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Introduction 
The measurement of flow birefringence is 

a well-known technique for the investigation 
of polymers in solution (1, 2). 

A stress-optical law has experimentally 
been established for these liquid systems (3). 
For simple shearing flow the stress-optical 
law takes the particular form: 

An sin 2 X = 2p~2 C 

An cos 2 Z = (P~ -- P=) C [ll 

where P12 is the applied shear stress; Pn and 
P22 are evoked normal stresses on planes 
perpendicular to the stream lines and to the 
direction of the velocity gradient; Z is the 
extinction angle and represents the orien- 
tation of t h e  stress and the refractive index 
ellipsoids with respect to the flow lines; An 
is the birefringence in the 1,2 plane and C 
is a constant called the stress-optical coeffi- 
cient. 

C has been the subject of investigation by 
a number of authors, particularly Tsvetkov (1), 
since it is intimately related to the structure 
of the monomer units constituting the poly- 
meric chain. 

According to the theory of rubber elasticity 
one obtains (5): 

C =  (nS + 2)S 2~ ~ l - a s  
n 45 kT [2] 

where n is the average refractive index of the 
melt or solution, a 1 - %  is the optieM 
anisotropy of the random link and kT has 
the usual meaning. From eq. [2] it follows 
that  C should not be dependent on con- 
centration or any long chain properties of the 
polymer such as molecular weight and 
molecular weight distribution. In particular 
it is also independent of the special type of 
the distribution function (6) of the chain 
coordinates. This function appears to be 

*) Pape r  read a t  the  Annual  Meeting of  the  G e rm an  
Rheologists,  Bad  Ems ,  May I8-19,  I967. 

quite different for the shear flow of fluid 
systems or the extension of rubbery materials. 

Further, there exists a very close relation- 
ship between the normal stress difference 
(Pn -P22) and the shear stress P12 under 
conditions of steady flow, and the dynamic 
moduli G' and G" found from sinusoidal 
oscillations of small amplitude. This relation- 
ship is not only to be found in some pheno- 
menologica] theories of viscoelastic behaviour 
(7, 8), but can also be predicted from the 
molecular theories of, for example, Rouse(9), 
Zimm (10) and Lodge (1 1), although the latter 
have not explicitly done this (12). The said 
relations read: 

Lira Pls = L i r a -  [3] 
q--->O ~ co-+O CO 

L i r a  ~011 - -  ~922 - -  Lira G '  [4] 
q--+0 2 qs o>-+0 co S 

where q is the shear rate (velocity gradient) 
in the steady flow experiment and 09 is the 
circular frequency in the dynamic experi- 
ment. W. Philippo] (13) has experimentally 
indicated the validity of the above relations 
for some dilute solutions. For the bulk 
polymers used in this investigation the 
relationships [3] and [4] have been confirmed 
experimentally at this Institute. From eqs. [3] 
and [4], and the theory of viscoelasticity, the 
following relationship can then be drawn: 

Lim P~I - -  P~  _ Lira G" - -  Je.  [5] 
q-~o 2p l s  ~ ~-+0 (G") 2 

The quanti ty on the right hand side is the 
steady state compliance Je. I t  is well known 
from the molecular theories (14) of visco- 
elasticity of linear polymers in dilute 
solutions : 

Je = a Mz+ l Mz 
Mw cRT " [6] 

In this equation, a = 0.4 according to the 
Rouse theory (9), c is the concentration in 

2* 
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grams per cubic centimetre of the solution 
(for the bulk polymer it corresponds with the 
density), Mw is the weight average molecular 
weight, Mz and Mz+l are the usual higher 
averages of the molecular weight distribution 
which can in principle be found from sedi- 
mentation measurements. The importance 
of the mentioned higher moments of the 
molecular weight distribution upon the flow 
properties of polymers in solution was first 
pointed out more than twenty  years ago (15), 
I t  will be remembered that  the theory of 
Rouse has originally been developed for free 
draining molecules. When the intramolecular 
hydrodynamic interaction is taken into ac- 
count (10), a corresponding equation can be 
derived for Je, where factor a = 0.205 and 
somewhat lower molecular weight averages 
are involved. 

From eqs. [5] and [6] one obtains a 
relationship between the normal stress dif- 
ferences and the shear stress, which obviously 
holds only at sufficiently low shear rates: 

+(Pll Mw MzMz+~ ( Mw ) 2 [7] 
Mw 2 

This expression has been derived by  
Peterlin and by  Daum along another way 
(16, 17). In eq. [7] the stresses have now 
been put  in a non-dimensional form by  first 
expressing them as stresses per molecule and 
then dividing them by  kT. This is con- 

Mw venient, as the term P12 ~ often occurs in 

theories about polymer solutions and melts. 
At low shear rates, it is equal to the quanti ty 
fl used by  Peterlin (18) and proportional to 
the Bueche-Harding parameter (19). Accord- 
ing to the Rouse theory, fi is proportional to 
q T, where v is the longest relaxation time. 

For very dilute solutions of anionic poly- 
styrenes 

( MzMz+~ 1), 

good experimental evidence tas been found 
for the validity of the above relationship (20), 
the numerical factor lying between those 
given by  the theories of Rouse and Zimm. 

The important assumption in molecular 
theories of dilute solutions is that  the total 
macroscopic stress can be found by  simple 
addition of the contributions due to each 
molecule. The application of this assumption 
to concentrated solutions and melts, how- 
ever, would appear to be rather dubious. As 
Ferry (21) and later Petieolas (22) have 
suggested, this difficulty could be overcome 
by  the use of an apparent friction coefficient 

which appears in relations between the 
stresses and the shear rate. I t  can be eli- 
minated by  relating normal stresses directly 
to the square of the shear stress. 

The only condition is that  the friction 
coefficient be equal for all molecules con- 
tained in the same polymer sample. This is 
clearly the case for extremely dilute solutions 
where, by  definition, the friction coefficient 
is unity, and also for the bulk polymer. For 
intermediate concentrations it should also 
be true for mono-disperse polymers. For 
polydisperse polymers, however, it does not 
seem to be a good approximation, since the 
thermodynamic potential of the solvent is 
a function of the molecular weight of the 
solute. The low molecular weight species are 
expected to have more than their fair share 
of solvent. I t  will be extremely difficult 
to formulate this problem quantitatively. 
Qualitatively it can be expected that  eq. [7] 
should involve even higher averages of the 
molecular weight than Mz+ 1. 
This paper presents experimental evidence 
in support of these contentions. 

Experimental 
For the evaluation of eqs. [1], flow birefringence 

measurements are needed in combination with viscosity 
measurements. Flow birefringence measurements on 
dilute and concentrated solutions were carried out at  
25 ~ in an apparatus of Couette geometry (23, 24). For 
all solutions, bromo-benzene has been used as a match- 
ing solvent (dn/dc ~ 0). For the very dilute solutions, 
a correction for the contribution of the flow birefringence 
of the solvent has been applied according to Sadron (25). 
The flow birefringenee measurements on the molten 
bulk polymers were carried out at temperatures close to 
200 ~ using a cone-and-plate apparatus (26). Vis- 
cosities of dilute solutions were determined in Ubbe- 
lohde viscometers in the Newtonian range of flow rates. 
Viscosities of bulk polymers were measured with a 
capillary type viscometer and supplemented by dynamic 
viscosities at  very low frequencies. 

The validity of the stress-optical law was confirmed 
by a plot of An sin 2 X/2 Pl~ vs. shear rate. In  this way, 
the value of the stress-optical coefficient C was obtained. 
(First eq. [1]). In the second eq. [1], this value is used 
to calculate the normal stress difference Pll - -  P~ from 
flow birefringence. 

Materials 

PS I I I  (BASF) was investigated as a poly- 
styrene with a broad molecular weight 
distribution. From viscosity measurements 
its weight average molecular weight was 
estimated: Mw = 3.3 • 105. I ts  Mw/Mn is 
reported to be at leats 5 (27). The higher 
molecular weight averages are not known. 

S 111 was used as a polystyrene with a 
narrow molecular weight distribution : 
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Mw = 2.24 X 105, Mw/Mn = 1.04. This  ma-  
ter ial  has  been the  sub jec t  of  several  p rev ious  
rheological  inves t iga t ions  (13, 28, 29, 30). 

Resul t s  

The s t ress-opt ical  coefficients for the  bu lk  
po lymer s  were 4.4 • 10 -l~ and  4.9 • 10 -l~ era2/ 
dyne  for the  b r o a d  and  the  na r row molecular  
weight  d i s t r ibu t ion  mater ia ls ,  respect ively .  
All solut ion m e a s u r e m e n t s  gave  C 
= 5.5 • 10 - l~  cm2/dyne. Considering the  
t e m p e r a t u r e s  a t  which the  m e a s u r e m e n t s  
were carr ied out,  these  resul ts  are reasonable  
(ef. eq. [2]). 

Fig. 1 shows the  resul ts  of  the  measure -  
men t s  on S 111. The  m e t h o d  of  reduct ion  
impl ied  b y  eq. [7] is clearly successful. The  
m e a s u r e m e n t s  covered  a t e m p e r a t u r e  span  

lO 0. 

p . -  P2____a M_ / / ~  

10 -1 . 

10"2. 

M 
P12 c R T  

16-' 16 ~ 
Fig. 1. Relationship between the reduced normal stress 
difference and the reduced shear stress for polystyrenes 
of narrow molecular weight distribution. @... 25 grams] 
100 cc solution of S l l l  in bromobenzene at 25 ~ 
�9 . . .  S 111 in bulk at 196 ~ [] . . .  various anionic 
polystyrenes of molecular weights between 0.4 and 
1.6 • 106 and at concentration between 1]2 and 1% 

(taken from ref. 20) 

of  170~ and  more  t h a n  three  decades  of  
viscosity.  Some of  the  m e a s u r e m e n t s  of  
Janeschitz-Kriegl (20) on a series of  anionic 
po lys ty renes  of  v a r y i n g  molecular  weight  
are also g iven  for compar ison.  One concludes 
t h a t  the  reduct ion  m e t h o d  also holds wi th  
respect  to molecular  weight.  F r o m  fig. 1, the  
va lue  of  

I ? n - - P 2 2  cRT 
2 p122 M 

is found  to  be 0.4-0.45. This  is a good 
conf i rmat ion  of the  appl icabi l i ty  of  the  

Rouse theory ,  no t  only  to dilute solutions b u t  
also to  concen t ra ted  solut ions and  melts .  
One should r e m e m b e r  t h a t  the  solvent  was 
a good one, so one in tu i t ive ly  expec ts  the  
dilute solut ion m e a s u r e m e n t s  to lie closer 
to the  resul t  of  the  t heo ry  of  Rouse t h a n  to 
t h a t  of  the  theo ry  of  Zimm.  At values  of  
plsM/c2~T smaller  t h a n  uni ty ,  the  slope of  
the  g r a p h  is equal  to 2 wi th in  the  accuracy  
of  the  measuremen t s .  This  is to be expected,  
since in this region all viscosities were found  
to be independen t  of  shear  ra te .  

Fig. 2 shows similar  m e a s u r e m e n t s  for the  
po lys ty rene  wi th  b road  molecular  weight  
dis t r ibut ion.  Again  m e a s u r e m e n t s  have  co- 
ve red  the  concen t ra t ion  range  f rom v e r y  
dilute solutions to the  bu lk  po lymer .  The  
m o s t  i m p o r t a n t  obse rva t ion  in this figure 

10 ~ �9 

Pl l  -P22  M w  

2 / 1~ l 

P12 Mw 
r  

10 "2 10-' 16 ~ 

Fig. 2. Relationship between the reduced normal stress 
difference and the reduced shear stress for PS I I I  

(BASF., broad molecular weight distribution). 
@. . .  25 grams/100 ee solution in bromobenzene at 
25 ~ A . . .  measurements an the bulk material at 
200 ~ [] . . .  0.75 grams/100 cc solution in bromo- 

benzene at 25 ~ 

is t h a t  the  resul ts  for the  bu lk  po lymer  
coincide wi th  the  resul ts  for the  v e r y  dilute 
solutions. The  resul ts  for the  concen t ra t ed  
solution, however ,  lie comple te ly  on the i r  
own. F u r t h e r  m e a s u r e m e n t s  h a v e  also been  
carr ied out  a t  concent ra t ions  be tween  1 and  
25%. As ant ic ipa ted ,  the  ob ta ined  resul ts  
lie be tween  the  two curves  of  fig. 2. (See also 
ref. 17.) The  m e a s u r e m e n t s  on the  bulk  
po lymer  were r epea ted  a t  var ious  t e m p e r a -  
tures  be tween  170 ~ and  220 ~ These resul ts  
could also be  reduced  to  the  curve  ob t a ined  
a t  200 ~ 
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From fig. 2, the limiting value of 

Pn -- P~2 eRT 
2 p12 2 Mw 

at sufficiently low shear rates is about 2 for 
the very dilute solution (s) and the melt 
(compare the value of 0.4-0.45 for the 
monodisperse polymers as given above). It 
is however about 6 for the 25% solution. 
This is clearly a case that the concentrated 
solution is more elastic than the melt! It was 
not possible to measure very accurately at 
concentrations higher than 25%. However, 
some provisional measurements at 50% 
concentration were co-incident with the 25% 
measurements. 

The slope of fig. 2 is about  2 only below 

Mw 
eRT Pn = 0.1 . 

This need not necessarily be a discrepancy 
with fig. 1, since the rheological behaviour 
is related to some average longest relaxation 
time. The actual longest relaxation time in 
a polydisperse material can be much longer. 

As a final note it is pointed out that,  
although some authors (30) believe that  the 
theory of Rouse cannot be directly applied 
to bulk polymers, these experimental find- 
ings give at least some support for proposals 
to obtain molecular weight distributions 
from flow measurements on the bulk polymer 
with the aid of the theory of Rouse. 
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Summary 
Normal stresses were estimated from viscosity and 

flow birefringence measurements on solutions and melts 
of substantially two samples of polystyrene. A large 
range of concentration and temperatures was covered. 

The interpretation of results was tried along lines 
originally handled for dilute solutions only. In meeting 
the requirements of this method, a well-known reduction 
scheme with respect to concentration (and temperature) 
was rediscussed and applied. For the sample with a 
narrow molecular weight distribution this procedure 
was very satisfactory. For the polydisperse sample, 
however, the reduction with respect to concentration 
was only partly successful. 

For this latter sample it could be shown that  results 
on very dilute solutions corresponded with those on the 
bulk polymer. This is in favour of the current concept 
for molten bulk polymers and, in particular, of the inter- 
pretation given to polydispersity effects. Deviations a~ 

intermediate concentrations are qualitatively interpret- 
ed in terms of an inhomogeneous dispersion of solvent 
between high and low molecular weight species. 

Zusammen/assung 

Fiir die Absch-~tzung yon Normalspannungen, wie 
sic an strSmenden L6sungen und Schmelzen auftreten, 
wurden Daten yon Viskosit~t und Str5mungsdoppel- 
brechung herangezogen, die in der Hauptsache an zwei 
Polystyrolproben gemessen wurden. Hierffir wurde ein 
groBer Bereich yon Konzentrationen und Temperaturen 
bestrichen. 

FOr die Interpretation wurden Gedankenggnge 
herangezogen, die ursprfinglich nur fSr verdfinnte 
LSsungen entwickelt wurden. Deshalb war die Verwen- 
dung eines Reduktionsschemas in bezug auf Konzentra- 
tion (und Temperatur) angezeigt. Ffir die Probe mit 
einer schmalen Molekulargewichtsverteilung wurden 
hiermit sehr befriedigende Resultate erzielt, l~fir die 
polydisperse Probe war die Reduktion in bezug auf die 
Konzentration jedoch nur zum Tell erfolgreich. 

Dieser Erfolg besteht darin, dab die an sehr ver- 
dimnten LSsungen erhaltenen Ergebnisse zu den an 
der reinen Schmelze erhaltenen passen. Dies liefert eine 
Stiitze ffir die herrschenden Auffassungen fiber Polymer- 
schmeizen und insbesondere fiber die Interpretation yon 
Polydispersit~tseffekten. Bei mittleren Konzentratio- 
nen gefundene Abweichungen warden als Folge einer 
inhomogenen Verteilung des LSsungsmittels zwisehen 
hoch- und niedermolekularen Anteilen betrachtet. 

Re/erences 

1) Tsvet]cov, V. N., in: Newer Methods of Polymer 
Characterization, edited by Bacon Ke (New York 1964). 

2) Wayland, H., J.  Polymer Sci. C 5, 11 (1964). 
3) Brodnyan, I. G., F. H. Gaskins and W. Philip- 

po~, Trans. See. Rheology 1, 109 (1957). 
4) Lodge, A. S., Nature 176, 838 (1955); Trans. 

Faraday Soc. 52, 120 (1956). 
5) Treloar, L. R. G., The Physics of Rubber 

Elasticity (Oxford 1958). 
6) Janeschitz-Kriegl, H., Makromol. Chem. 40, 140 

(1960). 
7) Coleman, B. D. and H. Marlcowitz, J. Appl. Phys. 

35, 1 (1964). 
8) Roscoe, R., Brit. J.  Appl. Phys. 15, 1095 (1964). 
9) Rouse, P. E., J.  Chem. Phys. 21, 1272 (1953). 

10) Zimm, B. H., J .  Chem. Phys. 24, 269 (1956). 
11) Lodge, A. S., Elastic Liquids (London and 

New York 1964). 
12) den Otter, J. L., Doctoral Thesis (Leiden 1967). 
13) Phil@po], W., J.  Appl. Phys. 36, 3033 (1965). 
14) Ferry, J. D., Viscoelastic Properties of Polymers 

p. 171 (New York and London 1961). 
15) Hermans, J. J., Physica 10, 777 (1943). 
16) Peterlin, A., J .  Chem. Phys. 39, 224 (1963). 
17) Daum, U., J .  Polymer Sci. A 2, in press, el. 17a. 
17a) Janeschitz-Kriegl, H. and U. Daum, Kolloid-Z. 

u. Z. Po]ymere 210, 112 (1966). 
18) Peterlin, A., Polymer 2, 257 (1961). 
19) Bueehe, F. and S. W. Harding, J. Polymer Sci. 

32, 177 (1958). 
20) Janeschitz-Kriegl, H., Kolloid-Z. u. Z. Polymere 

203, 119 (1965). 
21) Ferry, J. D., ref. (14), p. 161. 
22) Peticolas, W. L., Rubber Chem. Teehn. 36, 1422 

(1963). 
23) Janesehitz-Kriegl, H., Rev. Sci. Instr. 31, 119 

(1960). 



Jaeoby und Cramer, Brueh bei statischer und dynamischer Beanspruchung von Polykarbonat 23 

24) Janesehitz-Kriegl, H. and R. Nauta, J.  Sci. 
Instr. 42, 880 (1965). 

25) Sadron, Ch., J.  Physique 9, 381 (1938). 
26) Wales. J. L. S. and H. Janesehitz-Kriegl, J. 

Polymer Sci. A 2, 5,781 (1967). 
27) Meyerho], G., Z. Elektrochemie 61, 1249 (1957) 
28) Rudd, J. ,  J.  Polymer Sci. 44, 459 (1960). 
29) Stratton, R. A., J.  Colloid Sci. 22, 517 (1966). 

30) Tobolsky, A. V., J. J. Aklonis and G. Akovali, 
J.  Chem. Phys. 42, 723 (1965). 

Authors' address : 
:Dr. J. L. S. Wales and Dr. H. Janeschitz-Kriegl, 

Central Laboratory TNO, 
Postbox 217, Delft (The Netherlands) 

Aus der Deutschen Versuchsanatalt liar Lu]t- und l~aum/ahrt e. V., Institut ]i~r Feztiglceit, Mi~lheim/t~uhr 

Vorgiinge vor und ])is zum Bruch bei statischer und dynamischer Beanspruchung 
von Polykarbonat*) 

Von G. Jacoby  und Ch. Cramer  

Mit 44 Abbildungen in 6# Einzeldarstellungen und 1 Tabelle 

1. Einleitung 
Die Vorgi~nge beim Bruch eines Werk- 

stoffes im Makro- und Mikrobereich spiegeln 
sich bis zu einem gewissen Grade auf der 
Bruchfliiche wider. Die mikroskopische Un- 
tersuchung yon Bruehfl~chen (Mikrofrakto- 
graphie genannt) ffihrte bei Metallen in den 
letzten Jahren zu einer detaillierten Beschrei- 
bung verschiedener Brucharten, wodurch 
theoretische Annahmen unterstfitzt bzw. 
neue Erkenntnisse gewonnen werden konn- 
ten. 

Besonderes Interesse kommt bei der mikro- 
skopischen Untersuchung der Bruchfls 
dem Zerrfittungsbruch zu (1). Dieser zeigt 
bei vielen metallischen Werkstoffen die sog. 
Bruchlinien. Die Bildung yon Bruehlinien 
ist ein wesentlicher Teil des Mechanismus 
des RiBfortschrittes bei vielfach wiederholter 
Beanspruehung, der seinerseits Rfickschliisse 
auf den gesamten ZerrfittungsprozeB zul~Bt. 
Trotz ihrer Bedeutung ist fiber den Mecha- 
nismus ihrer Bildung noch sehr wenig Ver- 
allgemeinerungsfghiges bekannt. 

Vor einigen Jahren wurde yon McEvily u. 
Mitarb. erstmals nachgewiesen, dab Brush- 
]inien such auf den Zerrfittungsbruchflgchen 
yon Thermoplasten auftreten (2). Die Er- 
scheinungsform der Bruchlinien ist danach 
besonders bei einem Po]ykarbonat sehr ghn- 
lich der, die auf den Bruehfls yon Me- 
tallen beobachtet  wird. In einer anderen 
Arbeit konnte gezeigt werden, dab darfiber 
hinaus die Bruchlinien bei Po]ykarbonat  
durch verschiedene EinfluBgrSBen in nahezu 

*) Vorgetragen auf der Jahrestagung der Deutschen 
l~heologen in Bad Ems vom 18.--19. Mai 1967. 

(Eingegangen am 19. Mai 1967) 

der gleichen Art wie bei Metallen ver/indert 
werden (1). 

Die beobachteten Ahn]ichkeiten im Ver- 
halten der Bruchlinien bei Meta]len und 
Thermoplasten weisen auf  einen gemein- 
samen Mechanismus des RiBfortschritts bei 
vielfach wiederholter Beanspruchung hin. 
Gcgcnstand der vorliegenden Arbeit ist es, 
diesen Mechanismus ns zu untersuchen, 
im wesentlichen durch die Anwendung mikro- 
fraktographischer Verfahren. Obgleich das 
t tauptinteresse dabei auf die Zerrfittungs- 
bruchfl~che konzentriert ist, muSten andere 
Brucharten in die Untersuchung mit ein- 
bezogen werden, um die notwendige Aus- 
gangsbasis zur Erkli~rung aller mit der Zer- 
rfittungsbruchfls verbundenen Ph~no- 
mene zu erhalten. AuBerdem ergibt sich da- 
durch die MSg]ichkeit, einen Vergleich der 
Bruchvorg~nge yon Metallen und Kunst- 
stoffen auf breiterer Basis vorzunehmen. 

2. AHgemeineEigenschaften vonPolykarbonat 

Ffir die Untersuehung wurde Bisphenol A 
Polykarbonat  1) ausgew~hlt, weft die bereits 
erwghnten ~hnlichkeiten im Aussehen der 
Bruchlinien bei Metallen und Thermoplasten 
bei Polykarbonat  besonders deutlich hervor- 
treten. Die allgemeinen physikalischen und 
mechanischen Eigenschaften yon Polykarbo- 
nat sind in verschiedenen Arbeiten beschrie- 
ben (3, 4). Bisphenol A Polykarbonat  hat die 

l) Makrolon| der Farbenfabriken :Bayer A. G., Lever- 
kusen. 


