, under loading, 43 
craze mechanism, 53 

Burger model, deformation 
behavior, 12f 

C 

Carbon arc a c c e l e r a t i o n t e s t , 
sunshine, masonry coating 
m a t e r i a l s , 350 

Carbon black, e f f e c t on rubber 
abrasion, 197 

Carbon f i b e r s , enhancement of wear 
r e s i s t a n c e , 84 

C a r b o n - f i l l e d PTFE composites 
in f l u e n c e of environment on 

wear, 167f 
wear rate as a f u n c t i o n of i n i t i a l 

counterface roughness, 160f 
Carbonation, concrete 

dynamic a n a l y s i s of the 
progress, 349 

r e l a t e d to depth of concrete and 
f i n i s h thickness, 360f 

r e t a r d a t i o n e f f e c t s of polymeric 
f i n i s h e s , 358 

Carbonyl groups, e f f e c t on wear r a t e , 
PI f i l m s , 145 

 P
ub

lic
at

io
n 

D
at

e:
 S

ep
te

m
be

r 
12

, 1
98

5 
| d

oi
: 1

0.
10

21
/b

k-
19

85
-0

28
7.

ix
00

2



INDEX 407 

C a r t i l a g e 
a r t i c u l a r 

measurement of wear, 234 
steady-state wear, 239 
surface features during wear, 242f 
wear p r o p e r t i e s , 229 
wear with pressure, 240f 
wear with time, 238f 

displacement under c y c l i c 
a l t e r n a t i n g pressures, 241f 

under constant load, wear r a t e s , 249 
wear as a fu n c t i o n of time, 237 

C a r t i l a g e - c a r t i l a g e systems 
c r o s s - l i n k e d with formaldehyde 

displacement during i n t e r m i t t e n t 
s l i d i n g , 245f 

steady-state wear r a t e s , 245f 
f r i c t i o n a l c o e f f i c i e n t s , 249 

C a r t i l a g e - c r o s s - l i n k e d c a r t i l a g e 
i n t e r f a c i n g , wear of a r t i c u l a r 

c a r t i l a g e , 235 
schematic, 236f 

C a t a l y s i s , synthesis of p o l y s i l o x a n e -
s i l i c a h y b r i d r e s i n s , 130 

CH2 l i n k a g e , e f f e c t on fati g u e 
wear, 63 

Chain entanglement, c o n t r o l of polymer 
wear, 78 

Chain f l e x i b i l i t y , e f f e c t on wear 
r a t e , PI f i l m s , 143 

Chain length, e f f e c t on wear r a t e , PI 
f i l m s , 145 

Chain s c i s s i o n , rupture of a 
f i b r i l , 41 

Chalking, degradation of masonry 
coating m a t e r i a l s , 353 

C h a r a c t e r i z a t i o n of polymer 
wear, 287-343 

Chemical c h a r a c t e r i s t i c s , f a c t o r s 
a f f e c t i n g f r i c t i o n , polymer-metal 
p a i r s , 334 

Chemical r e s i s t a n c e , p l a s t i c s coated 
with p o l y s i l o x a n e - s i l i c a h y b r i d 
r e s i n s , 133 

Chemical s t r u c t u r e , PI t h i n f i l m s , 
e f f e c t on f r i c t i o n and 
wear, 135-48 

Chemistry of polymer wear, a n a l y t i c a l 
t o o l s , 290-301 

Coatings 
masonry, surface morphological 

changes due to outdoor 
exposure, 350 

p o l y s i l o x a n e - s i l i c a hybrid r e s i n s to 
p l a s t i c s u b s t r a t e s , 131 

u l t r a t h i n l a y e r of plasma 
polymer, 95 

Cohesive energy d e n s i t y , dependence of 
d i f f u s i o n constant, s o l u b i l i t y 
constant, and permeability 
constant, 94f 

Composites 
comparison of various lab wear 

t e s t s , 318f 
in t e r l a m i n a r toughness, 84 
s e l f - l u b r i c a t i n g g r a p h i t e - P i , 280 

Compressive s t r a i n , a r t i c u l a r 
c a r t i l a g e , 230 

Concrete carbonation 
dynamic a n a l y s i s of the 

progress, 349 
r e i n f o r c e d , e f f e c t of d e t e r i o r a t i o n 

processes of polymeric 
m a t e r i a l s , 347 

r e t a r d a t i o n e f f e c t s of polymeric 
f i n i s h e s , 358 

Conformai polymer-polymer p a i r s , 
e f f e c t on s t a t i c f r i c t i o n at the 
onset of motion, 21 

Contact deformation behavior 
e f f e c t of loading and unloading 

modes, 15 
main i n f l u e n c e s , 9 
polymer p in specimen and s t e e l 

d i s k , 123 
polymers, 3-26 

Contact deformation displacement 
curves, 8f 
s i m p l i f i e d formulas, 16f 
v a r i a t i o n as f u n c t i o n of time, 12f 
various polymers, 

curves, 16f,17f,19f 
Contact diameter, displacement 

curves, 8f 
Contact geometry 

e f f e c t on polymer wear, pin-on-disk 
c o n f i g u r a t i o n , 303-313 

f a t i g u e - a b r a s i v e wear mechanism, 69f 
test parameter, e f f e c t on p r e d i c t i n g 

i n - s e r v i c e bearing l i f e , 316 
Contact s t r e s s , t o t a l , determination 

of wear, 70 
Copolymerization, m o d i f i c a t i o n 

through, LCPs, 81 
Copper oxide, as f i l l e r , e f f e c t on 

HDPE wear r a t e , 257 
Copper s u l f i d e , as f i l l e r , e f f e c t on 

HDPE wear r a t e , 257 
Counterface m a t e r i a l , e f f e c t on 

p r e d i c t i n g i n - s e r v i c e bearing 
l i f e , 316 

Counterface-polymer bonding, 
a n a l y t i c a l t o o l s , 297 

Counterface roughness, UHMWPE, wear 
f a c t o r r e l a t e d t o , 181 

 P
ub

lic
at

io
n 

D
at

e:
 S

ep
te

m
be

r 
12

, 1
98

5 
| d

oi
: 1

0.
10

21
/b

k-
19

85
-0

28
7.

ix
00

2



408 POLYMER WEAR AND ITS CONTROL 

Counterface topography, e f f e c t on wear 
of UHMWPE, 171-87 

Counterface v a r i a b l e s , e f f e c t s , 
s e l f - l u b r i c a t i n g graphite-PI 
composites, 280 

Counterformal polymer-glass contacts, 
e f f e c t on contact deformation 
behavior, 21 

Covalent bonds, e f f e c t on separation 
of adhesive systems, 53 

Crack formation and crack propagation, 
f a t i g u e wear, 34 

Crack growth 
per r e v o l u t i o n , wear equation of 

rubber abrasion, 196 
theory of rubber abrasion, 192 
wear of a r t i c u l a r c a r t i l a g e , 248 

Craze f i b r i l s , polymer residue r e l a t e d 
to drawing, 50 

Craze mechanism 
b r i t t l e s e p aration, 53 
separation of an adhering system at 

or near an i n t e r f a c e , 44 
Crazing and f a i l u r e , polymer, 

review, 40-43 
C r o s s - l i n k i n g 

c a r t i l a g e - c a r t i l a g e 
i n t e r f a c i n g , wear of a r t i c u l a r 

c a r t i l a g e , 235 
schematic, 236f 

e f f e c t on polymer surface wear, 82 
HDPE-metal t r a n s f e r fragments, 210 
plasma polymers, 91 

C r y s t a l l i n i t y 
c o n d i t i o n , PET, 365 
e f f e c t on f r i c t i o n and wear, 

PET, 363-74 
e f f e c t on wear r a t e , PI f i l m s , 143 
wear of pins s l i d i n g against s t e e l 

d i s k , 124 
Cure c o n d i t i o n s , p o l y s i l o x a n e - s i l i c a 

h y b r i d r e s i n s to p l a s t i c 
s u b s t r a t e s , 131 

Curved thermoplastic polymeric 
m a t e r i a l s , estimation of the 
contact deformation behavior, 15 

C y c l i c pressure, steady-state wear 
r a t e s , a r t i c u l a r c a r t i l a g e , 247 

D 

Deformation behavior 
a n a l y s i s of adhesion separation 

process, 45-50 
contact 

e f f e c t of loading and unloading 
modes, 15 

Deformation behavior—Continued 
main i n f l u e n c e s , 9 
model, 9 
polymer p in specimen and s t e e l 

d i s k , 123 
recovery curves a f t e r , 14f 
thermoplastic polymers, 6 
various e f f e c t s , d i s c u s s i o n , 21 

four-parameter or Burger model, 12f 
wear of a r t i c u l a r c a r t i l a g e , 249 
wear of PTFE, 154f 

Deformation component, PI 
f r i c t i o n , 145 

Deformation displacement, contact 
s i m p l i f i e d formulas, 16f 
v a r i a t i o n as fu n c t i o n of time, 12f 
various polymers, 

curves, 16f,17f,19f 
Deformation l o s s e s , f a t i g u e wear, 64 
Density, polymer, e f f e c t on s t a t i c 

f r i c t i o n , 25 
D e t e r i o r a t i o n of polymers, masonry 

coating m a t e r i a l s , 353 
D i a r t h r o d i a l j o i n t s 

bearing m a t e r i a l , wear 
p r o p e r t i e s , 229 

schematic, 231f 
D i f f u s i o n , surface d e t e r i o r a t i o n of 

exposed polymeric m a t e r i a l s , 358 
D i f f u s i o n constant, dependence on the 

cohesive energy d e n s i t y , 94f 
Dimensional recovery, a r t i c u l a r 

c a r t i l a g e , 230 
Displacement 

c a r t i l a g e , under c y c l i c a l t e r n a t i n g 
pressures, 241f 

during i n t e r m i t t e n t s l i d i n g , 
c a r t i l a g e - c a r t i l a g e c r o s s - l i n k e d 
with formaldehyde, 245f 

Displacement curves 
contact deformation, 8f 
contact diameter, 8f 
polymer-glass contacts, lOf 

D i s s i p a t i o n mechanism, b r i t t l e 
s eparation, 43 

Double bond, e f f e c t on wear r a t e , PI 
f i l m s , 143 

Drawing and rupture, f i b r i l , bounds of 
p r e d i c t i o n , 55 

Dry abrasive wear, p h y s i c a l 
process, 200 

Dry wear f a c t o r s , UHMWPE on s t e e l , 181 
Dual-index holographic contouring 

system, p r o s t h e t i c knee-joint 
component, 220 

D u c t i l e f r a c t u r e energies of various 
polymers, 33f 

D u c t i l e polymers, abrasive wear, 31 

 P
ub

lic
at

io
n 

D
at

e:
 S

ep
te

m
be

r 
12

, 1
98

5 
| d

oi
: 1

0.
10

21
/b

k-
19

85
-0

28
7.

ix
00

2



INDEX 409 

Dyes, p e r m e a b i l i t i e s , e f f e c t of plasma 
polymer coating, 97 

Dynamic a n a l y s i s , carbonation of 
concrete, 349 

Dynamic processes, d e t e r i o r a t i o n of 
polymers, 348 

Ε 

E l a s t i c deformation processes, e f f e c t 
on contact deformation behavior, 9 

E l a s t i c energy, r e l e a s e , rupture of a 
f i b r i l , 41 

E l a s t i c modulus 
r e l a t e d to wear rate 

d i s c u s s i o n , 64 
PI t h i n f i l m s , 141 

various polymers, 62 
Elastomers 

abrasive wear, 32 
amorphous, t e n s i l e s t r e n g t h , e f f e c t 

of p a r t i c u l a t e f i l l e r s , 197 
E l e c t r i c a l charge conveyor, comparison 

of i n - s e r v i c e and l a b o r a t o r y 
wear, 323 

E l e c t r o n d i f f r a c t i o n pattern a n a l y s i s , 
HDPE wear fragments, 262 

E l e c t r o n microscopy, PET-metal 
contact, e f f e c t of 
c r y s t a l l i n i t y , 370 

E l e c t r o n spectroscopy f o r chemical 
a n a l y s i s (E5CA) 

plasma polymers 
e f f e c t of substrate 

temperature, 91 
spec t r a , 92f 

surfaces treated with plasma 
polymers, 99 

Elemental s t r u c t u r a l a n a l y s i s , polymer 
t r a n s f e r f i l m s , 295 

E l l i p s o m e t e r , thickness of a polymer 
f i l m , 292f 

E l l i p s o m e t r i c techniques, charac
t e r i z a t i o n and measurement of 
polymer wear, 290 

Energetics, polymer wear, 27-36 
Energy d i s s i p a t i o n , separation of 

adhesive systems, 49 
Engineering thermoplastic polymers, 

c h a r a c t e r i s t i c s of t r a n s f e r and 
wear products, 206 

Entanglement de n s i t y , c o n t r o l of 
polymer wear, 78 

Environmental changes, e f f e c t on 
fatig u e f a i l u r e , 66 

Epoxies, s i l o x a n e - m o d i f i e d , wear 
r a t e s , 62 

ESCA—See E l e c t r o n spectroscopy f o r 
chemical a n a l y s i s 

Extended H e r t z i a n formula, contact 
deformation displacement i n 
loadin g - unloading c y c l e s , 21 

F 

F a i l u r e and c r a z i n g , polymer, 
review, 40-43 

Fatigue, mechanisms of polymer 
wear, 59 

Fatigue-abrasion wear mechanism, 
polymeric s u r f a c e s , 67-74 

Fatigue crack propagation behavior of 
various polymers, 35f 

Fatigue r e s i s t a n c e c o e f f i c i e n t s of 
various polymers, 34t 

Fatigue wear 
P i s , 141 
polymer wear mechanisms, 32,34-35 
polymers, 59-66 

Femoral m e t a l l i c components, 
penetration i n t o polymeric t i b i a l 
components 215-27 

F i b e r 
g l a s s , temperature dependence of 

f r i c t i o n and wear of some heat-
r e s i s t a n t polymers, 127 

gr a p h i t e , e f f e c t on t r i b o l o g i c a l 
performance of g r a p h i t e - P i 
composites, 280 

various types, comparison of 
p r o p e r t i e s , 80 

F i b e r - r e i n f o r c e d P i s s l i d i n g against 
s t e e l and s i l i c o n n i t r i d e , 
t r i b o l o g y , 269-83 

F i b r i l ( s ) 
attached to a s o l i d , 46f 
craze, polymer residue r e l a t e d to 

drawing, 50 
drawing, separation of adhesive 

systems, 47 
drawing and rupture, bounds of 

p r e d i c t i o n , 55 
formation and rupture, 41 
rupture 

p l a s t i c necking down, 43 
p r e s s u r e - s e n s i t i v e tapes, 52 

s t r u c t u r e , p eeling a pressure-
s e n s i t i v e tape, 42f 

F i b r i l - c r a z e model, adhering and 
wearing systems, 43 

 P
ub

lic
at

io
n 

D
at

e:
 S

ep
te

m
be

r 
12

, 1
98

5 
| d

oi
: 1

0.
10

21
/b

k-
19

85
-0

28
7.

ix
00

2



410 POLYMER WEAR AND ITS CONTROL 

F i b r i l l a t i o n , wear of a r t i c u l a r 
c a r t i l a g e , 248 

Fibrous or p a r t i c u l a t e reinforcement, 
c o n t r o l of polymer wear, 83 

Filaments 
polymeric, degradation and 

wear, 347-400 
str e t c h e d , mechanisms of 

i n s t a b i l i t y , 42f 
F i l l e r s , r o l e i n f r i c t i o n and wear 

behavior of HDPE, 253-66 
Fi l m , polymeric, degradation and 

wear, 347-400 
F i l m mechanical p r o p e r t i e s , P i s , 137 
Fi l m thickness 

polymer, XPS measurement, 295 
v a r i a t i o n with d e p o s i t i o n time, 292f 

Flake formation, PMMA, PC, PTFE 
wear, 288 

F l e x i b i l i t y 
backbone, e f f e c t on polymer wear, 78 
designed backbone, P i s , 79f 
r e l a t e d to wear r a t e , PI t h i n 

f i l m s , 141 
F l u i d exudation and r e i m b i b i t i o n , wear 

of a r t i c u l a r c a r t i l a g e , 249 
Fl u o r i n e auger e l e c t r o n spectra (AES), 

PTFE t r a n s f e r f i l m , 294f 
F l u o r i n e X-ray photoelectron 

spectroscopy (XPS), PTFE t r a n s f e r 
f i l m , 294f 

Foam modulus and p a r t i c l e p r o p e r t i e s , 
wear, 72f 

Formaldehyde c r o s s - l i n k i n g , e f f e c t on 
wear of a r t i c u l a r 
c a r t i l a g e , 229-50 

Four-parameter model, deformation 
behavior, 12f 

Fracture e n e r g e t i c s , polymer 
wear, 27-36 

Fracture energy, r e l a t e d to f a t i g u e 
r e s i s t a n c e , 83 

Freeman-Swanson p r o s t h e s i s , i n knee-
j o i n t simulator, 218 

Frequency, e f f e c t on wear of a r t i c u l a r 
c a r t i l a g e , 241f 

F r i c t i o n 
e f f e c t of chemical s t r u c t u r e , PI 

t h i n f i l m s , 135-48 
f a c t o r s i n f l u e n c i n g metal-polymer 

p a i r s , 334 
HDPE, r o l e of f i l l e r s , 253-66 
h e a t - r e s i s t a n t polymers, e f f e c t of 

temperature, 103-127 
i n i t i a l s t a t i c , d e f i n i t i o n , 25 
i n i t i a t i o n processes, 3 
i n v e s t i g a t i o n a l methods, 335 
PET pins s l i d i n g against s t a i n l e s s 

s t e e l d i s k , e f f e c t of 
c r y s t a l l i n i t y , 367 

Fri c t i o n - C o n t i n u e d 
polymer-polymer p a i r s , v a r i o u s , 19f 
s l i d i n g , and wear experiments, PTFE 

on n i c k e l , 293 
sta n d a r d i z a t i o n of test methods, 333 
s t a t i c 

e f f e c t of adhesion component, 21 
polymer-polymer p a i r s , 15 

s t e e l sphere on various PET 
specimens, 368f 

various polymers, contact 
deformation s t u d i e s , 22f 

wear 
HDPE against m e t a l l i c disk 

s u r f a c e s , 255 
PET, e f f e c t , c r y s t a l l i n i t y , 363-74 
s e l f - l u b r i c a t i n g graphite-PI 

composites against s t e e l , 274 
surface damage, graphite-PI 

composites against s i l i c o n 
n i t r i d e , 278 

F r i c t i o n - z o n e temperature, dependence 
on load and v e l o c i t y , 338f 

F r i c t i o n a l c o e f f i c i e n t 
as f u n c t i o n of s l i d i n g d i s t a n c e , 

various polymer-polymer 
p a i r s , 18 

c a r t i l a g e - c a r t i l a g e , 249 
dependence on load and 

v e l o c i t y , 338f 
during wear track i n i t i a t i o n , 

P i s , 138f 
e f f e c t of s t r u c t u r e , P i s , 139f 
e f f e c t i v e , versus wear, 74f 
f r i c t i o n and wear t e s t s , PI t h i n 

f i l m s , 137 
f u n c t i o n of s l i d i n g , s e l f - l u b r i c a t i n g 

graphite-PI composites, 276f 
HDPE against an abraded s t e e l 

d i s k , 260f 
HDPE against ground s t e e l disk, 259f 
HDPE s l i d i n g against smooth gl a s s 

and brass s u r f a c e s , 264f 
HDPE-glass s u r f a c e s , 258f 
HDPE-metal su r f a c e s , 256f,263f 
measurement, pin-on-disk 

c o n f i g u r a t i o n , 308 
P i s , e f f e c t of s t r u c t u r e , 140 
s t a t i c , PET, 367 
v a r i a t i o n s 

s l i d i n g of s t e e l sphere on various 
polymers, 107f 

various polymers with disk 
temperature, 125f 

various polymers, v a r i a t i o n s with 
load, 106 

F r i c t i o n a l p r o p e r t i e s 
novel methods f o r accelerated 

e v a l u a t i o n , 336 
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INDEX 411 

F r i c t i o n a l p r o p e r t i e s — C o n t i n u e d 
PET, procedures f o r studying, 364 
various polymers, pin-on-disk 

method, 312 
F r i c t i o n a l s u r f aces, microscopic 

examinations a f t e r wear, 112 
F r i c t i o n a l track, width, r e l a t e d to 

load, PET, 368f 
F r i c t i o n a l work and work of adhesion, 

c o r r e l a t i o n , 22f 

G 

Gamma r a d i a t i o n , e f f e c t on t r a n s f e r 
wear of PTFE, 163 

Gases and vapors, permeability, 
conventional polymers and plasma 
polymers, 93 

Geometry of polymeric wear p i n , 
UHMWPE, 174f 

Glass, smooth, and brass surfaces, 
HDPE wear, 264f 

Glass f i b e r s 
enhancement of wear r e s i s t a n c e , 84 
temperature dependence of f r i c t i o n 

and wear of some h e a t - r e s i s t a n t 
polymers, 127 

Glow discharge polymers, plasma 
polymerization and plasma 
polymers, 90 

Graphite 
f i b e r s 

e f f e c t on t r i b o l o g i c a l performance 
of g r a p h i t e - P i composites, 280 

enhancement of wear r e s i s t a n c e , 84 
f i l l e r , e f f e c t on HDPE wear 

r a t e , 257 
f i n e weave and coarse weave, uni t 

c e l l comparison, 273f 
Graphite-polyimide composites, s e l f -

l u b r i c a t i n g , wear and f r i c t i o n 
against s t e e l and s i l i c o n 
n i t r i d e , 269-83 

Growth mechanism, plasma 
polymerization, 95 

H 

Hardness 
modulus of polymeric substrates 

versus wear, 73f 
polymer, e f f e c t s i n the f a i l u r e of a 

bulk polymer, 40 

Hardness—Continued 
v a r i a t i o n of wear r e s i s t a n c e , 

PET, 371f 
HDPE—See High density polyethylene 
H e a t - r e s i s t a n t polymers, e f f e c t of 

temperature on f r i c t i o n and 
wear, 103-127 

He r t z i a n formula, extended, contact 
deformation displacement i n 
loadi n g - unloading c y c l e s , 21 

High-density polyethylene (HDPE) 
r o l e of f i l l e r s i n f r i c t i o n and wear 

behavior, 253-66 
wear behavior, pin-on-disk 

method, 312 
High-density polyethylene (HDPE)-metal 

systems, molecular features of 
tr a n s f e r fragments, 205-211 

Hip and knee prostheses, human, com
parison of wear data from s e r v i c e 
and laboratory, 321 

Holography, r e f l e x i v e dual-index, 
penetration of the m e t a l l i c 
femoral component i n t o the 
polymeric t i b i a l component, 219 

Ho r i z o n t a l pin-on-disk c o n f i g u r a t i o n , 
schematic r e p r e s e n t a t i o n , 305f 

Hybrid r e s i n s , p o l y s i l o x a n e - s i l i c a , 
a b r a s i o n - r e s i s t a n t coatings f o r 
p l a s t i c s u b s t r a t e s , 129-34 

H y d r o p h i l i c s u r f a c e s , enhancement by 
plasma polymers, 99 

Hydrophobic surfaces, enhancement by 
plasma polymers, 99 

p-Hydroxybenzoic a c i d (PHB), 
copolymerization, 81 

I 

IETS—See I n e l a s t i c e l e c t r o n tunneling 
spectroscopy 

Imide bond formation, s y n t h e t i c 
processes of PI and ΡΑΙ, 126f 

In-s e r v i c e wear assessment, r e l a t e d to 
lab wear data, 319,321 

I n e l a s t i c e l e c t r o n tunneling spectros
copy (IETS), wear a n a l y s i s , 288 

Inert gas plasma treatment, polymer 
surface m o d i f i c a t i o n , 82 

Inherent v i s c o s i t y , wear of PI 
f i l m s , 147 

In t e r f a c e a n a l y s i s , a n a l y t i c a l 
t o o l s , 293 

I n t e r f a c i a l adhesion 
a n a l y t i c a l t o o l s , 297 
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412 POLYMER WEAR AND ITS CONTROL 

I n t e r f a c i a l adhesion—Continued 
e f f e c t on contact deformation 

behavior, 9 
e f f e c t on s t a t i c f r i c t i o n at the 

onset of motion, 21 
I n t e r f a c i a l craze formation, separa

t i o n of an adhering system at or 
near an i n t e r f a c e , 44 
I n t e r f a c i a l forces and v i s c o e l a s -
t i c e f f e c t s , j o i n t r o l e i n polymer 
adhesion and wear, 39-56 

I n t e r f a c i a l peeling at f i b r i l base, 
separation of adhesive systems, 47 

I n t e r f a c i a l p r o p e r t i e s 
e f f e c t on adhesive wear, 28 
t r i b o l o g i c a l e f f e c t s , 30t 

I n t e r f a c i a l s e p a r a t i o n , pressure-
s e n s i t i v e tapes, 52 

I n t e r f a c i a l shear s t r e s s e s , e f f e c t , 
surfaces PTFE, 166 

I n t e r f a c i a l temperatures, e f f e c t on 
HDPE wear rate f o r various 
s u r f a c e s , 268 

I n t e r f a c i a l v o i d s , separation of an 
adhering system at or near an 
i n t e r f a c e , 4 

I n t e r f a c i n g of c a r t i l a g e against 
c r o s s - l i n k e d c a r t i l a g e , wear of 
a r t i c u l a r c a r t i l a g e , 235 

Interlaminar toughness of 
composites, 84 

Int e r p e n e t r a t i n g networks (IPN), 
c o n t r o l of polymer wear, 84 

Ion-depth p r o f i l i n g , polymer wear, 
d i s c u s s i o n , 293 

IPN—See I n t e r p e n e t r a t i n g networks 
IR absorption s p e c t r a , degradation of 

masonry coating m a t e r i a l s , 353 
Ir i d i u m and t i t a n i u m , PTFE wear f i l m , 

depth p r o f i l i n g , 296f 
I r i d i u m s u b s t r a t e , PTFE wear f i l m , 

SAM, 296f 
I r r a d i a t i o n 

PTFE 
abrasive wear, 158f 
wear r a t e , 164f 

sunshine carbon a r c , masonry coating 
m a t e r i a l s , 350 

Isothermal systems, heat e f f e c t s i n 
the f a i l u r e of a bulk polymer, 40 

J 

J o i n t s , t o t a l replacement, 
d i s c u s s i o n , 216 

Κ 

K e v l a r , p r o p e r t i e s , 80 
Kevlar f i b e r s , enhancement of wear 

r e s i s t a n c e , 84 
K i n e t i c and s t a t i c f r i c t i o n , r e l a t i o n 

between the c o e f f i c i e n t , 369f 
Knee and hip prostheses, human, com

parison of wear data from s e r v i c e 
and l a b o r a t o r y , 321 

Knee-joint s i m u l a t o r , penetration of 
m e t a l l i c femoral components i n t o 
polymeric t i b i a l components 
observed, 215-27 

L 

Lapped metal s u r f a c e s , e f f e c t on wear 
rat e of HDPE, 255 

LCP—See L i q u i d c r y s t a l l i n e polymers 
LDPE—See Low-density polyethylene 
Lead oxide, as f i l l e r , e f f e c t on HDPE 

wear r a t e , 257 
Leeds p r o s t h e s i s , i n knee-joint 

s i m u l a t o r , 218 
Line a r polythenes, wear behavior, 

pin-on-disk method, 312 
L i q u i d c r y s t a l l i n e polymers (LCP) 

l y o t r o p i c , p r o p e r t i e s , 80 
mo d i f i c a t i o n through 

copolymerization, 81 
thermotropic, 81 

L i q u i d c r y s t a l l i n e s t r u c t u r e , c o n t r o l 
of polymer wear, 79 

Loading 
constant, wear rates of c a r t i l a g e 

under, 249 
dependence of f r i c t i o n - z o n e 

temperature and f r i c t i o n a l 
c o e f f i c i e n t , 338f 

e f f e c t on contact deformation, 15 
e f f e c t on f a t i g u e wear, 63 
pl o t with s l i d i n g v e l o c i t y , wear 

rate dependence, 340f 
test parameter, e f f e c t on p r e d i c t i n g 

i n - s e r v i c e bearing l i f e , 316 
Low-damage secondary i o n mass 

spectrometry (SIMS), wear 
a n a l y s i s , 288 

Low-density polyethylene (LDPE), wear 
behavior, pin-on-disk method, 312 

Lu b r i c a n t , t e s t parameter, e f f e c t on 
p r e d i c t i n g i n - s e r v i c e bearing 
l i f e , 316 
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INDEX 413 

Lubricant entrapment, deformation 
s t u d i e s , 24 

L u b r i c a t i o n 
e f f e c t on contact deformation 

behavior, 9 
PTFE, and wear, 163 

Ly o t r o p i c l i q u i d c r y s t a l l i n e polymers, 
p r o p e r t i e s , 80 

M 

Macroscopic peeling separation, 
mechanism, 48 

Marine bearings, comparison between 
the l a b o r a t o r y and i n - s e r v i c e 
wear, 323 

Masonry coating m a t e r i a l s , surface 
morphological changes due to 
outdoor exposure, 350 

M a t e r i a l parameters, various polymers, 
contact deformation s t u d i e s , 14f 

Mathematical d e s c r i p t i o n of the 
processes of rubber abrasion, 190 

Mechanical p r o p e r t i e s 
t e n s i l e s t r e s s e s , various 

polymers, 62 
t r i b o l o g i c a l e f f e c t s , 30t 

Metal-polymer p a i r s , f a c t o r s 
i n f l u e n c i n g f r i c t i o n , 334 

Metal s u r f a c e s , v a r i o u s , e f f e c t on 
wear rate of HDPE, 255 

M e t a l l i c femoral components, 
penetration i n t o polymeric t i b i a l 
components, knee-joint 
s i m u l a t o r , 215-27 

M i c r o f l a k i n g , degradation of masonry 
coating m a t e r i a l s , 353 

Microscopic examinations, polymer-
metal contact s u r f a c e s , 112 

Mi c r o s t r u c t u r e 
contact deformation mechanisms, 

various polymers, 13 
c o n t r o l of polymer wear, 79 
t r i b o l o g i c a l e f f e c t s , 30t 

Model 
contact deformation of polymers, 9 
d e t e r i o r a t i o n processes of polymeric 

m a t e r i a l s , 348 
f a t i g u e wear, 60 
n e u t r a l i z a t i o n of concrete, 349 
p h y s i c a l , theory of rubber 

abrasion, 194f 
rubber abrasion, 190 
sc r a t c h hardness, PTFE, 155 
t r i b o m e t r i c schematics, 335 

Modulus and hardness of polymeric 
substrates versus wear, 73f 

Moisture, e f f e c t on s t a t i c 
f r i c t i o n , 25 

Molecular weight 
and d i s t r i b u t i o n , c o n t r o l of polymer 

wear, 78 
e f f e c t on wear r a t e , PI f i l m s , 145 

Morphological change, degradation of 
masonry coating m a t e r i a l s , 353 

Motion, t e s t parameter, e f f e c t on 
p r e d i c t i n g i n - s e r v i c e bearing 
l i f e , 316 

Mylar, Raman spectrum, 300f 

Ν 

Networks of short segments and 
branches, plasma polymers, 91 

N e u t r a l i z a t i o n of concrete, main 
assumptions, 349 

Nonlinear v i s c o e l a s t i c parameters, 
c r i t i c a l to adhesion, 54 

Nylon 6 f i l m , p e r m e a b i l i t y , e f f e c t of 
plasma polymer c o a t i n g , 97 

Nylon 66, m i c r o s t r u c t u r e , 8f 

0 

O p t i c a l microscopy 
d i s k surfaces rubbed against 

PAI, 119f 
PEEK, 120f 
PES, 122f 
P I , 118f 
PPS, 121f 

PET wear p a r t i c l e s , 371f 
PET-metal contact, e f f e c t of 

c r y s t a l l i n i t y , 370 
pin-on-disk c o n f i g u r a t i o n , 31If 
PTFE wear d e b r i s , 308 

Organic f i b e r s , enhancement of wear 
r e s i s t a n c e , 84 

Organic s t r u c t u r a l a n a l y s i s , polymer 
t r a n s f e r f i l m s , 295 

Organic s u r f a c e , conversion i n t o a 
ceramic s u r f a c e , 83 

O s t e o a r t h r i t i c c a r t i l a g e , 
f i b r i l l a t i o n , 248 

Outdoor exposure, masonry coating 
m a t e r i a l s , 350 

Oxygen con c e n t r a t i o n , s u r f a c e , 
degradation of masonry coating 
m a t e r i a l s , 353 

Oxygen lin k a g e 
e f f e c t on f a t i g u e wear, 63 
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414 POLYMER WEAR AND ITS CONTROL 

Oxygen linkage—Continued 
e f f e c t on wear ra t e , PI f i l m s , 143 

Oxygen permeability, various 
polymers, 93 

Ρ 

PAI—See Polyamide-imide 
P a r t i c l e properties and foam modulus, 

wear, 72f 
P a r t i c u l a t e f i l l e r s , e f f e c t on rubber 

abrasion, 197 
P a r t i c u l a t e or fibrous reinforcement, 

c o n t r o l of polymer wear, 83 
PC—See Polycarbonate 
PEEK—See Polyether-ether-ketone 
Performance l i m i t s , estimation based 

on f r i c t i o n parameters, 340 
Permeability 

dyes, e f f e c t of plasma polymer 
coating, 97 

gases and vapors, conventional 
polymers and plasma polymers, 93 

PES—See Poly(ether sulfone) 
PET—See Poly(ethylene terephthalate) 
PHB—See p-Hydroxybenzoic acid 
Phosphate globules, worn surface of 

s e l f - l u b r i c a t i n g graphite-PI com
posites a f t e r s l i d i n g against 
s i l i c o n n i t r i d e , 282f 

Photochemical d e t e r i o r a t i o n processes, 
polymeric coating materials, 358 

Photooxidation 
degradation of masonry coating 

m a t e r i a l s , 353 
influence on the d i s t r i b u t i o n of 

oxygen, polymeric 
ma t e r i a l s , 357f 

Photopolymerization, surface, surface 
m o d i f i c a t i o n techniques, c o n t r o l 
of polymer wear, 83 

Phys i c a l model, rubber abrasion, 
theory, 194f 

Phy s i c a l parameters, fac t o r s a f f e c t i n g 
f r i c t i o n , polymer-metal p a i r s , 334 

Phys i c a l processes, rubber 
abrasion, 189 

Phys i c a l properties, t r i b o l o g i c a l 
e f f e c t s , 30t 

P I — S e e Polyimide 
Pin-on-disk c o n f i g u r a t i o n 

wear of polymers, 303-313 
wear test methods, 316 

Pin-on-disk c o n f i g u r a t i o n , f r i c t i o n 
and wear device, 290 

Plasma treatment 
plasma polymerization, m o d i f i c a t i o n 

of polymer s u r f a c e s , 89-102 
surface m o d i f i c a t i o n techniques, 

c o n t r o l of polymer wear, 82 
P l a s t i c deformation of a compressed 

p a r t i c l e , 71 
P l a s t i c s ubstrates, a b r a s i o n - r e s i s t a n t 

coatings, 129-34 
PMMA—See Poly(methyl methacrylate) 
Poisson 1s r a t i o , various polymers, 62 
Polar side groups, e f f e c t on wear 

ra t e , PI f i l m s , 143 
P o l a r i z i n g micrographs, various PET 

specimens, 366f 
P o l y a c e t y l m a t e r i a l , i n - s e r v i c e wear 

rel a t e d to l a b data, 326 
P o l y ( a l k y l methacrylate) f i l m s , 

SIMS, 297 
Polyamide 66, mi c r o s t r u c t u r e , 8f 
Polyamide-imide (PAI) 

SEM and TEM a n a l y s i s of wear 
surfaces, 112 

synthetic processes, imide bond 
formation, 126f 

v a r i a t i o n s i n c o e f f i c i e n t of f r i c 
t i o n and wear depth, 106 

various temperatures, polymer-metal 
wear, 123 

wear of pins s l i d i n g against s t e e l 
d i s k , 124 

Polycarbonate (PC) 
micrographs, 288 
wear m a t e r i a l and process 

parameters, 72 
wear surface, 71 

Polyether-ether-ketone (PEEK) 
SEM and TEM a n a l y s i s of wear 

surfaces, 112 
v a r i a t i o n s i n c o e f f i c i e n t of f r i c 

t i o n and wear depth, 106 
various temperatures, polymer-metal 

wear, 123 
wear of pins s l i d i n g against s t e e l 

d i s k , 124 
Poly(ether sulfone) (PES) 

SEM and TEM a n a l y s i s of wear 
surfaces, 112 

v a r i a t i o n s i n c o e f f i c i e n t of f r i c 
t i o n and wear depth, 106 

various temperatures, polymer-metal 
wear, 123 

wear of pins s l i d i n g against s t e e l 
d i s k , 124 

Polyethylene 
high-density, r o l e of f i l l e r s i n 

f r i c t i o n and wear 
behavior, 253-66 
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Polyethylene—Continued 
u l t r a - h i g h molecular weight, 

i n f l u e n c e of counterface 
topography, 171-87 

Poly(ethylene terephthalate) (PET) 
copolymer with PHB, mechanical 

p r o p e r t i e s , 81 
copolymerization, 81 
e f f e c t of the degree of c r y s t a l -

U n i t y on f r i c t i o n and wear, 363 
f l a t surfaces s l i d i n g against s t e e l 

sphere, e f f e c t of 
c r y s t a l l i n i t y , 365 

f r i c t i o n a l p r o p e r t i e s , procedures 
f o r studying, 364 

pins s l i d i n g against s t a i n l e s s s t e e l 
d i sk 

f r i c t i o n , e f f e c t of 
c r y s t a l l i n i t y , 367 

wear, e f f e c t of c r y s t a l l i n i t y , 367 
v a r i a t i o n of wear r e s i s t a n c e with 

hardness, 371f 
wear p a r t i c l e s , o p t i c a l 

micrographs, 371f 
Polyimide (PI) 

f i b e r - r e i n f o r c e d , s l i d i n g against 
s t e e l and s i l i c o n n i t r i d e , 
t r i b o l o g y , 269-83 

f i l m , p l o t of s t r e s s versus 
temperatures, 301f 

SEM and TEM a n a l y s i s of wear 
surfaces, 112 

sy n t h e t i c processes, imide bond 
formation, 126f 

t h i n f i l m s , e f f e c t of chemical 
s t r u c t u r e on f r i c t i o n and 
wear, 135-48 

v a r i a t i o n s i n c o e f f i c i e n t of 
f r i c t i o n and wear depth, 106 

various temperatures, polymer-metal 
wear, 123 

wear of pins s l i d i n g against s t e e l 
d i s k , 124 

wear r a t e s , 63 
with designed backbone 

f l e x i b i l i t y , 79f 
P o l y ( l a u r y l methacrylate), s t a t i c SIMS 

spectrum, 299f 
Polymer-based m a t e r i a l s , used as dry 

bearing m a t e r i a l s , 315 
Polymer composites 

comparison of la b o r a t o r y wear, 
various wear t e s t s , 318f 

va r i o u s , c o r r e l a t i o n of lab and 
s e r v i c e wear 
data, 322f,324f,325f,327f,328f 

wear, 215-82 
Polymer-counterface bonding, 

a n a l y t i c a l t o o l s , 297 

Polymer d e p o s i t i o n , separation of an 
adhering system, 44 

Polymer-glass contact, counterformal, 
e f f e c t on contact deformation 
behavior, 21 

Polymer-metal contact 
c o e f f i c i e n t of f r i c t i o n and wear 

depth, 106 
e f f e c t of the degree of c r y s t a l 

l i n i t y on f r i c t i o n and wear, 363 
f a c t o r s i n f l u e n c i n g f r i c t i o n , 334 
molecular f e a t u r e s , t r a n s f e r 

products, 205-211 
Polymer-polymer contact 

dominant mechanism of polymer 
f r i c t i o n , 28 

f r i c t i o n , various polymers, 19f 
Polymer residue, r e l a t e d to drawing of 

craze f i b r i l s , 50 
Polymer-solid contact 

a n a l y s i s of adhesion separation 
process, 45-50 

separation of adhesion, 43 
Polymer s t r u c t u r e , a n a l y t i c a l 

t o o l s , 298 
Polymer t r a n s f e r f i l m , mechanism of 

wear rate r e d u c t i o n , 267 
Polymer wear 

c o n t r o l , 77 
mechanisms, 3-74 
p r o f i l i n g , a n a l y t i c a l t o o l s , 288 

Polymeric f i n i s h e s , e f f e c t on r e t a r d a 
t i o n of concrete carbonation, 358 

Polymeric m a t e r i a l s , i n f l u e n c e of 
photooxidation on the d i s t r i b u 
t i o n of oxygen, 357f 

Polymeric surfaces, f a t i g u e - a b r a s i v e 
wear mechanism, 67-74 

Polymeric t i b i a l components, penetra
t i o n of m e t a l l i c femoral 
components, 216 

Polymerization, plasma, and plasma 
treatment, m o d i f i c a t i o n of polymer 
su r f a c e s , 89-102 

Poly(methyl methacrylate) (PMMA) 
micrographs, 288 
wear behavior, pin-on-disk 

method, 312 

Polyoxymethylene, m i c r o s t r u c t u r e , 7f 
Poly(phenylene s u l f i d e ) (PPS) 

SEM and TEM a n a l y s i s of wear 
su r f a c e s , 112 

v a r i a t i o n s i n c o e f f i c i e n t of f r i c 
t i o n and wear depth, 106 

various temperatures, polymer-metal 
wear, 123 

wear of pins s l i d i n g against s t e e l 
d i s k , 124 
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416 POLYMER WEAR AND ITS CONTROL 

P o l y s i l o x a n e - s i l i c a hybrid r e s i n s , 
a b r a s i o n - r e s i s t a n t coatings f o r 
p l a s t i c s ubstrates, 129-34 

Polystyrene (PS), outdoor exposure, 
change i n IR absorption, 357 

P o l y ( t e t r a f l u o r o e t h y l e n e ) (PTFE) 
e f f e c t of c r y s t a l l i n i t y on wear, 363 
micrographs, 288 
t o t a l replacement hip j o i n t s , 216 
t r a n s f e r f i l m 

average thickness on n i c k e l at 
various s l i d i n g speeds i n 
vacuum, 296f 

f l u o r i n e AES, 294f 
f l u o r i n e XPS, 294f 

wear, 151-67 
wear behavior, pin-on-disk 

method, 312 
wear f i l m , titanium and i r i d i u m , 

depth p r o f i l i n g , SAM, 296f 
Polythenes, l i n e a r , wear behavior, 

pin-on-disk method, 312 
PPS—See Poly(phenylene s u l f i d e ) 
Pressure 

changing, e f f e c t on wear r a t e , 
a r t i c u l a r c a r t i l a g e , 239 
c y c l i c , steady-state wear rates 
under, a r t i c u l a r c a r t i l a g e , 247 

P r e s s u r e - s e n s i t i v e tape, p e e l i n g , 
f i b r i l l a r s t r u c t u r e , 42f 

P r o f i l i n g polymer wear, a n a l y t i c a l 
t o o l s , 288 

Pr o f i l o m e t e r , q u a n t i f i c a t i o n of 
polymer wear, 290 

Pr o s t h e s i s 
Freeman-Swanson, i n knee-joint 

simulator, 218 
human hip and knee, comparison of 

wear data from s e r v i c e and 
laboratory, 321 

Leeds, i n knee-joint simulator, 218 
PS—See Polystyrene 
PTFE—See P o l y ( t e t r a f l u o r o e t h y l e n e ) 

Q 

Qua n t i t a t i v e a b s o r p t i o n - r e f l e c t i o n 
thickness IR spectroscopy 
(QUARTIR), polymer wear 
a n a l y s i s , 297 

R 
Radiation 

e f f e c t on wear, PTFE, 157 
gamma, e f f e c t on t r a n s f e r wear of 

PTFE, 163 

Radius e f f e c t , wear behavior, pin-on-
disk method, 312 

R a i l c a r and brakegear bushes, 
comparison of s e r v i c e and l a b 
data, 320f 

Railway in d u s t r y , comparison of wear 
data from s e r v i c e and 
laboratory, 321 

RAIR—See R e f l e c t i o n - a b s o r p t i o n IR 
spectroscopy 

Raman spectroscopy 
a n a l y s i s of polymer wear, 298 
Mylar, 300f 

Ratner-Lancaster p l o t , wear of 
PTFE, 156f 

Reciprocating t e s t s , wear test 
methods, 316 

Recovery curves a f t e r contact 
deformation, 14f 

R e f l e c t i o n - a b s o r p t i o n IR spectroscopy 
(RAIR), wear a n a l y s i s , 288 

R e f l e x i v e dual-index holography, 
penetration of the m e t a l l i c 
femoral component in t o the 
polymeric t i b i a l component, 219 

Relaxation times, p o s s i b l e i r r e v e r s 
i b l e v i s c o p l a s t i c contact 
deformation, 13 

Retardation e f f e c t s of polymeric 
f i n i s h e s , carbonation of 
concrete, 358 

Ridge formation, theory of rubber 
abrasion, 191f 

R i g i d i t y , e f f e c t of f l e x i b l e oxygen 
linkage, P i s , 144f 

Roughness, e f f e c t on separation of 
adhesive systems, 53 

Rubber abrasion by a l i n e contact, 
theory, 189-202 

Rubbing c o n d i t i o n s , e f f e c t o f , 
molecular c h a r a c t e r i s t i c s of HDPE 
tr a n s f e r products, 207 

Rupture and drawing, f i b r i l , bounds of 
p r e d i c t i o n , 55 

Rupture process, theory of rubber 
abrasion, 192,194f 

S 

SAM—See Scanning auger microscopy 
Scanning auger microscopy (SAM) 

PTFE wear f i l m on an i r i d i u m 
substrate, 296f 

wear a n a l y s i s , 288 
Scanning e l e c t r o n microscopy (SEM) 

degradation of masonry coating 
m a t e r i a l s , 350,352f,354f,355f,356f 
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INDEX 417 

Scanning e l e c t r o n microscopy (SEM)— 
Continued 
eroded thermoplastic m a t e r i a l 

s u r f a c e s , 289f 
wear surface 

PEEK, 114f 
PPS, 115f 

wear t r a c k s , PI t h i n f i l m s , 140 
Scratch hardness, abrasive wear of 

PTFE, 152 
Secondary i o n mass spectrometry 

(SIMS), p o l y ( l a u r y l methacrylate), 
s t a t i c , 299f 

Segments, short, and branches, 
networks, plasma polymers, 91 

S e l f - l u b r i c a t i n g composites, 
composition, 272t 

SEM—See Scanning e l e c t r o n microscopy 
S e m i c r y s t a l l i n e thermoplastic 

polymers, c h a r a c t e r i s t i c 
appearances, 6 

Separation, w i t h i n a bulk polymer, 
compared to at or near an 
i n t e r f a c e , 44 

Separation c r i t e r i o n f o r a f l a t 
s u r f ace, separation of adhesive 
systems, 49 

Separation process, adhesion, 
a n a l y s i s , 45-50 

Service and s p e c i f i c wear rate and 
a p p l i c a t i o n , r e l a t i o n s h i p 
between, 329f 

Shear, e f f e c t of contact 
deformation, 25 

Shear strengths, V a r i a t i o n s of various 
polymers with temperature, 108f 

Shear s t r e s s to shear strength, r a t i o , 
e f f e c t on f a t i g u e wear, 63 

Shear-thinning, e f f e c t on adhesion, 54 
S i l a n o l s , c o n t r o l of spontaneous 

condensation, 130 
S i l i c a , surface of graphite-PI com

pos i t e s a f t o r s l i d i n g against 
s i l i c o n n i t r i d e , 281 

S i l i c o n n i t r i d e 
counterface, s e l f - l u b r i c a t i n g 

graphite-PI composites, 278 
f r i c t i o n a l c o e f f i c i e n t as a f u n c t i o n 

of s l i d i n g graphite-PI 
duration, 276f 

S i l i c o n - c o n t a i n i n g l a y e r , surface of 
s e l f - l u b r i c a t i n g graphite-PI com
pos i t e s a f t e r s l i d i n g against 
s i l i c o n n i t r i d e , 282f 

S i l i c o n e m o d i f i c a t i o n s , surface 
m o d i f i c a t i o n techniques, c o n t r o l 
of polymer wear, 83 

Siloxane-modified epoxies, wear 
r a t e s , 62 

SIMS—See Secondary i o n mass 
spectrometry 

S l i d i n g 
a r t i c u l a r c a r t i l a g e , 230 
distance r e l a t e d to wear, pin-on-

disk c o n f i g u r a t i o n , 308 
f r i c t i o n and wear experiments, PTFE 

on n i c k e l , 293 
HDPE-glass surfaces, 257 
i n t e r m i t t e n t , e f f e c t on wear of 

a r t i c u l a r c a r t i l a g e , 229-50 
load v e l o c i t y , wear rate 

dependence, 340f 
speed v a r i a t i o n of the wear peak of 

PI, 126f 
s t e e l sphere on f l a t PET surfaces, 

e f f e c t of c r y s t a l l i n i t y , 365 
S o l i d , polymer, surface p r o p e r t i e s , 

v a r i a t i o n , 98 
S o l i d l u b r i c a t i o n , graphite-PI 

composites, 270 
S o l u b i l i t y constant, dependence on the 

cohesive energy d e n s i t y , 94f 
Speed, t e s t parameter, e f f e c t on 

p r e d i c t i n g i n - s e r v i c e bearing 
l i f e , 316 

S t a i n l e s s s t e e l d isk, PET s l i d i n g 
wear, e f f e c t of c r y s t a l l i n i t y , 367 

State c r i t e r i o n of rubber abrasion, 
steady to unsteady, 200 

S t a t i c f r i c t i o n 
c o e f f i c i e n t r e l a t e d to k i n e t i c 

c o e f f i c i e n t , 369f 
e f f e c t of adhesion component, 21 
i n i t i a l , d e f i n i t i o n , 25 
polymer-polymer p a i r s , 15 
polymers, 3-26 

S t a t i c secondary i o n mass spectrometry 
(SIMS) 

p o l y ( l a u r y l methacrylate), 299f 
polymer wear a n a l y s i s , 297 

Steady-state f r i c t i o n , various 
polymer-metal contacts, 123 

Steady-state wear 
a r t i c u l a r c a r t i l a g e , 239 
c a r t i l a g e under i n t e r m i t t e n t 

s l i d i n g , 246f 
c a r t i l a g e - c a r t i l a g e c r o s s - l i n k e d 

with formaldehyde, 245f 
equation of rubber abrasion, 196 
f a t i g u e wear, 59 
f r i c t i o n and wear t e s t s , PI t h i n 

f i l m s , 137 
HDPE against various surfaces, 262 
P i s , 141 
under c y c l i c pressures, a r t i c u l a r 

c a r t i l a g e , 247 
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418 POLYMER WEAR AND ITS CONTROL 

S t e e l , f r i c t i o n a l c o e f f i c i e n t as a 
fu n c t i o n of duration of s l i d i n g , 
s e l f - l u b r i c a t i n g g r a p h i t e - P i 
composites, 276f 

S t e e l counterface, s e l f - l u b r i c a t i n g 
graphite-PI composites, 274 

S t e e l sphere on f l a t PET surfaces, 
s l i d i n g , e f f e c t of 
c r y s t a l l i n i t y , 365 

Ste e l s urface, e f f e c t on HDPE 
wear, 265 

Step-growth mechanism, b i c y c l i c , 
plasma polymerization, 96f 

S t r a i n hardening-softening e f f e c t s , 
e f f e c t on contact deformation 
behavior, 9 

Strength polymer, e f f e c t s i n the 
f a i l u r e of a bulk polymer, 40 

Stress 
pl o t vs. temperature f o r a PI 

f i l m , 301f 
polymers, a n a l y t i c a l t o o l s , 298 

Stress concentration, i s o l a t e d , 
abrasive wear of PTFE, 152 

Stress r e l a x a t i o n , a r t i c u l a r 
c a r t i l a g e , 230 

S t r u c t u r a l design f e a t u r e s , c o n t r o l of 
polymer wear, 78 

Structure 
chemical, PI t h i n f i l m s , e f f e c t on 

f r i c t i o n and wear, 135-48 
f a c t o r s a f f e c t i n g f r i c t i o n , polymer-

metal p a i r s , 334 
polymer, a n a l y t i c a l t o o l s , 298 

Stylus t r a c k i n g , polymer wear, 290 
Substrate polymers, adhesion of plasma 

polymers, 95 
Sub s t r a t e - t r a n s f e r f i l m i n t e r f a c e , 162 
S u l f u r , f r e e , e f f e c t on HDPE wear 

r a t e , 262 
Sunshine carbon arc a c c e l e r a t i o n t e s t , 

masonry coating m a t e r i a l s , 350 
Surface c h a r a c t e r i s t i c s 

anatomical, j o i n t s , e f f e c t s on wear 
rates of a r t i c u l a r 
c a r t i l a g e , 248 

a r t i c u l a r c a r t i l a g e during 
wear, 237,242f 

PET-metal contact, e f f e c t of 
c r y s t a l l i n i t y , 373 

unperturbable, plasma 
polymers, 98-102 

wear of a r t i c u l a r c a r t i l a g e , 239 
Surface damage, wear of PTFE, 156f 
Surface drawing mechanism 

a n a l y s i s of adhesion separation 
process, 45-50 

rupture of a f i b r i l , 41 

Surface e n e r g e t i c s , polymer 
wear, 27-36 

Surface f i n i s h 
e f f e c t on HDPE wear r a t e , 257 
test parameter, e f f e c t on p r e d i c t i n g 

i n - s e r v i c e bearing l i f e , 316 
Surface mass t r a n s f e r r e s i s t a n c e , 

i n f l u e n c e , progress of 
carbonation, 360f 

Surface m o d i f i c a t i o n s 
c o n t r o l of polymer wear, 82-83 
plasma treatment and plasma 

polymerization, 89-102 
Surface morphology, degradation of 

masonry coating m a t e r i a l s , 350 
Surface oxygen concentration, degrada

t i o n of masonry coating 
m a t e r i a l s , 353 

Surface p r o p e r t i e s 
p l a s t i c s coated with p o l y s i l o x a n e -

s i l i c a h y b r i d r e s i n s , 132 
polymer s o l i d , v a r i a t i o n , 98 
t r i b o l o g i c a l e f f e c t s , 30t 

Surface roughness parameter, HDPE 
wear, 267 

Surface texture 
e f f e c t on HDPE t r a n s f e r f i l m form

a t i o n and bonding c a p a b i l i t y , 255 
e f f e c t on HDPE wear r a t e , 257 

Surface wear 
a n a l y t i c a l t o o l s , 293 
f r i c t i o n damage, graphite-PI com

posites against s i l i c o n 
n i t r i d e , 278 

PTFE as a f u n c t i o n of time, 291f 
s e l f - l u b r i c a t i n g graphite-PI a f t e r 

s l i d i n g against s t e e l and 
s i l i c o n n i t r i d e , 279f 

Synovial j o i n t s , t o t a l 
replacement, 216 

Synthesis, p o l y s i l o x a n e - s i l i c a hybrid 
r e s i n s , 130 

System dependent aspect, plasma 
polymerization, 90 

Τ 

Taylor i n s t a b i l i t y mechanism, forma
t i o n of f i b r i l s , 44 

TEM—See Transmission e l e c t r o n 
microscopy 

Temperature 
ambient, t e s t parameter, e f f e c t on 

p r e d i c t i n g i n - s e r v i c e bearing 
l i f e , 316 
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Temperature—Continued 
e f f e c t on f r i c t i o n and wear, 103-127 
e f f e c t on t r i b o l o g i c a l performance 

of graphite-PI composites, 280 
f r i c t i o n zone, dependence on load 

and v e l o c i t y , 338f 
measurement of e f f e c t on polymer 

s t r e s s e s , 301 
plot vs. stress for a PI f i l m , 301f 
substrate, e f f e c t on plasma 

polymerization, 91 
Temperature dependence, y i e l d strength 

of f i b r i l s , 51 
Temperature r i s e , peeling separation, 

p r e s s u r e - s e n s i t i v e tape, 43 
Tens i l e rupture r a t i o 

p l o t vs. state c r i t e r i o n of rubber 
abrasion, 201f 

rel a t e d to rubber abrasion, 200 
theory of rubber abrasion, 192 

Ten s i l e strength 
amorphous elastomers, e f f e c t of 

p a r t i c u l a t e f i l l e r s , 197 
rel a t e d to wear rate, PI t h i n 

f i l m s , 141 
Te n s i l e s t r e s s 
maximum, sphere s l i d i n g on a 

plane, 61 
mechanical properties, various 

polymers, 62 
Te n s i l e s t r e s s - y i e l d strength r a t i o , 

e f f e c t on fatigue wear, 63 
Test parameters, c o r r e l a t i o n of 

laboratory data to i n - s e r v i c e 
data, 317 

Thermal deposition, study of molecular 
features of HDPE t r a n s f e r 
products, 205 

Thermoplastic material surfaces, 
eroded, SEM micrographs, 289f 

Thermoplastic polymers 
contact deformation, 6 
curved, estimation of the contact 

deformation behavior, 15 
engineering, c h a r a c t e r i s t i c s of 

tra n s f e r and wear products, 206 
se m i - c r y s t a l l i n e , c h a r a c t e r i s t i c 

appearances, 6 
Thermotropic l i q u i d c r y s t a l l i n e 

polymers, 81 
Thin f i l m i d e n t i f i c a t i o n , charac

t e r i z a t i o n and measurement of 
polymer wear, 290 

Thrust washer, wear test methods, 316 
Time varying loads, e f f e c t on wear of 

a r t i c u l a r c a r t i l a g e , 229-50 
Titanium and i r i d i u m , PTFE wear f i l m , 

depth p r o f i l i n g , 296f 

Toughness and abrasive wear, 
c o r r e l a t i o n , PTFE, 155 

Transfer and abrasive modes, 
t r a n s i t i o n between, PTFE, 159 

Transfer f i l m 
c h a r a c t e r i z a t i o n and measurement of 

polymer wear, 290 
e f f e c t of water on formation, UHMWPE 

on s t e e l , 186 
HDPE-metal sur f a c e s , 263f 
PTFE 

average thickness on n i c k e l at 
various s l i d i n g speeds i n 
vacuum, 296f 

f l u o r i n e AES and XPS, 294f 
s l i d i n g , HDPE-metal sur f a c e s , 261f 
UHMWPE on s t e e l , wear r a t i o , 181 

Transfer f i l m - s u b s t r a t e i n t e r f a c e , 162 
Transfer mode, general c l a s s i f i c a t i o n , 

PTFE, 161 
Transfer process, various polymers, 

pin-on-disk method, 312 
Transfer products, polymer-metal 

systems, molecular 
fe a t u r e s , 205-211 

Transfer wear 
PTFE, 159,161 
ra t e s , PTFE composites, 165f 

T r a n s i t i o n between abrasive and 
tr a n s f e r modes, PTFE, 159 

Transmission e l e c t r o n microscopy (TEM) 
disk surfaces rubbed against 

PI, 116f 
PET-metal contact, e f f e c t 

of c r y s t a l l i n i t y , 370 
worn PI sur f a c e s , 113f 

Tribochemical wear, polymer wear 
mechanisms, 36 

T r i b o l o g i c a l behavior 
f i b e r - r e i n f o r c e d P i s s l i d i n g against 

s t e e l and s i l i c o n 
n i t r i d e , 269-83 

graphite-PI composites, e f f e c t of 
graphite f i b e r s and 
temperature, 280 

HDPE, 253 
methods a v a i l a b l e f o r 

e v a l u a t i n g , 335 
P i s , 136 
polymers, 29f,151-211 
t o t a l replacement knee j o i n t s , 215 

T r i b o l o g i c a l processes, d e f i n i t i o n , 3 
T r i b o l o g i c a l p r o p e r t i e s , polymers, 30t 
Tribometer 

block diagram, 7f 
photograph, 5f 

T r i b o t e c h n i c a l p r o p e r t i e s 
e v a l u a t i o n , polymer-based 

m a t e r i a l s , 336 
t e s t i n g center, 338f 
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420 POLYMER WEAR AND ITS CONTROL 

U 

U l t r a - h i g h molecular weight 
polyethylene (UHMWPE) 

inf l u e n c e of counterface 
topography, 171-87 

t o t a l replacement hip j o i n t s , 216 
wear behavior, pin-on-disk 

method, 312 
Unloading mode, e f f e c t on contact 

deformation, 15,21 
Unperturbable surface c h a r a c t e r i s t i c s , 

from plasma polymers, 102 
Unsteady s t a t e , abrasion process, 197 
Unsteady state dynamics, main 

assumptions, 348 
UV energy d i s t r i b u t i o n , absorbed, 

outdoor exposure t e s t , 359f 

V 

Vapors and gases, permeability, con
v e n t i o n a l polymers and plasma 
polymers, 93 

V e l o c i t y , dependence of f r i c t i o n zone 
temperature and f r i c t i o n a l 
c o e f f i c i e n t , 338f 

V e r t i c a l pin-on-disk apparatus, 
schematic r e p r e s e n t a t i o n , 305f 

V i s c o e l a s t i c deformation processes, 
e f f e c t on contact deformation 
behavior, 9 

V i s c o e l a s t i c e f f e c t s and i n t e r f a c i a l 
f o r c e s , polymer adhesion and 
wear, 39-56 

V i s c o e l a s t i c i t y 
contact deformation, e f f e c t of 

loading and unloading modes, 15 
e f f e c t on contact deformation 

behavior, 21 
e f f e c t on polymer wear, 3-26 
inf l u e n c e on contact deformation 

behavior, 11 
nonlinear, c r i t i c a l to adhesion, 54 

V i s c o p l a s t i c deformation processes, 
e f f e c t on contact deformation 
behavior, 9 

W 

Water, e f f e c t on in f l u e n c e of counter-
face topography on wear rate of 
UHMWPE, 171-87 

Water vapor permeability, various 
polymers, 93 

Wear 
e f f e c t of chemical s t r u c t u r e , PI 

t h i n f i l m s , 135-48 
f i b r i l - c r a z e model, 43 
foam modulus and p a r t i c l e 

p r o p e r t i e s , 72f 
f r i c t i o n 

and surface damage, graphite-PI 
composites against s i l i c o n 
n i t r i d e , 278 

HDPE against m e t a l l i c d i s k 
surfaces, 255 

PET, e f f e c t of 
c r y s t a l l i n i t y , 363-74 

PTFE on n i c k e l , 293 
s e l f - l u b r i c a t i n g graphite-PI 

composites against s t e e l , 274 
HDPE 

against an abraded s t e e l 
d i s k , 260f 

against ground s t e e l d i s k , 259f 
against metal s u r f a c e s , 256f 
against smooth glass and brass 

s u r f a c e s , 264f 
r o l e of f i l l e r s , 253-66 

h e a t - r e s i s t a n t polymers, e f f e c t of 
temperature, 103-127 

i n - s e r v i c e assessment 
comparison with l a b o r a t o r y 

data, 321 
re l a t e d to lab wear data, 319 

measurement, a r t i c u l a r 
c a r t i l a g e , 234 

pl o t vs. e f f e c t i v e f r i c t i o n a l 
c o e f f i c i e n t , 74f 

pl o t vs. modulus and hardness of 
polymeric substrates, 73f 

polycarbonate surface, 71 
PTFE, 151-67 
r e l a t e d to s l i d i n g d i s t a n c e , 

pin-on-disk c o n f i g u r a t i o n , 308 
sta n d a r d i z a t i o n of test methods, 333 
t o t a l contact s t r e s s , 70 
weight loss of m a t e r i a l , pin-on-disk 

c o n f i g u r a t i o n , 309f 
Wear curve, general processes of 

rubber abrasion, 193,195f 
Wear d e b r i s , PTFE, pin-on-disk 

c o n f i g u r a t i o n , 308 
Wear equation 

general processes of rubber 
abrasion, 193 

rubber abrasion i n steady s t a t e , 200 
Wear f a c t o r s 

knee p r o s t h e s i s , 225 
re l a t e d to counterface roughness, 

UHMWPE, 181 
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Wear groove, formation, e f f e c t on 
f r i c t i o n c o e f f i c i e n t , 64 

Wear machine, six-head l i n e a r 
r e c i p r o c a t i n g , UHMWPE f i l m s on 
s t e e l , 173f 

Wear p a r t i c l e 
loose, three stages i n formation, 31 
PET, o p t i c a l micrographs, 371f 

Wear processes, i n i t i a t i o n , 3 
Wear ra t e 

c a r t i l a g e under constant load, 249 
dependence on load and s l i d i n g 

v e l o c i t y , 340f 
equation, abrasion of rubbers and 

t h e i r v u l c a n i z a t e s , 21 
PET pins s l i d i n g against s t a i n l e s s 

s t e e l disk, e f f e c t of 
c r y s t a l l i n i t y , 367 

pin-on-disk c o n f i g u r a t i o n , 310f,311f 
P i s , 63 
plot vs. f r i c t i o n a l work, 198f 
reduction mechanism, polymer t r a n s 

f e r f i l m , 267 
siloxane-modified epoxies, 62 
s p e c i f i c and s e r v i c e and 

a p p l i c a t i o n , r e l a t i o n s h i p 
between, 329f 

steady s t a t e , under c y c l i c 
pressures, a r t i c u l a r 
c a r t i l a g e , 247 

Wear r e s i s t a n c e , v a r i a t i o n with 
hardness, PET, 37If 

Wear scar, knee-joint p r o s t h e t i c 
components, 223f,224f,227f 

Wear sur f a c e , v i s u a l observation, 
a n a l y t i c a l t o o l s , 288 

Wear t e s t i n g 
f r i c t i o n a l p r o p e r t i e s of PET, 364 
labor a t o r y , r e l a t e d to i n - s e r v i c e 

wear, 315-330 

Wear track i n i t i a t i o n data, various 
polymers, 61 

Wear volume, b r i t t l e polymers, simple 
expression, 31 

Wet wear f a c t o r s , UHMWPE on s t e e l , 181 
Work of f r i c t i o n and adhesion, various 

polymers, contact deformation 
s t u d i e s , 22f 

Working capacity, l o s s , polymeric 
ma t e r i a l s i n f r i c t i o n p a i r s , 336 

X 

X-ray a n a l y s i s 
polymer wear, schematic of double 

c r y s t a l camera arrangement, 300f 
s t r e s s e s i n polymer wear, 298 

X-ray photoelectron spectroscopy (XPS) 
f l u o r i n e , PTFE t r a n s f e r f i l m , 294f 
polymer t r a n s f e r , schematic diagram 

of apparatus, 292f 
polymer wear, d i s c u s s i o n , 293 
wear a n a l y s i s , 288 

Y 

Y i e l d pressures, v a r i a t i o n s of various 
polymers with temperature, 108f 

Y i e l d strength 
e f f e c t on adhesional wear, 54 
p r e s s u r e - s e n s i t i v e tapes, 52 
various polymers, 62 

Y i e l d s t r e n g t h - t e n s i l e s t r e s s r a t i o , 
e f f e c t on fati g u e wear, 63 
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