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I INTRODUCTION

On defo rm ation  of what a re  com m only ca lled  sim p le  liqu id s , such  a s  w ate r,
the s h e a r  s t r e s s e s  becom e z e ro  n e a r ly  in s tan tan eo u sly  a f te r  ending the d e ­
fo rm ation . On the o th e r  hand the s t r e s s e s  on defo rm ation  of a so lid , such  a s
a  c ro s s lin k e d  ru b b e r , w ill, to a  f i r s t  approx im ation ,be  a  function  of the d e ­
fo rm atio n  w ith re s p e c t to a  c e r ta in  re fe re n c e  s ta te . The s t r e s s e s  w ill only
becom e z e ro  again , when th is  "undefo rm ed" re fe re n c e  s ta te  h a s  been
reached .

The m ech an ica l behav iou r of m a n y  p o ly m er so lu tions and m e lts  l ie s  in
betw een th ese  two e x tre m e s . An in tu itive  defin ition  fo r  th ese  m a te r ia ls  can  be
given by a ssu m in g ,th a t the s h e a r  s t r e s s e s  in  the liqu id  becom e z e ro  a f te r
w aiting fo r  a  su ffic ien tly  long p e rio d  a f te r  ending the defo rm ation . T he in flu ­
ence of a  p reced in g  defo rm ation  is  the sm a lle r .th e  lo n g e r ago the defo rm ation
took p lace . T h ese  k inds of liq u id s can be d e sc r ib e d  a s  liq u id s w ith lim ited
m em o ry .

P o ly m eric  so lu tions and m e lts  show som e unusual p ro p e r tie s  du ring  flow. An
exam ple is  the so -c a lle d  W e is se n b e rg -e ffe c t^ . When a  cy lin d e r is  being ro  -
ta ted  in  a  p o ly m er so lu tion  o r  m e lt,th e  liqu id  w ill c lim b  the w alls  of th is  c y l­
in d e r . A nother exam ple i s  that,on  flowing th rough  a  cap illa ry , the ex tru d a te
show s die sw ell, the d ia m e te r  of the ex tru d a te  m ay be up to five  tim e s  that
of the c a p il la ry  d ia m e te r^ ' T h is  so m e tim es  v e ry  la rg e  effec t cam only be
explained  by the re la x a tio n  of the s t r e s s e s  induced by the flow. A no ther c h a r ­
a c te r is t ic  p ro p e rty  of po ly m er m e lts  and som e co n cen tra ted  so lu tions is  m e lt

31f r a c tu re  ' .  T he ex tru d a te  fro m  a  c a p illa ry  becom es d is to r te d  a s  soon a s  the
s h e a r  s t r e s s  a t the w all exceeds a  c r i t i c a l  va lue.

P o ly m eric  , so lu tions and m e lts  show in g e n e ra l a  v is c o s ity  v e ry  la rg e  com ­
p a re d  to tha t of the p u re  so lven t o r  the m onom er. F o r  exam ple a  5 % solu tion
of a  v e ry  high m o le c u la r  w eight po lyisobutene in  a  low  v isc o s ity  so lven t h as  a
v isc o s ity  about 105 tim e s  g r e a te r  than tha t of the so lven t (C h ap te r 6). P o ly m er

n
m e lts  u sed  in  in d u s tr ia l p ro c e s s in g  have v is c o s it ie s  up to  10 p o ise .

A ll th ese  e ffec ts  a r e  p robably  connected  and v e ry  in te re s tin g  in  th em se lv es .
B ecau se  in  in d u s try  the u se  and p ro c e s s in g  of th ese  m a te r ia ls  i s  in c re a s in g ly
com m on and often  g ives r i s e  to d ifficu ltie s , a  study of th ese  p ro p e r tie s  i s  of
g re a t  p ra c t ic a l in te re s t .

In the follow ing, la m in a r  s h e a r  flow w ill be co n sid e red  exc lu s ive ly . If the flow
of the liqu id  tak es p lace  betw een two p a ra l le l  p la te s , the co o rd in a te  sy s tem  is
taken so  that the flow  lin e s  a re  in  the 1 -d irec tio n , p a ra l le l  to the p la te s , the
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d ire c tio n  p e rp en d icu la r to the p la te s  i s  the 2 -d irec tio n .

T he th ird  d irec tio n  is  chosen  so  that a rig h t handed coo rd ina te  sy s tem  re s u lts .
W ith s h e a r  flow the c a r te s ia n  com ponents of the flow  velocity  v  a re :

V1 ’  1*2 v 2 = v 3 = 0

. .  dvl
h e r e  q  -  d ^

is  the r a te  of sh e a r .

T he n o m en c la tu re  of the s t r e s s  te n so r  is  exp lained  in  F ig . 1

(1. 1)

(I. 2)

F ig . 1

If a  p lane in  the liqu id  p e rp en d icu la r to the i -d ire c tio n  is  chosen , a  tra c tio n
say  F . w ill a c t on it . On dividing the fo rce  by the a r e a  of the su rfa c e  ABCD,
a s t r e s s  P . is  obtained, of w hich the com ponents in  the i, j and k d irec tio n
a re  P - ,  P j .  and P ^ .  F o r  p lan es p e rp en d icu la r to the j-d ire c tio n  (say  DCEF)
and to the k -d ire c tio n  (say  ADFH) the sam e can  be done. In  th is  way nine
com ponents of the s t r e s s  te n s o r  a r e  defined. T he s t r e s s  te n s o r  w ill be in d i­
ca ted  by P-jj, w hich m ean s

T he com ponents w ith m ixed  in d ices Pj_> ^>21’ ^ 1 3 ’ ^23  ^  ^*32 a r e  c a^ et^
sh e a r  s t r e s s e s ,  becau se  they try  to  change the shape of the body ABCDEFGH.
T he com ponents w ith equal in d ices P ^ ,  P 22 ' anc* P33 a re  ca lled  n o rm al
s t r e s s e s .

The study of sh e a r  s t r e s s e s  in  liqu id s i s  r a th e r  old, and is  known a s  v isc o -
m e try . Only a  sh o r t tim e  ago, about tw enty y e a rs , i t  w as f i r s t  re a l iz e d 1^
that the th ree  n o rm a l s t r e s s e s  a t the sam e point in a liqu id  can  be d ifferen t
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fro m  each  o th e r . T he study of a ll com ponents of the s t r e s s  te n so r  is  so m e ­
tim es  ca lled  rheogon iom etry .

The way in  w hich n o rm a l s t r e s s  d iffe ren ces  o ccu r in  po ly m er so lu tions o r
m e lts  can  be e a s ily  connected  w ith the defin ition  of the s t r e s s  te n s o r  g iven
above. T he en d -to -en d  d is tan ce s  of po ly m er m o lecu les  in  the p lane ABCD
can  be re p re se n te d  by the v e c to rs  T h ese  w ill e ith e r  point th rough  o r  lie  in
the p lane ABCD. In the undeform ed liqu id  the o rien ta tio n  and the leng th s of
these  v e c to rs  w ill have a  random  d is tr ib u tio n  in  space .

In tha t c a se , the sum  of a ll  fo rc e s  due to the p o ly m er m o lecu les  in  the p lane
ABCD o r  any o th e r p lane w ill be z e ro . H ow ever, if a  v e lo c ity  f ie ld  is  g en ­
e ra te d  in  the liqu id , the po ly m er m o lecu les  w ill be on the av e rag e  both o rie n te d
and s t r e tc h e d . B oth the o rien ta tio n  and the s tre tc h in g  r e s u lt  in  fo r c e s  in
the liquid , becau se  both in c re a s e  the f r e e  energy . The re la tio n  betw een the
s tre tc h in g  of the m o lecu le s  and the re su ltin g  fo rc e s  is  given by the th eo ry  of
ru b b e r  e la s tic ity  (see  fo r  exam ple and w hich show s tha t the ten s ile
fo rc e  in  a  m o lecu le  i s  p ro p o rtio n a l to  i t s  leng th  and h a s  the sam e d irec tio n
a s  the en d -to -en d  v e c to r . T he v e c to r ia l sum  of a ll  the fo rc e s  due to the m o l­
ecu le s  in  the p lane w ill r e s u l t  in  a  fo rc e  F ., w hich can  be re so lv e d  in to  i ts
com ponents a s  h a s  been  shown b e fo re . T h is  w ill be tr e a te d  in  g r e a te r  d e ta il
in  C h ap te r II. At the sam e  tim e  the liqu id  w ill in  g e n e ra l show o p tica l a n is o t­
ropy . If the p o la r iz a b ility  of a  m o lecu le  is  p ro p o rtio n a l to the en d -to -en d

71v e c to r  and h as the sam e d irec tio n  ' ,  a s  is  u su a lly  a ssu m ed  fo r  p o ly m ers , the
flow  b ire frin g en ce  in  the liqu id  can  be ca lcu la ted  in  a m an n e r s im ila r  to  tha t
fo r  com ponents of the s t r e s s  te n so r. The m o le c u la r  th e o r ie s  p re d ic t a s  a  r e ­
su lt a  c lo se  connection  betw een the index of re f ra c tio n  e llip so id  and the s t r e s s
te n so r . E x p e rim en ts  to in v es tig a te  th is  connection  a r e  re p o r te d  in  C h ap te r
VII. F low  b ire frin g en ce  during  la m in a r  s h e a r  flow  can be defined by i n ,  the
d iffe rence  betw een the m ain  ax es  of the in d e x -o f-re fra c tio n  e llip se  in  the 1-2
p lan e , and by the sh a rp  angle  X betw een the 1 -d ire c tio n  (the flow lin e s), and
one of the m ain  ax es  of the index of re f ra c tio n  e l l ip s e ^ .

It is  a lso  c le a r  fro m  the fo rego ing ,tha t the s t r e s s  te n s o r  i s  a  m ac ro sco p ic
quantity . Although, on the one hand .the su rface  ABCD m u s t be sm a ll enough to
have a  un ifo rm  s t r e s s ,  on the o th e r hand i t  m u s t be la rg e  enough to p e rm it
ca lcu la tin g  con trib u tio n s of the m o lecu les  by a s ta tis t ic a l  tre a tm e n t. The sam e
is  va lid  fo r  flow b ire frin g en ce .

A type of defo rm ation  w hich is  often u sed  to in v es tig a te  m ech an ica l behav iou r
of v is c o e la s tic  m a te r ia ls  is  s in u so id a l s h e a r  flow. In th is  c a se  the d isp la c e ­
m en t in the 1-d ire c tio n  is  Y = Yqx2 sin  eo t, w here Yqx2 i s  the am p litude  of
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the d isp lacem en t, and w the an g u la r frequency . It i s  now po ss ib le  to w rite  the
s h e a r  s t r e s s  p^„ a s  ^

p 12 = Yq(G ' sin  « t + G" "cos to t) (1.3)

w here  G ' and G" a re  the s to rag e  and lo s s  p a r t of the s h e a r  m odulus, and the
d e fo rm ation  is  lin e a r . T h is  w ill be d e s c r ib e d  in  g re a te r  d e ta il in  C h ap te r IV.
T he r e s u l ts  a r e  co m p ared  w ith n o rm al s t r e s s  d iffe ren ces  and flow b ir e f r in ­
gence m easu rem en ts , on the sam e m a te r ia ls , in  C h ap te r VIII.

71It can  be shown (see  ')  th a t fo r  an in co m p ress ib le  flu id  during la m in a r
s h e a r  flow, only th re e  functions of the com ponents of the s t r e s s  te n so r, p^2<
(p l i -  p22) and (p22 - p g3) a r e  of in te re s t .  In the l i te r a tu re  v e ry  few m e a s ­

u re m e n ts  of (p n  -  P02) 311,1 even le s s  of (P22 ’  P33) a s  a  functlon  of sh e a r
r a te  q have been  published . Up t i l l  now no N ew tonian liqu id s , defined so  that
the v is c o s ity  T) = p ^ / q  is  constan t w ith changing q, have been  found fo r
w hich ( p j j  -  p 22) o r  (p22 -  p 33) a r e  d iffe ren t fro m  z e ro  in s teady  sh e a r  flow.
Up ti ll  now, a ll  in v es tig a ted  liqu id s show ing m e a su ra b le  n o rm a l s t r e s s  d if­
fe re n c e s  w ere  found to show a lso  a  non-N ew tonian behav iou r and e la s tic  p ro p ­
e r t ie s ,  G'(<o) 4 0.

A s h a s  been  pointed  out b e fo re  (Ref. page 184) i t  is ,  in  g en e ra l, im possib le
to m e a s u re  any n o rm a l s t r e s s  com ponent except p 22 during  sh e a r  flow  w ith ­
out d is tu rb in g  the flow. F o r  th is  re a so n  it  is  n e c e s s a ry  to p e rfo rm  a ll e x p e r­
im en ts  w ith c u rv ilin e a r  s h e a r  flow, and m e a s u re  p 22 a s  a  function  of the
ra d iu s . F ro m  the equations fo r  the eq u ilib rium  of fo rc e s  (C hap te r II) the n o r-

5)m al s t r e s s  d iffe ren ces  (p22 - p g3) and (p n  -  p22) can then be ca lcu la ted
T h is  is  the re a so n  why a ll ev idence of the ex is ten ce  of n o rm a l s t r e s s  d if fe r­
en ces  a r e  in d ire c t, so  that a s  la te  a s  195991 in  a  publica tion  the ex is ten ce  of
n o rm a l s t r e s s  d iffe ren ces  in  steady  sh e a r  flow could be a sc r ib e d  to e x p e ri­
m en ta l e r r o r s .  T he f i r s t  phenom enon fo r  w hich the ex is ten ce  of n o rm a l s t r e s s
d iffe ren ces  w as postu la ted  w as the W eissen b erg -e ffec t d e sc r ib e d  b e fo re 1 .̂

A p e c u lia r  thing about the m e a su re m e n ts  of n o rm al s t r e s s  d iffe ren ces  is  that
so  few  ex p e rim en ts  have been  p e rfo rm ed . The nu m b er of pub lica tions w ith
th e o r ie s  to  explain  n o rm a l s t r e s s  d iffe ren ces  is  a  m u ltip le  of the n u m b er of
p ub lica tions d esc r ib in g  ex p e rim en ts . It i s  c le a r  tha t th is  i s  not a healthy  s ta te
of a f fa irs , because  d iffe ren t e x p e rim e n te rs  do not a g re e  w ith each  o th e r on
som e im p o rtan t po in ts. E sp ec ia lly  th e re  is  no ag reem en t about the m agnitude
°f (p - p 33) during  s teady  s h e a r  flow  (see  C h ap te r VIII). T he num ber of in ­
v es tig a tio n s  on th is  point is  v e ry  sm a ll and the opinions a r e  divided. As a
r e s u l t  of ex p e rim en ta l and th e o re tic a l co n sid e ra tio n s  a ll  n o rm al s t r e s s  m e a s -
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u re m e n ts  have been  done in  th re e  types of ap p ara tu s : p a ra l le l  p la te , co n e-
an d -p la te  and co n cen tric  cy lin d e r v is c o m e te rs  (C h ap te r V).

Some in v e s tig a to rs1®' have tr ie d  to m e a su re  n o rm al s t r e s s  d iffe ren ces  fro m
c a p illa ry  m e a su re m e n ts , e i th e r  by p o s t-e x tru s io n  sw ell o r  by the re c o il
cau sed  by the liqu id  leav ing  the cap illa ry . T he ex p e rim en ta l and th e o re tic a l
d ifficu lties  a r e  co n sid e rab le , how ever, so  tha t the in te rp re ta tio n  of the
re s u l ts  is  u n ce rta in . A nother m ethod11'i s  to d e te rm in e  P j j  “ P92 (assum ing
p„2 -  P33) fro m  the en tran ce  c o rre c tio n  in  c a p il la ry  m e a su re m e n ts . It is
often  found that a  co n sid e rab le  p re s s u re  is  needed to le t a  p o lym er so lu tion
o r  m e lt flow  through an  o rif ic e , the en tran ce  c o rre c tio n . P a r t  of th is
p re s s u re  is  u sed  to bu ild  up n o rm a l s t r e s s  d iffe ren ces . T h is  m ethod  does
not y e t r e s t  on a  f i rm  m a th em a tica l b a s is , the in te rp re ta tio n  of the re s u l ts
is  v e ry  d ifficu lt and h a s  not y e t been done su ccessfu lly .

V ery  few  a ttem p ts  have, a s  y e t,b een  published  to co m p are  n o rm a l s t r e s s
m ea su re m e n ts  and o th e r  v isc o e la s tic  p ro p e r tie s  a s  d e te rm in ed  by dynam ic
m e a su re m e n ts , although a connection  would be expected  in tu itive ly . A th e o re t­
ic a l foundation fo r  th is  connection  w as f i r s t  g iven in  a  re c e n t phenom enolo-

12)g ica l th eo ry  by C olem an and M arkovitz  ',  m o reo v e r, the ex is tin g  m o le c u la r
th e o r ie s  give on inspec tion  the sam e re s u lt  (see  C h ap te r II).

F o r  a ll  th e o r ie s ,a n d  fo r  the in te rp re ta tio n  of the m e a su re m e n ts , the liqu id  has
been supposed in co m p ress ib le . T h is  is  a  n e c e s s a ry  s im p lifica tion , the m a th e ­
m a tic a l d ifficu lties  a r e  v e ry  co n sid e rab le  o th e rw ise . W ith m o d e ra te ly  concen­
tra te d  po lym er so lu tions th is  assu m p tio n  is  p robab ly  ju s tified , b ecau se  the
fo rc e s  a r e  r a th e r  sm a ll. W ith po ly m er m e lts , how ever, the volum e m ay
change ea s ily  5 % u n d er ex p e rim en ta l conditions, on account of the v e ry  high
p re s s u re s  used . U nder the in fluence of th ese  v e ry  la rg e  fo rc e s  the sp ec tru m
of re lax a tio n  tim es  w ill change. O ne of the re a s o n s  fo r  the d iffe ren t r e s u lts ,
obtained  by d iffe ren t e x p e r im e n te rs ,fo r  the influence of h y d ro s ta tic  p r e s s u re
on the v isc o s ity  of po ly m er m e lts  m ay  be, that by co m p ress io n  the t) -  q
cu rv e  sh ifts  not only along the T)-axis, bat a lso  along the q -a x is . T h is  can
lead  to w rong conclu s ions in  the in te rp re ta tio n  of the re s u lts ,  u n le s s  the com ­
p le te  t) -  q cu rv e  is  m easu red .

In g en era l, in e r t ia l  fo rc e s  a r e  om itted  in  the rh eo lo g ica l equations of s ta te .
T h is  is  not p e rm issa b le  w ith m any ex p erim en ts , so  tha t fo r  in s tan ce  the con­
trib u tio n  of c en trifu g a l fo rc e s  in  n o rm a l s t r e s s  ex p e rim en ts  m u s t be deducted
fro m  the m e a su re d  s t r e s s e s  (com pare  the H agenbach c o rre c tio n  in  c a p illa ry
v isco m e try ). W here n e c e s s a ry , th is  and s im ila r  c o rre c tio n s  have been  app lied
fo r  the d e te rm in a tio n  of n o rm a l s t r e s s  d iffe ren ces  (see  C h ap te r V).

11



A ll in v es tig a tio n s  d e sc r ib e d  in  th is  th e s is  w ere  p e rfo rm e d  on syn thetic  po l­
y m e rs , both in  so lu tion  and in  the m olten  s ta te . T he w ord po lym er, a s  u sed
h e re , m ean s  tha t one m o lecu le  c o n s is ts  of a  la rg e  nu m b er of rep ea tin g  un its,
the m onom er. Synthetic p o ly m ers  co n s is t of m o lecu les  of v ary ing  m o lecu la r
w eight.

Two d iffe ren t m o le c u la r  w eight a v e ra g e s  w ill be used , the num ber av e rag e
m o le c u la r  w eight, M , and  the w eight av e rag e  m o le c u la r w eight, Mw - If the
p o ly m er con ta ins, p e r  un it weight, n. m o lecu les  of m o le c u la r w eight M., the
two a v e ra g e s  can  be defined as:

An often  u sed  m e a s u re  of the w idth of the m o le c u la r  w eight d is tr ib u tio n  of a
p o ly m er is  g iven by the ra tio  ^ w/ ^ n

M ost of the p o ly m ers  in v es tig a ted  a s  re g a rd s  th e ir  v is c o e la s tic  p ro p e r tie s ,
w ere  a lso  c h a ra c te r iz e d  a s  re g a rd s  the w idth of the m o le c u la r  w eight d is ­
tr ib u tio n . The re s u l ts  a r e  g iven in  C h ap te r III.

T he m ech an ica l b ehav iou r of p o lym er so lu tions is  the r e s u lt  p a rt ly  of m ove­
m en ts  w ith in  one m o lecu le , and p a rtly  of in te ra c tio n s  betw een neighbouring
m o lecu le s . An ex p e rim en ta l m ethod  to  se p a ra te  the two e ffec ts  i s  to d ilu te
the so lu tion , so  that the m o lecu les  becom e se p a ra te d  fro m  one an o th e r by the
so lven t. T h is  effec t can  be e x p re s se d  in  the in tr in s ic  v isco s ity , L1! J . If the
v is c o s ity  of the so lu tion  i s  g iven by T), and the v isc o s ity  of the so lven t is  T)s ,
the in tr in s ic  v is c o s ity  is  defined by the lim it:

A t su ffic ien tly  low co n cen tra tio n s the con trib u tio n s of ind iv idual m o lecu les
to the v is c o e la s tic  behav iour can  be  added, so that (T) - T1S) is  d irec tly  p ro ­
p o rtio n a l to  the concen tra tion .

On the o th e r hand, fo r  po ly m er m e lts , in te ra c tio n s  betw een m o lecu les  dom ­
in a te  the m ech an ica l behav iou r com pletely .

T he m o le c u la r  th e o r ie s , w hich w ill be given in  C h ap te r II, d e sc r ib e  e ith e r

(1.4)

(I. 5)

Tl -T)
[ t]] = lim

c 0
( 1. 6 )

3w here  c i s  the concen tra tio n  in  g /c m  .
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exc lu s ive ly  the behav iou r of iso la te d  m o lecu les  (the dum bbell m odel, the
R ouse and Z im m  th e o r ie s ) ,o r  exc lu s ive ly  in te ra c tio n s  (the netw ork  th eo ry  and
the ex tension  of the theo ry  of R ouse).

It is  in te re s tin g ,th a t the two se ts  of th e o r ie s  g ive id en tica l r e s u l ts  fo r  the v is ­
c o e la s tic  fu n c tio n s ,a s  e x p re s se d  in  the re lax a tio n  sp ec tru m .

Im p lic it in  the in te rp re ta tio n  of a ll  v isc o e la s tic  m e a su re m e n ts  in  the follow ing
c h a p te rs  is  the assum ption , that the liqu id  a d h e re s  to the w all, and tha t the
flow co n s is ts  of steady  s h e a r  flow. T h ese  assu m p tio n s can be in v es tig a ted
d ire c tly  by m easu rin g  the velocity  p ro file . T h is  h as  been done fo r  po ly m er
m e lts  flow ing through c a p il la r ie s  and re c ta n g u la r  s l i t s .  Good a g reem en t w as
found betw een m e a su re d  v e lo c ity  p ro f ile s  and those ca lc u la ted  fro m  the flow

13)c u rv e s  ' .

A nother m ethod of investiga ting  so u rc e s  of sy s tem a tic  e r r o r s  c o n s is ts  of r e ­
peating  m e a su re m e n ts  w ith a p p a ra tu se s  of d iffe ren t g eo m etry . F o r  th is  r e a ­
son, s e v e ra l d iffe ren t m ethods of m e a su rin g  n o rm a l s t r e s s  d iffe ren ces
(C h ap te rs  V and V II),o r v isc o s ity  (C h ap te rs  IV and V I),w ere used . D ifferen t
types of ap p a ra tu s  a lso  had to be u sed  in m any c a se s , b ecau se  d iffe ren t m a ­
te r ia l s  re q u ire  d iffe ren t m e a su rin g  techn iques. F o r  in s tan ce , an ap p a ra tu s
su itab le  fo r  d ilu te  p o ly m er so lu tions w ould.in g en e ra l.b e  of l i t t le  u se  fo r
m e a su re m e n ts  on p o ly m er m e lts .

In C h ap te r VIII n o rm a l s t r e s s  d iffe ren ces ,d e te rm in ed  w ith d iffe ren t e x p e r i­
m en ta l te ch n iq u es ,a re  co m p ared  w ith each  o th e r and w ith p red ic tio n s  of the
th e o r ie s  d isc u sse d  in  C h ap te r II.
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II THEORY

A. P henom enological th e o r ie s

The nu m b er of th e o r ie s  in  the l i te r a tu re  giving rh eo lo g ica l equations of s ta te
tha t p red ic t the ex is ten ce  of n o rm a l s t r e s s  d iffe ren ces  is  v e ry  la rg e . The
po ss ib le  nu m b er of fo rm u la tio n s  is  even in fin ite .F o r th is  re a so n , a  co m -
p le te ly  g en e ra l equation  of s ta te  is  of l i t t le  value to e x p e rim e n te rs , because
the m o re  g e n e ra l a theo ry  is ,  the le s s  in fo rm ation  is  p rov ided  by i t 1)®)®).

L ately , a  new developm ent in  continuum  m ech an ics  h as  been  the c la s s if ic a ­
tion of po ss ib le  fo rm u la tio n s  of equations of s ta te . T h is  would g ive the p o s s i­
b ility  of c la ss ify in g  the rh eo log ica l behav iou r of a  p a r t ic u la r  m a te r ia l  on the
b a s is  of a  few e x p e rim e n ts1)®).

F o r  the fo rm u la tion  of the equations in  p a r t  B. 5 . ,  the n o m en c la tu re  of
L odge1) w ill be used , i t  i s  e s s e n tia lly  the sam e  a s  that u sed  by O ldroyd4 ).
T h ese  au th o rs  u se  a convecting  co o rd in a te  sy s te m .fo r  w hich the G reek  a l ­
phabet w ill bè used , in  w hich each  m a te r ia l  p a r t ic le  h as th re e  co o rd in a te s

w i
£ rem ain in g  constan t du ring  an a rb i t r a ry  defo rm ation . What does change

a re  the m e tr ic  te n s o rs  Y\j( £ ,  t) and / ) ( £  , t), w hich w ill depend, in  g en e ra l,
both on the co o rd in a te s  £, ,and  on tim e t. The m e tr ic  te n s o rs  can  be defined
in  the u su a l te n s o r  no ta tion  by:

(d s)‘ 3 ru( e * t)d £*d £* Vu dx1dx^ (II. 1)

in  w hich ds is  the d is tan ce  betw een two neighbouring  m a te r ia l  po in ts, g „  is
the m e tr ic  te n so r  in  a  fixed  (space) coo rd ina te  sy s tem . The fo rm u la tio n  in
the convecting  co o rd in a te  sy s tem  h as c e r ta in  advan tages, a s  the equation  of
s ta te  can  so m etim es  be fo rm u la ted  in a m o re  com pact way than by using  a
fixed coo rd ina te  sy s tem . A fo rm u la  s im ila r  to (II. 1), but using  the c o n tra -
v a rian t m e tr ic  te n s o r  r ^ (  £ , t), d e sc r ib e s  the d is tance  betw een neighbouring
p lan es ). F ro m  (II. 1) it  can  be seen  that an often u sed  m e a s u re  of d e fo rm a­
tion, defined a s  the change in  d is tance  betw een neighbouring  po in ts in  the m a ­
te r ia l ,  during the tim e  in te rv a l fro m  t* to t, is  g iven by:

(ds)®(£ , t) -  (d s )2( £ , t ')  = 2 . j  [ Y jj(£ , t) -  y . j ( £  , t ') ]  d e*d (H. 2)

In a  r a th e r  com p lica ted  m a n n e r1' 4 ',  a  convecting  tim e  d e riv a tiv e  can  be de­
fined. With the convecting  tim e deriv a tiv e , ind ica ted  by ^  , the sam e m a te ­
r i a l  p a r t ic le  is  observed , so that du ring  d iffe ren tia tion  the space  co o rd in a te s
of the p a r tic le  change. It is  c le a r  that th is  d e riv a tiv e  is  p a r t ic u la r ly  u sefu l to
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d e sc r ib e  m em o ry  e ffec ts . With m any m a te r ia ls  the flow  h is to ry  of p a r tic le s
of the liq u id  in fluences the p re s e n t s ta te  of s t r e s s .  T hen it  is  n e c e s s a ry  to
add co n trib u tio n s to  the s t r e s s  te n so r  due to p reced ing  d e fo rm ations. The add­
ing of te n s o r  com ponents in  d iffe ren t coo rd ina te  sy s te m s  (the space  co o rd i­
n a te s  change during deform ation) g ives som e p e c u lia r  d ifficu lties , w hich w ere
d is c u sse d  by O ldroyd  ' .  A fo rm u la tio n  of an  equation of s ta te  in  convecting
co o rd in a te s  is  often  s im p le r  than  the co rresp o n d in g  equation in  space  co o rd i­
n a te s .

If the s t r e s s  te n s o r  fo r  an  in co m p ress ib le  liqu id  is  d esc rib ed , it  is  cu sto m ary
to sp lit the s t r e s s  te n s o r  into two p a r t s 1^ ;

p^j = - p g ^  + p ^  (II* 3)

T he p re s s u re  p i s  the "h y d ro sta tic  p re s s u re " , p ^  w ill be c a lled  the s t r e s s
te n s o r  fro m  now on, only in co m p ress ib le  liqu id s w ill be con sid ered .

In a  c y lin d ric a l co o rd in a te  sy s tem , w ith co o rd in a te s  r ,  0 ,  z, the dynam ic
1) 2 )equation  in  r -d ire c t io n  is  '

3 P j. ®prr  j. 1 ®pr 0
<5r 3 r r ~5"S

+ d prz  + pr r  p 00
3 z r + F r 0 (II. 4a)

and in  z -d ire c tio n :

3P + d p r z  + ^  ®P0 z + dPZz
gz  3 r  r  3 9 3 z ■ p + F■ r r z  z 0 (II. 4b)

In sp h e r ic a l p o la r co o rd in a tes , w ith co o rd in a te s  r ,  <P and the dynam ic
1) 2)equation  in  r - d ire c t io n  becom es '  .

3 p + 3Prr  + 1 3Pr<p + 1 3Pr.9 +
3 r 3 r r sin  8  d  if r  3 8

, 2 pr r  ‘ P<P«P * p-9« + Pr *  co t * ^  J
+ r  r 0 (II. 5)

T he continu ity  equations becom e:

Div v * 0 (®* 6)

1) 2)T he co o rd in a te s  in  the above equations have th e ir  u su a l m eaning

F  and F ^  a re  r  o r  z com ponents of the volum e fo rc e s
v  is  ve loc ity
p r r ” pr 0 ......... a r e  Pkys ic a l c °m P°n en ts  the s t r e s s  ten so r.
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It w ill a lso  be assu m ed  that the liqu id  cannot t r a n s fe r  to rq u es , the s t r e s s
te n so r  w ill then be sy m m etric :

ik  _ ki
P " P (II. 7)

When using  convecting  co o rd in a te s  s}, i t  is  often  n e c e s s a ry  to co n v ert them  a t
a  c e r ta in  stage  in  the ca lcu la tio n s  into sp ace  co o rd in a tes . With liqu ids th e re  is
no unique re fe re n c e  s ta te , a s  fo r  exam ple the "undefo rm ed  s ta te "  in  a  c r o s s -
linked  ru b b e r . F o r  th is  re a so n , the rheo lo g ica l equation  of s ta te  fo r  a  liqu id
is  in  g e n e ra l given the s im p le s t fo rm , if  the defo rm ation  a t p re s e n t tim e  t is
taken a s  the re fe re n c e  sy s tem .

F o r  a  v e ry  wide ran g e  of equations of sta te» it is  p o ss ib le  to e x p re s s  the co m -
ponents of the s t r e s s  te n s o r  during  stead y  s h e a r  flow  a s 2^ 6);

P11 '  p22 = F l q2 P22 ‘ p 33 = F 2q2

P12 = P21 = F 3q P l3  = P31 = p 23 = p32 = 0

F l '  F 2' F 3 a re  in  g en era l functions of shear, r a te  q, and p ^ y  p 1 2 ......... a re
physica l com ponents of the s t r e s s  ten so r.

E ric k se n  h as shown^ that» u n le ss  c e r ta in  re la tio n s  betw een F ^ , F 2 and F
a re  com plied  with, it  is  im p o ss ib le  to m a in ta in  s teady  s h e a r  flow through
p ipes of n o n -c irc u la r  c ro s s -s e c t io n , o r  in  co n e -an d -p la te  o r  co ne-and -cone
v isc o m e te rs . O therw ise  seco n d ary  flow, su p erim p o sed  on the a ssu m ed  s h e a r
flow, w ill o ccu r u n d er these  conditions. Q ualita tive  ex p e rim en ta l ag reem en t
w ith ca lcu la ted  seco n d ary  flow p a tte rn s  h a s  been  obtained  by G iesekus and
c o -w o rk e rs  .

A re c e n t phenom enological th eo ry  g ives a  connection  betw een com ponents of
the s t r e s s  te n so r and the dynam ic sh e a r  m oduli. T he au th o rs  in v estig a te  the
behav iour of a  second o rd e r  flu id" , defined by a  co n stitu tiv e  equation giving a
c o rre c tio n  fo r  v is c o e la s tic  e ffec ts  com plete  up to te rm s  of the o rd e r  la r g e r
than two in  the tim e  sca le . F ro m  th is tre a tm e n t v a lu es  of ( p ^  - p 22) and (p22«
P33), in g en e ra l both d iffe ren t fro m  ze ro , w ere  obtained. M oreover, a t low
sh e a r  r a te s  o r  freq u en c ies :

lim
a) -► 0

G"
a>

-  T p 12= lim  — -
q -» 0 q

2 lim  21 = lim  if n ; P22>

(II. 9)

(II. 10)
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E quations (II. 9) and (II. 10) g ive the re q u ire d  connection  betw een the dynam ic
m oduli and com ponents of the s t r e s s  te n s o r  during  s teady  s h e a r  flow.

" .  7 )A nother re c e n t th eo ry  of E ric k s e n  '  w ith a po ss ib le  u se  fo r  p o lym er so lu tions
o r  m e lts  in v e s tig a te s  liqu id s , in  w hich an o rien ta tio n  is  induced by flow. A s a
r e s u l t  the flowing liqu id  is  an iso tro p ic . U nfortunately , the re su ltin g  equations
fo r  the s t r e s s  te n s o r  a re , even in  s ta tio n a ry  sh e a r  flow, v e ry  com plica ted , so
that an  in te rp re ta tio n  is  d ifficult.

A com plete ly  d iffe ren t app roach  w as m ade by Y am am oto, who defines an in n e r
d efo rm ation  te n so r, becau se  the defo rm ation  of ind iv idual p o lym er m o lecu les
is  p resu m ab ly  d iffe ren t fro m  the m ac ro sco p ic  d e fo rm a tio n ^ . W hile th is  is
p rob ab ly  tim e, the th eo ry  is  r a th e r  com p lica ted  and d ifficu lt to in te rp re t.

F in a lly , a  d ifficu lty  fo r  any m o le c u la r  o r  phenom enological theo ry  is  caused
by the re la tiv e ly  la rg e  s iz e  of po ly m er m o lecu les . D uring steady  s h e a r  flow
m o lecu le s  a r e  ro ta tin g  a round  the 3 -a x is , acco rd in g  to the convention d esc rib ed
in  C h ap te r I, so  tha t two neighbouring  seg m en ts , belonging to d iffe ren t m o l­
ecu le s , m ay  be m oving in  opposite  d irec tio n s . T he sam e  effect is  p re s e n t w ith
low m o le c u la r  w eight liqu id s , but it  w ill becom e m o re  s e r io u s  fo r  la r g e r  m o l­
ecu le s . T h is  m ay  be quite im p o rtan t in  co n cen tra ted  so lu tions o r  p o lym er
m e lts  a t high sh e a r  r a te s ,  becau se  th is  effect w ill in troduce  d iscon tinu ities
in  the defo rm ation .

B . M o lecu la r th e o r ie s

B. 1. In troduction

P o ly m eric  so lu tions and m e lts  have v is c o e la s tic  and op tica l p ro p e r tie s  which
have been  d e sc rib ed  w ith co n sid e rab le  su c c e s s  by a nu m b er of m o lecu la r
th e o r ie s . In the follow ing sec tio n s som e of these  w ill be com pared ; i. e . the
dum bbell m o d e l^ , the th e o r ie s  of R ouse and Z im m  fo r  d ilu te so lu tions

131 ,  _ 14).the ex tension  of the th eo ry  of R ouse '  and the netw ork  theo ry  of Lodge 'fo r
co n cen tra ted  so lu tions and m e lts . The la s t  two th e o r ie s  d e sc r ib e  m o s tly  o r  ex ­
c lu s iv e ly  (Lodge) in te ra c tio n s  betw een m o lecu les .

The m o le c u la r th e o r ie s  d e sc r ib e  v is c o e la s tic  p ro p e r tie s  and flow b ir e f r in ­
gence. It h as  been  shown tha t they a ll  p re d ic t a  sim p le  re la tio n sh ip  betw een
the s t r e s s  te n s o r  and the index of re f ra c tio n  e llip so id , if  the av e rag e  p o la r iz -

14)15)ab ility  of a  po ly m eric  segm en t is  equal to that of the so lven t '  . T h is
m ean s  that the o rien ta tio n  angle  X of the m ain  axes of the index of r e ­
fra c tio n  e llip se  in  the 1-2 p lan e ,is  equal to the o rien ta tio n  of the m ain  axes
of the s t r e s s  te n s o r  X', during la m in a r  s h e a r  flow:
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2 P12
tan  2 X = tan 2 X' = ---------—— (n . 11)

P11 ’  p22

B. 2. The dum bbell m odel

The o ld es t and s im p le s t m o le c u la r  m odel i s  the dum bbell m odel of Kuhn.
T h is  m odel h a s ,in  p r in c ip le ,a ll the fe a tu re s  of the m o re  so p h is tic a ted  th e o r ie s
of R ouse and Z im m , w hich w ill be d isc u sse d  in  the nex t sec tion .

The po ly m er m olecu le  is  re p re se n te d  by two sp h e re s  connected  by  a  sp ring .
A ll hydrodynam ic in te ra c tio n  i s  co n cen tra ted  in  the sp h e re s , in te ra c tio n s
betw een d iffe ren t m o lecu les  a r e  neg lec ted , so tha t i t  i s  a  d ilu te  so lu tion
theory . A v e ry  c le a r  ca lcu la tio n  h a s  been  g iven by H e rm a n s9',  the m ain
poin ts of the ca lcu la tio n  w ill be  rep ea ted  h e re .

3
The n u m b er of m o lecu le s  p e r  cm  is  n, and v(-QdV is  the f r a c t io n  of m o le ­
cu les  having an en d -to -en d  d is tan ce  I ,  w ith  one endpoint in  the volum e e lem en t
dV, if  the o th e r  is  in  the o rig in . The im  gnitude of I  is  t , and the C a r te s ia n
co o rd in a te s  a r e  , ■£„ end lg . A plane of un it a re a , p e rp e n d ic u la r to the i -
d irec tio n  (i -  1, 2, 3), is  c ro s s e d  by n  <r ■&. of th ese  m o lecu les . If the fo rc e  on
each  m olecu le  is  K, w ith m agnitude K and the sam e d irec tio n  a s  the com ­
ponents of K in  the 1, 2 and 3 d irec tio n  a re :

K-r* k - t -  “dKT'
From the definition of the stress tensor given in Chapter 1, we get, averaging
over all configurations:

rv <i y «i i,
Pij * / n * ( i)* iK - f -  dV -  n / (4) K -1—1- dV (H. 12)

J0 Or

A more exact derivation of this equation has been given by Kramers1^ . Here
only p1 2  was explicitly given, but without any change the derivation is  valid
for other components of the stress tensor. Very recently, a very similar re­
lation has been derived by Fixman17V The relation between K and t  is here
not specified, it is only assumed that they are parallel. According to the the­
ory of rubber elasticity, the force in a chain with length I  is .

K = -kT grad (In if) - I  (IX. 1 3 )
«0
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tak ing  the d iffusion of the endpoints into account, and assu m in g  that the d is ­
tr ib u tio n  of u n d is tu rb ed  leng th s of the dum bbell f o(£) is :

*o(<) = (-----)3 / 2 exP ( ^ - ^ )  (II. 14)
2 % l o

F ro m  these  fundam ental equations , and fro m  the continu ity  eq u a tion ,a ll co m ­
ponents of the s t r e s s  te n so r  du ring  la m in a r  flow w ith sh e a r  r a te  q, can  be
e x p re s se d  in  one another. F ro m  the defin ition  of the in tr in s ic  v isc o s ity  [ tj ],
Eq. (I. 6), the s h e a r  s t r e s s  is :

P12 = c[ ti] T]s q (II. 15)

The o th e r  re la tio n s  becom e:

2 c [ tj] 2 ti2 Mq2
P11 " p22 = RT

tan  2 X 1 RT
M [ t)J r ^ q

(II. 16)

(II. 17)

p22 = p33 18)

tj so lven t v isco s ity ; M m o le c u la r  w e ig h t; c co n cen tra tion ; T  abso lu te
te m p e ra tu re ; R g as constan t.

If i t  is , m o reo v e r, a ssu m ed  tha t the con tribu tion  to com ponents of the p o la r­
iz ab ility  te n s o r  a . ,  of a  chain  w ith leng th  £ and an iso tro p y  « .  -  <*„ is  given
by9>: *  •

3( a i -  “ ,)« = a ö + ---- i— i .  i
i k  o  l k  _ , 2  l  k5 I

T hen i n  = n . •  n . .  ; 2 CC[p l 11sq lM 2 [T)]2 q2 tj2 + R2T 21 >

(II. 19)

(II. 20)

tan  2 X RT
M LT)]T)s q

tan 2 X' (II. 21)

H e re  n . and n jj a re  the m ain  axes of the index of re f ra c tio n  e llip se  in a  plane
p e rp en d icu la r to the 3 -ax is . O bviously, a  c lo se  connection  e x is ts  betw een
com ponents of the s t r e s s  te n so r  and d ev ia to ric  com ponents of the index of
re f ra c tio n  e llip se , w ith a  p ro p o rtio n a lity  fa c to r  C:

C 2 *  < " s + 2 >2
45 kT n < “ l - ct \2 '

(II. 22)
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n g is  the index of re f ra c tio n  of the so lven t, k is  the B o ltzm ann constan t. As
h as  been  shown b e fo re  by Ja n e s c h itz -K r ie g l , Eq. (II. 22) is  the consequence
of the u se  of the theo ry  of ru b b e r  e la s tic ity 1®). In the l i te r a tu r e  on flow b i­
re frin g en ce , not C but 2 C is  u su a lly  c a lled  the s t r e s s -o p tic a l  coeffic ien t.

A su spension  of r ig id  e llip so id s  w ill a lso  show n o rm a l s t r e s s  d iffe ren ces , the
o p tica l p ro p e r tie s , how ever, have in  g e n e ra l no sim p le  re la tio n sh ip  w ith the
s t r e s s  te n so r  in  th is  case®).

B. 3. The th e o r ie s  of R ouse and Z im m

The lin e a r  v is c o e la s tic  b ehav iou r of d ilu te  po ly m er so lu tions w as f i r s t  d e ­
sc r ib e d  by R o u se10) and B ueche11), u sing  the subm olecu le  m odel. With the
n o rm a l-c o o rd in a te  m ethod, they w ere  ab le  to  give a  good d esc rip tio n  of the b e -
havioyir found ex p erim en ta lly  in  dynam ic m e a su re m e n ts . A few y e a r s  la te r ,
Z im m 1^ ■ extended  the theory  to include hydrodynam ic in te ra c tio n  w ith the
K irk w o o d -R isem an 18) approx im ation . The Z im m  tre a tm e n t g ives the R ouse
th eo ry  a s  the sp ec ia l c a se  of z e ro  hydrodynam ic in te ra c tio n , the f r e e -d ra in ­
ing  c a se . What is  u su a lly  ca lled  the Z im m  theory , i s  the sp ec ia l c a se  of
s tro n g  hydrodynam ic in te rac tio n , the n o n -f re e -d ra in in g  c a se . A s i t  is
r a th e r  sim p le  to g e t n o rm a l s t r e s s  d iffe ren ces  fro m  the p a p e r  of Z im m ,
th is  ca lcu la tio n  w ill be u sed  in  the follow ing.
The m odel c o n s is ts  of a  chain  of N id en tica l seg m en ts , subm olecu les, jo in ing
N + 1 id en tica l beads, w ith com plete  flex ib ility  a t  each  bead. The chain  is
suspended  in  a  v isco u s  liquid , w ith w hich i t  is  supposed  to  in te ra c t th rough  the
beads only. The fo rc e s  w orking on any bead  c o n s is t of the fo rc e  due to  the
liqu id , the s ta tis t ic a l  fo rc e  in  the subm olecu les, and the B row nian m otion.
The effect of a force on the motion of the liquid is supposed to be the*Kirk-
wood-Riseman approximation of the Oseen-interaction tensor18).

The conform ation of the polym er m olecule is  rep resen ted  by a column vector
defined as:

(B .23)

L *) is  the en d -to -en d  v e c to r  of the i - th  subm olecu le , w ith an un d is tu rb ed
d is trib u tio n  of leng ths * £ )  g iven by Eq. (II. 14). The u n d is tu rb ed  d is tr ib u ­
tion of end -po in ts  of the po ly m er m o lecu le  w ith i t s  N subm olecu les, each
w ith en d -to -en d  v e c to r  4 '1), i  = 0 . . .  N, can  be g iven by ¥ ;
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¥ (II. 24)

•  *
A ccord ing  to K irkw ood and R isem an .th e  lo ca l ve loc ity  of the liqu id  L  is  given
by:

• *  S o  _L  = L + T K  (II. 25)

•* o
w here  L  is  the v e lo c ity  of the liqu id  in  the absence  of po ly m er m o lecu les ,
dots ind ica te  tim e  d e riv a tiv e s , T  i s  the K irkw ood-R isem an  approx im ation  of
the O se e n - te n so r  and K the fo rc e  on the m olecu le . The sum  of a ll  fo rc e s  w ork­
ing on the m o lecu le  m u s t be ze ro ,o n  the average :

- f ( L - L * )  + K =  0 (II. 26)

f  is  a  f r ic tio n  fa c to r.
K is  a  colum n v e c to r  g iven by:

Q IrT
K = - kT g ra d  (In ¥ ) -  A L  (II. 27)fo
A is  a  m a tr ix  of o rd e r  N + 1, w ith e lem en ts  defined by:

A .j = 2 i ^ l o r i ^ N + l

A 11 = ^ + 1  N +l = 1 28*

Ai i+1 '  Ai-1  i=

A re s tr ic t io n  on the m ovem ent of the m olecu le  i s  given by the continuity  equa­
tion:

- |S L =  -  div (¥  L) (11.29)

In se rtin g  (II. 26) and (II. 27) in to  (II. 29)t we get:

a?
FT -  div ¥  [L° - (fT + I )  g rad  (In ¥ )  - Ü S Ï ( f T  + I)  A

* £  -
(II. 30)

w here  I is  the unit m a tr ix . The p rob lem  can  be so lved by using  the n o rm al co ­
o rd in a te  tra n sfo rm a tio n  of R ouse and Bueche, by m ean s of w hich the m a tr ic e s
(f T  + I ) and(f T  + I_) A a r e  d iagonalized . The diagonal e lem en ts  of the m a tr ix
obtained  a f te r .d iag o n a liza tio n  of (f T  +_I) w ere  ca lled  v. by Z im m , and those
obtained  fro m  (f T  + IJA  w ere  ca lled  X.. If the hydrodynam ic in te rac tio n  is
ze ro , the c a se  co n sid e red  by R ouse and B ueche, only d iagonalisa tion  of A is
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needed, the re su ltin g  d iagonal e lem en ts  a re  ca lled  it.. Z im m  show ed that:
X. 1

v. i  = 0 . . . . .  N (11.31)
i

The com ponents of the s t r e s s  te n s o r  can  be ca lcu la ted , using  E qs (II. 12),
(II. 27) and (II. 30):

p . . =  -  k T * * 1 - ^  ( l n ï ) >  < x i ;A x k > (11.32)
3 x k o

w here  < > in d ica te s  taking the av e rag e  o v e r a ll  con figu ra tions.
On averag ing , the f i r s t  te rm  on the rig h t of (II. 32) i s  found to  be z e ro  o r  in d e­
pendent of defo rm ation , so  that:

Pik
3 kT

o

i . k< x A x > (II. 33)

Eq. (II. 33) show s tha t the s t r e s s  te n s o r  i s  sy m m etric :

P ik = P ki <IL34>
121A fte r tra n sfo rm a tio n  to n o rm a l co o rd in a tes , Z im m  '  ob tained  e x p re ss io n s

fo r  the av e rag e  chain  con figu ra tions in  Eq. (II. 33), h is  E qs 46 to 49. F ro m
th ese  re la tio n s  i t  i s  e a sy  to obtain  the com ponents of the s t r e s s  te n so r . I t is

12)found tha t the com ponents p . -  = Po^ and p„g = P g , a r e  z e ro . Eq. 47 in  '  is
not c o r r e c t,  a s  w as f i r s t  pointed  out by W illiam s (in th is  p ap e r Eq. 5 con­
ta in s  tr iv ia l  p rin tin g  e r r o r ,  so  that T , m u s t be re p la c e d  by ^  in  the n u m e ra ­
to r  of the f i r s t  r ig h t hand  te rm ).

If the sh e a r  r a te  is  g iven by:

q =  % co s cot COY co s coto (II. 35)

and the defo rm ation  Y = Y sin  cot, Eq. (II. 33) g ives re s u l ts  tha t can  be ex ­
p re s s e d  in  re lax a tio n  tim e s  f  .

F o r  the R ouse theory:
6 M T)sh ] 1

' ~ T
PP ^ R T  p2

and fo r  the Z im m  theory:

_ m l̂gt1)]
T p  0. 5 8 6  K T  X

p = 1

p = 1

(II. 36)

(II. 37)

H e re  M is  the m o le c u la r  w eight, T) the v is c o s ity  of the so lven t, [t|] is  g iven
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by Eq. (I. 6), R is  the g a s  constan t, T  the abso lu te  te m p e ra tu re , and X in
20) 21) p(II. 37) i s  g iven in the p ap e r by Z im m , Roe and E p ste in  '( s e e  a lso  Both

th e o r ie s  g ive id en tica l r e s u l ts , i f  e x p re s se d  in  the re lax a tio n  tim es  given by
(II. 36) o r  (II. 37):

N
_ CRT y

p 1 2 " ~ R T  q ^ l Tp -  « M  V (H. 38)

p22 ■ p 33 = 0

P11 ‘  p22 = 2 q2

N
CRT 2 _2 _ F  2
T  p=l Tp ‘  F l q

(II. 39)

(II. 40)

A n =  2 C q [ ( p2 1
N

-t )2 + q2( 2 -C2)2 ]*pi H 'p = l pi (II. 41)

2 T
tan  2 X — Eq

Q Z
P

* tan 2 X 1 (H .42)

u u i x i i g  s i e a u y

G . = CRT 2
(0 'l*

P
u  T T P 1 +  C O  2 -u2

p

n ii _ cRT 2
C O  T

P _ 4 -
°  T P 1 +  C O 2  T2

P

P11 * p 22
c r 2 r to 2 t

M p ‘
y i (l)22 I ------- i.P -  + s in  2 u  t
p 1 +  <oZ a2

P

a>2 t 2 -  2 w4 -r4
_E_________ P 2 27

3 (03 t 3
p

(II. 43)

(II. 44)

(1 + "2 2... _T . 2 27) t  )(1 + 4 (0 t  )

W  t  -  6  W  V

+ COS 2 w t ----------qE-q-----------E_--- q-
(1 + Tp )(l + 4 (o2 <cp

P

(II. 45)

n , X and C w ere  defined in  Sec. B. 2.

I t i s  e a s ily  seen  tha t in  the lim it (o -» 0 (II. 40) and (II. 45) becom e iden tica l.
M oreover, the two m o le c u la r  th e o r ie s  g ive a lso  in  the lim it «# *+ 0 E qs (II. 9)
and (II. 10). The v is c o s ity  i ) , a s  defined by (II. 38),is  found to be independent
of s h e a r  ra te , the n o rm a l s t r e s s  d iffe ren ce  p . . -  p,2 is  p ro p o rtio n a l to q .
O bviously, the la s t  two p ro p e r tie s  a re  connected , they can a lso  be d e sc rib ed
by say ing  that the re lax a tio n  tim e s  t  a r e  independent of sh e a r  r a te  o r  de­
fo rm atio n .
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An ex tension  of the m odel of Z im m , including a  dynam ic rig id ity  of the po ly-
m e r  chain , h a s  been  given by C e r f22\  T h is  th eo ry  a lso  p re d ic ts  n o rm a l
s t r e s s  d iffe ren ces , but the equations cannot be so lved  in  c lo sed  fo rm .

E x tensions of the Z im m  m odel have been  g iven re c e n tly  by s e v e ra l  au th o rs
23)24)21) T h ese  ca icuia t ion8 give no d iffe ren ce  in  the c a se  of z e ro  h y d ro -
dynam ic in te rac tio n , so  that the th eo ry  of R ouse is  not affec ted . The d if fe r ­
ence a p p e a rs  in  the ca se  of s tro n g  hydrodynam ic in te rac tio n , w here  the nu ­
m e r ic a l  fa c to rs  X in  Eq. (II. 37) a r e  som ew hat d iffe ren t. E qs (II. 38) to (II.
45) rem a in  unchanged, a t le a s t  in  the f i r s t  two p a p e rs . T sch o eg l24) show ed,
tha t d ilu te so lu tions in  th e ta  so lven ts  a re  w ell d e sc r ib e d  by the Z im m  theory .
With in c re a s in g  so lven t power, the v isc o e la s tic  behav iou r ap p ro ach es  the
R ouse theo ry  m o re  and m o re .

B. 4. E x tension  of the th eo ry  of R ouse to  co n cen tra ted  so lu tions o r  m e lts

In o rd e r  to adap t the d ilu te  so lu tion  th e o r ie s  fo r  so lu tions of h ig h e r  concen­
tra tio n s ,in v a r ia b ly  the th eo ry  of R ouse i s  ch o sen 13 .̂ T he re a s o n s  fo r  th is  a re
the ex p e rim en ta lly  found s im ila r ity , fo r  co n cen tra ted  so lu tions, betw een the
shape of the dynam ic m oduli, a s  a function  of u ,  w ith those  p re d ic te d  by the
R ouse theory , and m a th em a tica l d ifficu ltie s  in adap ting  the Z im m  theo ry . It
i s  a ssu m ed  that the re la tio n

fro m  Eq. (II. 36), and Eq. (II. 38) re m a in  valid . T he re lax a tio n  tim e s  can  then
be obtained  fro m  the z e ro - s h e a r  v is c o s ity  T) :

,  =Ti . q y  y n
P p5 x2cR T p2 (II. 46)

It is ,  m o reo v e r, a ssu m ed  tha t Eq. (II. 39) to Eq. (II. 45) re m a in  valid ; a l l  v is ­
c o e la s tic  functions can  then be ca lcu la ted . Eq. (II. 46) is  only v a lid  fo r  a
m o n o d isp e rse  po lym er, fo r  p o ly d isp e rse  p o ly m ers  P e tic o la s 34  ̂ h as derived :

.  " f t p  ~ V M? _ V i
p' 1 cRTM  p2 p2 *n ‘ 47^Hr *

Tp, i is  the p - th  re lax a tio n  tim e  fo r  a  po ly m er m o lecu le  w ith m o le c u la r
w eight M. , if Mw is  the w eight av e rag e  m o le c u la r  w eigh t,as defined by (I. 5).
E qs (II. 46) and (II. 47) a r e  a lso  v a lid  fo r  d ilu te so lu tions.

F o r  the ca lcu la tio n  of v is c o e la s tic  functions i t  is  n e c e s s a ry  to know the m o -

25



lecu lar  weight distribution.

With polym ers of high m olecular weight,an entanglement structure i s  form ed
in concentrated solutions or m elts. In order to explain the v isco e la stic  behav­
iour in  th is ca se , it m ust be assum ed that the friction  factor f is  very much
higher for moverhents of parts of the polym er chain longer than Me> the m o­
lecu lar  weight between two su ccess iv e  entanglem ents along the chain,than for
m ovem ents of parts of the chain having a m olecu lar weight low er than Mg .
M oreover, to explain the experim entally found m olecu lar weight dependence
of the zero  shear v isco sity , it m ust be assum ed that f  in that ca se  is  propor-

2 4tional to M ' . The friction  factor for m ovem ents of parts of the chainw
shorter than the length between two su ccess iv e  entanglem ents, is  supposed to
be unchanged. T his gives:

x
P. i

2 .4 M .
P > Pe = ---- 1 (H. 48)

M -e

In Eq. (II. 48) M is  used  (see  d iscussion  in Ref. 3°^), and not 2 Mg, a s or ig ­
inally  proposed 13).

If the polym er co n sists  of i fractions, each of n. m olecu les per cm  with m o-
31132)lecu lar  weight M., the dynamic moduli w ill be '

kT ? Z
i P

,2 _2n. (u x P, i
1 +  CÜ x 2 .

P. i

(II. 49)

n. io x  .
G" = kT ? Z -1----- 5-EÜ—  (H. 50)

1 P 1 + (0 2 x 2 .
P .i

w here x  . is  given by Eqs (II. 47) and (II. 48). T his m odel, with minor
P*‘ . . ,  ,. 13)25)34)26)27)28)29)variations, has been used  by a number of authors

In Chapter IV. 6, experim ental and calculated values of the dynamic moduli
are com pared for a dilute solution and for a polym er m elt. F or the calcu la­
tion the polym er w as divided into a number of fractions, the moduli w ere
then calculated by m eans of Eqs (11.49) and (11.50). T his procedure d iffers
from  that used  by Barlow, H arrison and Lamb28', who used an average
value of p , and a continuous function for the m olecular weight distribution.
T heir method tends to underestim ate the contribution of high m olecular
weight m ateria l, however.
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B. 5. The netw ork  theo ry

An e n tire ly  d iffe ren t approach  to the ca lcu la tion  of the v is c o e la s tic  behav iou r
of m o d era te ly  to highly co n cen tra ted  p o lym er so lu tions and m e lts , is  tha t of
L odge1)14). A s im ila r  m odel w as independently  u sed  by Y am am oto8). In these
th e o r ie s  it  is  assu m ed  that the m o lecu les  fo rm  a netw ork  co n sis tin g  of tem po­
r a r y  c ro s s lin k s , w hich a r e  continually  being b roken  and new ly fo rm ed . If the
liqu id  is  deform ed, the s tru c tu re  can be a ssu m ed  to  c o n s is t of a  n u m b er of
su b s tru c tu re s , each  co n sis tin g  of a num ber of te m p o ra ry  c ro s s lin k s  w ith the
sam e  age. It is  evident, tha t the defo rm ation  of ev e ry  su b s tru c tu re  depends
on the age of i t s  c ro s s lin k s . If con trib u tio n s of these  s u b s tru c tu re s  to the
v is c o e la s tic  p ro p e r tie s  can  be obtained  by adding them , and if, m o re o v e r , the
th eo ry  of ru b b e r  e la s tic ity  can  be used , it  is  p o ss ib le  to  d e sc r ib e  the behav­
io u r  of the liqu id  during  defo rm ation . It w ill a lso  be a ssu m ed , tha t the d e fo r­
m ation  does not effec t the r a te  of fo rm atio n  o r  b reak in g  of the c ro s s lin k s .
T h ese  a ssu m p tio n s a re  obviously not r e a l is t ic .  D uring  a  continuous d e fo rm a­
tion c ro s s lin k s , w hich have been deform ed, w ill tend to b re a k  e a r l ie r  than in
the undeform ed liqu id . S ev e ra l a ttem p ts  have been  m ad e8)29) to account fo r
th is effec t, the r e s u l ts  do not seem  to be in  ag reem en t w ith exp erim en t, how­
ev e r . Y am am oto re p o r ts  , that the influence of s h e a r  r a te  on the v isc o e la s tic
functions depends on the m odel used , so  tha t the p ro ced u re  becom es a rb i tr a ry .

A no ther assum ption  is ,  tha t the defo rm ation  of a  su b s tru c tu re  is  equal to that
of the liquid . T h is  a ssu m p tio n  i s  p robab ly  not r e a l is t ic  e ith e r , but an  e s t i ­
m a te  of the e r r o r ,  in troduced  th is  way, is  v e ry  d ifficu lt (see  C h ap te r VIII).

A ccord ing  to the th eo ry  of ru b b e r  e la s tic ity , the re la tio n  betw een com ponents
of the s t r e s s  te n s o r  a and com ponents of the co n tra v a ria n t m e tr ic  te n s o r

both in  a  convecting  co o rd in a te  sy s tem , so  tha t G reek  le t te r s  a r e  used ,
is  g iven by1):

w here Nq i s  the nu m b er of c ro s s lin k s  and s  is  a n u m e ric a l fa c to r  depending
on the netw ork  s tru c tu re , p is  the h y d ro s ta tic  p r e s s u re .  If it  can  be a ssu m ed
that th is  i s  the con tribu tion  of ev e ry  su b s tru c tu re , and w ith the a ssu m p tio n s
lis te d  above, we get fo r  an in co m p ress ib le  liquid:

* lj  + p  r l j (t) = k T snNoYi:>(to) (11.51)

* J(t) + P r ](t) N ( t - t ' ) r J(t ')d t (II. 52)
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H ere  N (t -  t ') d t ' is  the nu m b er of c ro s s lin k s  in the su b s tru c tu re  fo rm ed  a t the
tim e  t 1, and s t i l l  ex is tin g  a t the tim e  t. F o r  a la m in a r  s h e a r  flow, Y ^(t) and
Y ^(t') a r e  g iven by .

r i j (t)

1 0  0
0 1 0
0 0 1

Yij ( f )

i + -r  r  o
Y 1 0
0 0 1

(II. 53)

Y is  the s h e a r  in  the m a te r ia l  a s  defined in  C h ap te r I.
If the d e fo rm ation  in  the liqu id  can  be g iven a s  the sum  of a  la m in a r  flow w ith
s h e a r  ra te  q ,and a  p e rio d ic  s h e a r  YQ sin  <i) t,th e  defo rm ation  of a  su b s tru c tu re
w ith an  age of f  = (t -  t ')  seconds is :

Y = q  t  + y f s in  (»t (1 - co s B t )  + co s wt s in  wyJ (H. 54)

(Eq. (6. 40) in  " i s  not c o rre c t)

If (II. 53) and (II. 54) a r e  in s e r te d  in to  (II. 52) we g e t fo r  la m in a r  flow:

P i 2 = q8nkTN l

P l l  ’  P22 = q snkTN_

w ith  N
7 '

Nft) t r d T

p 22 * p 33 = 0

A n = 2 s  kT N .qC  I 1 + ----- S -  1
n 1 4N“

C is  g iven in  (II. 22)

2 N ,
tan  2 X = ^  B tan  2 X*

and fo r  a  pe rio d ic  s h e a r  Y = yo s in  w t:

s  k r N fc) (1 -  co s w>t) d t

G " = snkT I N(T ) s in  o> t  dT
o

p l l  '  p22 = Yo BnkT J

(II. 55)

(II. 56)

(H. 57)

(H. 58)

(II. 59)

(H. 60)

(H. 61)

(II. 62)

o f » ,
= Y snkT / N (T){(1 - co s u t )  + co s 2 B  t  c o s o t  (1 - co s u x )  +

+ s in  2 w t s in  w-e(l -  co s w t) d t  (II. 63)
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T h e  c o s  an d  th e  s in  t e r m s  in  (II. 61) an d  (II. 62) c a n  b e  d e v e lo p ed  in to  a  s e r i e s
in  th e  l im i t  <u -» 0 th is  g iv e s  r e s u l t s  e q u iv a le n t w ith  (II. 9) a n d  (II. 10), a s  w as
a ls o  found  f o r  th e  Z im m  a n d  R o u se  m o d e ls .

F o llo w in g  L o d g e 1 , th e  v e r y  g e n e r a l  a s s u m p tio n  i s  now  m a d e , th a t  N (T ) c a n  b e
r e p r e s e n te d  by a  su m  of e x p o n e n tia ls ,  s o  th a t:

N<T ) = i a i  e  T i = Z i x 7 e 1 a . > 0  T. > 0 (II. 64)

If th is  i s  in s e r te d  in  E q s  (II. 55) t o  (II. 63), th e  fo llo w in g  r e s u l t s  a r e  o b ta in e d :

p 12 = 8n kT{l 2 i a i Ti

p l l  * p 22 = s n kT<l2 2  2 a i

. q 2 ( 2 a . t ? ) 2 |
A n  = 2 s  C q  ( Z a T ) f 1 + ---------- L-» J

(Z a. Tj)

tan  2 X Z ai Ti
q Z a t T .

ta n  2 X

s  kT
a. T2

1 + (02 T21

(II. 65)

(II. 66)

(II. 67)

(II. 68)

(II. 69)

G "
a . (0 t .

k T Z  -  1 1
1 +  to2 xfi

0T1s (II. 70)

2
P 11 ” p 22 = s n  r o  k T  2  a i

+ s in  2 oo t

1 + go2 "I?

3 oo3 -t?1

+ c o s  2 cd t ■
(*)2 T2 - 2 oo’ t ?4 _ 4

i
(1+ 0JiiT f)(l+ 4  002 T2 )

(1 + 002 -t?) ( 1 + 4 co2 t 2 ) n̂ ‘ 71^

If  th e  f a c to r s  sn a .k T  a r e  in te r p r e te d  a s  th e  c o n tr ib u tio n s  o f r e la x a t io n  t im e s

Ti  t0  th e  v i s c o e la s t ic  fu n c tio n s , E q s  (II. 64} to  (11.71) b e c o m e  fo r m a l ly  id e n ­
t ic a l  w ith  th e  r e s u l t s  o f th e  Z im m  an d  R o u se  m o d e ls .  T h is  i s  a  s u r p r i s in g
r e s u l t ,  b e c a u se  th e  tw o s e t s  o f e q u a tio n s  h a v e  b e e n  d e r iv e d  in  a  v e ry  d i f f e r ­
e n t m a n n e r .  In  b o th  th e o r ie s  r e s u l t s  f ro m  th e  th e o ry  of ru b b e r  e la s t i c i ty  a r e
u se d , w h ich  h a s  b e en  pu t f o rw a rd  to  e x p la in  th is  s i m i l a r i t y 15 .̂
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B. 6. C o m p ariso n  of m o le c u la r  th e o r ie s

C om paring  the p reced ing  sec tio n s , it  b ecom es p o ss ib le  to com bine the m o lec ­
u la r  th e o r ie s  in  a  g en e ra liz e d  th ree -d im en s io n a l M axw ell m odel, tha t a lso  de­
s c r ib e s  n o rm a l s t r e s s  d iffe ren ces  and flow b ire frin g en ce . The re lax a tio n
sp ec tru m  is  d e sc r ib e d  by a  function  H (x ), defined so  that the con tribu tion  to
the m oduli by re la x a tio n  tim e s  ly ing betw een In x and In x  + d(ln x) is  given
by H (x) d (In X)31)32). T h is  g ives:

_ f  H(x) <o2 a2d(imr)
G J  1 + » v >

—  OO

(II. 72)

oo
G" = [  H (t) <i) x  d (In x) 73)

J i + u,2x 2“ OO *
In the sam e  way equations fo r  the o th e r  v isc o e la s tic  functions a re  obtained.

Pio f  G"ri = - i£ =  ƒ H (x)x d (In x) = lim  ^
Q  J  w-» 0•oo

oo
p . . -  p „  = 2 q2 j  H(x) x2 d(ln t ) = 2 q 2 l im

1 1  £ 4  J  ( i ) - »  0  0)

(II. 74)

(II. 75)

p2 2 - p3 3 * °  i n 7 6 )
OO OO -

An = 2 Cq It  [  H(x) x d (In x) ] 2 + q2 [ H (x)x2d(ln x) ] 2J * (U. 77)
J J —OO

tan  2X = J  » ( X ) x d ( l n X ) ------ = t a n 2 X' (H. 78)
q H(x)x^d(ln x)

0

and during  s in u so id a l sh ea r:

.  o,2X2r :  : H(x) [
°  J-00 1+ 0)7 ?

+ co s 2 u>t 0)2 x 2-  2 OH4 x*
(1+ o) x )(1 + 4 o) x )

+ s in  2 o)t --------- -------------------n - l  <■ 0 »  ■»
(J + U)ZX^)(1 + 4 w X4)

(II. 79)

T he d iffe ren ce  betw een the th e o r ie s  is  in  the re lax a tio n  sp e c tra , w hich a re
g iven in  the R ouse and Z im m  th e o r ie s , but not by the netw ork  theory . A s the
th e o r ie s  of R ouse and Z im m  a re  v a lid  fo r  d ilu te so lu tions, and the theo ry  of
Lodge fo r  co n cen tra ted  so lu tions and m e lts , E qs (II. 72) to  (II. 79) would ap -
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p e a r  to be valid  o v e r the com plete  concen tra tio n  ran g e . The ag reem en t b e ­
tw een theo ry  and exp e rim en t w ill be d isc u sse d  in  C h ap te r VIII.

A ll th ree  m o le c u la r th e o r ie s  p red ic t that the n o rm a l s t r e s s  d iffe rence  P22-P 33
is  ze ro , and that a sim p le  re la tio n sh ip  e x is ts  betw een G ' and Pj j  -  P22- and
betw een G and p j 2>at low sh e a r  r a te s  o r  freq u en c ies .

M oreover, they p re d ic t that G ' and G" a r e  p ro p o rtio n a l to Yo< tha t Pn *p22
is  p ro p o rtio n a l to q2 o r  Y2 and that T) is  independent of q. A ll th ese  p ro p e r ­
tie s  a r e  re la te d .a n d  w ill be ca lled  second  o rd e r  behav iou r of the m a te r ia l.

It is  in te re s tin g  to apply E qs (II. 74) and (II. 75) to a  sim p le  m onom eric  liqu id
of m o le c u la r  w eight M. If each  m o lecu le  h a s  one re lax a tio n  tim e  t  giving a
co n tribu tion  kT to the v is c o e la s tic  functions, Eq. (II. 74) g ives:

t  -  TIM
T ' cRT  (11.80)

3w here c is  the co ncen tra tion  in  g /c m  In se rtin g  th is  value fo r  *c into Eq.
(II. 75), we get:

-  2 M r)2q2
P11 ‘  p22 cRT* (11.81)

The la s t  equation g ives fo r  the rea so n ab le  va lues M = 100, t) = 10~2 po ise ,
c  = 0. 8 g /c m 3 and T = 298 °K: p n  - p 22 = 10-1 2 q2, so  tha t p n  - p22 is
10 dyne /cm  (the ex p e rim en ta l s c a t te r  of p22 in  C h ap te r V) a t  s h e a r  r a te s
above 10 sec  *.

A ccording to th is  view , th e re  is  no fundam ental d iffe rence  in rh eo lo g ica l b e ­
hav iour betw een s im p le  m onom eric  liqu id s and po ly m er so lu tions o r  m e lts .
Eq. (II. 81) show s tha t fo r  constan t v isco s ity , p j j  -  p22 in creases* w ith  m o ­
le c u la r  weight. T h is  explains,w hy n o ticeab le  n o rm al s t r e s s  d iffe ren ces  a re
so  m uch a sso c ia te d  w ith po ly m eric  so lu tions and m e lts , w hich have high m o­
le c u la r  w eights, and a lso  high v is c o s it ie s  in  m ost c a se s .

As i t  would ap p e a r  that th e re  is  no fundam ental d iffe rence  in  v isc o e la s tic  b e ­
hav iou r betw een liqu id s of low m o le c u la r w eight and p o lym er so lu tions o r
m e lts , it  se e m s usefu l to se p a ra te  the v is c o e la s tic  behav iou r of any liqu id
in to  th ree  reg ions:

(a) f i r s t  o rd e r  behav iour: sh e a r  independent v is c o s ity  *) , no p e rcep tib le
n o rm al s t r e s s  d iffe ren ces ; G ' = 0; G" = o> T] .o

(b) second  o rd e r  behav iour: constan t v isco s ity , n o rm a l s t r e s s  d iffe ren ces
p ro p o rtio n a l to the sq u are  of the sh e a r  ra te ,  so that the n o rm a l s t r e s s
functions F j  and F 2 of Eq. (II. 8 )a re  c o n stan ts ; G ' Y 0 * i  F j q 2( to = q).
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(c) th ird  o rd e r  behaviour: v isc o s ity  and n o rm a l s t r e s s  functions d im in ish ing
'  '  G*

w ith in c re a s in g  sh e a r  ra te ; T](q) < "n Q; —j  ^  ï  (i) = q).
to

B. 7. T h ird  o rd e r  e ffec ts

W ith the netw ork  th eo ry  i t  i s  e a sy  to  v isu a liz e  a  re a so n  fo r  th ird  o rd e r  behav­
io u r , and i t s  consequences fo r  the re lax a tio n  sp ec tru m . D uring la m in a r  flow
w ith s h e a r  r a te  q ,the defo rm ation  of a  po ly m er chain  w ill be p ro p o rtio n a l to
q t ,  t  being the life tim e  of the c ro s s lin k . D uring a  p e rio d ic  o sc illa tio n  the
d efo rm ation  w ill be p ro p o rtio n a l to Y • F ro m  th is  reaso n in g  it  fo llow s that
the s h e a r  ra te  w here  the v is c o s ity  becom es sh e a r  r a te  dependent, and the a m ­
p litude  of defo rm ation  w here the dynam ic m oduli becom e dependent upon YQ,
should  be connected . It s e e m s  rea so n ab le  to a s s u m e ,a s  a f i r s t  ap p ro x im a­
tion, tha t in  the n o n -lin e a r  c a se  the E qs (II. 72) to (II. 79) re m a in  valid , but
th a t the re la x a tio n  sp ec tru m  changes.

As a  f i r s t  app rox im ation  i t  can  be a s s u m e d ^ ^ , tha t a ll re la x a tio n  tim es
change by the sam e fa c to r  a  , w hich is  supposed to be a  function  of q only.
F ro m  Eq. (II. 74) th is  gives:

T)(q) -  11 s 'tpta)

a9 = %  * ^ s  V q=(55
(II. 82)

w here  T) is  z e ro  s h e a r  v isco s ity , t] so lven t v isc o s ity  and t] (q) the v is c o s ­
ity  a t s h e a r  ra te  q. Then fro m  (II. 75), (II. 77) and (II. 78),the o th e r  v is c o ­
e la s tic  functions during  la m in a r  sh e a r  can  be e x p re s se d  in  the ra t io  of T)(q)
and T) , so  tha t the shape of the c u rv e s  giving An, P j j  -  P22 ’ 311(1 X as
a function  of q can be p red ic ted  fro m  the T) (q) -  q cu rve .

Eq. (II. 82) can  only be a f i r s t  approx im ation , because  one would expect the
lo n g e r  re lax a tio n  tim e s  to be m o re  effected  than the s h o r te r  ones. T h is  would
give v a lu es  of a^  dependent upon 'r , a(q, t ).

M easu rem en ts  of th ird  o rd e r  e ffec ts  w ill be g iven in  C h ap te r VIII. 3.
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I l l  MATERIALS

1. M a te r ia ls  u sed

A ll m e a su re m e n ts  d e sc r ib e d  in  the follow ing c h a p te rs  w ere  p e rfo rm ed  on
so lu tions of poly isobutene (B 100 and B 200) and a  po ly s ty ren e  (PS III), and
m e lts  of a  poly isobutene (Oppanol B 1), a  poly d im ethyl siloxane (PDMS-RS),
two p o ly s ty ren es  ( S i l l  and B 8), two high density  po lyethy lenes (H D PE-
NMWD and  HDPE-BMW D) and two low density  po lyethy lenes (LDPE-NM W D
and LDPE-BM W D). W ith the la s t  th re e  p a ir s  of p o ly m ers the f i r s t  had a
fa i r ly  n a rro w , the second  a  m uch b ro a d e r  m o le c u la r  w eight d is trib u tio n .

T he so lu tions ranged  in  con cen tra tio n  fro m  dilu te (0. 2 volum e %) to concen­
tr a te d  (about 25 volum e %). C etane (hexadecane) and a low m o le c u la r w eight
po ly isobutene, O ppanol B 1 (a  N ewtonian o il w ith a v isc o s ity  of 0. 236 poise
a t 25 °C ),w ere  u sed  a s  so lv en ts  fo r  poly isobutene. P o ly s ty ren e  (PS III) w as
d isso lv ed  in  b rom obenzene.

P o ly s ty re n e s  B 8 and S i l l  and the two high density  po lyethy lenes w ere  kindly
supplied  by Dow C hem ica l C o rp o ra tio n , M idland, M ichigan, U. S. A. T he two
low density  po lyethy lenes w ere  supplied  by M onsanto C h em ica ls  L td . , N ew ­
p o rt, M on ., G re a t B rita in .

P o ly iso b u ten es O ppanol B 1, B 100 and B 200, and po ly s ty ren e  PSIII a r e  com ­
m e rc ia l  p o ly m ers  of BASF, L udw igshafen a / R . , G erm any .

P o lyd im ethy l siloxane, PDMS RS, is  a  co m m erc ia l po ly m er supplied  by
B ay e r, L everkusen , G erm any .

3A n a la r b rom obenzene w as supp lied  by M erck(density  1 .488  g /c m  , v isco s ity
0. 0106 p o is e  a t 25 °C ). C etane w as supplied  by F luka , i t  w as s ta ted  to be
b e t te r  than 99 % p u re , and f r e e  of o lefin s (density  0. 7664 g /c m  , v isco sity
0 .0272  po ise  a t 30 °C).

A l i s t  of a ll  liq u id s in v es tig a ted , to g e th e r w ith som e p hysica l data, is  given
in  T ab le  III. 1. In th is  tab le  a l i s t  of the ex p e rim en ts  p e rfo rm e d  i s  a lso  in d i­
ca ted .
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T ab le  III. 1

D ilute so lu tions

cone. p o lym er solvent tem p.

°C

density
/ 3g /c m

dn
dc

3 /cm  /g

m e a s u re ­
m en ts

0 .2  wt % PIB B 200 B 1 25 0.8167 0 .02 1, 2, 3 ,4
0 .4  " 11 fl fl (0. 817) ' it 1
1 .03  " It II II (0. 817) i i 1, 2, 3, 4
2 "

In te rm e d ia te

II II

range  co n cen tra tio n s

It (0. 817) it 1, 2, 3 ,4

5 wt % PIB  B 200 B 1 25 (0. 817) ii 1
5 " M cetane 30 (0. 7728) 0.0805 1
3 .9 0  " PIB  B 100 It If ' 0. 7711 i i 1, 2
5 .3 9  " it II II 0. 7734 ti 1, 2
6 .86  " it II II 0 .7760 it 1, 2
8 .54  " ti II II (0. 779) i i 1, 2
7 g /100  m l PS III b ro m o -

benzene
25 1.465 0.0455 1, 3 ,4

15 " it II II 1 .435 it 1 ,2 , 3 ,4
25 " ii II II 1 .402 it - 1. 3 ,4

M elts

100 wt % PDMS RS - 25 0. 98 . 1, 3, 4, 5
i i  i t PS S i l l - 190 0. 979 - 1, 3 ,4
i t  ; n PS B 8 - I t II - 1. 3 ,4
t i  i i HDPE-NMW D - ■ I f 0. 756 - 1, 3 ,4
i i  i i HDPE-BM W D - I t I I - 1, 3 ,4
i i  i t LDPE-NM W D - I I I I - 1, 3 ,4
i t  i t LDPE-BM W D -• I I I I - 1, 3 ,4
i i  i i PIB B1 25 0. 8167 - 1, 2, 3 ,4

concen tra tion : wt % m ean s w eight p e rcen tag e  of po lym er. .
po ly m er : PIB  = po lyisobutene; PS = p o ly s ty ren e ; PDMS * polydim ethyl

siloxane; HDPE = high density  po lyethylene; LD PE - low
density  polyethylene; NMWD = n a rro w  m o le c u la r  w eight d is ­
tr ib u tio n ; BMWD = b ro ad  m o le c u la r  w eight d is trib u tio n .

D ensity  v a lu es in  b ra c k e ts  a r e  ex trap o la ted  v a lu es . F o r  the so lu tions in  B 1
o r  ce tane  i t  w as a ssu m ed  that d en s itie s  a t o th e r te m p e ra tu re s  w ere  p ro p o r­
tional to  tha t of the so lven t. . .
D en sitie s  of p o lym er m e lts  w ere  taken  fro m  the l i te r a tu r e  .
Ujj is  the index of re f ra c tio n  in c rem en t (see  C h ap te r VII).

M easu rem en ts  perfo rm ed :
1 = dynam ic s h e a r  m odulus. C h ap te r IV
2 = n o rm a l s t r e s s  g rad ien t. C h ap te r V
3 -  v isco s ity . C h ap te r VI
4 = flow b ire frin g en ce , C h ap te r VII
5 = re c o v e ry  a f te r  steady  s h e a r  flow. C h ap te r V
N o rm al s t r e s s  g rad ien t m ea su re m e n ts  on so lu tions of B 100 in  ce tane  w ere
taken  fro m  the l i te ra tu re ^ ) .
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2. M o lecu la r w eights

F o r  the in te rp re ta tio n  of v isc o e la s tic  m e a su re m e n ts  on p o ly m eric  liqu ids it
is  d e s ira b le  to  have in fo rm ation  about the m o le c u la r  w eight d is trib u tio n . F o r
a  few  p o ly m ers  (PIB B 100 and B 200, and PDM S-RS) th is  w as ob tained  by
p re c ip ita tio n  in to  5 to 8 f ra c tio n s . The m o le c u la r  w eight of each  fra c tio n  w as

3141e s tim a te d  fro m  the in tr in s ic  v is c o s ity  in  a  su itab le  so lven t '  ' .  Two m o le c ­
u la r  w eight av e ra g e s , Mw and Mn , w ere  then ca lc u la ted  by m ean s of E qs
(I. 5) and (I. 4).

M o lecu la r w eights of m o s t of the o th e r  p o ly m ers  w ere  obtained  fro m  the
s u p p l ie r s ® ^ , those  fo r  PS III w ere  kindly supplied  by D r. T h .G . Scholte*

71D utch S tate  M ines, L im burg , N e th e rlan d s  A ll re s u l ts  a r e  su m m arized  in
T ab le s  III. 2 and III. 3, fo r  exp lana tion  of po ly m er nam es, see  T ab le  III. 1.

T ab le  III. 2

PIB B 1
B 100
B 200

PDMS RS
PS S 111

B 8
HDPE--n m w d ’
HDPE-BMW D*)
LDPE-NM W D
LDPE-BM W D
PS in

M = 430
n 56 .0  x 10°

2. 22 x 106

2. 14 x 105
1 .13  x 105

A
2 x 10
2 x 104
0. 82 x 105

M = -w
1 .18  x 10
4 .5 2  x 106
5 .36  x 105
2. 24 x 105
2. 79 x 105
4 .2  x 104
9. 2 x  104

105
4 .2  x 105
4 .1  x 105

M /M  = -  6)w ' n  '

2
2

1.05 5)
2 .5  5)

5)
5)

about 5 5)
about 20 5)

*) HDPE-BM W D w as s ta te d  by the su p p lie r  to
u la r  w eight d is tr ib u tio n  than HDPE-NMW D.

5 .0  7)

have a  m uch b ro a d e r  m olec
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T ab le  III. 3

O ppanol B 200

fra c tio n

1
2
3
4
5

w eight

0.0711
0.4065
0. 1842
0.1396
0.1791

P o ly s ty ren e  S i l l

fra c tio n

1
2
3
4
5
6
7
8
9

w eight

0 .055
0 .095
0. 170
0. 233
0. 225
0 .145
0 .060
0 .025
0 .015

m o le c u la r  w eight of f ra c tio n

77 x 103 * 5
70 x  105
32 x  105
23 x  105

7 x 105

m o le c u la r  w eight of f ra c tio n

1. 25 x 105
1 .625  x 105
1. 875 x 105
2 .125  x 105
2. 375 x 105
2 .625  x 105
2. 875 x  105
3 .125  x  10®
3 .5  x  105

3. P re p a ra tio n  of so lu tions

Solutions of p o ly s ty ren e  in  brom obenzene and a  so lu tion  of 5 % by.w eight of
O ppanol B 200 in  ce tan e  w ere  p re p a re d  by stand ing  a t  room  te m p e ra tu re ,
du ring  p e rio d s  of S ev era l m on ths in  the dark .

Solutions of O ppanol B 200 in  O ppanol B 1. a ll  so lu tions of O ppanol B 1 0 0 ,and
a  5 % so lu tion  (the sam e  a s  above) of O ppanol B 200 in  ce tane  w ere  d isso lv ed
f i r s t  in  hexane (May and B ak er, the n o n -v o la tile  re s id u e  w as g iven a s  le s s
than 0. 01 %) a t room  te m p e ra tu re  in  the d ark . A fte rw ard s , the re q u ire d
am ount of so lven t (B 1 o r  cetane) w as added, and the so lu tion  w as le f t un til
the m ix tu re  w as found hom ogeneous by v isu a l in spection . F in a lly , the hexane
w as rem oved  by a  vacuum  d e s tin a tio n  a t about 40 - 50 °C ,w ith  oxygen fre e
n itro g en  bubbling through. It w as p o ss ib le ,b y  weighing, to check  how m uch of
the hexane had been  rem oved . T he p ro c e s s  w as stopped  when the w eight r e ­
m ained  constan t; the re su ltin g  so lu tion  con ta ined  le s s  than 0. 2 % by w eight
of hexane. The so lu tions w ere  com plete ly  c le a r  and hom ogeneous on v isu a l
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in spec tion . The co n tro l so lu tions of 5 % by w eight of Oppanol B 200 in  ce tane ,
p re p a re d  by the two m ethods, gave dynam ic re s u l ts  in  ex ce llen t ag reem en t
(see  C h ap te r IV). T h is  r a th e r  involved p ro ced u re  w as n e c e s s a ry  .b ecau se  it
w as n o ticed  tha t the m o lecu le s  in  so lu tions p re p a re d  by s t i r r in g  a t e leva ted
te m p e ra tu re s  during  a  r a th e r  long p e rio d  ( s e v e ra l days to a  week) w ere  b ro ­
ken down, a s  shown by a  s lig h t d isco lo ra tio n  and a  v isc o s ity  d im in ish ing  w ith
in c re a s in g  tim e  of s t ir r in g .

4. R easo n s fo r  the cho ice of m a te r ia ls

T he m o le c u la r  th e o r ie s  d isc u sse d  in  C h ap te r II, should be  v a lid  o v e r the com ­
p le te  concen tra tio n  ran g e , going fro m  d ilu te  so lu tions to co n cen tra ted  s y s ­
tem s. F o r  th is  re a so n , the ran g e  of co n cen tra tio n s w as taken a s  wide a s  p o s­
s ib le . In o u r c a se  co n cen tra tio n s ran g ed  fro m  0. 2 to 100 volum e p e r  cen t.

W ith the av a ilab le  ex p e rim en ta l equipm ent i t  w as not fe a s ib le  to in v es tig a te
d ilu te  so lu tions and m e lts  of the sam e  po ly m er. In  o rd e r  to m e a su re  v e ry  d i­
lu te  so lu tions it  w as n e c e s s a ry  to choose p o ly m ers  of v e ry  high m o le c u la r
w eight, o th e rw ise  the e ffec ts  to  be m e a s u re d  would have been  too sm a ll. In
the m o lten  s ta te , p o ly m ers  of such  h igh m o le c u la r w eight a re  v e ry  d ifficult
to  handle, in  fac t m e a su re m e n ts  a t s im i la r  s h e a r  r a te s  a s  those a t w hich m e a s ­
u re m e n ts  w ere  done on so lu tions w ere  not p o ss ib le , on account of m echan ica l
d eg rad a tio n  o r  v isco u s  heating  during  flow. F o r  th is  re a s o n  a  r a th e r  wide
ran g e  of p o ly m ers  had to be chosen . T h is  w as no d isadvantage, how ever, a s
i t  w as d e s ira b le  to com pare  the v is c o e la s tic  behav iou r of d iffe ren t po lym ers.

B ecause  the m o le c u la r th e o r ie s  given in  C h ap te r II w ill p robab ly  not be valid
fo r  p o ly e lec tro ly te s , th ese  w ere  no t in v estig a ted . I t i s  quite p o ss ib le  that
the v is c o e la s tic  behav iou r of po ly e lec tro ly te  so lu tions w ill d iffe r in  c e r ta in
re s p e c ts  fro m  that of the m a te r ia ls  d e sc r ib e d  h e re .

A s fa ir ly  la rg e  am ounts of p o lym er w ere  needed  fo r  the com plete  p ro g ram ,
only co m m erc ia lly  av a ilab le  p o ly m ers  could be u sed  fo r the so lu tions.

F o r  the d iffe ren t types of m easu rem en ts , the re q u ire m e n ts  fo r  the liq u id s a re
a lso  d iffe ren t. F o r  m e a su re m e n t of the dynam ic s h e a r  m oduli, a s  d e sc rib ed
in  C h ap te r IV, the re q u ire m e n ts  a re :

(a) the liqu id  m u s t be n on -vo la tile :
2 7 2

(b) s h e a r  m oduli m u s t be in  the ran g e  of about 10 dy n e /cm  to 10 dy n e /cm
in the an g u la r frequency  ran g e  fro m  about 10 to  300 ra d /s e c ;

(c) the liqu id  m u s t be ch em ica lly  s tab le , o th e rw ise  i t s  p ro p e r tie s .w ill  change
during  the exp erim en t.
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F o r  n o rm a l s t r e s s  m easu rem en ts , d e sc r ib e d  in  C h ap te r V, a  req u ire m e n t, in
addition  to (a), (b) and (c) above, is :

3
(d) a  v isc o s ity  low er than about 10 po ise .

The v is c o s ity  m easu rem en ts , g iven in  C h ap te r VL cau sed  no add itional r e q u ire ­
m en ts , but fo r  flow b ire fr in g e n c e  m e a su re m e n ts , d e sc r ib e d  in  C h ap te r VII,
two add itional re q u ire m e n ts  a re :

(e) no fo rm -b ire fr in g e n c e . T h is  m ean s th a t the av e rag e  index of re f ra c tio n
of the po ly m er m u s t be equal to the index of re f ra c tio n  of the so lven t.

(f) the p o la r izab ility  of a  segm en t of the po ly m er chain  m u s t be d iffe ren t in
the d irec tio n s  p a ra l le l  and p e rp en d icu la r to the chain .

B ecau se  an ob jec t of the in v estiga tion  w as to  co m p are  the behav iou r of poly­
m e r  so lu tions w ith those  of m e lts , an add itional re q u ire m e n t w as:

(g) the so lven t m u s t be chem ica lly  s im ila r  to the po ly m er.

A s a  r e s u lt  of re q u ire m e n ts  (b), (c) and (f) fo r  the low  co n cen tra tio n s  (0. 2 to
2 volum e %) a  v e ry  high m o le c u la r  w eight po lyisobutene, O ppanol B 200, w as
chosen . A s so lven t fo r  these  so lu tions, w ith re q u ire m e n ts  (a), (b), (c), (e)
and  (g), a  low m o le c u la r  w eight po lyisobutene, O ppanol B 1, w as used .

F o r  the in te rm e d ia te  co n cen tra tio n  ran g e , fro m  5 to  about 25 volum e %, so ­
lu tio n s w ere  chosen  of the lo w er m o le c u la r  w eight poly isobutene, O ppanol
B 100, and of po ly s ty ren e  III. A s so lven t fo r  po ly isobutene so lu tions ce tan e
w as taken, b rom obenzene w as chosen  a s  so lven t fo r  po ly s ty ren e  ( r e q u ire ­
m en ts  (a), (c), (d), (e) and (g)).

The lo w er m o le c u la r  w eight of the p o ly m ers , and the lo w er v is c o s ity  of the
so lv en ts ,w e re  n e c e s s a ry  b ecau se  o th e rw ise  the v is c o s it ie s  of the so lu tions
w ould have been  too h igh (re q u ire m e n t (d)).

On B 100 so lu tions in  ce tan e  a la rg e  n u m b er of n o rm a l s t r e s s  m e a su re m e n ts
had  been  p e rfo rm ed  by D r. H. M arkovitz \  who kindly supplied  the po lym er.
On so lu tions of p o ly s ty ren e  III, D r. H. Ja n e s c h itz -K r ie g l a t o u r in s titu te  had

o \

p e rfo rm e d  a  la rg e  n u m b er of flow  b ire fr in g e n c e  ex p e rim en ts  '.

The h ig h es t co n cen tra tio n s  in v es tig a ted  w ere  po ly m er m e lts , 100 volum e p e r
cen t. A num ber of p o ly m ers , a ll  w ith  w eight a v e rag e  m o le c u la r  w eigh ts in

5 5the ran g e  fro m  about 10 to 5. 10 , w ere  inves tig a ted . N o rm al s t r e s s  g r a ­
d ien ts could not be m e a su re d  on m e lts  of th e se  p o ly m ers , b ecau se  the v is ­
c o s itie s  w ere  too high (re q u ire m e n t (d)). M ost of the ex p e rim en ts  on m e lts
w ere  p e rfo rm ed  a s  p a r t  of an in v es tig a tio n  on behalf of the In te rn a tio n a l
Union of P u re  and A pplied C h em is try  (IUPAC)®'. T h ese  r e s u l ts  w ere  u sed
becau se  they gave an obvious ex tension  of the ex p e rim en ta l p ro g ram .
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IV DYNAMIC MEASUREMENTS

1. A ppara tus

The lin e a r  v is c o e la s tic  behav iour of a  n u m b er of p o ly m er so lu tions and
m e lts  w as in v es tig a ted  w ith a  co n cen tric  cy lin d e r v is c o m e te r , in  the angu­
l a r  frequency  ran g e  fro m  about 10‘ 3 to about 300 r a d /s e c .  T he ap p a ra tu s
w as developed fro m  a  v e ry  s im ila r  ap p a ra tu s , w hich h a s  been  d e sc r ib e d  in
d e ta il by D u ise r '  '  Only the p r in c ip le s  w ill be re p e a te d  h e re .

The p o ly m er so lu tion  o r  m e lt i s  held  betw een two co n cen tric  c y lin d e rs . The
in n e r  cy lin d e r i s  suspended  by a  to rs io n  w ire  fro m  a  d riv in g  ax is , execu ting
a  s in u so id a l o sc illa tio n  a round  the com m on a x is  of the sy s te m . In the s ta ­
tio n a ry  s t a t e , the in n e r  c y lin d e r w ill a lso  execu te  a  s in u so id a l m otion , so
tha t the m a te r ia l  betw een  the s ta tio n a ry  o u te r  cy lin d e r and the o sc illa tin g
in n e r  cy lin d e r w ill undergo  sin u so id a l sh e a r . In g en e ra l, the  v is c o e la s tic
p ro p e r tie s  of the m a te r ia l, the in e r t ia  of the sy s tem  and the to rs io n a l s t if f ­
ness . of the w ire  w ill g ive r i s e  to a  d iffe ren ce  in  p h ase  and am plitude  betw een
the m otion  of the d riv ing  ax is , and tha t o f the in n e r  cy lin d e r. By an  o p tica l
sy s tem  the am plitude  of the d riv in g  ax is  e , of the in n e r  c y lin d e r e , and
.  CO

the phase  angle  <P betw een the two a r e  m easu red . T o g e th e r w ith the to rs io n a l
s tif fn e ss  of the to rs io n  w ire , and w ith the g eo m etry  of the cy lin d e rs , the
s h e a r  m oduli of the m a te r ia l  can  be  ca lcu la ted . By changing the an g u la r f r e ­
quency o> of the o sc illa tio n , i t  i s  p o ss ib le  to in v es tig a te  the p a r t  of the sh e a r
m odulus in  phase  w ith the o sc illa tio n , G ', and the p a r t  out of phase , G ", a s  a
function of u>.

If the defo rm ation  i s  su ffic ien tly  sm a ll, so  tha t the b ehav iou r of the m a te r ia l
is  in the lin e a r  reg ion , the s h e a r  m oduli a r e  g iven by:

D , e
g" t5 ; ^ cos2 co

D. e,-.n _ 1 ao
’  ®2 eco  “

(IV. 1)

(IV. 2)

w here  D . to rs io n a l s t if fn e ss  of the w ire
D 2  g eo m e tric  constan t fo r  the two cy lin d e rs

4 * h
(IV. 3)

d ia m e te r  of the in n e r  cy lin d e r
d ia m e te r  of the o u te r  cy lin d e r; h  leng th  of the cy lin d e rs
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F o r  the in te rp re ta tio n  of the m e a su re m e n ts  only D j/D g  and I/D g a r e  r e ­
qu ired , th ese  w ere  obtained by m e a su re m e n ts  w ith a  n o n -e la s tic  liqu id  of
known v isco s ity . A nother m ethod w as a d ire c t m easu rem en t of and ca lc u ­
la tio n  of D2 fro m  Eq. (IV. 3). The two m ethods ag re e d  w ithin a  few  p e r  cent.
T he d ia m e te r  of the o u te r cy lin d e r w as 0. 900 cm , it  w as m ade of g la s s  in
o rd e r  to enab le  in sp e c tio n  of the sam p le . T he d ia m e te rs  of the in n e r  cy lin d e rs
w ere  0. 500 and 0. 700 cm , the leng th s w ere  5. 0 cm . The w ire s  u sed  had
d ia m e te rs  of 0. 10, 0. 07, 0. 05, 0. 03, 0. 02 and 0. 01 cm . T he co n stan ts  D. and
D„ a r e  g iven in  T a b le  IV. 1. The v a lu es  of I w ere  ca lc u la ted  fro m  the re s o -

2  i \
nance  freq u en cy  of the sy s tem  , the v a lu es a r e  a lso  g iven in T ab le  IV. 1.

T ab le  IV. 1

nom inal D1 d ia m e te r D2 1/D
d ia m e te r cy lin d e r
w ire q

cm d y n e c m /ra d cm cm g /c m

0. 01 142 0. 500 5. 68 0.0746
0. 02 2172 0. 700 19.45 0.0516
0 .0 3 1. 34 x 104
0. 05 1 .04  x 105
0. 07 4. 21 x 105
0 .1 0 1. 59 x 106

T he m e a su re m e n ts  of e e  and e aosin  <P w ere  a c c u ra te  to 1 .4  x 10
rad ian , the low est v a lu es ac tu a lly  m e a su re d  w ere  a t le a s t  about 0. 008 r a d . ,
and in  m o s t c a s e s  con sid e rab ly  la r g e r  (0. 05 to 0. 2 r a d . ). T h is  g ives a s  the
m in im a l a ccu racy  about 2 %. T he a ccu racy  of G ' and G" can  then be e s tim a ted
in  each  c a se  fro m  E qs (IV. 1) and (IV. 2). The e s tim a te d  o v e ra ll a ccu racy  w as
about 5 %.

T he in n e r cy lin d e r w as c e n te re d  e i th e r  by a  m agnet a t the bottom  (fo r so lu ­
tions) o r  by a  second  to rs io n  w ire  a t the bottom  (fo r m e lts ) . The second to r ­
sion  w ire  g ives a  co n tribu tion  to G ' only, a s  th is  con tribu tion  w as co n siderab ly
le s s  than 1 % fo r  a ll  m e a su re m e n ts , th is  effec t w as neg lec ted .

2 . R eduction  of m e a su re m e n ts

In o rd e r  to co m p are  m e a su re m e n ts  p e rfo rm ed  a t d iffe ren t te m p e ra tu re s , a
te m p e ra tu re  red u c tio n  schem e w as p roposed  e m p ir ic a lly  by F e r r y  and jco -
w o rk e rs4). T h is  w as la te r  th e o re tic a lly  ju s tif ied  by the m o lecu la r th eo r ie s
d is c u sse d  in  C h ap te r II. E qs (II. 72) and (II. 73) give a  connection  betw een the
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re lax a tio n  tim es  and the s h e a r  m oduli.

A change of te m p e ra tu re  h as  th ree  d iffe ren t e ffec ts  on the m oduli:
(a) each  r e la  xation  m echan ism  h as a  con tribu tion  to the m oduli p ro p o rtio n a l

to kT, acco rd ing  to the m o le c u la r th e o r ie s ;
(b) the density  P of the m a te r ia l  changes w ith te m p e ra tu re , so tha t the num ­

b e r  of re lax a tio n  m ech an ism s p e r  unit volum e changes;
(c) the re lax a tio n  tim e s  a r e  te m p e ra tu re  dependent.

In o rd e r  to account fo r  the changes in the m oduli due to  e ffec ts  (a) and (b),
the m oduli a r e  divided by a fa c to r  PT :

Gr
G '

"PT (IV. 4)

T)s is  the so lven t v isco s ity , fo r  a  m e lt T)g ■ 0.

If a ll  re lax a tio n  tim e s  change by the sam e  fa c to r  a(T , T q) when the te m p e ra ­
tu re  is  changed fro m  an a rb i t r a ry  re fe re n c e  te m p e ra tu re  T to  T , we get:

T (T)
a (T ,T o) = aT  = ^ T -r  (IV. 5)

p' o '

The sim p le  index T  can  be u sed ,b ecau se  T w ill be ind ica ted  in  each  c a se .
Since a T is  a ssu m ed  to  be the sam e fo r  a ll re lax a tio n  tim e s , a ll  functions of
the re lax a tio n  tim e s  w ill change by s im p le  functions of a™. M odulus m e a s u re ­
m en ts  a t d iffe ren t te m p e ra tu re s  w ill be e x p re s se d  in  the follow ing by the r e ­
duced m oduli g iven in  Eq. (IV. 4) a s  a  function  of u> a _ , w ith a™ defined by Eq.
(IV. 5).

E x p erim en ta lly , log a „  w as d e te rm in ed  by m e a su rin g  the d is tan ce  along the
log a> -a x is , betw een c u rv e s  giving log  GJ. o r  log G^ a s  a function  of log  to, a t
the two te m p e ra tu re s  T  and  T  . A check  on the co n sis ten cy  of the r e s u l ts  is ,
tha t aT  a s  d e te rm in ed  fro m  GJ. and G^ should be equal, and tha t a™ should be
constan t along the cu rv e  a t d iffe ren t v a lu es of to . A typ ica l exam ple of such  a
red u c tio n  schem e is  g iven in F ig s  1 and 2 fo r  the m olten  high density  poly­
ethy lene HDPE-NMW D. The m e a su re m e n ts  can  be red u ced  v e ry  w ell, w ithin
ex p erim en ta l a cc u ra c y  the te m p e ra tu re  sh ift is  equal fo r  G ' and G ", and in ­
dependent of to . O v er a  su ffic ien tly  sm a ll te m p e ra tu re  ran g e  it  can  so m e tim es

3)be a ssu m ed  tha t the re lax a tio n  tim e s  have a te m p e ra tu re  dependence of the
type:

Ha

yT> - vTo)eRT <IV-6>
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H is  c a lle d  the ap p aren t flow  ac tiva tion  energy , R  is  the g as  constan t.

U  (r a d /s e c )

F ig . 1.

A s the te m p e ra tu re  dependence of a l l  re lax a tio n  tim e s  w as found to be the
sam e , a  p lo t of a^, a s  a  function  of l / T  w ill y ie ld  Ha - In F ig . 2, log a^, a s  a
function  of l / T  i s  g iven  fo r  the p o ly m er of F ig . 1. V alues of a™ obtained
fro m  G ”, the c ir c le s ,  a re  in  good ag reem en t w ith those  obtained  fro m  GJ.,
the tr ia n g le s . F ro m  the slope  of the p lo t through th e  ex p e rim en ta l points,H

314) acan  be d e te rm in ed  fro m  the equation  '
d(log a_ )

Ha = 2 .303  R -afT7Ty i -  (IV. 7)

The red u c tio n  g iven above is  only feas ib le , if  the defo rm ation  is  in  the lin e a r
reg io n

HDPE-NMWO
o from  G “
* from  G’

- 0.1-
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The m axim um  s h e a r  during  the dynam ic m e a su re m e n ts  i s  about 0. 05 to 0. 2.
The m oduli w ere  m e a su re d  a s  a function  of defo rm ation  a t s e v e ra l  fre q u e n ­
c ie s , in  o rd e r  to inves tig a te , w hether the m a te r ia l  w as s t i l l  in  the lin e a r  r e ­
gion during  th is defo rm ation . F ig . 3 g ives G ' and G " a s  a  function  of the
m axim um  defo rm ation  y ^ ,fo r a po lyd im ethy lsiloxane w ith a  z e ro  sh e a r  v is ­
co s ity  T)o of 10 po ise  a t 25 °C . T h is  m a te r ia l  w as chosen  fo r  i t s  ch em ica l
s tab ility . It i s  c le a r  tha t w ithin the a ccu racy  of the exp e rim en t, G ' and G" a r e
independent of TQ, so  tha t the m a te r ia l  is  indeed in  the l in e a r  reg ion .

POM S RS
25*C

w ire  1.0 mm
■ 0.7 -

.  0 .5  «

2 .109*

10 9 -
O -2.9

0  +■
005 0.1

-.... - »  1.

0.15 02 025

F ig . 3.

2 .109-

PDM S RS
25bC

r

• w ire  10 mm
•  - 0.7 •

• - 0.5 -

&>■ 10.5

0 - 5 .9
•

109 -
_____ ,____ SLLil

......-  y.
005 0.1 0.15 0.2 025
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3. M easu rem en ts

M easu rem en ts  w ere  p e rfo rm ed  both on po ly m er so lu tions and on m e lts .
M easu rem en ts  on so lu tions w ere  a ll  p e rfo rm ed  w ith m agnetic  cen te rin g  of the
in n e r  cy lin d e r. M easu rem en ts  on m e lts  w ere  a ll  p e rfo rm e d  w ith the in n e r
cy lin d e r kept c e n te re d  by m ean s  of the lo w er to rs io n  w ire . A ll m e a su re m e n ts
have been  red u ced  a s  in d ica ted  in  Section 2, excep t those  fo r  so lu tions of poly­
s ty re n e  in in  b rom obenzene, w here a ll  dynam ic m e a su re m e n ts  w ere  p e rfo rm ed
a t 25 °C  only.

F ig . 4 g ives GJ. and G ^ .red u ced  to  25 ° C ,a s  a  function  of <oaT  fo r  a  s e r ie s  of
so lu tio n s of po lyisobutene B 200 in  the low m o le c u la r  w eight po lyisobutene B L
a t co n cen tra tio n s  fro m  0. 2 to 5. 0 % by weight.

H d e te rm in ed  fro m  Eq. (IV. 7) v a r ie d  fro m  8 to 10 k ca l/m o l, the v a lu es a t the
two low est co n cen tra tio n s  a r e  the le a s t  a c c u ra te . T h is  can  be com pared  w ith
a  value  of about 16 k c a l/m o l fo r  bulk high m o le c u la r  w eight polyisobutene,
a lso  a t 25 ° C ^ ^ .
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3-90%. 0 .96% ; 9 .3 0 % ; 0.9%  IIO O lR M ta M

» ” --------

» ' •  --

F ig . 5

F ig . 5 g ives GJ. and G^'.as a  function  of ooaT ,fo r  a  s e r ie s  of so lu tions of poly­
isobu tene B100 in  ce tane , reduced  to 30°C. Included in  th ese  g rap h s  a r e  the
co rresp o n d in g  m e a su re m e n ts  on two so lu tions of 5 % poly isobutene B200 in
ce tane , p re p a re d  by two d iffe ren t m ethods, a s  in d ica ted  in  C h ap te r III. 3.
T he two so lu tions gave re s u l ts  w hich w ere  in  good ag reem en t. T ab le  IV. 2
g ives G ' and G" a t a  nu m b er of freq u en c ie s  fo r  the so lu tion  p re p a re d  by
ev apo ra tion  of a  d ilu te  so lu tion  (evaporated), and fo r  the so lu tion  p re p a re d  by
standing  a t room  te m p e ra tu re  (room  tem p e ra tu re ).

T ab le  IV. 2

r a d /s e c ev ap o ra ted room te m p e ra tu re

G '
dyne
cm G " G '

dyne
cm G"

0. 099 116 116 103 115
0. 396 235 186 236 189
1. 58 433 247 437 251
6. 28 684 307 677 300

25. 1 980 365 971 357
95 1370 456 1358 414

C om paring  these  m ea su re m e n ts  w ith those p e rfo rm e d  on B100, it  is  c le a r
tha t a  reduc tion  sch em e ,b ased  on a  s ing le  sh ift fa c to r  a(M j, M ,),canno t sh ift
the 5 % B200 so lu tion  along e ith e r  of the axes to get an o v e rlap  w ith a so lu ­
tion  of B100 of the sam e  co n cen tra tion . F o r  th is  re a so n ,n o  red u c tio n  w ith
re s p e c t to m o le c u la r  w eight w as a ttem p ted . In te rm s  of the sp ec tru m  of r e -
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tax a tio n  tim es  th is  m e a n s ,th a t the n e c e s s a ry  sh ift fa c to r  a(M ^, Mg) would de­
pend both on m o le c u la r weight, and on the m agnitude of the re lax a tio n  tim e  fo r
th ese  m a te r ia ls

F ig . 6 g ives G ' and G" a s  a  function of u>, a ll a t 25 °C ,fo r  so lu tions of 0. 070,
30, 15 and 0. 25 g /c m  p o ly s ty ren e  III in b rom obenzene. The value of Ha , e s t i ­

m a ted  fro m  the dependence of v isc o s ity  on te m p e ra tu re , w as 5 k c a l/m o l fo r
th e se  so lu tions.

G- G" (dyne/cm*)

F ig . 7 g ives G ' and G^ a s  a function  of u a ^  fo r  po lyd im ethylsiloxane RS, r e ­
duced to 25 °C ; F ig s  8 and 9 the sam e fo r  the p o ly s ty ren es  S 111 and B 8, and
F ig  10 fo r  po lyethylene m e lts , HDPE-NMW D, HDPE-BM W D, LDPE-NMW D
and LDPE-BM W D, a ll reduced  to 190 °C . The m o le c u la r  p a ra m e te r s  of the
p o ly m ers  a r e  given in  C h ap te r III. The p o lym er m e lt ex p e rim en ts  w ill be pub­
lish ed  e l s e w h e r e ^ ^ ^

U a  t ( r a d /se c )

Polydimethylsiloxane RS

- —  e;
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P o ly s ty re n e  S 111, w hich h as a  v e ry  n a rro w  m o le c u la r  w eight d is trib u tio n ,
M / M being only 1 .05 , show s the typ ica l fe a tu re s  w hich a re  g e n e ra lly  a t t r ib -w* n
u ted  to the en tang lem en t s tru c tu re  G ' a s  a  function  of <oaT  h as  an  in flec tion
point, G" show s a  m axim um  and a  m inim um , P o lyd im ethy ls iloxane  RS, w hich
h as  an  M / M ra t io  of about 2, show s the sam e fe a tu re s  to a  l e s s e r  ex ten t,w* n
The o th e r  po ly m ers , w ith m uch b ro a d e r  m o le c u la r  w eight d is tr ib u tio n s , do not
show the m axim um  in  G" any m o re .r
V alues of H d e te rm in ed  acco rd in g  to Eq. (IV. 7) a r e  g iven in  T ab le  IV. 3.

T ab le  IV. 3

Flow  ac tiva tion  en e rg ie s

liqu id tem p.
°C

H in  k c a l/m o l

FIB  B 200 in B , 0. 2 %
5IB  B 200 in  B : 0. 4 %
PIB  B 200 in  B : 1. 03 %

25 8 .1
25 8. 3
25 9. 8

PIB  B 200 in  B , 2 %
PIB  B 200 in  B : 5 %

25 9. 3
25 9 .5

PIB B 100 in  ce tane  3 . 90 % 30
PIB  B 100 in  ce tane  5. 39 % 30 about 4 .5
PIB  B 100 in  ce tane  6. 86,% 30
PIB  B 100 in  ce tane  8. 54 % 30
PS III in  b rom obenzene 7 to 25 % 25 5 .0
PDMS RS 25 3 .9
PS S l l l r 190 37. 6
PS B 8 190 38
HDPE-NMWD 190 7 .5
HDPE-BM W D 190 7. 6
LDPE-NMW D 190 13 .6
LDPE-BM W D 190 13. 8

Polystyrene S 111
reduced to  100*C

Or en Gr
(dyne/cm* )

G‘r open symbols
O r filed symbols

(rad /sec)
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Gy. or Gy

G 'r open symbols
G ' filed symbols

F ig . 9

F ig . 10 b
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F ig . 11

In F ig . 11, GJ, and G" a s  a  function  of coaT , red u ced  to  25 °C , a r e  g iven fo r
5 % so lu tions of po lyisobutene B200 in  ce tan e  and in  po ly isobutene B l .
A ccord ing  to Eq. (II. 36) and (II. 37) the ra t io  of the re lax a tio n  tim e s  fo r  the
two so lu tio n s  should  be the ra t io  of the two so lven t v is c o s it ie s  ti . A s the
v isc o s ity  of ce tane  a t 25°C is  0. 0309 po ise , and tha t of B l  0. 236 po ise , the
ra t io  is  7. 6. The sh ift fa c to r  a long the <oa_ ax is , n e c e s s a ry  in  F ig . 11 to b ring
the c u rv e s  fo r  the two so lu tions to coverage , i s  about 7 .4 . T h is  va lue  a g re e s
w ithin about 5% w ith th e .ra tio  of the so lven t v is c o s it ie s . B ecau se  the o rig in a l
m e a su re m e n ts , b e fo re  reduc tion, w ere  p e rfo rm ed  o v e r te m p e ra tu re s  rang ing
fro m  1°C to 60°C, the ac tu a l change in  v is c o s ity  w as by a  fa c to r  of about 70.
The two so lven ts a r e  v e ry  s im ila r  chem ica lly . F o r  th ese  re a s o n s  th is  r e s u lt
would seem  to exclude any ap p rec iab le  in fluence of in te rn a l v is c o s ity  fo r  poly­
isobu tene  (see  C h ap te r VIII. 4).

4. R elaxation  sp e c tra

A s w as shown in  C h ap te r II, the R ouse and Z im m  th e o r ie s  p re d ic t a  line
sp ec tru m  g iven by E qs (II. 36) and (n . 37). T h ese  equations a r e  only v a lid  fo r
m o n o d isp e rse  p o ly m ers , how ever. F o r  p o ly d isp e rse  p o ly m ers , the R ouse
th eo ry  g ives (II. 47). P henom enolog ically , only a  continuous sp ec tru m  is
a c c e ss ib le , w hich le a d s  lo g ica lly  to  the g e n e ra liz e d  M axwell m odel g iven in
E qs (II. 72) and (II. 73). In v e rs io n  of E qs (II. 72) and (II. 73) g ives , in  p rin c ip le ,
H('t). A nalogous to the red u ced  m oduli G^ and G^ we define:

Hr<T> " ^  (IV> 8)

w here Hr /k  is  p ro p o rtio n a l to the num ber of re lax a tio n  m ech an ism s, each
w ith a  con tribu tion  kT, p e r  g ra m  of m a te r ia l.
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In the l i te r a tu r e 2'  , m any  app rox im ation  m ethods of obtain ing  H (t ) fro m
m e a s u re d  dynam ic sh e a r  m oduli a re  given. A ll m ethods involve taking d if fe r­
e n tia ls  w ith re s p e c t to  <o fro m  G 1 and G ", and m o s t a r e  r a th e r  lab o rio u s .
F o r  e a se  of d e te rm in a tio n  the m ethod  of N inom iya and F e r r y  w as chosen^® ^.
W ith th is  m ethod , G ' and G" (o r  red u ced  values) a r e  taken  a t equal in te rv a ls ,
log  a, on the lo g a rith m ic  frequency  sc a le  above and below  the an g u la r f r e ­
quency is = l/*e fo r  the value  of the re lax a tio n  tim e  *s a t w hich H is  r e ­
qu ired . T h is  g ives^ '® ':

H(*t)

H(T)

G'(a(o) -  G' (w /a)
2 In a

a 2 [G '(a 2M )-G '(w /a2) -  2 G 'laa iH G ’ta / a ) ]
(a* -  I ) 5 2 In a

2G "(M ) 2 a
x (a - l)

(o *  1 /f

[G "(a  w) + G "(ü)/a) -  2 G"(co)]

to = l /T

(IV. 9)

(IV. 10)

A s pointed  out in®', Eq. (IV. 9) in  the lim it a  -* 1 c o rre sp o n d s  to the fo u rth
app rox im ation  m ethod  of F u jita  Eq. (IV. 10) c o rre sp o n d s  in  the lim it

7)a  -* 1 to the th ird  app rox im ation  m ethod  of Schw arzl and S taverm an

As p roposed  by N inom iya and F e r r y ,  a  va lue  fo r  log a of 0. 2 w as chosen.

F ig . 12 g ives Hr  a s  a function  of log  T , red u ced  to  25 °C , fo r  so lu tions of
polyisobutene B 200 in  B 1. A lthough a t la rg e  v a lu es  of t  the c u rv e s  fo r  d if­
fe re n t co n cen tra tio n s  a re  v e ry  d iffe ren t, a t sm a lle r  v a lu es i s  v e ry
n e a r ly  p ro p o rtio n a l to the co n cen tra tion . V alues of H fo r  the d iffe ren t con­
c e n tra tio n s , c a lc u la ted  fro m  the ex p e rim en ta l value a t 1 % a t the sm a ll *t-
end of the sp ec tru m , assu m in g  them  to be p ro p o rtio n a l to  the concen tra tion ,
a r e  in d ica ted  in  F ig . 12 by dashed  lin e s . The a g reem en t is  re aso n ab le .

The lo n g est re lax a tio n  tim e s  in c re a se  v e ry  rap id ly  w ith in c re a s in g  concen-
3

tra tio n . T he 5 % so lu tion  h a s  re lax a tio n  tim e s  w ell in  ex c e ss  of 10 sec .
T h ese  a r e  v e ry  long re la x a tio n  tim es , no t n o rm a lly  a s so c ia te d  w ith a  liquid .

F ig . 13 g ives the re lax a tio n  sp ec tru m  fo r  so lu tions of polyisobutene in  c e ­
tane, red u ced  to 30 °C . F ig . 14 g ives the re lax a tio n  sp ec tru m  fo r  polyd im eth-
y ls ilo x an e  RS, red u ced  to 25 °C , and F ig . 15 g ives re lax a tio n  sp e c tra  fo r  the
o th e r  p o lym er m e lts , a ll  red u ced  to 190 °C *2 . The n a rro w  fra c tio n  S 111
show s a  m axim um  in H a t  T = 0. 1 sec , and a  m in im um  a t t  = 0. 0015 sec .

r  4)11)T h ese  two fe a tu re s , w hich can  be a ttr ib u te d  to the en tanglem ent ne tw ork  '
have n e a rly  d isap p ea red  in  B 8, w hich h as a  b ro a d e r  m o lecu la r w eight d is ­
tr ibu tion .

52



The shape of the c u rv e s  giving the re lax a tio n  sp e c tra  of the high density  poly-
e thy lenes in  F ig . 15 is  v e ry  d iffe ren t fro m  that fo r  the p o ly s ty ren es . At the
lo w er re lax a tio n  tim es , the value of Hr  is  v e ry  m uch  la r g e r  fo r  the b ro ad
m o le c u la r w eight f ra c tio n  HDPE-BM W D than fo r  the n a rro w  fra c tio n  H D PE -
NMWD. P a r t  of the d iffe rence , how ever, is  due to the big d iffe rence  in  m o le c ­
u la r  w eight betw een the two p o ly m ers . The low density  po lyethy lenes in  F ig .
15 show v e ry  l i t t le  d iffe rence  betw een  each  o ther, although the m o le c u la r
w eight d is tr ib u tio n  is  supposed  to be v e ry  d iffe ren t fo r  the two. T h is  is  p ro b ­
ably due to  long -cha in  branch ing .

r  sec

Polyisobutene solutions in cetane

8.5 1.  B100 NV- 5 f .  B 200
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Silopren RS
reduced  to  2 5 aC

X  se c

P ig. 14

R elaxation  s p e c tra  of som e po lym er m elts

\ \  \

F ig . 15
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5. T he en tang lem en t ne tw ork

In o rd e r  to  explain  the v e ry  la rg e  in c re a se  in  v is c o s ity  and e la s tic ity  w ith
in c re a s in g  co ncen tra tion  and m o le c u la r w eight of po lym er so lu tions and
m e lts , an en tanglem ent netw ork  h a s  been  p o s tu la te d ^ 2 .̂ T h is  p robab ly  m ean s
fo r  n o n -p o la r p o ly m e rs , that m o lecu les  lie  in  long ran g e  co n to u r loops a round
each  o th e r , w hich im pedes th e i r  m ovem ent '  .

The z e ro  s h e a r  v is c o s ity  T) of po ly m er m e lts , when p lo tted  on a  log -log
sc a le  a s  a function  of the w eight av e rag e  m o le c u la r  w eight M ^, a s  defined by
Eq. (I. 5), show s a  d iscon tinu ity  a t a  c e r ta in  m o le c u la r  w eight M£ . A t m o le c ­
u la r  w eights below  M ,Ti is  about p ro p o rtio n a l to M , a t m o le c u la r  w eights

c w . . . .. . .  w. ,  3 .4  3)4)8)20) .i s  about p ro p o rtio n a l to M '  '  ' '. T h is  h asabove M , the v isc o s ity  T)q
been  a ttr ib u te d  to an en tang lem en t netw ork
en tang lem en ts is  c a lled  M , one can  put

M = k Mc c e

8 ) If the m o le c u la r  w eight betw een

(IV. 11)

T h e re  is  co n sid e rab le  d isag reem en t in  the l i te r a tu re  about the re la tio n  b e -
Q \  Q \  1 Q \

tw een Me and Mc ; v a lu es  fo r  kc have b een  p roposed  of 2 , 1 . 5  , o r  1
In the in te rp re ta tio n  of the dynam ic m e a su re m e n ts  an  u n ce rta in ty  of a  fa c to r
two is  a lso  p re s e n t % a s  a  r e s u lt  of d isag reem en t about the p ro p o rtio n a lity
fa c to r  betw een the nu m b er of c ro s s lin k s  and the s h e a r  m odulus in  a  c r o s s -
linked  netw ork.

By a  num ber of au th o rs  the follow ing re la tio n  betw een  the n u m b er of en tan g le ­
m en ts  and the a s so c ia te d  m axim um  in  the lo s s  m odulus, G"___w as p roposedm ax

k RT
Me = -!r— t™12»m ax

131w here kg i s  0. 32 acco rd in g  to M arv in  '.

A nother m ethod of obtain ing M w as g iven by C höm pff and D u ise r  ̂ , who
pointed  out that the to ta l a r e a  u nder the cu rv e  giving H( t )  a s  a  function  of
In T ,  fro m  the m in im um  in  H(T) to the h ighes t re lax a tio n  tim e, is  equal to
PN&k T /2  M . The v a lu es of Mg obtained  by the d iffe ren t m ethods a r e  given
in T ab le  IV. 3. L ite ra tu re  v a lu es  w ere  obtained fro m  v is c o s ity  m e a su re m e n ts ,
and th e re fo re  give M .

T ab le  IV. 3

p o lym er M fro m  G" (M arv in*2 )̂ M (Chömpff and D u is e r* ^ )  li t.6 ma.x 6
PS S 111 29600
PS B 8 38800
PDMS RS 30000

12700 32000

29000
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6. D iscu ss io n  of re s u l ts

As d isc u sse d  in  C h ap te r II, the dynam ic v is c o s ity  TV(<o) and s to ra g e  m odulus
G '(w ) a r e  re la te d  to the v is c o s ity  and n o rm a l s t r e s s  d iffe rence  P j^  * P2 2  d u r­
ing steady  s h e a r  flow  (E q^  I I . 9) and (II. 10)). The two v is c o s it ie s  w ill be
co m p ared  in C h ap te r VI; G'(<*>) and P^j " Pg2 be com pared  in  C hap te r
VIII.

A no ther co m p ariso n  betw een (m o lecu la r) th eo ry  and ex p e rim en t is  poss ib le ,
if  the m o le c u la r  w eight d is tr ib u tio n  of the p o lym er is  known. E x p erim en ta l
v a lu es  of Gl(«)) and G"(u>) a r e  com pared  w ith ca lc u la ted  ones in  F ig s  16 and
17. F ig . 16 g ives a d ilu te so lu tion , 0. 2 % B 200 in  B 1. The sym bo ls have
the sam e  m eaning  a s  in  F ig . 4, the dashed  lin e s  w ere  ca lc u la ted  fro m  E qs
(II. 47), (II. 43) and (II. 44), using the m o le c u la r  w eight d is trib u tio n  g iven in
C h ap te r III. 2.

Q2 B 200 in Bi
251C

K>?

G pO rG r------------ / /

/ ' /
/  /

/  /
< * /  /

5?

y/ / *
y

F ig . 16

T he sam e  co m p ariso n  is  g iven in  F ig . 17 fo r  the m e lt PS S 111, w ith e x p e r­
im en ta l po in ts a s  in  F ig . 8, the dashed  lin e s  w ere  ca lcu la ted  from  Eq. (II. 47)
(11.49) and (II. 50), w ith the m o le c u la r w eight d is tr ib u tio n  fro m  C h ap te r III. 2.
The ag reem en t betw een ca lcu la ted  and ex p e rim en ta l re s u l ts  is  sa tis fa c to ry .
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Polystyrene S 111
reduced to  190 • C

.S '?yy
/ G r

/
Y

/

i a o 4 ___

.  -  /
/

GV open symbols
G‘r filled symbols

o 1 4 0  • C
•  159 *C
a 190 «C
V 2 2 4 *C

* S -

w° K>' 10* K ) 4

F ig . 17. GJ, and G^ ca lc u la ted  fro m  E qs (11.47) - (II. 50),w ith Me=30. 000.

A ccord ing  to the ex tension  of the R ouse th eo ry  m ovem ents of a  p o lym er
chain, in  co n cen tra ted  so lu tions o r  m e lts , can  be d e sc rib ed  by an enhanced
fr ic tio n  fa c to r. T h is  would m ean , tha t fo r  a nu m b er of so lu tions of the sam e
po lym er, to a f i r s t  app rox im ation  the m axim um  re lax a tio n  tim e  T w ill bem
p ro p o rtio n a l to the to ta l v is c o s ity  (ze ro  sh e a r  v isco s ity ) of the solu tion .
In F ig . 18 log Tm  is  p lo tted  a s  a  function  of log  \1) (z e ro  s h e a r  v isco s ity ).
The ex p e rim en ta l po in ts a r e  in  f a i r  ag reem en t w ith a  line  of slope 1.

B200 in B1
* B200 in ce tan e

57



L ite ra tu re

1. J .A . D u ise r, T h e s is , L eiden  1965.
2. P . Dekking, T h es is , L eiden  1961.
3. A. J .  S taverm an , F . Schw arzl, C h ap te r I in  H. A. S tu a rt, ed. P hy sik  d e r

H ochpolym eren  IV, S p rin g er, B e rlin  1956.
4. J .  D. F e r r y ,  V isco e la s tic  p ro p e r tie s  of po ly m ers, John  W iley & Sons,

New Y ork  1961.
5. K. N inom iya, J .  D. F e r r y ,  J .  C ollo id  Sci. 14, 36 (1959).
6. H . F u ji ta , J .  Appl. P h y s. 29, 943 (1958).
7. F . S chw arzl, A. J .  S taverm an , J .  Appl. Sci. R e se a rc h  A 4 , 127 (1953).
8. F . B ueche, P h y s ica l p ro p e r tie s  of high p o ly m ers , John  W iley & Sons,

New Y ork 1962.
9. S. H ayash i, J .  P hys. Soc. Japan , 18, 249 (1963).

10. H. M arkovitz , T . G. F ox , J .  D. F e r r y ,  J .  P h y s. C hem . 66, 1567 (1962).
11. A. J . Chömpff, J .A . D u ise r, to be published.
12. A .J .  B arlow , G . H a rr iso n , J . Lam b, P ro ceed . R oyal Soc. (London)

A 282, 228 (1964).
13. R. S. M arv in , i n J . T .  B ergen , e d . , V isco e la s tic ity , A cadem ic P r e s s ,

New Y ork 1960, page 109.
14. W. L . P e tic o la s , R ubber C hem . and T ech. 36, 1422 (1963).
15. V .R . A llen, T .G . Fox, J .  C hem . P h y s. 4TT337 (1964).
16. R. S. P o r te r ,  J . F .  Johnson , C hem . R eview s 66, 1 (1966).
17. J .  L . den O tte r , J .  L . S. W ales, TN O -R eports""C L/65/57 and C L / 6 6 / l l .
18. J .  L . den O tte r , T N O -R eport C L /6 6 /2 5 .
19. W. Philippoff, C h ap te r 7 in  P h y s ic a l A coustics , Vol. 2 B, A cadem ic

P r e s s ,  New Y ork 1965.
20. T .G . Fox, P . J .  F lo ry , J .  P h y s. C hem . 55 221 (1951).

58



V NORMAL STRESS D IFFEREN CES

1. A ppara tus

Two types of ap p a ra tu s  w ere  u sed  fo r  m e a su re m e n ts  on so lu tions: a  p a ra l le l
p la te  and a co n e -an d -p la te  v is c o m e te r , w hich have been  d e sc rib ed  b efo re  ,
only the m ain  po in ts w ill be rep ea ted  h e re .

A sch em atic  draw ing of the co n e -an d -p la te  ap p a ra tu s  i s  g iven in  F ig . 1. The
ro ta tin g  m em b er, the cone in  F ig . 1, can  be ro ta te d  a t d iffe ren t speeds ,
both clockw ise and an ti-c lo ck w ise . In the n o n -ro ta tin g  p la te  th re e  sm a ll h o les ,
A, B and C , connect the liqu id  in  the gap w ith a  p r e s s u re  gauge, w ith an  e s -
tim a ted  a ccu racy  of about 10 d y n es/cm  . M easu rem en ts  a t d iffe ren t p o s i­
tions in  the gap a re  po ss ib le  by m oving the bottom  p la te  in  F ig . l , a s  ind ica ted
by a rro w s .

F ig . 1

P r e s s u r e s  a r e  m e a su re d  by balancing  them  ag a in s t a  g as  p r e s s u re  of known
m agnitude a c ro s s  a  m em b ran e  . B efo re  and a f te r  the exp e rim en t, a t z e ro
s h e a r  r a te  , the z e ro  p re s s u re  is  checked. T h is  m eans, in  effect, that the z e ro
s h e a r  h y d ro s ta tic  p r e s s u re  is  su b trac te d , so  tha t P 2 2  is  m e a su re d  (see  Eq.
(II. 3). A s befo re ,flow  lin e s  a r e  in  the 1 -d irec tio n , the 2 -d ire c tio n  is  p e rp e n ­
d icu la r to the p lan es of sh e a r , the 3 -d ire c tio n  is  chosen  so  that a  r ig h t-h a n d ­
ed co o rd in a te  sy s tem  re s u lts .

F ro m  the equations fo r  the equ ilib riu m  of fo rc e s  (see  C h ap te r II), functions
of two n o rm a l s t r e s s  d iffe ren ces  can be o b ta i n e d ^ '^ ^ N o r m a l  s t r e s s  m eas­
u re m e n ts  e a s ily  develop sy s tem a tic  e r r o r s ,  fo r  in s tan ce  a s  a  r e s u lt  of in ­
a c c u ra c ie s  in  a lignm en t of the a p p a r a t u s ^ ' .  A few o th e r  so u rc e s  of s y s te m ­
a tic  e r r o r s  w ere  a lso  in v es tig a ted  in  S ections 2 and 3.

M ost m e a su re m e n ts  d e sc r ib e d  in  th is  ch a p te r  w ere  p e rfo rm e d  w ith an appa­
ra tu s  kindly m ade ava ilab le  by D r. A. S. Lodge, a t the U n iv ers ity  of M an-
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C hester, C ollege of Science and Technology. W ith th is  ap p a ra tu s  m e a s u re ­
m en ts  a re  p e rfo rm e d  a t te m p e ra tu re s  n e a r  room  te m p e ra tu re , on liqu ids

3having v is c o s it ie s  not exceeding  10 po ise  and w ith low vo la tility . The r e s u l t ­
ing choice of ex p e rim en ta l liqu id s h as been  explained  in  C h ap te r III. F iv e  liq ­
u id s w ere  investiga ted : th ree  so lu tions of polyisobutene B 200 in  B 1 w ith
co n cen tra tio n s  of 0. 2, 1. 03 and 2 volum e p e r  c e n t . ; a  so lu tion  of 15 g /100  m l
of p o ly s ty ren e  III in  b rom obenzene; and a  N ewtonian o il, poly isobutene B 1.

The h y d ro s ta tic  p re s s u re  p depends p a r tly  on the su rface  ten s ion  of the liq -
5)uid. A ccord ing  to c a lcu la tio n s  of S la tte ry  , the con tribu tion  of su rface  ten ­

sio n  to p w ill be about 2 o /  fo r  a co n e -an d -p la te  ap p a ra tu s ,an d  0 /R pp f ° r
a p a ra l le l  p la te  a p p a ra tu s . R cp o r  Rpp i s  h e re  the ra d iu s  of the ap p a ra tu s , O
is  the su rfa c e  ten s io n  of the liquid . F o r  a  0. 2 % so lu tion  of B200 in  B l ,  a
value of about o = 30 d y n es/cm  w as e s tim a te d  by a c a p illa ry  r i s e  m ethod.

—  oT h is  would give a  con tribu tion  to  p of 14 dy n e /cm  fo r  the co n e -an d -p la te ,an d
2

7 d y n e /cm  fo r  the p a ra l le l  p la te  ap p a ra tu s , a  sm a ll e ffec t. M oreover, it  is
only a ssu m ed  that th is  con tribu tion  is  independent of s h e a r  ra te , a  v e ry  r e a ­
sonable assum ption . F o r  a ll  m e a su re m e n ts ,th e  ro ta tin g  m em b er w as ro ta ted
both in  the c lockw ise and in  the an ti-c lo ck w ise  d irec tio n s . T he av e rag e  of the
two p re s s u re s  w as used , the two m e a su re m e n ts  ag reed  w ithin 3 % o r  w ithin

2 .
10 dy n e /cm  a t low p re s s u re s .  No sy s tem a tic  d iffe rence  w as found (th is  d if-

3)fe re n c e  is  v e ry  sen s itiv e  to e r r o r s  in  the g eo m etry  ') .  A few  typ ica l r e s u l ts
w ill be g iven in  S ections 4 and 5.

B efo re  each  se t of m e a su re m e n ts  the ap p a ra tu s  w as lined  up, so  that the gap
angle  in  the co n e -an d -p la te  sy s tem  w as constan t w ithin + 0. 001 ra d ia n s , o r
about 1 %. The d is tan ce  betw een p la te s  in  the p a ra l le l  p la te  sy s tem  w as con­
s tan t during  ro ta tio n  to  w ith in  b e t te r  than 1 %.

T he te m p e ra tu re  w as kept a t 25 °C + 0. 1 °C  by m ean s  of a th e rm o sta t, the
room  te m p e ra tu re  w as 25 °C  + 1 °C .

The ra d ii R and R w ere  both 4. 40 cm , the gap ang les of the cones u sedcp pp
w ere  0. 0565 and 0. 0912 rad ian s .

In la t e r  sec tio n s , the index pp r e f e r s  to p a ra lle l p la te  m e a su re m e n ts , cp r e ­
f e r s  to  co n e -an d -p la te  m easu rem en ts .

In addition  to m ea su re m e n ts  on so lu tions, a  few  re c o v e ry  ex p e rim en ts  on the
p o ly m er m e lt pdm s RS a re  given in  Section  5.
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2. In e r tia l fo rc e s

T he effec t of in e r tia l  fo rc e s  on p r e s s u re s  in  the p a ra l le l  p la te  sy s tem  has
3)been  ca lcu la ted  by G reen sm ith  and R iv lin  ' ,  who g e t the ap p rox im ate  form ula:

p '( r )  = ^  w2 P ( r 2 R 2p) + pR (V. 1)

p '( r )  is  the p r e s s u re  change due to in e r t ia l  fo rc e s
p is  the density  of the liqu id
co is  the speed  of ro ta tio n  in  r a d /s e c
r  is  the d is tan ce  fro m  the ax is  of ro ta tio n .

By a  m o re  exac t ca lcu la tion , Kaye  ̂ obtained  the re s u lt:

P '(r)  = SO P “ 2(r2  '  r 2 ) + Pr  (V. 2)

Eq. (V. 2) is  va lid  fo r  both the co n e -an d -p la te  and the p a ra l le l  p la te  sy s tem .
In both  equations the r im  p re s s u re  p_  is  not specified .

2
F ig s  2 and 3 give m e a su re m e n ts  of p„„ a s  a function  of r  fo r  a  p a ra l le l  p la te
and a  co n e -an d -p la te  sy s tem  a t a n u m b er of d iffe ren t v a lu es  of <o . T he m a te ­
r i a l  chosen  w as poly isobutene B 1, a  N ewtonian o il w ith a  v isc o s ity  of 0. 236
po ise  a t 25 C. T h is  liqu id  w as expected  to have no no ticeab le  n o rm a l s t r e s s
d iffe ren ces  in  the s h e a r  r a te  range in v estig a ted . D ashed lin e s  in  F ig s  2 and 3
give p re s s u re s  ca lc u la ted  fro m  Eq. (V. 2). The ag reem en t betw een e x p e r i­
m en ta l and ca lc u la ted  v a lu es in  rea so n ab le . A t h ig h e r  speeds , w > 10 r a d /
sec , Pj, is  no lo n g er equal to z e ro , p robab ly  a s  a  r e s u l t  of ra d ia l  flow  in  the
gap. At lo w er speeds , w < 10 r a d / s e c ,  p „  is  ze ro .

B 1 2 5 'C

Cone - and - plate

10C
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•X
X

BI 25*C C ono-an d -p la te  par plate (i) rad /sec
•  •  20.9
•  *  16.7
■ o 12.4
e  e  8.3

500

s n ,

F ig . 3

In the follow ing sec tio n s , c o rre c tio n s  fo r  in e r t ia l  fo rc e s  w ere  applied  in
those  c a s e s , w here the c o rre c tio n  would be la r g e r  than 1 %. T h is  m ean t,
tha t in  the ex p e rim en ta l sh e a r  r a te  ran g e , no c o rre c tio n s  w ere  n e c e s s a ry
fo r  the 1 .03  % and 2 % so lu tions. F o r  the 0. 2 % and 15 % so lu tions the c o r ­
re c tio n s  w ere  f a ir ly  la rg e . As the p ro ced u re  fo r  in e r tia l  c o rre c tio n s  is  only
ju s tif ie d  if the c o rre c tio n  is  sm a ll, the m e a su re m e n ts  on the la s t  two so lu ­
tions w ill be le s s  a c c u ra te  than those  on the 1. 03 % and 2 % so lu tions.

F o r  a ll m e a su re m e n ts  pR w as a ssu m ed  to be z e ro  (<o < 10 ra d /s e c ) .

3. Influence of su rro u n d in g  liquid .

A ll m e a su re m e n ts  in S ections 4 and 5 w ere  done w ith the se a  of liqu id  m ethod,
a s  shown in  F ig . 1. H e re  the liqu id  no t only f i lls  the gap, but a lso  extends
beyond the gap. To get an e s tim a te  of the influence of the su rround ing  liquid ,
som e m e a su re m e n ts  w ere  done w ith a  1 % so lu tion  of B 200 in  B 1 in w hich
the liqu id  f ille d  the gap only (a s  in  F ig . 4 ),o r  w ith the s e a  of liqu id  m ethod
(a s  in  F ig . 1). T he liqu id  boundary  in  F ig . 4 does not have a  sp h e r ic a l shape,
so  tha t the flow a t the boundary  is  som ew hat d is tu rb e d ^ .

.ro tating  cone

F ig . 4liquid

fixed plate

■to pressure  gauge
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A. C o n e - a n d - p l a t e

F ig . 5 g ives p„2 as  a  function  of log  r  both w ith (open sym bols)and  w ithout
(filled  sym bols) su rround ing  liqu id  fo r  the ind ica ted  ra te s  of sh e a r . It is  u su a l
to p lo t P2 2  a s  a  function  of log r ,  th is  i s  advantageous becau se  a s  a  r e s u lt  of
the constan t sh e a r  r a te  in  the co n e -an d -p la te  ap p a ra tu s  a  s tra ig h t lin e  can  be
expected  (see  Sec. 5). T h is  is  not the c a se  w ith p a ra l le l  p la te  m e a su re m e n ts ,
becau se  h e re  the sh e a r  r a te  in  the gap is  not constan t (see  Sec. 4). The
ag reem en t betw een the two s e ts  of m e a su re m e n ts  is  quite good, w hich in d i­
c a te s  tha t su rround ing  liqu id  h a s  v e ry  li tt le  influence on p„„ in  th is  c a se .
M oreover, adding sm a ll am ounts of liquid ,w hich changes the shape of the l iq ­
u id - a ir  boundary  sligh tly , had  no influence on p re s s u re s  m e a su re d  n e a r  the
rim .

dyne/cm 2

F ig . 5

Cone-ond-ptate(6t*a0565 rad)

•  36 .0  set
© 28.8 .•  21.6 .
* 14.3 „
o  7.2 .

closed symbols without)
open „ with ƒ

surrounding liquid

.log r(m  cm)
rtm(4.4cm) 10

P a ra l le l  p la te

F ig . 6 g ives m e a su re m e n ts  of p „2 a s  a  function  of r  w ith (open sym bols) o r
w ithout (c lo sed  sym bo ls)su rround ing  liqu id . H e re  a lso ,th e  d iffe rence  is  z e ro
o r  v e ry  sm a ll.

S um m arizing , the influence of su rround ing  liqu id  on the s lo p es of the lin es
in  F ig s  5 and 6, and on the r im  p re s s u re s  ( r  = 4 .4  cm ), i s  v e ry  sm a ll o r
ze ro ,b o th  fo r  the p a ra l le l  p la te  and fo r  the co n e -an d -p la te  sy s tem s .
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WUB2 0 0  in BI 25"C

par. plates a t  0.237cm

o 34.2 sec '1
o 27.6 „: &:
o  7.1 .

closed symbols without'
open .  with
surrounding liquid

rim  (4.4cm)

F ig . 6

4. P a ra l le l  p la te  m e a su re m e n ts

If the ro ta tin g  p a r t  in  F ig . 1 i s  a  p la te  a t a  d is tance  h  cm  fro m  the low er
p la te , the s h e a r  r a te  in  the liqu id  betw een the p la te s  w ill in c re a se  lin e a rly
w ith r ,  the d is tan ce  fro m  the ax is  of ro ta tion :

q > Üü: (V. 3)
‘ h

w is  the speed  of ro ta tio n  of the u p p e r p la te .

The alignm en t of the ap p a ra tu s  w as checked  by ro ta tin g  the u p p er p la te
c lockw ise  and an ti-c lo ck w ise . Two typ ica l s e ts  of m e a su re m e n ts , g iven in
F ig . 7 (0 c lockw ise: A an ti-c lo ck w ise ), a r e  in  v e ry  good ag reem en t.

In F ig s  7 and 8 (fo r the 2 % so lu tion  of B 200 in  B 1, v a lu es of P22(r ) a re
p lo tted  a s  a  function  of r .  The re la tio n sh ip  is  n o n -lin e a r  in  a ll  c a se s . The
lin e s  giving p 22(r) a s  a function  of r  a t d iffe ren t v a lu es of w , a ll concu r at
one point, a t a  va lue  of p „2 of about z e ro , and a t r  i s  about 3. 9 cm . V alues
of p 22 a t the r im , r  = 4 .4  cm , a r e  a ll  p ositive . A ccord ing  to the re s u l ts  in
the p reced in g  sec tio n s, th is  cannot be a ttr ib u te d  to  the su rround ing  liqu id  o r
to in e r tia l  e ffec ts .
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-3 0 0 0 ' 2*/. B 2 0 0
par p late 0 .2 3 7 cm

-2000

- 1000-

♦500

par. plates 0 . 317cm

F ig . 8

A sim p le  d e sc r ip tio n  of the sy s tem  is  obtained  w ith a c y lin d ric a l co o rd i­
na te  sy s tem , the z -a x is  being the ax is  of ro ta tio n . If i t  i s  a ssu m ed  that n o r ­
m a l s t r e s s  d iffe ren ces  a t a  point in  the liqu id  depend on the lo ca l s h e a r  ra te

7)9)only, we get fro m  Eq. (II. 4a) '

A
PP

3 p22r o r
3 (p22 ‘  p33*

p l l  - p 3 3 + t l a— -------------- (V . 4)

F ro m  the s lo p es of the lin e s  in  F ig s  7 and 8 the com bination  of n o rm a l
s t r e s s e s  .g iven  in  Eq. (V. 4 ),can  be d e te rm in ed  a t the lo ca l s h e a r  ra te
given by Eq. (V. 3). As m easu rin g  s lo p es is  not v e ry  a c c u ra te  in  p rin c ip le ,
an a lte rn a tiv e  de te rm in a tio n  of A due to M arkovitz  and B row n2) w as a lso

PP
used . T h ese  au th o rs  u se  the re la tio n :

V r > = [ p 22<r>-P22<°>]
3 [lo g  P22 r̂ ) ” p22^*^
3 (log q)

(V .5)

w here  p„2(0) is  de value  of p 22 a t the ax is  of ro ta tio n . U sing Eq. (V. 5),
v a lu es of A a s  a function  of q w ere  obtained, w hich w ere  in  exce llen t

PP
agreem en t(w ith in  2 %) w ith those  obtained  fro m  Eq. (V. 4).
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T he p a ra l le l  p la te  re s u l ts  of A f ° r  the so lu tions inves tiga ted , 0. 2, 1. 03
and 2 % B 200 in  B 1, and a  15 % so lu tion  of po ly s ty ren e  i n  in  b rom obenzene,
a r e  g iven in  F igs 11 -  14. The m e a su re m e n ts  w ith d iffe ren t d is tan ce s  betw een
the p la te s  a g re e  qu ite  w ell, the s c a t te r  of the points i s  about 5 %.

5. C o n e-an d -p la te  m e a su re m e n ts

If the ro ta tin g  p a r t  in  F ig . 1 i s  a  tru n ca ted  cone, so  tha t the top of the cone
co in c id es w ith the p lane of the p la te , q w ill be:

ft is  the gap angle. If 6 is  sm a ll, a s  in  th is  c a se , the s h e a r  ra te  in  the gap
w ill be constan t to w ithin 1 - 2  % °' ' .  The fo rc e s  in  the liqu id  can  be d e sc rib ed
in  a  s im p le  way by a  sp h e r ic a l co o rd in a te  sy s tem . Eq. (II. 5) g ives then,
assu m in g  aga in  th a t n o rm a l s t r e s s  d iffe ren ces  a t a  point depend on the lo ca l
s h e a r  r a te  on ly^ '

< V - , >

A ccord ing  to Eq. (V. 7), p „2(r)  p lo tted  a s  a  function  of log r ,  w ill give a
s tra ig h t lin e  fo r  co n e -an d -p la te  m e a su re m e n ts , becau se  q is  constan t in  the
gap. In F ig s  9 and 10 th is  is  done fo r  the 2 % so lu tion  of B 200 in  B 1.

-4 0 0 0

2%  B 20 0  In B1

F ig . 10

2a*> B 2 0 0
cone - and - p late
Be • 0 .0 9 1 2  rad

-3  0 0 0 -

-2000

-1000

log r
♦500

F ig . 9

It is  c le a r  tha t the lin e s  a r e  s tra ig h t down to the low est v a lu es of r  (0. 25 cm ).
A lso  it  a p p e a rs  that the lin e s  fo r  d iffe ren t s h e a r  r a te s  c ro s s  a t a  value of r  =
3. 9 cm  and p„„ about z e ro . U sing E qs (V. 6) and (V. 7), Acp can  be d e te r -

66



m ined , the re s u lts  a re  g iven in  F ig s  11 to 14 fo r  the sam e so lu tions a s  in  Sec.
4. M easu rem en ts  w ith two d iffe ren t cone ang les , in  F ig . 12, a r e  in  ex ce llen t

ag reem en t.

The alignm ent of the ap p a ra tu s  w as checked  (F ig . 9) by ro ta tin g  the cone
clockw ise (0) and an ti-c lo ck w ise  (A). T he ag reem en t betw een the two s e ts  of
m e a su re m e n ts  i s  good.

A nother m ethod of m easu rin g  a  n o rm a l s t r e s s  d iffe rence , in  th is  c a se  P j^ -P 22>
fro m  co n e-an d -p la te  m e a su re m e n ts , is  obtained  by m e a su rin g  c o n stra in e d
rec o v e ry  a f te r  s teady  s h e a r  flow. A ccord ing  to the netw ork  m odel, if Y is

7)
the s h e a r  re c o v e re d  a f te r  in fin ite  tim e :

P11 '  p 22 " 2 p 12 Yr  (v - 8)

In T ab le  V. 1 the re s u l ts  fo r  po lyd im ethylsiloxane RS a t 20 °C  a re  given.

T ab le  V. 1.

C o n stra in ed  re c o v e ry  of PDM S-RS a f te r  s teady  s h e a r  flow, 20 °C

-1q sec

3. 1 x 10‘ 2
3. 6 x 10"2
5 .5  x 10‘ 2
6. 7 x 10*2
8. 2 x 10"2
0. 118
0. 17
0. 24
0. 55

2
2 P12 Yr  dy n e /c m

6. 9 x 102
6. 0 x 102
7. 5 x 102
2. 0 x 103
1 .5  x 103
2. 7 x 103
6 .0  x 103
6 .5  x 103
2. 0 x 104

The m e a su re m e n ts  w ere  p e rfo rm ed  in  a  co n e -an d -p la te  v is c o m e te r , the angle
o v er w hich the cone tu rn ed  back  a f te r  stead y  s h e a r  flow, w as m easu red . The
re s u l ts  w ill be com pared  w ith flow  b ire frin g en ce  and dynam ic m ea su re m e n ts
on the sam e m a te r ia l  in  C h ap te r VIII. 2.

T he to ta l fo rc e  try in g  to se p a ra te  the cone and p la te  during s teady  s h e a r  flow
can a lso  be u sed  to e s tim a te  n o rm a l s t r e s s  d iffe ren ces . A s shown by Lodge ,
th is  m easu rem en t g ives p .^  - p 22- T h is  m ethod w as not u sed  in  th is  in v e s ti­
gation.
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6. R im  p re s s u re s

The e x p e rim en ta l v a lu es of p„„ a r e  p o sitiv e  a t the r im  fo r  both p a ra l le l  p la te
and co n e -an d -p la te  m e a su re m e n ts . It w as d em o n s tra ted  in  S ecs 2 and 3 that
th is  i s  not cau sed  by in e r t ia l  fo rc e s  o r  by the su rround ing  liqu id  a t the low
sp eed s of ro ta tio n  used . If i t  is  a ssu m ed  tha t p«g a t the r im  i s  z e ro  (the p r e s ­
s u re  is  equal to a tm o sp h e ric  p re s s u re ) , then it  follow s that:

p22 (r im ) = p 22 -  P33 (V .9)

T h is  im p lie s  that the h y d ro s ta tic  p re s s u re  p i s  independent of s h e a r  ra te .
V ery  few r im  p re s s u re  m e a su re m e n ts  a r e  g iven in  the l i te r a tu re ^ ® '.  In one
c a se  it  w as s ta te d  tha t r im  p re s s u re s  in  the p a ra l le l  p la te  sy s tem  w ere  zero® .
In spec tion  of the r e s u l ts  g iven show s, how ever, tha t the sm a ll r im  p re s s u re s
re p o r te d  in  th is  c h a p te r  would not have been d e tec ted  w ith those  ex p e rim en ts ,
b ecau se  no p re s s u re s  n e a r  to  the r im  w ere  ac tu a lly  m easu red .

A ll r e s u l ts  a r e  g iven in  F ig s  11 to 14. R im  p re s s u re s  d e te rm in ed  by cone-
an d -p la te  o r  by p a ra l le l  p la te  m ea su re m e n ts  a re  in  re a so n ab le  ag reem en t.
T he la rg e  s c a t te r  i s  due to the low p re s s u re s  involved, com pared  to  an e s t i ­
m a ted  o v e ra ll a c c u ra c y  of ind iv idual p r e s s u re  m e a su re m e n ts , about 10 dyn e /

2
cm  . The ex trap o la tio n  p ro ced u re  is  a lso  a  so u rce  of e r r o r s ,  the m agnitude
of w hich is  d ifficu lt to e s tim a te . E x trap o la tio n  of a  s tra ig h t line , fo r  co ne-and -
p la te  m e a su re m e n ts , is  m o re  a c c u ra te  than ex trap o la tio n  of a  curve, fo r  p a ra l­
le l  p la te  m e a su re m e n ts . F o r  th is  re a so n , r im  p re s s u re s  d e te rm in ed  by the
co n e -an d -p la te  m ethod  a re  m o re  re lia b le  than those  d e te rm in ed  by the p a ra l ­
le l  p la te  m ethod, w hich show la r g e r  sca tte r .

E sp e c ia lly  p a ra l le l  p la te  m e a su re m e n ts  fo r  the 1. 03 % B 200 solution , show a
sy s te m a tic  sh ift to lo w er r im  p re s s u re s  a s  the d is tance  betw een p la te s  i n ­
c r e a s e s  (F ig . 12). It s e e m s  like ly  that the flow a t the r im  w ill becom e m o re
d is tu rb ed  a s  the d is tan ce  betw een p la te s  in c re a s e s .  M easu rem en ts  p e rfo rm ed
w ith the sm a lle s t d is tan ce  betw een p la te s  a r e  in  good ag reem en t w ith cone-
an d -p la te  r e s u lts ,  a s  expected . T h is  is  a  s tro n g  ind ica tion  tha t the a ssu m p ­
tions u sed  in  Eq. (V. 9) a r e  ju s tified .

7. C om p ariso n  of p a ra l le l  p la te  and co n e-an d -p la te  re s u lts

In F ig s  11- 14 a ll  ex p e rim en ta l v a lu es  of A , A and r im  p re s s u re s ,  ^ r jm »
a re  com bined. A w as ob tained  fro m  E qs (V. 3) and (V. 4) o r  (fo r the 0 . 2 %
so lu tion  and fo r  som e re s u l ts  of the 1. 03 % solution) Eq. (V. 5). M easu re ­
m en ts  of A a t d iffe ren t d is tan ce s  betw een p la te s  a r e  in  good ag reem en t; u se
of Eq. (V. 4) o r  (V. 5) gave no n o ticeab le  d iffe rence . V alues of A fro m
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co n e-an d -p la te  m e a su re m e n ts , w ith gaps of d iffe ren t ang les , a r e  a lso  in  good
a g re e m e n t. A ll r e s u l ts  in  F ig s  11 to 14 a r e  w ell re p re se n te d  by s tra ig h t lin es
on the lo g -lo g  plot w ith s lo p es  of 1. 6 -2 . 0 ( 0. 2 % solu tion), 1. 2 (1. 03 % so lu ­
tion), 0. 9 (2 % solution) and 1. 6 (15 % solution). (The 0. 2 % so lu tion  show s a
change in  slope fro m  1 .0  to 2. 0 a t s h e a r  r a te s  above 150 sec  . )

0.2 •/. B 200 1 *  B 200

q sec*1 q sec

F ig . 11
• co n e-an d -p la te , 0c = 0. 0565 ra d

V p a r. p la te  a t 0. 0792 cm

104-i
2 •/. B 200

dyne
cm *

K>3
f  *
° r PP22

Or

101

F ig . 13.
10*

M eaning of sym bols a s  in
F ig . 12

F ig . 12
co n e-an d -p la te , ° ®c = 0 .0912  ra d

• 0 = 0. 0565 ra dc
p a r . p la te  a t 0. 237 cm  V

0. 317 cm  A
0. 476 cm  A

dyne
cm*

10* -

. 0P22

O
o*

.  A  rim

10* ”io3

F ig . 14
M eaning of sym bols a s  in
F ig . 12
Q  p a r . p la te  a t 0. 1577 cm
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A s a lre a d y  shown in  Sec. 6, the lin e s  giving p 22 a s  a  function  of log r  fo r
co n e -an d -p la te  m e a su re m e n ts  c ro s s  in  one point, a t r  = 3 .9  cm , w ith p„„
ze ro . A s the r im  p re s s u re  i s  equal to p22 “ Pgg, an d the slope A is  equal to
p ^  -  p „2 + 2(p 22 " P33)> f ro m  Eq. (V. 7), th is  co n cu rren cy  g ives a  constan t
ra t io  betw een p ^  -  p „2 and  p 22 - P33.

In the co n e -an d -p la te  v is c o m e te r  the s h e a r  r a te  is  app ro x im ate ly  constan t
throughout the gap. Eq. (V. 7) g ives on in teg ra tio n  fo r  p22 a t two d ifferen t
ra d i i R j and Rc p (the rim ):

P22(R 1) '  P22(rim ) = (p l l  + p22 ‘  2 p 33> to  T T ^  (V< 10)cp

If p22 is  z e ro  a t R  = R q, and equal to  p 22 - P33 a t the r im , acco rd ing  to Eq.
(V. 9), i t  is  p o ss ib le  to ca lc u la te  the ra t io  betw een p - ,  -  P22 anc* P22 " P33
fro m  Eq. (V. 10); R q w as found to be 3. 8 -  3. 9 cm  fo r  a ll  so lu tions, independ­
en t of con cen tra tio n  o r  s h e a r  ra te . T h is  g ives fo r  the ra t io  betw een P j j  -  P22
and p 22 - P33 a  value of about 6 fo r  a l l  so lu tions, independent of c o n cen tra ­
tion  o r  s h e a r  ra te .

In e r tia l  c o rre c tio n s  fo r  the 0. 2 % and 15 % so lu tions w ere  v e ry  la rg e , so  that
a t the h ig h est s h e a r  r a te s  c o rre c tio n s  to p22 n e a r  the ax is  of ro ta tio n  w ere  up
to 50 % of the to ta l value. A s a  r e s u lt  th ese  m e a su re m e n ts  a r e  le s s  a cc u ra te
than  those fo r  the 1 % and 2 % so lu tions, w here  in e r tia l  c o rre c tio n s  w ere  a l ­
w ays s m a lle r  than 1 %.

It is  p o ss ib le  to ob tain  o th e r  e s t im a te s  of p , .  -  p22 and p22 -  Pgg fro m  the
da ta  in  F ig s  11 to  14. An independent va lue  of Pj j  -  p22 can  be  obtained  fro m
flow b ire frin g en ce  m e a su re m e n ts , d e sc r ib e d  in  C h ap te r VII, com bined w ith
v is c o s ity  m e a su re m e n ts  g iven in  C h ap te r VI. The d iffe ren t d e te rm in a tio n s  of
the n o rm a l s t r e s s  d iffe ren ces  w ill be d isc u sse d  in  C h ap te r VIII.
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VI VISCOSITY MEASUREMENTS

1. Methods

A s was pointed out in Chapter II, the in teresting components of the s tr e ss
tensor for a u i incom pressib le  liquid in lamninar shear flow are the shear s tr e ss
Pj„ and the two norm al s tr e s s  d ifferences Pjj * P2 2  P2 2  " ^33' ^  *5e
assum ed that the s tr e s s  tensor is  sym m etric, so that p^g = P2 i'

B ecause a ll liquids which w ere investigated  had a non-Newtonian behaviour,
with the exception of Oppanol B 1, p12 is  not a sim p le function of shear rate.
F or this reason the shear s tr e s s  was m easured over about the sarnie range of
shear ra tes as that,over which norm al s tr e s s  d ifferences w ere m easured (see
Chapter V).

Several different methods of v isco s ity  m easurem ent w ere used. This was n ec­
e ssa ry  both as a resu lt of d ifferences in the nature of the liquids investigated,
amd because of the w ish to com pare m easurem ents made by using different
techniques. F or  exam ple, the apparatus used  to m easure v is c o s it ie s  of poly­
m er m elts at 190 °C, a rectangular s lit , w as very  different in construction
from  the apparatus used  to m easure the v isco s ity  of dilute polym er solutions
at 25 °C, a g la ss  cap illary . In, the second ca se  the fo rce s  can be a factor 10®
sm a ller  than in the fir s t  ca se . Often it  is  even n ecessa ry  to use different
types of v iscom eter  for different shear rate ranges. F or this reason v is c o s i­
tie s  of polym er m elts  w ere m easured at low (< 1 se c  *) shear rates with a
cone-and-plate v iscom eter , at higher shear ra tes rectangular s l its  w ere used.

2. Apparatus

A. C apillary m easurem ents

The m ost comm only used v isco s ity  m easurem ent is  the capillary method. Here
a certain  volum e of liquid Q flow s per second through a cap illary with radius
Rc and length L>c under a difference in  hydrostatic p ressu re  A p.

With cylindrical coordinates, the liquid flowing in the z-d irection , Eq. (II. 4b)
becom e s^®^:

(VI. 1)

w here pr i s  the shear s tr e ss ,
r the distance from  the z ax is and
F is  the volum e force,z
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T he assu m p tio n  i s  m ade, tha t the flow i s  s ta tio n a ry  along the leng th  of the
cap illa ry . In tha t c a se  3 p zz / 3 z  is  z e ro , so  th a t2  ̂ ':

P rz < r ) = H l <VL2>
F o r  a  c a p il la ry  w ith z e ro  leng th  a  p r e s s u re  d iffe rence , the en tran ce  effect,
w ill s t i l l  be n e c e s s a ry  to m ain ta in  the flow. In o rd e r  to ob tain  fro m  m e a s ­
u re m e n ts  of the change in  A p w ith in c re a s in g  c a p illa ry  length , the en tran ce

effec t m u s t be su b trac te d . If the c a p il la ry  i s  su ffic ien tly  long, the en tran ce
effec t can  be neg lec ted , so  that (VI. 2) becom es:

P r z ^ ' M r 1 (VI- 2')c

S h ear r a te s  a t the c a p illa ry  w all w ere  ca lc u la ted  by m ean s of the w ell-know n
eq u a tio n * '2 .

q(R ) = [ 3 + a- ü »-Q-L  ] (VI. 3)
c *R *  3 (In Ap)

A ll m e a su re m e n ts  on so lu tions w ere  p e rfo rm ed  w ith an Ubbelohde v isco m e te r,
w here  a  constan t volum e of liqu id  (3. 030 m l) flowed u nder am ad ju s tab le  gas
p re s s u re  through a c a p illa ry  w ith a leng th  of 6. 3 cm  and ra d iu s  0. 052 cm , in  a
m e a su re d  tim e  of t seconds . In e r tia l and en tran ce  e ffec ts  w ere  neg lec ted . The

31v is c o m e te r  h as been d e sc r ib ed  in d e ta il by S e lie r  ' .  A ll m e a su re m e n ts  w ere
p e rfo rm e d  a t a  te m p e ra tu re  of 25 + 0. 02 C.

F o r  the p o lym er m e lt pdm s R S ,m easu rem en ts  w ere  p e rfo rm ed  w ith c a p il la r ie s
of d iffe ren t leng ths amd d ia m e te rs  of 0. 250 cm . In e r tia l c o rre c tio n s  w ere  neg ­
lec ted , but the entram ce e ffec t w as su b trac te d . The output of the c a p illa ry  was
m e a su re d  by weighing the ex tru d a te , Ap w as m e a su re d  w ith p re c is io n  m anom ­
e te r s ,  a c c u ra te  to b e tte r  than 5 % of the m e a su re d  p re s s u re .

B. C o n e-an d -p la te  v is c o m e te r

The liqu id  is  he ld  betw een a  cone and a p la te  .which ro ta te  re la tiv e  to each
o th e r a round  a  com m on ax is . The apex of the cone co inc ides w ith the p lane of
the p la te . A ssum ing  la m in a r  flow in  the liquid , the to rs io n  on the cone o r  p la te
i s  g iven by2^

M = 4 * R 3 P , o (VI. 4)cp  3 cp r 12

If the gap ang le  is  sm a ll ( le s s  than about 10°), the s h e a r  r a te  in  the gap is
co n stan t (see  the d iscu ss io n  in  C h ap te rs  II and V) and g iven by:
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q (VI. 5)-  M
9 C

u> is  the an g u la r v e lo c ity  of the cone re la tiv e  to the p la te .
9 is  the gap angle.

The co n e -an d -p la te  v is c o m e te r  u sed  fo r  v is c o s ity  m e a su re m e n ts  w as a  m od­
ified  co m m e rc ia l a p p a ra tu a  supplied  by F a ro l  R e se a rc h  E n g in ee rs , B ognor
R eg is , England. A ll m e a su re m e n ts  w ere  p e rfo rm e d  a t 25 + 0. 5 °C . The
cone angle  0c w as 2 °6 ', Rc w as 3 .0 0  cm .

C . S lit m ea su re m e n ts

V isc o s itie s  of a ll  po ly m er m e lts  w ere  m e a su re d  by m ean s  of re c ta n g u la r
s l i t s .  The p ro ced u re  h a s  been  d e sc r ib e d  in  the l i te r a tu r e  \  w here  it  w as
shown that v is c o s it ie s  obtained  th is  way a r e  in  good a g reem en t w ith those  ob ­
ta ined  by using  c a p il la r ie s . The v e lo c ity  p ro f ile s  of po ly m er m e lts  flowing
through a  slit, w ere  a lso  found to be in  good ag reem en t w ith those  ca lc u la ted
fro m  the flow  cu rv e

If b  i s  the w idth of the s l it ,  d the depth and L g the length , the follow ing equa­
tions w ere  obtained, w ith the sam e a ssu m p tio n s  a s  fo r  c a p illa ry  m e a s u re ­
m ents"’^ ,  if b > > d:

Pl2(w> = 7 T ^ 3  (V1- 6)
S

q(w) = H  [ 2 +  (VI. 7)
bd^ 3(ln A p)

Q and A p have the sam e m eaning  a s  fo r  the c a p il la ry  m e a su re m e n ts ;
Plgfw) and q(w) in d ica te  s h e a r  s t r e s s  and s h e a r  r a te  a t the w all along the long
side of the s l it .  The s l it  c o n s is ts  of a  re c ta n g u la r  channel, w ith a  leng th  of
10 cm , w idth of 1 cm  and depth of 0. 1 cm , w ith a w id th -dep th  ra t io  of 10. In
the long side  of the s l i t  e le c tro n ic  p r e s s u re  gauges w ere  m ounted a t two d if­
fe re n t d is tan ce s  fro m  the en tran ce .

M easu rem en ts  w ere  p e rfo rm e d  a t te m p e ra tu re s  up to  220 °C , the te m p e ra ­
tu re  w as kept constan t to + 1 °C .
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3. M easu rem en ts

A ty p ica l exam ple of a  m e a su re m e n t of the output of a  c a p illa ry  a s  a  function
of the s h e a r  s t r e s s  a t the w all is  g iven in  F ig . 1 fo r  a  15 % so lu tion  of po ly ­
s ty re n e  III in  b rom obenzene. The s h e a r  s t r e s s  a t the w all w as ca lcu la ted  fro m
Eq. (VI. 2 '). The slope of the cu rv e  th rough  the ex p e rim en ta l po in ts w as then
d e te rm in ed . F ro m  th is  the sh e a r  r a te  a t the w all could be de te rm ined , using
E q. (VI. 3).

in bromobenzene
2 5  *C

F ig . 2 g ives a  typ ica l exam ple of the p r e s s u re s  m e a su re d  along the leng th  of
a  re c ta n g u la r  s l it ,  b = 1. 0 cm , d = 0 .1 0  cm , fo r  the m olten  high density  poly­
e thy lene  HDPE-NMW D a t 146 °C  and 190 °C , a t the output ind ica ted  in  the fig ­
u re . The s h e a r  s t r e s s  w as ca lc u la ted  fro m  Eq. (VI. 6). By p lo tting  the output
a g a in s t s h e a r  s t r e s s  a s  in  F ig . 1, and m easu rin g  the slope , the s h e a r  ra te  a t
the w all w as ca lc u la ted  acco rd ing  to E q. (VI. 7).

HDPE - NMWOHOPE -NMWD
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In  F ig s  3 to  11 v is c o s i ty  m e a s u r e m e n ts  a r e  g iv en  f o r  th e  m a t e r i a l s  in v e s t i ­
g a te d . In  F ig .  3, T)(q) = P jg / th  a s  a  fu n c tio n  of s h e a r  r a te ,  i s  g iv en  f o r  th e
so lu t io n s  of p o ly iso b u te n e  B 200 in  B 1 a t  25 °C . C o m p a r is o n  of c a p i l la r y
an d  c o n e -a n d -p la te  m e a s u r e m e n ts  f o r  th e  2 % so lu t io n  sh o w s, th a t  th ey  a r e
in  e x c e lle n t  a g re e m e n t .

B 2 0 0  in B 1
25*C

•  c a p illa ry
^  ^  a cone  end plate

n 'M ----------'• N  tn <«-»»i------

x x
ib'1 10*1 10° to 1 ib 8 10 3 ”ïb4

F ig . 3

In  F ig .  4 th e  v is c o s i ty  a t  25 °C  i s  g iv en  f o r  th e  so lu t io n s  o f p o ly s ty re n e  III in
b ro m o b e n z e n e , a l l  m e a s u r e m e n ts  w e re  p e r fo r m e d  w ith  a  c a p i l la r y  o f le n g th /
r a d iu s  r a t io  121. M e a s u re m e n ts  on  p o ly m e r  m e l t s  a r e  g iv en  in  F ig s  5 to  11.

10*1
25 °/„ PS H  in

brom obenzene

poise

T
1Ö1-

PD M S RS
20* C

111 ( o ) |

7*(w) VX X

cone - and - p la te
capillary
slit

X X

10*  103 1° 2 to-’

F ig . 4 F ig .  5
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A ll m e a su re m e n ts  w ere  p e rfo rm ed  w ith re c ta n g u la r  s l i ts ,  except fo r  polydi-
m ethy ls iloxane  RS, in  F ig . 5, w here c a p il la ry  m e a su re m e n ts  a r e  ind ica ted
by c ir c le s ,  and co n e -an d -p la te  m e a su re m e n ts  by sq u a re s . The m e a su re m e n ts
a r e  in  f a i r  ag reem en t w ith s l i t  m e a su re m e n ts , tr ia n g le s  on the sam e m a te ­

r ia l.
G**In F ig s  3 to  11, a lso  the dynam ic v isc o s ity  TV((0) = -jj- and the abso lu te  value

of the com plex  dynam ic v isco s ity , defined as:

ln(.«)[ = [ [ r i 'U ] 2 + [ti"((o)]2] i  = Iff?  + G',2J? (VI. 9)

a r e  g iven. T h ese  r e s u l ts  w ere  taken  fro m  C h ap te r IV.

--------- '===--

\

S 111 190* C
o  T f  (O)
* l l j ( 0 ) l

\  \  • n»(q)V\
\ \\

► q o r  U

F ig . 6

B 8  1 9 0 • C

\
\

s X  ■w
7 ’(to)
Iri (tO)l
7»(q)

\

\ \

F ig . 7
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HDPE - NMWD

192 *C open F ig . 8

HDPE-BMWD

1 9 2 * C  open
1 5 6  «C fideel

LDPE-NMWD

F ig . 10
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LDPE - BM W D

102 * C o p *n

4. C om parison o f dynam ic and steady shear f lo w  v is c o s it ie s

In  a po lym e r so lu tion  o r  m e lt du ring  steady shear flow ,the  m olecu les ro ta te
w ith  an angu lar v e lo c ity  ^  , i f  q is  the ra te  of shear. As du ring  each ro ta tio n
a m o lecu le  undergoes two extensions and two com pressions, the m olecu le
undergoes a p e rio d ic  de fo rm ation  w ith  an angu lar frequency w equal to q.
F o r  th is  reason i t  was suggested by Bueche .tha t the dynam ic v is c o s ity
T)'(<o) should be equal to T) (q) a t <i> *  q. I t  is  c le a r in  F ig s  3 to 11,that Tl'((i>)
is  a fa i r  approx im ation  o f t l (q). I t  is  a lso c le a r, however, that TJ (<o) is  a l­
ways too low . T h is  means that the energy d iss ipa ted in  steady shear flow, is
la rg e r  than estim a ted  by Bueche. In  the hypothesis of Bueche i t  is  assumed
that the e la s tic  energy s to red  du ring  the ro ta tion , which is  p ro p o rtio n a l to
G'(<o), is  not d iss ipa ted. D u ring  steady shear flow , however, the de fo rm a­
tion  is  not s inuso ida l and the o r ig in a l state is  not res to re d . On the c o n tra ry ,
the de fo rm a tion  increases w ith  tim e . I t  seems, the re fo re , qu ite p laus ib le  to
assume that a t le as t p a rt o f the s to red  energy is  a lso d issipated. I f  th is  is
the case, the v is c o s ity  du ring  steady shear flo w  w i l l  be la rg e r  than T) '(to):

Tl (q) = [ ( ^ ) 2 + “ t ^ ) 2]^  0 1 <V I - 10)

where «  is  the p ro p o rtio n  of the s to red  energy being d iss ipa ted du ring  the

flow .

I t  is  c le a r  fro m  the experim ents  that |t) (u>>| accord ing to Eq. (V I. 9), where
a  .  i ,  i 8 a m uch b e tte r approx im ation  o f "H (q) than T)'(tt>), where a  = 0. F o r
both m e lts  and so lu tions .experim en ta l values of T)(q) l ie  between T)'(«) and
|ti(<d)| , but a re  n e a re r the la tte r ,  as was a lso  found by seve ra l au thors (Cox
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M e r z ^ ,  Onogi e t An a lte rn a tiv e  explanation  of the a g reem en t b e ­
tw een dynam ic and s teady  s h e a r  v is c o s it ie s  w ill be d is c u sse d  in  C h ap te r
v in .  3.
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VII FLOW  BIREFRINGENCE

1. G e n e ra l r e m a rk s

A p o ly m er m o lecu le  in  a  ve loc ity  f ie ld  w ill in  g e n e ra l be  both o rien ted  and
defo rm ed . If the av e rag e  p o la r iz a b ility  of a segm en t p a ra l le l  to the chain
is  d iffe ren t f ro m  th a t p e rp e n d ic u la r to the chain  a „ ,  the p o ly m ers  w ill cause
o p tica l an iso tro p y  during flow, flow b ire frin g e n c e . T h is  p ro v id es a  v e ry  im ­
p o rtan t m ean s  to  study the shape  and the o rien ta tio n  of po ly m er m o lecu les  in
stead y  s h e a r  flow. In C h ap te r II it  w as shown tha t acco rd ing  to  the theo ry  of
ru b b e r -e la s tic i ty , a  sim p le  re la tio n sh ip  e x is ts  betw een the d iffe ren ce  of the
two m ain  ax es  of the index of re f ra c tio n  e llip se  A n, the sh a rp  o rien ta tio n
angle X of one of the m ain  axes w ith the flow  lin e s , and com ponents of the
s t r e s s  te n so r . T he p ro p o rtio n a lity  fa c to r , C, w as defined by Eq. (11.22 ). In
th is  ch a p te r  only the c a se  w here  the av e rag e  p o la r iz ab ility  of the chain  is
equal to  tha t of the so lven t, w ill be co n sid e red . It i s  c u s to m a ry  to c a ll b i r e ­
fr in g en ce  p o sitive , when etj > « 2» and negative  in  the o th e r  c a se . T he s t r e s s
o p tica l coeffic ien t C can  in  p rin c ip le  be obtained  fro m  Eq. (11.22 ), if  otj -  <*2
is  known fo r  the po ly m er. In  th is  in v es tiga tion  C w as obtained  fro m :

C = A n s in  2 X__ (VII. «
2 Pl 2

w here  p 12 is  the con tribu tion  of the po ly m er to  the s h e a r  s t r e s s .  Eq. (VII. 1)
fo llow s d ire c tly  fro m  (II. 74 ), (II. 77 ) and (II. 78 ).

U sing Eq. (II. 75 ), (II. 77 ) and (II. 78 ) i t  can  be shown that:

P U - P 1 2 - 4 2 - c o s 2 X  (VU 2)

T he la s t  equation  is  the re a so n  of o u r in te re s t  in flow  b ire frin g e n c e , because
i t  g ives  an  independent m ethod  fo r  the de te rm in a tio n  of P11 '  P22- A v e ry im "
p o rta n t point when using  Eq. (VII. 2) is , th a t C m u s t be independent of sh e a r
ra te  q. T h is  w as in v es tig a ted  in  each  c a se , by p lo tting  C a s  obtained fro m
(VII. 1) a s  a  function  of q  (see  Sec. 3).

2. A ppara tus

T he a p p a ra tu s  u sed  fo r  so lu tions w as a  co n cen tric  cy lin d e r v is c o m e te r ,
w hich h a s  been  developed by D r. H. J a n e s c h itz -K r ie g l1 ̂ . Only the m ain
p o in ts  w ill be re p e a te d  h e re .

T he liqu id  is  sh e a re d  in  a  n a rro w  gap of 0. 025 cm  betw een two con cen tric
cy lin d e rs . T he in n e r  cy lin d e r h as  a  ra d iu s  R. of 2. 50 cm , and i s  ro ta ted  w ith
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an an g u la r ve loc ity  of q> r a d /s e c .  The s h e a r  r a te  in  the liqu id  q is  g iven by:

0) R.
q-jr-Tir (vn.3)

u i

w here  Ru is  the ra d iu s  of the o u te r  cy lin d e r, and R -  R . i s  sm a ll com pared
to R. . The lo w er l im it in  s h e a r  ra te  a t w hich flow b ire fr in g e n c e  can  be in v e s­
tig a ted  is  g iven by the a ccu racy  of the op tica l m easu rem en t, fo r  th is  a p p a ra -

-8tu s 4  n  = 1 .5  x 10 . The u p p er lim it of q is  given by the o nse t of tu rbu lence
fo r  d ilu te  so lu tions.

At low v a lu es  of 4 n a d e  S énarm ont com p en sa to r w as used , a t h ig h e r va lu es ,
-7  11( An > 2 x 1 0  ) an  E h ringhaus co m p en sa to r ' .  T he o rien ta tio n  angle  X w as

m e a su re d  by d e te rm in ing  the position  of m axim um  ex tinction  betw een c ro s s e d
n ico ls . A ll m e a su re m e n ts  w ere  p e rfo rm e d  w ith the in n e r  cy lin d e r ro ta tin g
both c lockw ise and an ti-c lo ck w ise . T he av e rag e  of the two va lu es ,o b ta in ed  in
th is  way, w as u sed . A ll m e a su re m e n ts  w ere  p e rfo rm e d  a t 25 + 0 .1  °C .

M easu rem en ts  on m e lts  w ere  p e rfo rm e d  in  a  co n e -an d -p la te  ap p a ra tu s  e sp e ­
c ia lly  designed  fo r  th is  p u rp o se  by D r. H. Ja n e sc h itz -K r ie g l. T he ap p a ra tu s
w ill be d e sc rib ed  e lsew here^  . In th is  ap p a ra tu s  the m a te r ia l  is  he ld  betw een
a  cone w ith a  d ia m e te r  of 5. 0 cm  and a  f la t p la te , w hich a r e  in  re la tiv e  ro ta ­
tion  w ith an  an g u la r v e lo c ity  of b> r a d / s e c .  Subject to  the sam e  cond itions a s
given in  C h ap te r V (Eq. (V. 6)) the sh e a r  r a te  in  the m a te r ia l  is  g iven by:

q •  (V n. 4)

w here  0 i s  the gap angle , h e re  0. 0200 ra d .

T he ligh t path is  a long the ra d ia l  d irec tio n  through the gap, and then, a f te r  r e ­
flec tio n  by a m ir ro r ,  along the ax is  of ro ta tio n . M easu rem en ts  of A n and X
a re  p e rfo rm ed  in  the sam e  way a s  above. T he ran g e  of s h e a r  r a te s  is  fro m
,„ - 3  . ,_ 2  -110 to  10 sec

T he w avelength of the ligh t u sed  in  a ll  m e a su re m e n ts  w as 548 m  p..

In the co n cen tric  cy lin d e r a p p a ra tu s  the ligh t path  is  through the gap betw een
the cy lin d e rs , p a ra l le l  to the com m on ax is  of the cy lin d e rs . We se t up a  lo ca l
c a r te s ia n  co o rd in a te  sy s tem  in the gap, acco rd ing  to the convention g iven in
C h ap te r I. Then the flow lin e s  a re  in  the 1-d ire c tio n , the ra d ia l  d irec tio n  is
the 2 -ax is , and the ligh t beam  p ro ceed s  along the 3 -ax is . A s a re s u lt ,  the
index of re f ra c tio n  e llip se  l ie s  in  the 1-2 p lane.

In the co n e -an d -p la te  ap p a ra tu s  the ligh t pa th  is  in  ra d ia l  d irec tio n . F o r  a
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lo ca l c a r te s ia n  co o rd in a te  sy s tem  the flow lin e s  a r e  in  the 1-d irec tio n , the
s h e a r  g rad ien t i s  in  the 2 -d irëc tio n , the ligh t path  is  along the 3 -d irec tio n .
A s be fo re , the index of re f ra c tio n  e llip se  l ie s  in  the 1-2 plane.

3. M easu rem en ts

In F ig . 1 the flow b ire frin g e n c e  An a s  a  function  of s h e a r  r a te  q is  given fo r
so lu tions of polyisobutene B 200 and B 1 a t 25 °C . F ig . 2 g ives the sam e fo r
the so lu tions of p o ly s ty rene  III in  b rom obenzene a t 25 C, w hile data  fo r  the
p o ly m er m e lts  p o ly s ty ren e  S i l l ,  and B 8, po lyd im ethy lsiloxane RS, two high
density  po lyethy lenes and two low density  po lyethy lenes a r e  g iven in  F ig . 3 a t
the te m p e ra tu re s  ind ica ted .

B 2 0 0  in B 1

Po lysty rene M in Brom obenzene
25 *C
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The ex tinction  ang le  X aa a  function  of s h e a r  ra te  fo r  the m a te r ia ls  in  F ig s  1
to 3 w ith the sam e m eaning  fo r  the sym bols, i s  g iven in  F ig s  4 to 6.

S 111 190* c
B 8  196°C
HOPE NMWD 190*C
HOPE BMWD
LOPE NMWD
LOPE BMWD
RS 18 *C

q s e c -1

F ig .  3.

B 2 0 0  in B 1

0 . 2 %

'1 .03%

q s e c

F ig . 4.

X a s  a  function
of q fo r  the so lu ­
tions of F ig . 1.
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\
\ \

Vx
V-25H.

\
* \

\

V

Polystyrene M in brom obenzene
25 *C

15*/.

F ig . 5.

X a s  a  funtion of q
fo r  the so lu tions of
F ig . 2.

45*-

40*-

35'■

30#-

25*

20*-

X,b

V \ \
' 'o .

* \ \  \
\O x  XX \
\ X \\  x

'n
X

"ïf f ' ~ n5~ io 2

F ig . 6.

X a s  a function  of q
fo r  the m e lts  of
F ig . 3, the sym bols
have the sam e
m eaning  a s  in  F ig . 3.

F ro m  the data  in  F ig s  1 to 6, to g e th e r w ith v a lu es of the s h e a r  s t r e s s  P j„  a t
the sam e s h e a r  ra te , a s  g iven in  C h ap te r VI, the s t r e s s  op tica l coeffic ien t
can  be obtained  fro m  Eq. (VII. 1). A s in  m o s t c a s e s  A n, X, and P jg  w ere  not
m e a su re d  a t the sam e sh e a r  ra te , th is  w as done by draw ing the b e s t cu rv e
through  the ex p e rim en ta l po in ts in  the g rap h s . At the sam e value of q the c o r ­
respond ing  re s u l ts  of An, X and p j„  w ere  then re a d  off fro m  the g rap h s .
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Some typ ica l r e s u l ts  a r e  g iven in  F ig . 7. A ccord ing  to the m o le c u la r th e o r ie s
d iscu ssed  in  C h ap te r IIf the s t r e s s  op tica l coeffic ien t C should be independent
of concen tra tion  and s h e a r  s t r e s s .  M oreover, C m u s t be in v e rse ly  p ro p o r­
tional to the abso lu te  te m p e ra tu re  acco rd ing  to Eq. (II. 22).

6-

5  r - t f

cm2/d y n   ̂ P s  ® in brom obenzene
F ig . 7.

4-

3-

2

1 »

2°/o B 2 0 0

*  w T - n m w o

K53

A s shown in F ig . 7, C is  independent of q fo r  the p o ly m ers  in v estig a ted , ex ­
cep t fo r  the low density  po lyethy lenes. W here n e c e s s a ry , s h e a r  s t r e s s  and
flow b ire frin g en ce  w ere  c o r re c te d  fo r  the con tribu tion  of the so lven t, by sub ­
tra c tin g  T) q fro m  p j„  and An /2  fro m  A n /2  s in  2X (the index s in d ica te s
the solvent). T he re s u l ts  a re  su m m arized  in  T ab le  VII. 1. T he ag reem en t
betw een the p o ly s ty ren e  III so lu tions i s  exce llen t; the r e s u l ts  a g re e  w ell w ith
l i te r a tu re  data , w hich a r e  a lso  g iven in  T ab le  VII. 1. The ag reem en t betw een
the th ree  so lu tions of B 200 in  B 1 is  not so  good, how ever. It is  v e ry  d ifficu lt
to g ive an e s tim a te  of the a ccu racy  of th e  re s u lts , b ecau se  C is  ca lcu la ted
fro m  th re e  independent m e a su re m e n ts . If each  m e asu rem en t h as an  a ccu racy
of + 5 %, the re su ltin g  m ax im al u n ce rta in ty  in  C would be + 15 %. T h is  can
e a s ily  exp lain  the o b se rv ed  d iffe ren ces , and it  can  a lso  exp lain  the v e ry  bad
ag reem en t betw een the l i te r a tu re  data  in  T ab le  VII. 1.

F ro m  the data  in F ig s  1 to 6, j  -  Poo can  be obtained  by using  Eq. (VII. 2).
T he solvent g ives no con tribu tion  to An cos 2 X, so  that Eq. (VII. 2) can be
u sed  w ithout c o rre c tio n .

A s the s t r e s s -o p tic a l  coeffic ien t fo r  low density  po lyethy lenes w as found to
in c re a se  w ith in c re a s in g  sh e a r  r a te  (F ig . 7), Eq. (VII. 2) could not be u sed
fo r  th ese  m a te r ia ls .  H ow ever, if the assum ption  is  m ade, tha t the o rien ta tio n

85



of the s t r e s s  te n so r  and the index of re f ra c tio n  e llip se  rem a in  the sam e, Eqs
(VII. 1) and (VII. 2) give:

p H  - P22 = 2 p i2  c tn  2 x (VII. 5)

F o r  the low density  po lyethy lenes, Eq. (VII. 5) w as u sed  to obtain  P j j  - p „2-
T h ese  v a lu es , to g e th e r w ith those ca lc u la ted  fo r  the o th e r m a te r ia ls  fro m  Eq.
(VII. 2), w ill be com pared  in  S ections 1 and 2 of C h ap te r VIII w ith dynam ic
m oduli fro m  C h ap te r IV and n o rm a l s t r e s s  m e a su re m e n ts  fro m  C h ap te r V.

T ab le  VII. 1

2C in  cm  /dyne
po ly m er tem p. ex p er. fro m li te r a tu re

Eq. (VII. 1)

po ly isobutene 0. 2 % B 200 in  B 1 25°C 1 . 9 3 x l0 '10 2 . 0 5 x l0 '10 2)
polyisobutene 1. 03 % B 200 in  B 1 25°C 1 .5 9 x l0*10 1 .6 0 x l0 "10 4)
poly isobutene 2 % B 200 in  B 1 25°C 1 . 9 7 x l0 -10 1 .6 1 x l0 "10 6)

1 .5 5 x l0 ‘ 10 8)

p o ly s ty ren e  III 7 % in brom obenzene 25°C - 5 . 6 2 x l0 -10 -6 .1  x lO '10 2)
p o ly s ty ren e  III 15% in  brom obenzene 25°C - 5 .4 1 x l 0 '10 - 6 . 8 0 x l0 ‘ 10 4)
p o ly s ty ren e  III 25 % in brom obenzene 25 C -5 . 8 3 x l0 "10 - 5 . 8 5 x l0 -10 5)

-5 .5  x l0 ‘ 10 6)
p o ly s ty ren e  S i l l 196°C - 4 . 8 9 x l 0 10 ~ 3 .9 5 x l0 -10 2)
p o ly s ty ren e  B 8 190°C - 3 . 6 3 x l0 "10 - 3 . 9 9 x l0 '10 2)
polyd im ethy lsiloxane RS 18°C 1 .6  x lO '11 1. 9 6 x l0 "U 2)
polyethylene HDPE-NMW D 190°C

ooX00 1 . 3 1 x l0 -10 2)
2 xlO *10 7)
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VIII CONCLUSIONS

1. C om p ariso n  betw een d iffe ren t d e te rm in a tio n s  of the n o rm a l s t r e s s
d iffe ren ces

N o rm al s t r e s s  g ra d ie n ts  and r im  p re s s u re s  w ere  m e a su re d  on fo u r liqu ids:
0. 2 %, 1 % and 2 % so lu tions of Oppanol B 200 in  O ppanol B 1, and a  15 % so ­
lu tion  of po ly s ty ren e  III in  b rom obenzene (C h ap te r V). V isco s ity  (C hap te r VI)
and flow b ire frin g e n c e  (C hap te r VII) m ea su re m e n ts  w ere  a lso  p e rfo rm ed  on
th ese  liqu id s . The d iscu ss io n  in  Sec. VIII. 1 w ill be lim ited  to th ese  fo u r so ­
lu tio n s , w hich w ill be ind ica ted  in  the follow ing by th e ir  co n cen tra tio n s only.

A s d isc u sse d  in  C h ap te rs  II, V, and VII, the in te rp re ta tio n  of the m e a s u re ­
m en ts  is  a s  fo l lo w s * ^ :

co n e -an d -p la te  m e a su re m e n ts  (Eq. (V. 7))

Acp = r  3 r 2 = P11 ‘ p22 + 2(p22 '  p & )  (VIII‘

p a ra l le l  p la te  (Eq. (V. 4))

App * r T F 22 = <pl 1 -  p 22> + <p 22 -  p33> + * “f q  (p22 '  p 33> <VIIL 2)

both  co n e -an d -p la te  and p a ra l le l  p la te  r im  p re s s u re s  (Eq. (V. 9))

Ar im  = p22<rim ) = (p22 '  p 33> (VIIL 3)

flow b ire frin g en ce  (Eq. (VII. 2))

AoPt = 4 r c o s 2 X  = ( p n - p22) (v r a - 4>

re c o v e ry  (Eq. (V. 8))

2 V > 1 2  = <pl l - p22> (VIII- 5)

A s re c o v e ry  is  v e ry  d ifficu lt to m e a su re  on d ilu te  so lu tions, and, m o reo v e r,
i ts  in te rp re ta tio n  is  u n ce rta in , th ese  m e a su re m e n ts  w ere  not p e rfo rm ed  on
the fo u r so lu tions d isc u sse d  in  th is  sec tion , so  tha t we have fo u r equations
to d e te rm in e  p , j  -  p „2 and p 22 -  p33- A few m e a su re m e n ts  on the m e lt
PDMS RS w ill be d isc u sse d  in  Sec. VIII. 2.

E qs (VIII. 1) to (VIII. 5) have been  obtained, sub jec t to the follow ing conditions
1) 2) .

A. the flow  is  steady  s h e a r  flow, secondary  flow is  n eg lec ted  (see  C h ap te rs
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II and V);

B. the n o rm a l s t r e s s  d iffe ren ces  a t a  point in  the liqu id  depend on the loca l
s h e a r  r a te  only (so  tha t the rheo lo g ica l equation  of s ta te  does not con ta in
sp a tia l d e riv a tiv e s  of the m e tr ic  te n s o r^ ) ;

C. the s t r e s s  te n s o r  is  sy m m etric  (see  C h ap te r II).

F o r  (V in. 4) only, an  add itional condition  is  that the s t r e s s  o p tica l coeffic ien t
C is  a  constan t. F o r  a  d iscu ss io n  on (VIII. 3) and (VIII. 5) see  C h ap te r V.

In F ig . 1 ex p e rim en ta l re s u l ts  fro m  C h ap te rs  V, VI and VII a r e  com bined fo r
a ll  fo u r so lu tions.

0 .2 %  B 2 0 0  in B1
1.0  3 B 2 0 0  in B 1

d y n e /c m *  25*Cd y n e /c m 2

3 0 0 0 -

d y n e  /c m *

d y n e  /c m  *

F ig . 1

C irc le s  ind ica te  ^cp* S(Iu a re s  anc  ̂ tr ia n g le s  A . R im  p re s s u re s
fro m  co n e -an d -p la te  m e a su re m e n ts  a r e  in d ica ted  by x, fro m  p a ra lle l
p la te  m e a su re m e n ts  by + .
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A s d isc u sse d  in  C h ap te r V, it  is  c le a r  that Acp obtained  w ith d iffe ren t cones
and ^PP ° k tained  w ith d iffe ren t d is tan ce s  betw een p la te s  a r e  each  in  exce llen t
ag reem en t. M easu rem en ts  of p 22 - p 3g obtained fro m  r im  p re s s u re s  show a
r a th e r  la rg e  s c a t te r ,  due to the v e ry  sm a ll p r e s s u re s  tha t had to be m easu red ,
but they a re  in  f a i r  ag reem en t.

In p rinc ip le , any n o rm a l s t r e s s  d iffe rence  can be obtained  fro m  the e x p e r i­
m en ts , u sing  d iffe ren t com binations of E qs (VIII. 1) to (VIII. 4), fo r  exam ple:

p l l  '  p 2 2 = Acp '  2 Ar im  (VIII. 6)

A - APP cp ( - 1 + q 3 q ^ P22 " p33^ (VIII. 7)

T he la s t  equation  g ives X' 2 :̂

0.
p22 ‘ p33 = q ƒ  (App " ACp* (v l n - 8)

q '=0 q
F o r  the app lica tion  of Eq. (VIII. 8), it  is  n e c e s s a ry  to have m ea su re m e n ts  in
the reg ion , w here  n o rm a l s t r e s s  d iffe ren ces  a re  p ro p o rtio n a l to q2 1 .̂ In
m o s t c a s e s  th is  reg io n  w as not reach ed , so that app lica tion  of Eq. (VIII. 8)
w as im p o ssib le . In a ll  c a s e s  it  w as found, how ever, that p 22 - p gg obtained
fro m  Eq. (VIII. 3) could be re p re se n te d  by an  equation  of the type (see  C hap­
te r  V):

P
p22 * p 33 = a  q (VIII. 9)

a  and P a re  positive  co n stan ts , P v a r ie s  fro m  0. 8 to 2 (see  C h ap te r V).
Eq. (VIII. 7) can  then be s im p lif ie d ^ :

App * Acp = <P * X» p22 '  p 33> (VIÜ. 10)

In the sam e way Eq. (VIII. 9) g ives w ith Eq. (VIII. 2):

p l l  ‘  p22 = App ‘ <P + X)(p22 '  p33> (V m . 11)

F ig . 2 g ives P j j  -  P22 and P22 ’  P33 obtained  by m ean s  of E qs (VIII. 3),
(VIII. 4), (VIII. 6), (VIII. 10) and (VIII. 11).
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8 0 0
0 .2  %  B 2 0 0 150 0

1.03*11. B 2 0 0  in B 1

d y n e  /  c m 2d y n e /c m  2

1000

2%  B 2 0 0  in B 1

d y n e  / c m 2

F ig . 2

F ig . 2. C irc le s  ind ica te  v a lu es of p ^  -  p22 obtained  fro m  (VIII. 6 ),tr ia n g le s
those fro m  (VIII. 11) and sq u a re s  those fro m  (VIII. 4). V alues for*p2 - p
including those u sed  in  E qs (VIII. 6) and (VIII. 11), w ere  obtained fro m  Eq.
(VIII. 3), co n e -an d -p la te  re s u l ts  b e in g  ind ica ted  by x, and p a ra l le l  p la te  r e ­
su lts  by + . D iam onds give v a lu es c a lc u la ted  fro m  Eq. (VIII. 10), w ith 3 -
v a lu es taken  fro m  r im  p re s s u re  m e a su re m e n ts .

E sp ec ia lly  fo r  p22 -  p gg, d iffe ren t m ethods of obtain ing  the re s u l ts  in  F ig . 2
give d iffe ren t r e s u lts .  F o r  those liqu id s , the 0. 2 % and the 15 % so lu tions,
w here m ea su re m e n ts  w ere  taken in  o r  not f a r  above the second  o rd e r  reg ion ,
p22 '  p 33 va lues obtained fro m  (VIII. 3) a r e  in  good ag reem en t w ith those  ob­
tained  fro m  Eq. (VIII. 10). The two liq u id s w ith a pronounced  th ird  o rd e r  b e ­
hav iou r, the 1 % and 2 % so lu tions, show v e ry  bad ag reem en t betw een d iffe ren t
m ethods of obtain ing p22 - p3g. With Eq. (VIII. 10), the 1 % so lu tion  g ives
v a lu es fo r  p22 - pg3 la r g e r  than P j j  -  P22 (d iam onds in F ig . 2 b), fo r  the 2 %

9 1



so lu tion  p _2 " P33 would even becom e negative.

It se e m s un likely  that th ese  d is c re p a n c ie s  betw een p a ra l le l  p la te  and cone-
an d -p la te  m e a su re m e n ts  can  be explained by u n sy s tem a tic  e r r o r s ,  they a re
p robab ly  cau sed  by sy s tem a tic  e r r o r s .  F o r  a ll  so lu tions, A and A a t equalPP CP
s h e a r  r a te  d iffe r  by about 20 % of A . F a ir ly  sm a ll sy s tem a tic  e r r o r s ,  of
say  5 to 10 %, could e a s ily  exp lain  a ll  d is c re p a n c ie s . The conclusion  m ust
th e re fo re  be, tha t p a ra l le l  p la te  and co n e -an d -p la te  m e a su re m e n ts  a r e  not
com patib le  in  the th ird  o rd e r  reg ion , p o ss ib ly  due to d iffe ren ces  betw een the
a ssu m ed  steady  s h e a r  flow  and the ac tu a l flow p a tte rn  (seco n d ary  flow). M ore­
o v e r, the d isag reem en t in c re a s e s  when the flow behav iou r d if fe rs  m o re  from
second  o rd e r  behav iou r, being la r g e r  fo r  the 2 % than fo r  the 1 % solu tion .

F low  b ire frin g en ce  m e a su re m e n ts  of the 0. 2 % and of the 15 % so lu tions give
p ^ j - pgg v a lu es  about 20 % h ig h e r than those  obtained fro m  n o rm a l s t r e s s
g rad ien t m e a su re m e n ts . T h is  could be due to  a  sy s te m a tic  e r r o r  of about 5%
in  s h e a r  ra te .  T h is  d iffe rence  can  a lso  be explained by the v e ry  la rg e  in e r tia l
c o rre c tio n  fo r  the s t r e s s  g rad ien t m e a su re m e n ts , a s  d isc u sse d  in  C h ap te r V.

In com paring  d iffe ren t m ethods of obtain ing n o rm a l s t r e s s  d iffe ren ces , cone-
an d -p la te  and p a ra l le l  p la te  m e a su re m e n ts  of C h ap te r V have a  high in te rn a l
co n sis ten cy  a s  com pared  w ith flow  b ire frin g en ce  data , b ecau se  w ith the f i r s t
two m ethods the ap p a ra tu s  is  v e ry  n e a rly  the sam e. F o r  the in te rp re ta tio n  of
flow b ire frin g en ce  m easu rem en ts , it  is  n e c e s s a ry  to m e a su re  the v isc o s ity  on
y e t an o th e r ap p a ra tu s . On the o th e r  hand, a ll  m ethods excep t the r im  p re s s u re
m ethod  fo r  p„ 2 - p33 and flow b ire frin g en ce  fo r  p ^  - p 22 involve taking dif­
fe re n c e s  betw een two se p a ra te ly  d e te rm in ed  v a lu es of s im ila r  m agnitude. As
exp la ined  above, sm a ll sy s tem a tic  e r r o r s  in  A o r  A w ill give m uch
la r g e r  e r r o r s  in  p n  - p22 and p 22 -  p 33- S im ila r  e r r o r s  in  r im  p re s s u re  o r
flow b ire frin g en ce  m e a su re m e n ts  w ill only give p ro p o rtio n a l e r r o r s  in  p 22 -
P33 o r p j j  -  p22, so  that these  two m ethods seem  to be m o re  re lia b le .

F ro m  the ex p e rim en ta l re s u l ts  the ra tio  of p . . -  p 22 and p 22 - p 33 can  be
ca lcu la ted . In o rd e r  to  sim plify  co m p ariso n  w ith l i te r a tu re  data , th ese  r e ­
su lts  w ill be e x p re s se d  a s  the ra tio

P il  - P33 /P 22 * P33 " 1 + (P il  -  P22>/<P22-P33>- F or thiS rati°  WC gCt:

th is  w ork H u pp ler3  ̂ M arkovitz e t a l2^
5 - 1 1  5 - 1 6  2 - 4

T he ag reem en t, e sp ec ia lly  w ith the re s u l ts  of H uppler, is  fa ir .  All in v e s ti­
ga tions a g re e  in  tha t they g ive positive  va lues fo r  p22 - p 33, w ith P j j - P33
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con sid e rab ly  la r g e r  than p22 •  p 33-

C onclusions of Section  VIII. 1:

1. F low  b ire frin g e n c e  m e a su re m e n ts  g ive a  good e s tim a te  of p  -  p and
r im  p re s s u re  m e a su re m e n ts  of p22 - P33.

2- P11 * p22 is  m uch  la r g e r  than p22 - p33> the ra t io  betw een the two l ie s  in
betw een 4 and 10, and se e m s  to be independent of co n cen tra tio n  o r  sh e a r
ra te .

3. F o r  liqu id s in  the second  o rd e r  reg io n  (constan t v is c o s ity  and n o rm al
s t r e s s  function  F  ̂ ), p a ra l le l  p la te  and cone - an d -p la te  m e a su re m e n ts  a re
in ag reem en t. L iqu ids in  the th ird  o rd e r  reg ion  (v isco s ity  and F j  d e c re a s ­
ing w ith in c re a s in g  sh e a r  ra te )  show p a ra l le l  p la te  and co n e -an d -p la te
m ea su re m e n ts  w hich do not seem  to be com patib le  w ith the assum ption  s
lead ing  to E qs (V. 3) -  (V. 7).

2. C om p ariso n  of dynam ic and s teady  s h e a r  flow  m e a su re m e n ts .

As shown in  C h ap te r II, both the phenom enological theo ry  of C olem an and
M arkovitz (E qs (II. 9) and  (II. 10)),and the m o le c u la r th e o r ie s  (E qs (11.74)
and (II.75)) p re d ic t a  sim p le  re la tio n sh ip  betw een dynam ic and stead y  sh e a r
flow m e a su re m e n ts  a t low freq u en c ie s  and s h e a r  ra te s :

o <<_ G ' ..  P11 * p 222 lim  —g -  lim  --------->-----  (VIII. 12)
W-+0 <«r q-* 0 q^ '

G" Pi o
lim  (T)' = -jj- ) = lijn  (tl = - i = )  (V m . 13)
0) -»0 q -» 0 q

In C h ap te r V I,dynam ic and s teady  sh e a r  flow  v is c o s it ie s  w ere  com pared . In
a g reem en t w ith th eo ry  it  w as found that in  a ll c a s e s  Eq. (VIII. 13) w as s a t ­
is fied . M oreover, t](q) a t high sh e a r  r a te s  w as found to be in  good ag reem en t
w ith the abso lu te  value of the com plex dynam ic v isc o s ity  a s  defined in  Sec.
VI. 3.

In F ig s  3 - 9 ,  p ^  - p22 i s  p lo tted  ag a in s t q and 2 G 1 is  p lo tted  ag a in s t w,
fo r  a ll  liqu id s w here those  m e a su re m e n ts  w ere  ava ilab le . In F ig . 3 th is is
done fo r  d ilu te  so lu tions of B 200 in  B 1, in  F ig . 4 and 5 fo r  m o d e ra te ly  to
highly co n cen tra ted  so lu tions. The n o rm a l s t r e s s  g rad ien ts  of F ig . 4 w ere
taken fro m  the l i te r a tu r e 4 ',  fo r  the po ly s ty ren e  so lu tions of F ig . 5 flow  b i­
re frin g en ce  da ta  of C h ap te r VII w ere  used . F ig s  6 to 9 give re s u l ts  fo r  the
po ly m er m e lts , po lyd im ethy lsiloxane PDMS RS in  F ig . 6, two high density
polyethy lenes in  F ig . 8, two low density  po lyethy lenes in F ig . 7, and tw o
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p o ly s ty ren es  in  F ig . 9. S quares  ind ica te  -  p „2 v a lu es  obtained  fro m  flow
b ire frin g e n c e . In F ig . 6, p x l -  p22 v a lu es  ca lc u la ted  fro m  re c o v e ry  m e a s u re ­
m en ts  a r e  g iven by d iam onds, using  Eq. (VIII. 5) and data  fro m  T ab le  V. 1 .,  in
good ag reem en t w ith o th e r d e te rm in a tio n s  of p ^ j -  p 22* T h is  is  an im p o rtan t
re s u lt ,  b ecau se  of an  u n ce rta in ty  of a fa c to r  2 in  the n u m erica l constan t in
Eq. (VIII. 5). T he ag reem en t is  f a i r  if the fa c to r  is  2, w hich a g re e s  w ith
e a r l i e r  re s u l ts  (see  the d iscu ss io n  in  re f . •).

d y n e /c m

B 2 0 0  in B 1
25*C

c o n e -  p la te
par. p la te

-0 .2

F ig . 3

F ig . 4
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PDMS RS

20*C
P S  B  in
b r o n M b w iim

Pl1'P22* 2 P «  I r

APcos2X

q or O

F ig . 5 F ig . 6

dyne
cm^

Low density polyethylenes
190* C

« /

/„ •/v= V
,^LDPE-NMWD

/

C

KT1 10°
K>3-

dyne
cm 2 y

" /
y

V
V' l d p e - bm w d

c
-------G'

10'1 10°

F ig . 7

High density polyethylenes

/
ydyne

cm2

104 -

y
.  /„ ■ /

•^HDPE-BMWD

/

////
^ ' h d p e - n m w d

< /

F ig . 8

-------- 2 6 ’

103 -
10"* K f' 10*
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P olystyrenes
S111 and  B 8

K)5-

dyne
cm2

K ) ' 2

/
/  /B 8 /  , / S I

/  /
I /

/
KT' 1

/V
■ /

COS 2X

—  — 2G'

q o r  U

K )2

F ig . 9

T he ex p e rim en ta l d ifficu ltie s  in  checking Eq. (VIII. 12) a r e  co n sid e rab le , b e ­
cau se  two sm a ll q u an tities  m u s t be m easu red . F o r  th is  re a s o n  the ag reem en t
is  sa tis fa c to ry  fo r  the so lu tions, and good fo r  the m e lts .

In a g re e m e n t w ith p red ic tio n s  of the m o le c u la r th e o r ie s ,E q s  (VIII. 12) and
(VIII. 13) a r e  va lid  o v e r the whole concen tra tio n  ran g e , going fro m  d ilu te so ­
lu tio n s  to m e lts . R ecently , the sam e r e s u lt  w as a lso  found fo r  som e m o d e r­
a te ly  co n cen tra ted  so lu tions ' 2 '

An a lte rn a tiv e  way of e x p re ss in g  the re s u l ts  g iven above is  by com paring  the
lo s s  angle  ö , defined by tan  6 = G " /G ', w ith tw ice the ex tinc tion  angle X ob­
ta ined  fro m  flow b ire frin g en ce . It fo llow s fro m  E q s (II. 72, (11.73) and(II. 78)
tha t a t low values of s h e a r  r a te  o r  frequency  6 should be  equal to 2 \  if  to =
q. T h is  is  in  ag reem en t w ith experiment**^.

A ll ex p e rim en ts  in  F ig s  3 to 9 show, that 2 G ' g ives a f a i r  e s tim a te  of p j^ -p „ g
in stead y  s h e a r  flow. T h is  is  of in te re s t ,  b ecau se  dynam ic m e a su re m e n ts  a re
m uch e a s ie r  to p e rfo rm  than n o rm a l s t r e s s  m e a su re m e n ts . S u rp ris in g ly , ex ­
p e rim e n ta l r e s u l ts  show that 2 G' and p ^ j - p^^  a r e  app ro x im ate ly  equal at
s h e a r  r a te s  o r  freq u en c ie s  f a r  above the lim itin g  region, w here  Eq. (VIII. 12)
should  hold. It se e m s ,th a t th is  ag reem en t i s  b e tte r  fo r  p o ly m ers  w ith a
b ro a d e r  m o le c u la r  w eight d is trib u tio n . F o r  both so lu tions and m e lts , Pn~Po2
is  e i th e r  equal to o r  g re a te r  than 2 G ' («> = q). Only a  q u a lita tiv e  exp lanation

2can  be g iven fo r  th is  su rp r is in g  re s u lt.  It fo llow s fro m  Eq. (II. 72), that G'/iti
d e c re a s e s  w ith in c re a s in g  <*>. T h is  d e c re a s e  s t a r t s  a t a  va lue  fo r  to of
about 1/ t  ( t  is  the longest re lax a tio n  tim e). In the follow ing sec tio nm ax m ax
it  w ill be show n,that fo r  po ly m er m e lts  th ird  o rd e r  behav iou r s t a r ts  a t  a
value  of q a lso  equal to 1/ t  . A t  h ig h e r freq u en c ie s  o r  s h e a r  ra te s , both
G '/  <o2 and F j  = P j j  -  P2 2 /Q* d e c re a s e  w ith in c re a s in g  00 o r  q. No ex is ting
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m o le c u la r o r  phenom enological theo ry  accoun ts fo r  the ex p erim en ta l finding,
how ever, that these  two functions rem a in  n e a rly  equal.

C onclusions Sec. VIII. 2:

1. A t su ffic ien tly  low s h e a r  r a te s  o r  freq u en c ie s  -  p ^  is  equal to tw ice
G'(w * q), in  ag reem en t w ith theory .

2. At h ig h e r sh e a r  r a te s  o r  freq u en c ie s  2 G ' is  equal to, but m o re  often
s m a l l e r ,than p^^ -  p„g a t <*> * q. T h is  ex p e rim en ta l r e s u l t  could not be
explained  quan tita tive ly .

3. D ynam ic m e a su re m e n ts  give a  good e s tim a te  of the v is c o s ity  in  s teady
s h e a r  flow.

3. T h ird  o rd e r  behav iour

A ll po ly m er so lu tions and m e lts , w ith the excep tion  of B 1, had v is c o s it ie s
d im in ish ing  w ith in c re a s in g  sh e a r  r a te  a t su ffic ien tly  high s h e a r  ra te .  At the

2sam e tim e  the n o rm a l s t r e s s  function  F j  = p^^ - P o o /1! a lso  d e c re a s e s . As
shown in  Sec. II. B . 7, th is  could  be explained  by assu m in g  tha t the re lax a tio n
tim e s  a r e  s h e a r  r a te  dependent. If it  is  a ssu m ed ,th a t a ll  re lax a tio n  tim es
change by the sam e fa c to r  a  in  the liqu id  flow ing w ith s h e a r  r a te  q ,a s  co m ­
p a re d  w ith the u n d is tu rb ed  liqu id , the shape of the cu rv e  giving -  p„  a s
a  function  of q can be c a lc u la ted  fro m  v is c o s ity  m e a su re m e n ts , u sing  E qs (II.
74 ), (11.75) and (11.82 ). In F ig . 10 ex p e rim en ta l and c a lc u la ted  v a lu es of
P j j  -  p„_ a r e  g iven fo r  those  m a te r ia ls  w hich show ed a  p ronounced th ird  o r ­
d e r  behav iour, and w here  the second  o rd e r  reg io n  w as ex p e rim en ta lly  a c ­
ce ss ib le .

experimental

poise or
dyne

q sec "*

F ig . 10

P 1 1 - P 2 2  c a l -
cu la ted  fro m
E qs(II. 74),
(II. 75) and (II. 82)
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A t high s h e a r  ra te s ,e x p e r im e n ta l v a lu es of -  p„g a re  lo w er than c a lc u la t­
ed  ones. T h is  would m ean  that a ^ ,a s  defined above ,is  s m a lle r  fo r  lo n g e r r e ­
lax a tio n  tim e s  than fo r  s h o r te r  ones. A m o re  sen s itiv e  m ethod ,in  p rin c ip le ,o f
in v es tig a tin g  th is  phenom enon c o n s is ts  of m e a su rin g  dynam ic m oduli during

71stead y  s h e a r  flow. A few e x p e rim en ts  of th is  kind w ere  published  recen tly  '

8)20) T h ese  re s u l ts  a r e  in  q ua lita tive  ag reem en t w ith the conclu s ions given
above.

The netw ork  m odel g ives a  sim p le  explanation  of th ird  o rd e r  behav iour if  i t  is
a ssu m ed ,th a t an ex tension  of the po ly m er cha in  betw een two neighbouring
c ro s s lin k s  in fluences c ro s s lin k  life tim e  if  the c ro s s lin k  life tim e
is  t  se c , the m axim um  re la tiv e  chain  ex tens ion  w ill be p ro p o rtio n a l to qT.
An analogous r e s u lt  can  be  ob tained  fo r  s in u so id a l s h e a r  w ith am plitude Y
an d an g u la r frequency  <*>. M axim um  re la tiv e  chain  ex tension  in  th is  c a se  is
equal to YQ [ s in  cot -  s in  w (t - 7 )  (See Sec. II. B . 5). T h is  e x p re ss io n  h as a
m axim um  of 2 Y if oo >, % / l . B oth fo r  steady  s h e a r  and fo r  sinuso idal
sh e a r ,a ffin e  defo rm ation  is  a ssu m ed  (see  d iscu ss io n  in  Sec. VIII. 4). F o r  the
liq u id s in F ig . 10, the m axim um  re la tiv e  chain  defo rm ation  is  about one at
the o nse t of th ird  o rd e r  behav iour, if  T is  taken  fro m  the re lax a tio n  sp e c tra
in C h ap te r IV. T h ese  v a lu es can  be com pared  w ith dynam ic m e a su re m e n ts
g iven in  Sec. IV. 2, w here PDMS RS w as found to be s t i l l  in the l in e a r  reg ion
a t an  am plitude YQ of 0. 28 , the la rg e s t  defo rm ation  p o ss ib le  w ith the appa­
ra tu s .  T h is  r e s u lt  is  not in  co n trad ic tio n  w ith steady  s h e a r  flow  r e s u lts ,  a s  a
n o n -lin e a r  effec t would be expected  to s t a r t  a t an  am plitude of 0. 5 to 1 only.
F u r th e r  ex p e rim en ts  to  in v es tig a te  n o n -lin e a r  e ffec ts  in dynam ic sh e a r  a re

17)s t i l l  in  p re p a ra tio n  (com pare  ') .

4. C om p ariso n  of ex p e rim en ta l re s u l ts  and m o le c u la r th e o r ie s

D uring the la s t  few  y e a r s  i t  h as  becom e po ss ib le  to in v es tig a te  the valid ity  of
the m o le c u la r  th e o r ie s ,b y  using  po ly m er f ra c tio n s  w ith ex trem e ly  n a rro w
m o le c u la r  w e ig h t'd is tr ib u tio n s . It w as found,that ex p erim en ta lly  d e te rm ined
dynam ic m oduli of d ilu te so lu tions in  the ta  so lven ts w ere  in good ag reem en t
w ith p red ic tio n s  of the Z im m  theo ry  a t low f r e q u e n c i e s ^ ^ .  At freq u en c ies
above 1 /**-.» w here t  is  the f i r s t  re lax a tio n  tim e  g iven by Eq. (11.37), the
ag reem en t is  no lo n g e r good. Solutions of v e ry  high m o le c u la r  w eight m a te ­
r ia l ,  so lu tions of h ig h e r co n cen tra tio n s  o r  so lu tions in  good so lven ts gave
dynam ic m oduli in  f a i r  ag reem en t w ith p red ic tio n s  of the R ouse theory , a s
w as a lso  found in C h ap te r IV.

R ecen tly  it  w as found tha t flow b ire frin g en ce  m ea su re m e n ts  on p o ly m ers w ith
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a  n a rro w  m o le c u la r w eight d is tr ib u tio n  a lso  gave re s u l ts  in  good ag reem en t
w ith the Z im m  th eo ry  a t low sh e a r  r a te s  (q < l / 't j ) .  *  ̂ A s fo r  these  so lu tions
the s t r e s s  op tica l coeffic ien t w as found to be independent of sh e a r  ra te ,  the
r e s u l ts  of Sec. VIII. 1 show that P j i  " P0 2  *s *n a g reem en t w ith p red ic tio n s  of
the Z im m  theory . No m e a su re m e n ts  of p„„ - p„g have been p e rfo rm ed  a s  y e t
on th ese  so lu tions, but the re s u l ts  in  Sec. VIII. 1 in d ica te  that p^  -  pgg w ill
be d iffe ren t fro m  ze ro , in  d isag reem en t w ith theory .

A s shown in  C h ap te r IV, dynam ic m oduli ca lc u la ted  fro m  the ex tens ion  of the
R ouse theo ry , w ith an adap ted  z e ro  s h e a r  v isco s ity , a re  in  good ag reem en t
w ith ex p e rim en ta l v a lu es fo r  a  po ly s ty ren e  m elt.

S um m arizing , it  a p p e a rs  that the m o lecu la r th eo rie s , d is c u sse d  in  C h a p te r II,
g ive a  f a i r  d e sc r ip tio n  of the flow  b ehav iou r of d ilu te  po ly m er so lu tions and
po ly m er m e lts . The th ree  m ain  d isc re p a n c ie s  betw een ex p e rim en t and the
m o le c u la r  th e o r ie s  a re :

I Pg2 =üÉ= P33’ koth  in  the second  and in  the th ird  o rd e r  reg ion  during  steady
s h e a r  flow.

II N o n -lin ea r behav iou r in the th ird  o rd e r  reg ion  during  steady  s h e a r  flow,
is  not p red ic ted  by the m o le c u la r  th e o r ie s .

Ill The dynam ic m oduli d iffe r  fro m  p red ic tio n s  of the m o le c u la r th e o r ie s  at
high freq u en c ie s , in  p a r t ic u la r  T)'(tó) h as  a  n o n -z e ro  lim itin g  value a t high
freq u en c ies , TJ' •

00

The m o st im p o rtan t sim plify ing  assu m p tio n s u sed  in  deriv ing  the d ilu te  so lu ­
tion th e o r ie s  of C h ap te r II (R ouse and Z im m  th eo r ie s )  a re :

(a) The dynam ic rig id ity  of the m o lecu les  (in te rn a l v isco s ity ) can  be neg lec ted .
(b) The d is tr ib u tio n  of en d -to -en d  d is tan ce s  of subm olecu les and chain s is

G aussian .
(c) C hain  m ovem ents due to  the im posed  defo rm ation  a r e  slow  com pared  to

those due to B row nian m otion.

F o r  the Z im m  theo ry  only:

(d) H ydrodynam ic in te ra c tio n  can  be re p re se n te d  by the K irkw ood-R isem an  in ­
te ra c tio n  ten so r.

F o r  co n cen tra ted  so lu tions, w here in te rm o le c u la r  in te ra c tio n s  a r e  dom inant,
the assu m p tio n s in the netw ork  m odel a re  (a), (b) and (c) above, w ith two ad ­
ditional assum p tions:

(e) C ro ss lin k  life tim e s  a re  independent of defo rm ation , a s  d is c u sse d  in  C hap­
te r  II and in  Sec. VIII. 3.
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(f) N etw ork  defo rm ation  is  equal to m ac ro sco p ic  defo rm ation . T h is  la s t  a s ­
sum ption  is  doubtful, a s  shown by D u ise r  and S tav e rm an 19 .̂

I t i s  not e a sy  to see  how th ese  a ssu m p tio n s  a ffec t d isc rep an cy  I. H ow ever,
G ie se k u s1®) h a s  shown that a  m o re  de ta iled  ca lcu la tion  of the hydrodynam ic
in te ra c tio n  in  the dum bbell m odel g ives p „2 j  p , , ,  w h ereas  Lodge9h a s  shown
tha t a  no n -G au ssian  d is tr ib u tio n  of en d -to -en d  d is tan ces , the Langevin  func­
tion  (com pare  re f . 1Sl) g ives the sam e  r e s u lt  fo r  the netw ork  m odel. An in te r ­
e s tin g  co m p ariso n  can  be m ade w ith the behav iou r of p erm an en tly  c ro ss lin k e d
ru b b e r  ne tw orks . H e re  T r e lo a r 16  ̂ h as shown that, if  the e la s tic  en erg y  of
d efo rm ation  is  a  function  of not only the f i r s t  in v a rian t of the defo rm ation  ten ­
s o r ,  but a lso  of the second  in v a rian t, p 22 w ill a lso  be d iffe ren t fro m  p 22 in
sh e a r .

In te rn a l v is c o s ity  h a s  been  g iven a s  an  exp lanation  fo r  d isc rep an cy  n 15)22)
and fo r  d isc rep an cy  III22\  P re d ic tio n s  of th e o r ie s  in co rp o ra tin g  in te rn a l
v is c o s ity  a re  not in  ag reem en t w ith flow b ire frin g en ce  ex p e rim en ts  on dilute

14)so lu tions, how ever ' .  The constancy  of the s t r e s s  o p tica l coeffic ien t, a s
found fo r  so lu tions and m e lts  of l in e a r  p o ly m ers , a lso  would seem  to exclude
an ap p rec iab le  in fluence of in te rn a l v isco s ity . M oreover, d isc rep an cy  IH
could  a lso  be exp la ined  q u a lita tiv e ly  by assu m p tio n  (d). A conclusive  check  on
the influence of in te rn a l v is c o s ity  would be obtained  by m easu rin g  lim iting
v a lu e s  of the dynam ic v is c o s ity  fo r  one po ly m er f ra c tio n  d isso lv ed  in  so lven ts
of w idely v ary ing  v is c o s it ie s .

F o r  co n cen tra ted  so lu tions and m e lts , the netw ork  m odel g ives a  sa tis fa c to ry
q ua lita tive  exp lanation  of d isc rep an cy  II, if  c ro s s lin k  life tim e s  a r e  a ssu m ed  to
be s h e a r  r a te  dependent1'  ' 19' 1 No such  s ing le  p lau s ib le  exp lana tion  of
th ird  o rd e r  b ehav iou r e x is ts  fo r  d ilu te  so lu tions, so  that th is  v e ry  im p o rtan t
question  is  s t i l l  not so lved, a s  poin ted  out by Z im m 21\
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SUMMARY

In the p re s e n t th e s is , the re la tio n  betw een m o le c u la r  p a ra m e te r s  and v is c o ­
e la s tic  behav iou r of po ly m er so lu tions and m e lts  is  investiga ted . It could be
shown, tha t a  nu m b er of m o le c u la r th e o r ie s , d e sc rib in g  m echan ica l and op­
tic a l behav iou r of po lym eric  sy s te m s , the R ouse and Z im m  th e o r ie s  fo r  dilute
so lu tions, and the netw ork  theo ry  of Lodge fo r  co n cen tra ted  sy s tem s , gave
id en tica l r e s u l ts  if  e x p re s se d  in  the re lax a tio n  sp ec tru m . It p roved  p o ss ib le
to ob tain  equations, e x p re ss in g  the n o rm a l s t r e s s  d iffe ren ce  P j^  * p22 (f l°w
lin e s  in  1-d ire c tio n , s h e a r  g rad ien t in  2 -d irec tio n ) and flow b ire frin g en ce , a s
a  function  of the re lax a tio n  sp ec tru m . The m o le c u la r  th e o r ie s  p red ic t a  z e ro
value fo r  the second n o rm a l s t r e s s  d iffe rence , p „  “ Pgg-

T he th e o r ie s  g iven above, d e sc r ib e  only the sh e a r  r a te  range w here n o rm al
2 2s t r e s s  d iffe ren ces  a re  p ro p o rtio n a l to q o r  YQ (q s h e a r  ra te ,  Yq am plitude

of s in u so id a l deform ation). In dynam ic m e a su re m e n ts  of the sh e a r  s t r e s s ,
only the lin e a r  reg io n  is  d e sc rib ed . T h is  w as ca lled  second  o rd e r  behaviour.

The m o le c u la r  th e o r ie s  should be va lid  o v e r the com plete  con cen tra tio n  range,
fo r  that re a so n  m e a su re m e n ts  w ere  p e rfo rm ed  on po ly m eric  sy s te m s , ranging
fro m  d ilu te  (0. 2 volum e %) to the h ig h es t concen tra tio n  p o ss ib le , the m elt.

The m ea su re m e n ts  p e rfo rm e d  w ere:
-3(a) dynam ic s h e a r  m oduli in  the frequency  ran g e  going fro m  10 to 300 r a d /

sec ;
(b) flow b ire frin g en ce  in  steady  s h e a r  flow;
(c) v isc o s ity  a s  a  function  of s h e a r  ra te ;
(d) fo r  som e so lu tions only: n o rm a l s t r e s s  g rad ien ts  and r im  p re s s u re s  in

p a ra lle l p la te  and co n e -an d -p la te  v is c o m e te rs .

F ro m  th ese  m e a su re m e n ts , the n o rm a l s t r e s s  d iffe ren ces  P j j  -  P22 P22 “
P33 w ere  obtained. It w as found tha t flow b ire frin g en ce  m e a su re m e n ts  give a
good e s tim a te  of p^^ - p 22, an<* r *m  p re s s u re s  of p„g * Pgg. d isag reem en t
w ith theory , p22 " P33 w as found to be d iffe ren t fro m  ze ro . In ag reem en t with
o th e r  in v estig a tio n s, p 22 ~ P33 w as found to be co n sid e rab ly  sm a lle r  than P^j "
P22' î'o r  the sam e m a te r ia l a t equal s h e a r  ra te , p 22 ~ P33 w as e s tim a te d  to  be
10 - 25 % of p j j  -  p22-

F o r  liqu id s in o r  n e a r  the second  o rd e r  reg ion  (constan t v isco s ity , n o rm al
2s t r e s s e s  p ro p o rtio n a l to q ), p a ra l le l p la te  and co n e -an d -p la te  m easu rem en ts

gave good ag reem en t in the d e te rm in a tio n  of the two n o rm al s t r e s s  d iffe ren ces .
If the flow behav iour d iffe red  ap p rec iab ly  fro m  second  o rd e r  behaviour, p a r a l­
le l p la te  and co n e -an d -p la te  m ea su re m e n ts  did no lo n g e r seem  to be com patib le
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with the assum ptions n ecessary  for their interpretation.

It could be shown, that for two polyisobutene solutions of equal concentration
in two chem ically  s im ila r  solvents, a ll relaxation tim es w ere proportional to
the v is c o s it ie s  of the so lven ts, in agreem ent with predictions of the Rouse and
Zimm theories. This was a lso  shown by the experim ental finding, that the
maximum relaxation tim e of a number of polyisobutene solutions was d irectly
proportional to the zero  shear v is c o s it ie s  of those solutions.

The linearity  of the dynamic behaviour was investigated  for a polydim ethyl-
5 osiloxane m elt of 10 poise at 25 C. The dynamic shear moduli w ere found to

be independent of the amplitude of the deform ation, even at deform ations (in
shear) of 0. 28.

F rom  the maximum in the dynamic lo s s  modulus as a function of frequency, an
estim ate could be made of the m olecular weight between entanglem ents for
polym er m elts. This maximum gave, according to a theory of Marvin, for a
polystyrene m elt 29. 600, and for a polydim ethylsiloxane m elt 30. 000. T hese
value's are in good agreem ent with literature data, obtained from  v isco sity
m easurem ents, of 32. 000 for polystyrene, and 29. 000 for polydim ethylsiloxane.

Experim ental values of the dynamic moduli as a function of frequency w ere
com pared with values calculated from  the m olecular weight distribution. The
Rouse theory was found to give a good description for a dilute solution (0 . 2  %
of a high m olecular weight polyisobutene). The extension given by F erry ,
Landel and W illiam s of the Rouse theory, gave a good description for a poly­
styrene m elt (S 111) with a narrow m olecular weight distribution.

In agreem ent with the resu lts  of Cox and M erz, polym er solutions w ere found
to have a v isco sity  in steady shear flow, T) (q), larger  than the dynamic v is ­
cosity , if  (o = q , but in very good agreem ent with the absolute value of the com ­
plex dynamic v isco sity . T his was a lso  found to be true for polym er m elts.

According to the m olecular theories, and according to a phenom enological
theory of Coleman and M arkovitz, -  pgg in the second order region m ust
be equal to tw ice the dynamic storage modulus, G'(ia), if  a) = q. This could be
experim entally verified  for a ll polym eric sy stem s, going from  dilute solutions
to m elts. T h is is  in agreem ent with ea r lier  resu lts , Obtained for concentrated
solutions. In particular for polym er m elts, this description is  very  good, even
in the shear rate range, where norm al s tr e s s  d ifferences are no longer p ro-

2
portional to q , the third order region. In this region, -  p ^  was found to
be equal too, but m ore often larger  than 2 G'(w ), at u) = q. No satisfactory
theoretical explanation could be given for this experim ental resu lt.
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E viden tly , the dynam ic m oduli give a  good e s tim a te  of the com ponents of the
s t r e s s  te n s o r  in  stead y  s h e a r  flow. B ecause  it  w as a lso  found, that fo r  m e lts
the dynam ic m oduli can  be ca lc u la ted  w ith f a i r  a ccu racy  fro m  the m o lecu la r
w eight d is trib u tio n , flow  b ehav iou r in  steady  sh e a r  flow can  a lso  be p red ic ted
fro m  the m o le c u la r  w eight d is trib u tio n .
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SAMENVATTING

In dit proefschrift wordt een onderzoek beschreven van het verband tussen  de
m olecu laire param eters, en het v isco e la st isch  gedrag van polym ere op lossin ­
gen en sm elten. Aangetoond kon worden, dat een aantal m olecu la ire theorieën
die het m echanisch en optisch gedrag van polym ere system en beschrijven,
de R ouse- en Z im m -theorieën  voor verdunde oplossingen, en de netwerktheo­
r ie  van Lodge voor geconcentreerde system en, identieke resultaten geven a ls
ze worden uitgedrukt in  het relaxatiespectrum . Het bleek m ogelijk  te zijn om
vergelijkingen te geven, die het verband beschrijven  tussen  het norm aalspan-
n ingsversch il Pjj  -  P22 (stroom lijnen in 1-richting, snelheidsgradiënt in 2-
richting), de strom ingsdubbelebreking, en het relaxatiespectrum . De m olecu­
la ire  theorieën voorspellen , dat p22 - pgg, het tweede norm aalspanningsver-
sch il, nul zal zijn.

De bovengenoemde m olecu laire theorieën beschrijven  alleen  het gebied van af-
schuifsnelheden, waar de normaalspanningen kwadratisch in q en y  zijn (q is
de af schuif snelheid, Y^de amplitude van de deform atie). B ij dynam ische m e­
ting van de af schuif spanning wordt a lleen  het lin ea ire  gebied beschreven. Dit
werd het tw eedeordegebied genoemd.

De m olecu laire theorieën zijn geld ig  voor het gehele concentratiegebied, daar­
om werden m etingen verrich t aan polym eersystem en, variërend in concentra­
tie van verdund (0, 2 volum e % polyisobuteen) tot de hoogst m ogelijke concen­
tratie, de sm elt.

G em eten werden:

a) de dynamische glijdingsm odulus in het frequentiegebied van 1 0 f3 tot 300
ra d /sec;

b) strom ingsdubbelebreking bij stationaire stroming;
c) v isco s ite it  a ls  functie van de afschuifsnelheid;
d) a lleen  voor enkele oplossingen: de norm aalspanningsgradiënt en rand-druk

in p arallelle  plaat en k egelp laatv iscosim eters.

Uit deze m etingen werden de norm aalspanningsverschillen Pj^ * P22 en p22 -
P33 bePaald- Het bleek dat de strom ingsdubbelebrekingsm etingen een goede
waarde voor Pt l  -  P22 opleverden, terw ijl de rand-druk p22 -  pgg gaf. In te ­
genstelling tot de voorspellingen van de m olecu la ire theorieën bleek P 22*P33
ongelijk nul te zijn. In overeenstem m ing m et eerd er verrichte m etingen,
bleek pg2 -  pgg veel k leiner te zijn dan P j j  - P22 - Voor hetzelfde m ateriaal
bij gelijke afschuifsnelheid, b leek  p22 -  pgg 10 tot 25 % te bedragen van

P11 " p22'
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V oor v loe is to ffen  in  of nab ij h e t tw eedeordegebied  (constan te  v is c o s ite it , n o r -
2

m aa l spanningen even red ig  m e t q ), gaven de p a ra l le l le  p laa t en  de keg e lp laa t-
m etin g en  goede overeen s tem m in g  b ij de bepaling  van de tw ee n o rm aa lsp a n -
n in g sv e rsch illen . W anneer het s tro m in g sg ed rag  aan m e rk e lijk  afw eek van het
tw eedeo rdeged rag , leken  de p a ra l le l le  p la a t-  en kegelp laa tm etingen  n ie t m e e r
in  o v e reen s tem m in g  te z ijn  m e t de noodzakelijke v e ro n d e rs te llin g en  v o o r de
in te rp re ta tie  van deze m etingen .

A angetoond kon w orden, dat voor tw ee op lossingen  van dezelfde co n cen tra tie
van een  po ly isobuteen  in  tw ee ch em isch  verw an te  op losm iddelen , a lle  re la x a ­
tie tijd e n  ev en red ig  w aren  m e t de v is c o s ite it  van het op losm iddel, in  o v e reen ­
s tem m ing  m e t de voo rsp e llin g en  van de th eo rieën  van R ouse en Z im m . Dit
b leek  ook u it h e t fe it, dat de lan g s te  re la x a tie tijd e n  van een  aan ta l poly isobu-
teenop lo ssingen  re c h t ev en red ig  w aren  m e t de v is c o s ite it  b ij a fschu ifsne lhe id
nul van  deze op lossingen .

De lin e a r i te i t  b ij dynam ische m etingen  w erd  onderzoch t aan  een  po lyd im ethy l-
5 os ilo x aan sm e lt, m e t een  v is c o s ite it  van 10 po ise  b ij 25 C. Aangetoond w erd,

dat de dynam ische g lijd ingsm odu li onafhankelijk  w aren  van de am plitude van de
d e fo rm a tie , z e lfs  b ij een  d efo rm atie  (afschuiving) van 0, 28.

U it h e t m axim um  in de v e rlie sm o d u lu s  a ls  functie  van de freq u en tie , kon een
sch a ttin g  w orden gem aakt van he t m olecuulgew icht tu s se n  de v e rs tren g e lin g en
v o o r po ly m ere  sm elten . Dit m axim um  gaf vo lgens een  th eo rie  van M arvin  voor
een  p o ly s ty reen sm e lt 29. 600, en  voo r een  po lyd im ethy ls iloxaansm elt 30. 000.
D eze w aarden  z ijn  in  goede overeen s tem m in g  m e t w aarden  u it de li te ra tu u r ,
v e rk re g e n  u it v isco s ite itsm e tin g en , 32. 000 vo o r po ly s ty reen , en 29. 000 voor
po lyd im ethy lsiloxaan .

G em eten  w aarden  van de dynam ische m oduli a ls  functie  van de freq u en tie  w e r­
den v e rg e lek en  m et w aarden  berek en d  u it de m olecuu lgew ich tverdeling . H et
b leek  dat de th eo r ie  van R ouse een  goede b e sch rijv in g  gaf van h e t g ed rag  van
een  verdunde op lossing  (0, 2 % van een  hoogm olecu la ir po lyisobuteen). De u it­
b re id in g  van de th eo rie  van R ouse (gegeven door F e r r y ,  L andel en W illiam s)
gaf een  goede b e sch rijv in g  van h e t g ed rag  van een p o ly s ty reen sm e lt (S 111),
m e t een  nauwe m olecuu lgew ich tverdeling .

In o v e reen s tem m in g  m et onderzoekingen  van Cox en  M erz w erd  voo r p o ly m eer-
op lossingen  gevonden, dat b ij ge lijke  hoeksnelheid  en  sn e lh e id sg rad iën t, de
v is c o s ite it  b ij s ta tio n a ire  s tro m in g  ( tj (q)) g ro te r  w as dan de dynam ische v is ­
c o s ite i t ,  m a a r  z e e r  goed w erd  b enaderd  door de abso lu te  w aarde  van de co m ­
plexe dynam ische v is c o s ite it . Dit b leek  ook het geval te  z ijn  b ij po lym ere
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sm elten .

V olgens de m o lecu la ire  theo rieën , en vo lgens een phenom enologische th eo rie
van C olem an en  M arkovitz , m oet P j j  • P22 in  het tw eedeordegeb ied  g e lijk  zijn
aan  tw eem aal de opslagm odulus, G '( w), a ls  <o = q. D it kon ex p e rim en tee l
w orden b evestigd  voo r a lle  p o lym ere  sy s tem en , gaande van verdunde o p lo ss in ­
gen tot sm elten . Dit is  in  o v ereen stem m in g  m et v ro e g e re  re su lta te n , v e rk r e ­
gen aan g eco n cen tree rd e  op lossingen . In het b ijzo n d er vo o r p o lym ere  sm e lten
b leek  dit ze lfs  het geval te  zijn  in  het geb ied  van afschu ifsnelheden , w aa r de

o
n o rm aa lsp a n n in g sv e rsch illen  n ie t m e e r  ev en red ig  z ijn  m e t q , het d e rd e o rd e -
gebied. In dit gebied  b leek  p ^  - Pg2 g e lijk  aan of (vaker) g ro te r  te  z ijn  dan
2 G'(w = q). V oor dit ex p erim en te le  re s u lta a t  kon geen bev red igende th e o re ti­
sche  v e rk la r in g  w orden gegeven. B lijk b aa r geven de dynam ische m oduli een
goede ind ruk  van de com ponenten van de sp an n in g sten so r b ij s ta tio n a ire  s t r o ­
m ing. O m dat ook b leek , dat vo o r sm e lten  de dynam ische m oduli b ij goede b e ­
nad erin g  m e t behulp van de m olecuu lgew ich tverdeling  kunnen w orden berekend ,
volgt h ie ru it dat he t s tro m in g sg ed rag  b ij s ta tio n a ire  s tro m in g  ook u it de m o le -
cuu lgew ich tverdeling  kan w orden voo rspeld .
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STELLINGEN

1. Het vermelden van de coëfficiënten der "beste vlakken" door
een aantal atomen levert slechts dan nuttige en toegankelijke
informatie, indien tevens de cartesische coördinaten der
atomen, betrokken op dezelfde oorsprong, vermeld zijn.

D. A. Norton, G. Kartha, C.T. Lu, Aota Cryst. 17, 77 (1964)

2. Bij de door Laufer uitgevoerde alkyleringen van thiophenol is
de katalysator niet eenduidig te defieëren.

G.A Olah, ed., Friedel Crafts and related reactions. Vol.
Ha, Interscience, Ne* York 1964, p. 97

3. Segalova en medewerkers menen ten onrechte uit hun meetresul­
taten te mogen concluderen.dat zij de metastabiele oplosbaar­
heid van tri-Calcium silicaat en /3- di-Calcium silicaat be­
paald hebben.

E. E. Segalova, 0.1. Luk’yanova, Chou P'ing-i, Kolloldn. Zh.
28, 341 (Eng. 288), (1964). tt.N. Stein, J.M. Stevels, J.Phys.
Chem. 69, 2489 (1965)

4. Het mechanisme dat Chatterjee en Bhadra voorstellen om de
hoge waarde van de diëlectrische constante in electreten te
verklaren, is onwaarschijnlijk.

S.D. Chatterjee, T.C. Bhadra. Phys. Rev. 98. 1728 (1955).

5. Matsuda en medewerkers hebben alternatieve snelheid sbepalende
processen in hun membraanbrandstofcel onvoldoende overwogen.

Y. Matsuda, J. Shlokava, H. Tamura, T. Ishino, Electrochlm.
Acta 12, 1435 (1967)



6. De methode, waarmede Barlow, Harrison en Lamb de dynamische
moduli berekenen, gebruikmakend van de molecuulgewichtsverde-
ling, leidt tot onderschatting van het aandeel van de hoogmo-
leculaire fracties.

A. J. Barlow, G. Harrison, J. Lamb, Proc. Roy.Soc. (London)
Ser. A 282, 228 (1964)

7. De conclusie van Maxwell en Galt, dat bij laminaire stroming
van polymere smelten de snelheid aan de wand ongelijk nul is,
wordt door hun experimenten niet bewezen.

B. Maxwell, J.C. Galt, J. Polymer Sci. 62, S50 (1962) J.L.
den Otter. J.L.S. Wales, J. Schijf, Rheologica Acta 6, 205,
(19,67)

8. De experimenten van Schreiber, Bagley en West geven onvol­
doende steun aan hun bewering, dat het verband tussen visco­
siteit en molecuulgewicht voor polyethenen afwijkt van dat
voor andere polymere smelten.

H.P. Schreiber, E.B. Bagley, D.C. West, Polymer, 4,355 (1963)

9. Het gebruik door Peterlin van het Zimm- model met inwendige
stijfheid, om het niet naar nul gaan van de dynamische visco­
siteit bij hoge frequenties te verklaren, is aanvechtbaar.

A.. Peterlin, Kolloid Z. 209, 181 (1966) J. Polymer Sci. A2 5.
179 (1967)

10. De verkeersveiligheid bij nacht zou aanzienlijk verhoogd wor­
den, wanneer bromfietsen enerzijds, en motoren en scooters
anderzijds, duidelijk onderscheidbaar zouden zijn, bijvoor­
beeld door een verschillende kleur van het licht van de kop­
lampen.






