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Summary 

The f r a c t i o n  of load ca r ry ing  cha ins  in var ious  g e l s p u n / h o t d r a w n  u l t r a  
h igh molecu la r  we igh t  polyethylene  (UHMWPE) f i b r e s  was  eva lua ted  on the  bas i s  
of a r e c e n t  morphologica l  model. A l i nea r  r e l a t i o n  was  found  be tween  the  
s t r e n g t h  of the  f i b r e  and the  f r a c t i o n  of load c a r r y i n g  chains ,  ca lcu la ted  by 
t h i s  method.  By e x t r a p o l a t i o n  of t h i s  r e l a t i o n  to a f r a c t i o n  of load c a r r y i n g  
cha ins  of  uni ty,  a t h e o r e t i c a l  s t r e n g t h  of 30+3 GPa was e s t i m a t e d  fo r  
polyethylene.  

In t roduc t ion  

For  the  p roduc t ion  of high modu lus /h igh  s t r e n g t h  f ib res ,  u l t r a  h igh 
molecu la r  we igh t  polyethylene  (UHMWPE) is an  exce l l en t  s t a r t i n g  m a t e r i a l ,  
because  of i t s  h igh t h e o r e t i c a l  modulus and s t r e n g t h  [1,2]. In o rde r  to  
achieve  high s t r e n g t h  f ib res ,  the  technique  of ge lsp inning  and subsequen t  
h o t d r a w i n g  of the  ge lspun f i b r e  is a very  succesfu l  method,  leading to f i b r e s  
w i th  s t r e n g t h s  up to 7 GPa [3]. Compared to  the  t h e o r e t i c a l  s t r e n g t h  of a 
s ingle  polye thylene  chain  however,  t h i s  is a r e l a t ive ly  low value, especia l ly  
when  is t aken  into account  t h a t  the  moduli  of these  f i b r e s  app roach  values  
upto 807. of the  t h e o r e t i c a l  modulus of polyethylene.  

Es t ima t ions  of the  t heo r e t i c a l  s t r e n g t h  of polymers  can  be made using, 
f o r  ins t ance ,  the  k ine t ic  theory  of f r a c t u r e  [2] or  Morse po t en t i a l  
ca lcu la t ions  [4,5], i.e. by cons ider ing  the  s ingle  polymer  chain  only. An 
e s t i m a t i o n  of the  t h e o r e t i c a l  s t r e n g t h  of polymers  f r o m  e x t r a p o l a t i o n  of 
expe r imen ta l ly  ob ta ined  r e s u l t s  seems more  des i reab le ,  s ince  t h i s  approach  
provides  a b e t t e r  u n d e r s t a n d i n g  of the  or ig in  of the  s t r e n g t h  of  o r i en t ed  
polymer  samples .  In th i s  way, Smook e t  al. [6] found a t h e o r e t i c a l  s t r e n g t h  
of  26 GPa f o r  polyethylene,  f r o m  e x t r a p o l a t i o n  of f i b r e  s t r e n g t h  to the  l imi t  
where  the  f i b r e  has  zero  d iamete r ,  t hus  e l imina t ing  the  e f f e c t  of s u r f a c e  
i r r e g u l a r i t i e s  on the  s t r e n g t h  of the  f ibre .  

The a im of  t h i s  s tudy is to  e s t i m a t e  the  t h e o r e t i c a l  s t r e n g t h  of  
polye thylene  f i b r e s  by e x t r a p o l a t i o n  of the  f r a c t i o n  of  load c a r r y i n g  cha ins  
in the  f i b r e  to  uni ty.  This  f r a c t i o n  will  be ca lcu la ted  fo r  g e l s p u n / h o t d r a w n  
UHMWPE f i b r e s  f r o m  physical  p r o p e r t i e s  on the  bas i s  of a r e c e n t  morphologica l  
model [7], t h a t  ha.s been proven to be succesfu l  f o r  the  i n t e r p r e t a t i o n  of  the  
mechan ica l  p r o p e r t i e s  of these  f ib res .  

*To whom offprint requests should be sent 
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Expe r imen ta l  

The p r e p a r a t i o n  of  the  h igh  s t r e n g t h  f i b re s ,  examined  in t h i s  s tudy,  is 
desc ibed  in de ta i l  in a previous  pub l ica t ion  [8]. Two g r a d e s  of polye thylene  
were  used t h r o u g h o u t  t h i s  study, one wi th  Mw--4xl0 s kg /kmol  and  Mn=2xl0 s 
kg/kmol ,  r e f e r r e d  to as  Hi f ax -A,  and one w i th  Mw=5.5xl06 kg /kmol  and 
Mn=2.Sxl0 ~ kg/kmol ,  r e f e r r e d  to as  Hifax-B.  F ib res  used fo r  d rawing  
e x p e r i m e n t s  were  spun f r o m  solut ions ,  con ta in ing  5 7, by we igh t  Hi fax-A or  
so lu t ions  con ta in ing  1.5 % by we igh t  Hi fax-B in p a r a f f i n  oil. 

Mechanical  p r o p e r t i e s  of the  d rawn  f i b r e s  were  de t e rmined  us ing  an 
I n s t r o n  4301 t ens i l e  t e s t e r .  Tensi le  t e s t s  were  p e r f o r m e d  us ing  a c ros shead  
speed of 12 m m / m i n  and a sample  gauge length  of 32 mm. At l ea s t  s ix  s e p a r a t e  
d e t e r m i n a t i o n s  were  made  to ca lcu la te  the  s t r e n g t h  of each  f ib re .  The 
c r o s s - s e c t i o n a l  a r e a  of  the  f i b r e  was de t e rmined  f r o m  the  weigh t  of  a piece 
of f i b r e  of known length,  assuming  a dens i ty  of 1000 k g / m  3. The c r y s t a l l i n i t y  
of a f i b r e  was  de t e rmined  by d i f f e r e n t i a l  scann ing  c a l o r i m e t r y  (DSC}, us ing  a 
Pe rk in  Elmer  DSC-7 ca l o r i m e t e r ,  ope ra t i ng  a t  a scanspeed  of  tO~ The 
c r y s t a l l i n i t y  of the  sample  was  ca lcu la ted  f r o m  the  h e a t  of fus ion ,  t ak ing  a 
hea t  of  fus ion  of 292.8 J / g  f o r  p e r f e c t l y  c rys t a l l i ne  polyethylene  [9]. 

Resu l t s  and d iscuss ion  

By sp inn ing  of s emi -d i lu t e  so lu t ions  of u l t r a  h igh molecu la r  we igh t  
polye thylene  (UHMWPE), f i b r e s  w i th  high d r a w a b i l i t y  a r e  obta ined.  Upon 
ho td rawing ,  the  loosely connected  l ame l l a r  s t r u c t u r e  of these  f i b r e s  is 
g radua l ly  t r a n s f o r m e d  into a f i b r i l l a r  morphology,  w i th  exce l l en t  mechan ica l  
p rope r t i e s .  The bas ic  e lement  of th i s  s t r u c t u r e  is t he  mic ro f ib r i l ,  t h a t  is 
t hough t  to  cons i s t  of an  a lmos t  in f in i t e  sequence of c ry s t a l l i ne  blocks, 
i n t e r r u p t e d  by d i so rde red  domains,  in which  impe r f ec t i ons  like chain  
e n t a n g l e m e n t s  a r e  co l lec ted  [10]. According to  P e t e r l i n  [11], t he  h igh  ax ia l  
modulus  and  s t r e n g t h  of  t he  m i c r o f i b r i l  a r i s e s  f r o m  the  p r e sence  of  t a u t  t i e  
molecules  (TTM), t h a t  f o r m  the  connect ion  be tween  a d j a c e n t  c ry s t a l l i ne  
blocks, in t he  d i so rde red  domains  (see fig.  1). 

A b s t r a c t  mechan ica l  models  of the  T akayanag i - t ype  [12], based  on the  
s t r u c t u r e  of the  m i c r o f i b r i l  desc r ibed  above,  have been appl ied succesfu l ly  
in t he  pa s t  to  expla in  the  dynamic modulus behav iour  of  f i b rous  m a t e r i a l s .  In 
exp la in ing  the  s t r e n g t h  of these  m a t e r i a l s  however ,  t he  t heo ry  is in 
d i s a g r e e m e n t  w i th  e x p e r i m e n t a l  da t a  [13]. 

A r e c e n t  model, proposed by D i jk s t r a  e t  al. [?], accounts  f o r  the  
r e l a t i ve ly  low s t r e n g t h ,  compared  to the  h igh ax ia l  moduli ,  of 
g e l s p u n / h o t d r a w n  UHMWPE f ib res ,  by emphas iz ing  the  r a t i o  of the  l eng th  of  the  
d i so rde red  domains  (Ld) to  the  l eng th  of the  c ry s t a l l i ne  blocks (Lc) in the  
m i c r o f i b r i l  (see f ig  1). F u r t h e r m o r e ,  the  e longa t ion  a t  b r e a k  of highly d rawn  
f i b r e s  t h a t  was  ca l cu la t ed  by the  model,  a ssuming  t h a t  f i b r e  f a i l u r e  is 
accompl i shed  by r u p t u r i n g  of  TFM in t he  d i so rde red  domains,  appea red  to  be in 
p e r f e c t  a g r e e m e n t  w i th  e x p e r i m e n t a l  da ta .  On the  bas i s  of  t h i s  f r a c t u r e  
mechanism,  a r e l a t i o n  be tween  the  s t r e n g t h  of the  f i b r e  and  the  TTM f r a c t i o n  
may be expected.  Sample f a i l u r e  wil l  occur,  when  the  TTM in the  d i so rde red  
domains  a r e  s t r e s s e d  to f r a c t u r e ,  and t h e r e f o r e  t he  s t r e n g t h  of the  f i b r e  
wil l  be 0"f-~TthX~, where  ~tn r e p r e s e n t s  the  t h e o r e t i c a l  s t r e n g t h  of the  
polye thylene  chain.  Consequently,  we can e s t i m a t e  the  t h e o r e t i c a l  s t r e n g t h  of 
polye thylene  f r o m  th i s  r e la t ion .  
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Fig. 1. Schemat ic  r e p r e s e n t a t i o n  of the  e l e m e n t a r y  micro  f ib r i l ,  showing 
c ry s t a l l i ne  blocks w i th  length  Lc and d i so rde red  domains  w i th  l eng th  Ld. 

According to the  model, t he  modulus of the  f i b r e  is r e l a t e d  to the  
f r a c t i o n  of TTM in the  d i so rde red  domains,  6, and the  r a t i o  of the  d i so rde red  
domain l eng th  to the  l eng th  of the  c rys t a l l i ne  blocks in the  mic ro f ib r i l ,  
L~/Lc, t h r o u g h  

1+  ( L d / L c  ) 
E = Er x (eqn 1) 

1+(1/6 ) x ( L d / L c )  

where  Ec r e p r e s e n t s  the  t h e o r e t i c a l  modulus of polyethylene  and  E r e p r e s e n t s  
the  modulus of the  f i b r e  t h a t  is found in t ens i l e  t e s t ing .  F rom spec t roscop ic  
techniques ,  the  t h e o r e t i c a l  modulus of polyethylene  is e s t i m a t e d  a t  350 GPa 
[11. 

In o rde r  to  ca l cu la t e  the  TTM f r a c t i o n  of f i b r e s  w i th  var ious  moduli  f r o m  
th i s  equat ion,  Ld/Lr mus t  be known f o r  these  f ib res .  Assuming t h a t  all  
amorphous  m a t e r i a l  in the  f i b r e  is loca ted  in the  d i so rde red  domains ,  and  
t h a t  TTM a re  s e g r e g a t e d  to f o r m  c rys t a l l i ne  b r idges  be tween  a d j a c e n t  
c rys ta lb locks ,  t h i s  r a t i o  can  be ca lcu la ted  f r o m  the  c r y s t a l l i n i t y  {Z) of  the  
var ious  f ib res ,  t h r ough  

(Ld/Lc) = ( I - z ) / ( Z - 6 )  {eqn 2) 

I n s e r t i n g  t h i s  equa t ion  in to  (1), and assuming  a t h e o r e t i c a l  modulus  of 350 
GPa fo r  polyethylene,  we can  ca lcu la te  the  TTM f r a c t i o n  /3 f o r  va r ious  f i b r e s  
f r o m  expe r imen ta l l y  ob ta ined  modulus and c r y s t a l l i n i t y  da ta .  

High s t r e n g t h  f i b r e s  we re  ob ta ined  by h o t d r a w i n g  of  two d i f f e r e n t  ge lspun  
f ib re s ,  r e f e r r e d  to  as  f i b r e  A and f i b r e  B respec t ive ly .  F ibre  A was  p r e p a r e d  
f r o m  a sp inn ing  so lu t ion  con ta in ing  5% by weight  Hifax-A.  The maximum d raw  
r a t i o  t h a t  could be achieved by d rawing  t h i s  f i b r e  in a t w o - s t e p  d rawing  
p rocess  was  ~=i00,  giving a f i b r e  w i th  a t ens i l e  s t r e n g t h  of 4 GPa. F ibre  B 
was  p r e p a r e d  f r o m  a more  d i lu te  solut ion,  con ta in ing  1.57, by we igh t  of 
Hifax-B,  which has  a h igher  molecula r  we igh t  and a n a r r o w e r  molecu la r  we igh t  
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Table I Physical  p rope r t i e s  of some ge l spun /ho td rawn  UttMWPE f ib res .  

Draw ra t io  Modulus Crys ta l l in i ty  TTM f r a c t i o n  S t reng th  
(GPa) (GPa) 

Fibre  A 10 10 0.47 0.019 0.7 
25 60 O. 63 O. 092 2.3 

Fibre  B 80 161 0.80 0.170 5.3 
150 210 0.87 0.195 5.9 

d i s t r ibu t ion  than  Hifax-A. The lower  concent ra t ion  of the spinning solution, 
f rom which f ib re  B was  prepared ,  r esu l t ed  in a h igher  d rawabi l i ty  of th is  
f ibre .  The maximum s t r e n g t h  t h a t  could be achieved by ho td rawing  of f i b r e  B 
in a t w o - s t e p  process  was  6 GPa at  a draw ra t io  of X=IS0. 

From modulus and c rys ta l l in i ty  da ta  of the f ib res ,  t h a t  were  drawn to 
various ra t ios ,  the TTM f r ac t i ons  in these  f i b r e s  were  ca lcula ted  according 
to the  procedure  d iscr ibed above. Table I shows the r e su l t s  fo r  a se lec ted  
number of f ib res .  Crysta! l ini ty  da ta  were  ca lcula ted  f rom the  ra t io  of the  
hea t  of fus ion  of  the sample to the heat  of fus ion of pe r f ec t ly  c rys ta l l ine  
polyethylene.  The c rys ta l l in i ty  values r ep o r t ed  should t h e r e f o r e  be 
i n t e r p r e t e d  wi th  caution,  since th is  method does not take the  cont r ibut ions  
of su r f ace  f r e e  energy to  the  hea t  of fus ion into account  [14]. 
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Fig. 2. The s t r e n g t h  of various ho tdrawn f i b r e s  as a funct ion  of the  t au t  t ie  
molecule (TTM) f rac t ion .  Open and closed c i rc les  r e f e r  to f i b r e s  p repa red  by 
ho tdrawing  of Fibre  B and Fibre  A respect ively.  
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In f i gu re  2, the  s t r e n g t h  of var ious  h o t d r a w n  f i b r e s  is p lo t t ed  as  a 
func t ion  of  the  TTM f r a c t i o n ,  ca lcu la ted  accord ing  to the  method desc r ibed  
above. A l inea r  r e l a t i o n  is found,  w i th  a maximum devia t ion  f r o m  d a t a  po in t s  
of app rox ima te ly  t en  procent .  Upon t ens i l e  t e s t ing ,  an e x p e r i m e n t a l  e r r o r  of 
the  same o rde r  of magni tude  is usual ly  encounte red ,  due to  f a i l u r e  of the  
sample  a t  the  spo ts  where  i t  is clamped. Expe r imen ta l  e r r o r s  in modulus and 
c r y s t a l l i n i t y  d e t e r m i n a t i o n  will  r e s u l t  in an  e x p e r i m e n t a l  e r r o r  in the  TTM 
f r a c t i o n s  ca lcula ted .  This  expe r i m en t a l  e r r o r  may be especia l ly  l a rge  fo r  
samples  w i th  h igh c rys ta l l in i ty ,  s ince the  e x p e r i m e n t a l  e r r o r  in the  
c r y s t a l l i n i t y  might  approach  the  value  of (l-X), f r o m  which  the  
r a t i o  of the  d i so rde red  domain length  to the  length  of the  c ry s t a l l i ne  
blocks is ca lcu la ted  (see eqn. 2). Taking t h i s  in to  account ,  t he  
c o r r e l a t i o n  be tween  expe r imen ta l ly  ob ta ined  s t r e n g t h  d a t a  and TTM f r a c t i o n s  
is very  good. 

The slope of the  l ine equals  30-+3 GPa, i.e. e x t r a p o l a t i o n  of  the  l ine to  
/~---1 yields a t h e o r e t i c a l  s t r e n g t h  of g e l s p u n / h o t d r a w n  UHMWPE f i b r e s  of 30_+3 
GPa. This value is in very good ag reemen t  w i th  the  t h e o r e t i c a l  s t r e n g t h  
polyethylene  t h a t  is found by o the r  methods.  From Morse po ten t i a l  
ca l cu la t ions  a value of  33 GPa is ob ta ined  [4,5], where  the  k ine t ic  t heo ry  of 
f r a c t u r e  e s t i m a t e s  the  t h e o r e t i c a l  s t r e n g t h  of polyethylene  a t  32.5 GPa [2]. 
I t  should be noted,  t h a t  e x t r a p o l a t i o n  to /3--1 implies t h a t  we e x t r a p o l a t e  to  
1007, c r y s t a l l i n i t y  and in f in i t e  molecu la r  weight ,  s ince c r y s t a l  impe r f ec t i ons  
and chain  ends i n t e r r u p t  the  c r y s t a l  cont inui ty ,  t h a t  is i n h e r e n t  to  a TTM 
f r a c t i o n  of unity.  It  is r e m a r k a b l e  t h a t  h o t d r a w n  f ib res ,  p r e p a r e d  f r o m  
polyethylene  samples  wi th  d i f f e r e n t  molecula r  we igh t  c h a r a c t e r i s t i c s  us ing  
spinning so lu t ions  having  d i f f e r e n t  polymer  c o n c e n t r a t i o n s  obey the  same 
r e l a t i o n  be tween  s t r e n g t h  and TTM f rac t ion .  

The r e s u l t s  ind ica te  t h a t  the  s t r e n g t h  of a g e l s p u n / h o t d r a w n  UHMWPE f i b r e  
is solely de t e rmined  by the  f r a c t i o n  of TTM c r e a t e d  upon ho td rawing .  The 
p roces s  of f o r m a t i o n  of TTM dur ing  d rawing  is, however ,  ex t r eme ly  
compl ica ted ,  and wil l  be a f f e c t e d  by a number  of p a r a m e t e r s ,  e.g. t he  
molecu la r  we igh t  c h a r a c t e r i s t i c s  of the  polymer  sample  used and the  in i t i a l  
morphology of the  a s - s p u n  f ibre .  The maximum s t r e n g t h  t h a t  can  be achieved by 
sp inn ing  a so lu t ion  con ta in ing  1.5 7, by weigh t  Hi fax-B and subsequen t  
h o t d r a w i n g  of the  a s - s p u n  f i b r e  is 7.2 GPa. According to the  model, t h i s  
co r re sponds  to a TTM f r a c t i o n  of 0.24. Higher s t r e n g t h s  migh t  be achieved by 
applying h igher  d r aw  ra t io s ,  which r equ i r e s  sp inning  f r o m  more  d i lu te  
solut ions ,  s ince a lower  c o n c e n t r a t i o n  of  e n t a n g l e m e n t s  in the  sp inn ing  
so lu t ion  enhances  the  maximum a t t a i n a b l e  d raw r a t i o  of the  a s - s p u n  f i b r e  [3]. 
Concomitant ly ,  polymer  samples  wi th  a h igher  molecula r  we igh t  wil l  have  to be 
used, in o rde r  to  r e t a i n  the  f i b r e  fo rming  p r o p e r t i e s  of t he  sp inning  
solut ion.  

The r e s u l t s  d e m o n s t r a t e  t h a t  the  s imple morphologica l  model p rovides  a 
s t r a i g h t f o r w a r d  method f o r  i n t e r p r e t i n g  the  mechan ica l  p r o p e r t i e s  of 
g e l s p u n / h o t d r a w n  UHMWPE f ib res .  

Conclusions 

The strength of gelspun/hotdrawn UHMWPE fibres is directly related to the 
fraction of TTM , that connect adjacent crystalline blocks in the 
microfibril. A linear relation was found between the strength of the fibres 
and the TTM fraction, that was calculated on the basis of a simple 
morphological model. By extrapolation of this linear relation to a TTM 
fraction B=I, a theoretical strength of 30_+3 GPa was found for polyethylene, 
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which is in very good agreement with the theoretical strength of 
polyethylene, calculated by other methods. This implies that  f rac ture  of 
these high strength fibres, under testing conditions used throughout this 
study, arises from rupturing TTM in the disordered domains in the fibre 
structure. The strength of the fibre is therefore strongly depressed by the 
presence of small disordered domains. Since these disordered domains are very 
small compared to the long crystalline blocks in the microfibril ,  the modulus 
of these fibres may reach a value, close to the theoretical modulus of 
polyethylene. 
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