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ABSTRACT: We review contact mechanics with emphasis on the rheological (time dependent) properties of polymers and their relations to
surface roughness, material properties, and friction as well as wear behavior of rubbing polymer surfaces. The main concept of polymer
mechanics related to tribology consists of three basic elements involved in friction: deformation resulting in the real area of contact of rough
surfaces, contact adhesion, and shear and rupture of materials in the contact during the sliding friction. The results of classical work are
included, which addresses the real contact area calculation and the description of adhesion interaction between rough surfaces. A brief review
of experimental investigations concerning the surface characterization by means of bearing curves, the intermolecular force interaction using
the adhesion parameter, the effect of temperature on the real contact area, the formation of transferred polymer film during friction, and tri-
bological behavior of ultrathin polymer layers are presented and their implications discussed. © 2013 Wiley Periodicals, Inc. J. Appl. Polym. Sci.

2014, 131, 39870.

KEYWORDS: surfaces and wear and

characterization

interfaces; friction;
Received 21 May 2013; accepted 15 August 2013
DOI: 10.1002/app.39870

INTRODUCTION

There are three important factors affecting friction: deformation
affecting the real area of contact of surfaces, adhesion of surfaces
in contact, and also shear resulting in film transfer and debris for-
mation."” The deformation component of friction results from
the resistance of the polymer to “ploughing” by the asperities of
the harder counterface. Polymer surface asperities experience elas-
tic, plastic, and viscoelastic deformation depending on the mate-
rial properties. The adhesion component stems from the adhesive
junctions formed on the spots of real contact between the mated
surfaces. The adhesion component of friction for polymers is
believed to exceed by far the deformation. Special consideration is
needed for transfer films, being the key factor, which determine
the tribological behavior of polymers and polymer composites.'™

It is known that the size of linear macromolecules of polymers
is very big and the main feature of the polymer structure is that
macromolecules consist of the rigid segments which can rotate,
thus providing the flexibility of the molecular chains. Another
feature of polymers is that strong chemical forces link the atoms
in a polymer chain, whereas the intermolecular forces, which
are significantly weaker, link the chains. The structural features
of polymers and the possibility of changing their properties
within a wide range provide a variety of the tribological applica-
tions of polymers and polymer composites.

© 2013 Wiley Periodicals, Inc.
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The application of the different fillers gives an opportunity of
improving the tribological behavior of polymers.”® For exam-
ple, the reinforcement with short fibers (glass or carbon) is
used most often to increase the mechanical strength, hence, the
load-bearing capacity of polymer composites. Solid lubricants
such as polytetrafluoroethylene (PTFE), graphite, molybdenum
disulphide added to polymers affect significantly the formation
of the transfer films on the counterface and decrease the friction
coefficient.”'® In recent years, owing to rapid advances in nano-
technologies, polymer nanocomposites being a polymer matrix
filled with the particles 100 nm and smaller in size, have
become more and more common.''* Commonly used nanofil-
lers in plastics are the carbon materials (fullerene and its deriva-
tives), layered clayey minerals, and nanoparticles of metals or
their organic and inorganic compounds.

Temperature affects essentially the molecular-kinetic processes
proceeding in polymers and their mechanical behavior including
tribological properties.'”'>'* As experiments have shown, there
exists certain equivalence between the time effect and the tem-
perature effect on mechanical behavior of polymers. A tempera-
ture rise produces such an effect as if the process accelerates.
That is, the time scale of a given viscoelastic measurement can
be significantly extended, and the experiments can be conducted
by the shortcut methods. This finding lent impetus to extensive
studies of temperature effect on viscoelastic properties of
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polymers dealing with the time-temperature superposition.'?
In a case of reinforced polymers by fillers, the wear behavior
can be significantly different to the unfilled polymers. For
example, due to an improper adhesion interaction between fill-
ers and polymer matrix, wear volume of thermoplastic polyur-
ethane was significantly higher than those for the unfilled
polyurethane.®

The phenomenon of friction transfer is observed for nearly all
materials. The consequences of material transfer may be signifi-
cantly distinct.'”™"? If the small particles of micrometer size are
transferred from one surface to the other the wear rate varies
only slightly.*® Under certain conditions the situations take
place such that a thin film of the soft material is transferred
onto the hard mating surface, for example, polymer on metal. If
the transferred polymer film is carried away from the steel sur-
face and is continuously formed the wear rate increases. In the
case when the film is held in place, the friction occurs between
the similar materials which may eventually result in seizure.
Spreading of the polymer on steel gives rise to an abrupt jump
of the friction force, but the wear changes insignificantly.

The unique ultrathin polymer layers*' ™ architecture with the

presence of active functional groups make polymer molecules a
versatile tool for modifying surface interfaces at nanolevel. Sev-
eral different sets of polymers and polyions can be chosen as
possible substances for deposition onto the surface: polyheter-
oarylenes, and their complexes with stearic acid (NBI and NBI-
St), polyester acid-poly[2,4,7-trioxaheptylpyromellitic acid]
(PTA), oligo- and poly(acrylic acid) (PAA), polymethylacrylate
(PMA), poly(styrene-co—2,3,4,5,6-pentafluorostyrene)  (PSF),
polystyrene (PS), perfluoropolyether (PFPE), polybutylacrylate
(PBA), and poly(1,6-hexanediol dimethacrylate) (PHDM) to
name but a few.

Densely grafted polymer molecules tend to stretch away from
the surface to reduce their interaction with other molecules,
thus attaining a different conformation than the optimal for
the free polymer molecules in the bulk or solution. Typically,
polymer brushes synthesized by physisorption consist of two-
component polymer chains, where one part strongly adheres to
the interface and the second part extends to generate the
polymer nanolayer. This tethering point can be a single point,
in the case of a functionalized polymer chain, or some limited
area as in a diblock copolymer chain. Ultrathin polymer brush
layers can significantly affect surface properties of the sub-
strates such as adhesion, lubrication, wettability, friction, and
biocompatibility.

THEORETICAL SECTION

General Viscoelastic Strain—Stress Relation

The mechanical behavior of polymers is governed by the combi-
nation of elasticity and viscosity. At small deformation, poly-
mers behave as the Hook elastic body (¢ = Ee, where ¢ and ¢
are the stress and strain, and E is the modulus of elasticity)
modeled with a spring and Newtonian fluid (¢ = nde/dt, where
n is the viscosity and ¢ is the time); the latter is presented by a
damper. The combination of these elements gives simple models
of viscoelastic contact. These models allow to qualitatively esti-
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mate how polymers behave in certain situations. In more gen-
eral form, the constitutive law is written as an ordinary
differential equation with constant coefficients:

d"o de d"e
apo+a + +a =bye+b, —+...+b, 1
0 17, dt m d m 0 1 dt drn ( )
where ag,..., a,;, bg,..., b, are the constant coefficients governing

the mechanical behavior of the polymer under study.

For the combined stress—strain state described by tensors ¢;; and
&;, the above constitutive law is

Pi(D)sj=Qi(D)e;
Py(D)oij=Q:(D)e;;

where P, Q,, (m=1, 2) are operator polynomials of the partial
derivative with respect to time (D= 0/01), gj; and ¢;; are the
stress and strain tensors, s; and e; are deviator components
defined as s;; = 0jj — 0i0;#/3, €j = &ij — exdii/3.

Such representation is a set of relaxation (retardation) times,
which enable the relaxation (creep) curves to be described as a
finite series of exponents. What actually happens is that the
relaxation (retardation) times are fitted to the measured curves
of relaxation (or creep). As a result, a discrete spectrum of
relaxation times is found.

However, every so often, the polymer behavior cannot be
described by a set of exponents. In this case the stress—strain
relationship is specified in the integral form. It is assumed that
there exists a continuous spectrum of relaxation times:

Oeji(x, 1)

sinn=| G- 205 ar, @

where G is the relaxation modulus.

Contact Mechanics of Bodies

Consider basics of contact mechanics useful for explanation of
polymer contact and tribological behavior.** The real and nomi-
nal contact areas are determined based on solutions to the
problems of the theory of viscoelasticity and elasticity.

It is known, that the contact problem on penetration of rigid ball
into elastic half-space is reduced to solution of the integral equation:

L[[ ey %y 5
7)), P 2R 2R
where F'=3K301 p=[(x— )2+(y—)/)2]1/2, K and G are

bulk and shear moduli, R is the radius of rigid ball, and ¢ is
displacement of surface.

In the case of viscoelastic behavior of bodies, the moduli enter-
ing eq. (3) are time-dependent functions and the contact area A
varies in time. A viscoelastic analogue of eq. (3) is written as

/ / 2 2
LJJ E*Mz(;(t)_x__x_7 (4)
T AY) p 2R 2R

where * stands for convolution and the function E’ is deter-
mined from the integral equation:

2G*(6K+2G) E=3K+4G. (5)

Solution of last equation for the case of constant load w gives
the relation for the contact radius:
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a*(t)=>wRE'(t)

3
4

and thereby the contact area is

3 2/3
A= (Z wRE’(t))

The use of the relations obtained depends on the choice of the
constitutive law of the hereditary type. In particular, in case a
material has a time-independent Poisson’s ratio and kernel of
heredity of the exponential type R(t)=-Lexp(—'/), a time-

dependent elasticity is:
{1— A exp (—1_ / t)], (6)
T

1-v? 1
3 1-v2 1 1- ) 23

E 1-4
Contact Problems with Adhesion Interaction
The work of adhesion interaction between Solids 1 and 2, equal
to the work of adhesion rupture, is determined by the Dupre
formula y =7y + 7y,— y 5, where y; and 7, are the energies
required to form the unit surfaces of Solids 1 and 2 (their free
surface energy) and 7, is the excessive or interphase energy.

E(t)=

and then

Several models have been developed to describe the contact adhe-
sion. The Johnson-Kendall-Roberts (JKR) model®® sometimes
referred to as the model of contact mechanics and the Derjaguin—
Muller—Toporov (DMT) model*® are commonly used.

The JKR model is based on the assumption on an infinitely
small radius of effect of surface forces, i.e., it is assumed that
interactions occur only within the contact area. Elastic contact
between a sphere of radius R and half-space is analyzed with
consideration of van der Waals forces which compress the
mated bodies together in addition to the load applied. The con-
tact stiffness resists to the action of the forces.

The formula for calculating the radius of JKR’s adhesive contact
is

3 R
a3:Z§<w+3nRy +\/67IRMM/ +(37'LR"/)2>7 (8)

where w is the normal load.

Therefore, it is apparent that without adhesion (y=0) the
Hertz equation is obtained while if y > 0 the contact area always
exceeds that of the Hertzian contact area under the same nor-
mal load w.

Only the application of a tensile (negative) load can reduce this
radius, and then the contacting surfaces would separate at the least

load corresponding to the conversion of the radicand into zero
3
Fpullfoff:_z TRYy. 9)

This circumstance is the specific feature of the JKR model.

The DMT model describes the contact of an elastic sphere with
a rigid half-space. This model is based on the following two
postulates: surface forces do not change the deformed profile of
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the sphere and it remains Hertzian; the attraction force acts
outside the contact circle pressing the bodies together with the
contact region being under compression by the stresses distrib-
uted according to Hertz.

Equilibrium is reached, if the deformation is sufficient for the
elastic response (the force of elastic restoration of the sphere) F,
to counterbalance the joint effect of the applied external load w
and the forces of molecular attraction Fi

F,=w+E.. (10)

In this case, the attraction is represented by the Lennard—Jones
potential. Then the molecular attraction force is calculated by
the direct integration:

F=2n J p(h+hg)rdr, (11)

a
where hy is the equilibrium state (the clearance within the con-
tact site).

The calculation of this integral is rather difficult yet a number of
approximate formulas are known which facilitate the use of the
model in question. In particular, there is a simple relation between
the load and approach obtained for the conditions of the DMT

model:
w_ 1L (0N 4
F, 3\ 9. 3’

where 6 is elastic displacement, F,.=2 7 7 R,

(12)

(P 1/3
5f_(3E2R> :

Characterization of Rough Surfaces

A study of bearing area curve (or so-called Abbott—Firestone
curve®’) allows the display of statistical cumulative distribu-
tion of height points of a profile or surface. This cumulative
distribution of height points is the basis for some roughness
parameters defined in national and international standards
DIN 4776°% and 1SO 13565.>° The main weaknesses of the sta-
tistical cumulative distribution of height points (Abbott—Fire-
stone curve) for estimating tribological behavior of surface
are

1. Abbott—Firestone curve does not contain information on
spatial features of the surfaces,

2. actually none of the statistical parameters of a surface
heights (such as Ra, Rq, Rsk, Rku, Rpk, Rsk, and so on) are
indicative for the contact or friction and wear problems
allowing to calculate the important tribological characteris-
tics of rubbing surfaces®® (such as: real contact area (RCA),
local pressure on the contact spots, coefficient of friction,
wear rate and etc.).

Usually, the probability distribution of height points is deter-
mined using measurement data and/or theories of roughness.
The typical way of specifying surface roughness for tribological
studies is estimating the height (amplitude) statistical parame-
ters, such as arithmetic average height (Ra), root mean square
roughness (Rq), skewness (Rsk), kurtosis (Rku), and others
which are mainly corresponding to the features of height points
density (see Figure 1).>>7' For surface characterization the letter
“S” is used for amplitude statistical parameters instead “R” for
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Figure 1. General statistical curves are utilized for surface characterization in tribology. (a) Cumulative distribution of height points (Abbott—Firestone

curve®). (b) Density distribution of height points (Gaussian density curve). [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

profile characterization.”’™* Here are the main features of the
height (amplitude) statistical parameters briefly discussed. Ra
(Sa) parameter is defined as the average deviation of the rough-
ness irregularities from the mean line over sampling length, or
from a mean surface over the area of nominal surface in case of
areal characterization. In most of the cases this roughness
parameter is used for general control of surface quality. This
parameter corresponds to the maximum of density distribution
shown in Figure 1(a). The main weakness is that Ra (Sa) has
not any information about the profile shape or texture of sur-
face and it is not sensitive to the fine changes of asperities peaks
and deepness of pits. Rq (Sq) parameter is the standard devia-
tion of the distribution of profile or surface height points. This
parameter is sensitive to the changes of height amplitude of
profile (or surface) because of the width of “bell curve” is
changed in this case. Rsk (Ssk) qualifies the symmetry of the
height distribution about the mean line for a profile or mean
plane in a case of a surface. Mathematically this parameter
describes the shape of the height distribution curve. For the
Gaussian distribution, which has a symmetrical “bell-like” shape
of distribution, the Rsk (Ssk) is zero. For asymmetric distribu-
tion of profile/surface heights, the Ssk may be negative or posi-
tive. It is believed that Rsk (Ssk) is the positive in case a surface
has a lot of peaks and small amount of valleys, but the negative
Ssk indicates that the quantity or deepness of valleys dominate
the peaks above the mean plane. Kku (Sku) qualifies the flatness
of the height distribution curve. The profile or surface with a
Gaussian distribution of height points has a kurtosis value of 3.
Centrally distributed surfaces have a kurtosis value larger than
3, whereas the kurtosis of a well spread distribution is smaller
than 3.

Actually, the statistical roughness parameters of height points of
rough surfaces have no direct relation to the functional proper-
ties of surfaces, however the correlation between tribological
behavior of surface and the changes of their roughness parame-
ters were found and discussed quite some time ago.”*™® These
statistical parameters describe the shape and location of deriva-
tive’s extreme points on the density height (amplitude) curve.
Perhaps, Thomas®® was the first who noted that statistical
roughness parameters cannot correctly describe the real surface
topography. Furthermore, absolutely different surface topogra-
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phies can lead to the same roughness parameters.”® Up to day,
no single approach to the problem provides a complete descrip-
tion of the surface topography depends on the changes on the
polymer surface structure due to friction.

Contact of Rough Polymer Surfaces

When two surfaces approach each other, their opposing asper-
ities with maximum heights come into contact forming the
individual spots. The total area of these spots is known as the
RCA. When estimating the real contact in the case of plastics
during friction, the temperature and sliding velocity should be
taken into account.***?

The solution desired, i.e., the relationship between the total
load w, circular contact radius a, and approach of the sphere J
is sought as a superposition of the solutions for the problems
considering mechanical loading and heating. It is possible to
find the total area of all contact spots (RCA) and the total load
following the Greenwood-Williamson approach.”” The nondi-
mensional equations for the normal distribution of the asperity
heights are written as follows:

A,/A,=nRDo,

h
w (1-+%) 1232 L JOC 3/2 ) .
— =_—R'?D E—h —-&)2)d
Aa E O-‘r 27'[ h(C ) exp[g/]g
20T 1 o
+4+ 1+v)RDg, —h —£/2)de.
(1)RDe, e [ (ehesp [-22/2]a

(14)

Here A, is the apparent contact area, A, is the RCA, D is the
surface density of asperities, g, is the root- mean -square rough-
ness, o is the bandwidth parameter, ¢ is the nondimensional
height of asperity, and h is the nondimensional separation.

It is known that the RCA of two bodies with different tempera-
the temperature
increases, and the RCA is always smaller than in the isothermal
case.** However, if the mechanical behavior of the material is
sensitive to temperature changes, the above RCA decrease may
be “hidden” by RCA rise due to the reduction in the mechani-
cal characteristics of the material.

tures becomes smaller when difference
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Use of the following nondimensional quantities A=A, /A,;
W= %; D=RDo; 6=0/R, and designations for the integrals

Rh=gk | (hew [€2/2az Fya(h)=

ﬁj:o (f—h)3/zexp [—62/2} dé&, egs. (13) and (14) are rewritten
as
A= DF(h), (15)
3 oT

These equations describe the dependence of the relative RCA on
the nondimensional load in the parametric form. The relative
separation h is used as the parameter. For isothermal contact,

eq. (16) is written in the form:
4 -

If the rheological behavior is governed by a single relaxation

time, the simple exponential dependence describes its
temperature-dependent modulus:
E=Eyexp [~ fT], (18)

where f is a constant having dimension of the reciprocal of the
temperature and conventionally termed as the rheological
parameter. Substituting modulus (18) in eq. (16) is derived a
parametric system of equations, which describes the tempera-
ture dependence of the RCA. This system involves eq. (16) and
modified eq. (17). The latter is of the form:

Woexp (BT)= %D\/} Fspo(h)+ %oc_T (1+v)F (k) |,

NG (19)

where Wy=W /E,.

RESULTS AND DISCUSSION

In general, the main surface features that are used in the inter-
pretation of friction and wear phenomena are the number of
local contact spots, the distribution of real areas of contact
between the rough surfaces, mean curvature radius of asperities,
and root-mean-square (Rq) of asperity peaks (but not Rq of
surface height points).*>**™” Recently, the new approach is pro-
posed*® for surface characterization based on the analysis of
cumulative distributions of surface area and material volume. In
addition to statistical parameters of density of height distribu-
tion, such as Sa, Sq, Sku Ssk, for the surface characterization of
functional (tribological) properties of surfaces, the following
functional characteristics were proposed: bearing projected area,
bearing surface area and bearing material volume as functions
of height (amplitude) of a surface. These parameters are similar
to the bearing area curve (Abbott—Firestone curve that is a
cumulative distribution of height points®”), but differ from it
due to their relation to the topographical properties of a
surface.

The bearing projected area curve is a cumulative distribution of
areas which are material, hit by the cutting plane along the
height range from maximum to minimum height point. Thus,
the bearing projected area curve has strong relation to the
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important functional property of an engineered surface as the
RCA of rough polymer surfaces.

The bearing surface area curve is a cumulative distribution of
areas that is calculated as a sum of surface areas which exceed
the cutting plane at given height. This curve is of interest in
polymer tribology for calculating the adhesion interaction of
rough surfaces. In most of the cases, the adhesion wear is the
dominant wear mechanism at nanoscale friction.*”*® For the
achievement of more precise results of the calculation, the sur-
face was represented as a set of triangles that allowed the recon-
struction of a rough surface close to its original topography.

The bearing material volume is a cumulative distribution of
material volume. Choosing the threshold plane at certain height,
the material volume was calculated as a sum of volumes of sin-
gle truncated right triangular prisms. The bearing material vol-
ume is crucial for estimating the functional parameters of
polymer surfaces as the volume loss of surface due to wear.

The AFM image of fracture surface of PTFE composites con-
taining 1% of the furnace (carbon black) in Figure 2(a) is
shown. Carbon black (CB) is regarded as a group of widely
used commercial fillers, which contain nanosized primary par-
ticles as well as primary aggregates in different proportion, so
they hold a certain promise as a combination filler for improve-
ment of PTFE wear resistance. The role of morphological fea-
tures of the CB primary aggregates in improving PTFE
tribological behavior is now under deep investigation,”'~*

ing to the conclusion that the wear reducing action of carbon
black consists in the prevention of extracting the PTFE fiber
from the PTFE composite. An example of functional bearing
curves mentioned above is shown in Figure 2(b,d) for surface of
PTFE composite [see Figure 2(a)]. All bearing curves, which
were calculated using data of fracture surface, have a symmetri-
cal shape and fully correspond to the classical behavior of the
cumulative distribution for “virgin” (fresh or fracture) surface.
The bearing curves of worn surface, for any others materials,*’
have a slightly different shape. To compare the general shape of
bearing curves of worn and “virgin” surfaces, one can conclude
that all functional bearing curves of worn surfaces haven’t a
part of curve which is commonly called “peak zone.”**** The
analysis of the missing “peak zone” of curves can be easy used
for a quantitative assessment of wear of polymers tested.

As mentioned in the theoretical section “Contact Problems with
Adhesion Interaction,”
sphere and flat surface were formulated by Johnson, Kendall,
and Roberts (JKR model) and Deryaguin, Muller, and Toporov
(DMT model). Analysis shows that each of these models is true
for certain combinations of physical-mechanical and geometric
characteristics of the bodies (see Figure 3). The DMT theory is
applicable to the materials for which the point with the coordi-
nates (K, y) lies below the corresponding line plotted at the
constant radius of asperity tip R. Here K is the reduced stiffness
of the contacting materials and 7 is the interface energy.

the theories of adhesion contact between

The former considers the adhesion as a change in surface energy
only where the two bodies are in contact (that is, the attractive
forces are infinitely short-ranged). Tentative assessment of the

J. APPL. POLYM. SCI. 2014, DOI: 10.1002/APP.39870
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Bearing projected area curve
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Figure 2. Surface of PTFE composite containing 1% of furnace. (a) AFM image of 5 X 5 pum’. The main roughness parameters calculated for given
AFM image are Ra = 17.26 nm, Rq = 21.96 nm, Rsk = —0.35, Rku = 3.38. (b) The bearing projected area curve of surface PTFE composite showing the
distribution of “contact areas” regarding the height. (c) The bearing surface area curve displaying the distribution of surface from maximum to mini-
mum height points. (d) The bearing volume curve of PTFE composite reflects the distribution of material volume. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]

effect of intermolecular forces can be made using the adhesion
parameter.”

1 <9 n R2A y )2/3

Ac=—|——F——F—| .

30 8E
Estimation of the adhesion forces shows that the discrete con-
tact is highly sensitive to its adhesion ability.”® So, larger magni-
tudes of Ac can increase the RCA more than 100 times. The
relation Ac< 0.1 can occur only in the case when at least one
of the contacting bodies is completely elastic. Theoretical and
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1 1
8 0
z
=
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“
g
w
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]
E
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Figure 3. Domains of parameters (K, y) where either of two models (JKR

or DMT) is correct.
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experimental studies have shown that contact is formed by
adhesion and surface forces are dominant when As>0.1.

Since physical-mechanical properties of mating materials are
introduced into eq. (1) in addition to roughness parameter, the
condition Ac->0.1 can determine the ultimate mean arithmetic
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Figure 4. Inter-relation of roughness, mechanical properties, and adhesion
in a contact.
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deviations of the equivalent roughness Ra= (Ra, + Ra,)Y?

below which the degree of adhesion in the contact should be
taken into account (see Figure 4). A transition region exists
above this level when condition Ac>0.1 is fulfilled only at a
certain combination of properties of contact materials; hence
each specific case needs validation. This analysis indicates that it
is impossible to study contact of any materials at nanoscale
unless the atomic and molecular interactions between the surfa-
ces are taken into account.

The effect of the excess temperature on the relative RCA is
shown in Figure 5. The higher temperature, the smaller RCA
becomes. This situation takes place in a sliding contact and the
so-called “thermoelastic instability” appears. The heat flow
across a contact spot gives rise to expansion of asperity being in
contact and its “buckling” as against the isothermal case. A
mean size of contact spot and the RCA becomes smaller. To
retain the earlier value of RCA, the nominal contact load should
be increased.

Thus, it was shown that the RCA of two bodies with different
temperatures becomes smaller, if the temperature difference
increases. The RCA are always smaller than those in the isother-
mal case. However, the mechanical behavior of material is sensi-
tive to temperature change (for example, the elastic modulus of
most polymers drops with increasing the temperature). In this

amorphous -
crystalline «

( crystalline
S slice
= nm
x0 |
. 150

t, min

Figure 6. Thickness of transferred film of PTFE as a function of friction
duration (load = 0.05 MPa, sliding velocity = 0.35 m/s).

connection, the way out is considering both factors, the thermal
expansion of the bodies in contact and the reduction in the
mechanical characteristics with increasing the temperature, in
their combined action on the RCA.

Friction transfer attracted a lot of attention in the tribological
community generating many new concepts and hypotheses.”’
Polymers are most susceptible to the friction transfer when rub-
bing both against metals and polymers. As an illustration let us
consider friction between PTFE and PE.'" Experiments were
carried on the wear tester with the block-on-ring geometry. It
has been found that PTFE is transferred in the form of flakes of
very small sizes during the initial period of friction. The thick-
ness of the film transferred increases monotonically and then
oscillates around a mean value; the magnitude and amplitude of
the oscillations depend on the test conditions, especially on the
load and sliding velocity (see Figure 6). Self-lubricating addi-
tives such as PTFE are used to optimize the frictional properties
of solids.”®*® It is important that the lubricant is transferred to
the surface of the contact material during sliding reducing the
interfacial shear stress and friction coefficient.

Figure 7(a) shows the well-known schematic representation of
the semi-crystalline nature of PTFE.° There are lamellae of
crystalline layers with amorphous regions between them. Figure

~

Figure 7. (a) Microstructure of PTFE; (b) AFM-image of PTFE friction surface. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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Figure 8. Schematic representation of friction coefficient against steel ball
versus a number of reciprocal sliding cycles for silicon, SAM, and triplex
nanolayer (after Luzinov and Tsukruk®'=%*). [Color figure can be viewed
in the online issue, which is available at wileyonlinelibrary.com.]

7(b) illustrates the AFM image of the PTFE surface after friction
tests. Crystallites are clearly seen on the friction surface. They
are disordered which proves their free motion occurred during
friction. Therefore, the presence of free slices governs the reduc-
tion of the friction coefficient and frictional transfer for the
materials filled with PTFE.

One more consequence of the polymer transfer is a change in
the roughness of both surfaces in contact. The roughness of
polymer surface undergo large variation during the unsteady
wear until the steady wear is reached, while the roughness of
the metal surface is modified due to the transfer of polymer.

Theoretical and experimental studies’**®' have been devoted
to polymer ultrathin layers (such as poly[styrene-b-butadiene]
(SB), polyl[styrene-b-butadiene-b-styrene] (SBS), and poly|sty-
rene-b-(ethylene-co-butylene)-b-styrene] (SEBS)) made of block
copolymers due to their potential applications in many techno-
logical areas, including coatings, nanolithography, microelec-
tronics, lubricants, adhesives, and membrane separation. These
films self-organize in a variety of ordered microdomain struc-
tures from spherical to lamellar as the fraction and molar mass
of the blocks constituting the copolymers are changed. The for-
mation of the microdomain structure within SEBS layers is
completely suppressed only at extremely small thicknesses below
3 nm. In this case, the layers are completely structureless but
still dense, complete and chemically tethered. At this very small
thickness (well below the diameter of the macromolecular chain,
which is equal to 12.3 nm), the layers display somewhat disor-
dered surface morphology.

The wear resistance of the triplex coatings was tested under
conditions of the mesoscale shearing contact (contact radius,
~10 pm). This involved the contact of a steel ball and local
pressures/velocities comparable with that
MEMS operating conditions. In this method of wear testing, a
sharp increase of the friction forces indicates detrimental surface
failure. Experimental data are shown for the trilayer surface
structures in comparison with a bare silicon surface, and the
grafted rubber interlayer (see Figure 8). During the test, the
local pressure reached 1.2 GPa, which was much higher than
the yield strength of a vast majority of polymeric materials.
Under these severe loading conditions, the wear resistance

of conventional
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mechanism was controlled by the ability of the surface to self-
heal and restore itself, rather than by direct elastic resistance of
the surface. Indeed, all reference surfaces failed almost immedi-
ately (Figure 8). Alkylsilane SAM failed after 900 cycles. The tri-
layer surface structure showed much higher wear stability, and
was worn down after 3000-3500 cycles due to the intensive
thermo-oxidation occurring in the contact area.

CONCLUSIONS

A widespread interest in plastics has grown in the mid twentieth
century due to the features of their structure, specific mechani-
cal behavior, and considerable possibility to change the polymer
properties. But creep behavior of polymers (strong dependence
of their properties on temperature), low heat conductivity, and
sensitivity to the environment often posed numerous problems.
Extensive studies over many years have developed the field of
modern engineering in which the plastics can be applied as tri-
bological materials, more commonly in the form of coatings
and solid lubricants. The latter are used either in the pure form
or as the composites or laminated structures. Thin polymer
films, e.g., self-assembled monolayers formed by the chemisorp-
tion and physisorption of organic molecules (polymers) are
prospective boundary lubricants in the fast-growing area of the
memory storage devices, the microelectromechanical systems
and other precision mechanisms.

Further progress in the field of friction and wear of polymers
and their composites should be based on solving a number of
important problems which will allow to establish more refined
mechanisms which occur in the working surfaces of friction
pairs. It appears important to study the structural changes at
molecular level in the surface layers, and to investigate the
tribo-chemical reactions.
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