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Synopsis 

I l is shown tliat, at the yield stie^.s, glassy polymers exhibit viscous flow whioh is in 
agreement with the generalized theo iy of E\-ring. T h e study of the yield stress over a 
wide range of températures and straiu rates provides évidence on the secondary transi
tions found by other methods . Froni our nieasurements we conclude that every second
ary transition correspontls to tiie libération of one of the degrees of freedom of a segment 
of the main chain. 

Introduction 

In a previous paper ' we showed for the first time that the yield stress of 
po ly (meth j l methacrj ' late) (PMMA) reveals a .^ecoiidarj' tran.sition due to 
the local relaxation mode. I t was possible to calculate the activation 
energy associated with tliis transition bj assuniiiig that at the yield point a 
liigh polymer exhibits pure viscous flow, in agreement with Eyring's theory 
of nonNewtonian viscosity. ' ' Our result.s were unknowu to Roetliiig, and 
independently he described the yieldstress behavior of tluee glassy poly
mers*"^ by the Eyr ing viscosity theory. 

I t is the purpose of this paper to give two other examples. 

Expérimental 

We have mcasured the yield stress of two glass\ polymers over a wide 
range of températures and rates of strain. The ten.sile stres.sstraiu curves 
were obtaiued with an Instron testing machine. The température was 
regulated by au Instroii enviroimieutal chamber and mcasured with a 
thermometer placed near the spécimen in the chamber. The tests were 
made af ter the spécimen had reniained in the chamber for '/o hr at the re
quired température. 

Strain rates were calculatcd from the crosshead specd. The errors gon
erally introduced when this procédure is used are due to parasitic déforma
tions (for example: the Hookcan déformation of the machine and the 
grips). Thèse errors vanish if one calculâtes the strain rate correspondirig 
to the yield point of the tcnsile curve, becauso a t this point the rate of 
change of load is zéro. 

We have chosen bi.sphenol A poiycarbonate (first invcstigated by Robort
sou' over a vcry narrow range of strain rate.s) because this substance (its 
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EjTÎtig's first tlu'oiy ovcr a wiilo range of toniperaturc. On tlie othor hatid, 
\ve havc cliosen poly(vinyl (•hlorulc) ( P \ ' C ) (not proviously invcstigatcd) 
becuuse this substance exhibits a well known secoiulary transition in the 
plastic ilcforniation range. 

Test spécimens of polycarbonate (Makrolou, Bayer) were eut f rom com-
mercially available sheets 0.2 cm thick; their length was 4 cm and their 
width O.S cm. Test spécimens of P V C (Solvic 227, Solvay et Cie) were 
0.18 cm thick, 4 cm long, and 0.8 cm wide. 

There was évidence of crazing on ail the spécimens of polycarbonate and 
PVC prior to yielding but the length and the number of the crazes varied 
with tempéra ture and s traiu rate. 

Yield-Stress Behavior of Polycarbonate : First Theory of Eyring 

Eyr ing considers the viscous flow produced under the action of a high 
single shear stress. The déformat ion occurs along a set of parallel layers in 
the direction of the shear stress. T h e fundamenta l process consists of the 
j u m p of a molecular pa t ch f rom one equilibrium position to another (in 
glassy polymers, thèse flow patches are segments of macromolecules). \Ve 
assume t h a t this type of déformat ion takes place at the yield point of t he 
tensile curve. At this point the s t raiu does not exceed 2% and appears to 
be uniform; for thèse rea.sons, we th ink tha t pure viscous flow just begins 
there. Of course, this assumpt ion is a simplification, because the déforma
tion at this point may entai l delayed elasticity, adiabat ic heating, and dila
ta t ion effects not considered in the theory of non-Xewtonian viscosity. 

I t is not the pnrpose of this paper to discuss in détails what the pa ram-
eters of Eyr ing 's theory do mean; for a first a[)proach, we have neglected 
the proce.sses who.se contr ibut ion to the yield stre.ss are not significant 
compared to the viscous contr ibut ion (adiabat ic heat ing and high elasticity 
are onl\ ' important during neck format ion where local s t ra iubecomes large). 

If pure viscous flow takes place at the yield point, we must write Ej ' r ing ' s 
eciuation for normal stresses and take into account t he relations between 
normal and shear stresses and between normal and .shear rates established 
by Bauwens.** 

F rom thèse relations a n d f rom Eyring 's first theory in the spécial case 
where 

sinh A' ^ Vi Pxp A' 

the foUowing expression for the yield stress 0-,. is derived: 

cr, ^ 4 V 3 \ / 3 ^ Q 

= A [\n2Ci + (Q/RT)] (1) 

where T is the absolute tempéra ture , i is s t ra iu rate, l'n is the shear volume, 
7o is the clemcntarN' shear, ./o is a ra te constant (containing an entrop>' 
factor) for the jumping patches when no stre.ss is acting, Q i s the act ivat ion 
energy, k is Boltzinaïui's constant , and R is the uuiversal gas constant . 
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E q u a t i o n (1) does uot take into account the influence of the hvdros ta t ic 
.-îtress which has been evakia ted in a previous paper.' ' In a tensile test, the 
cont r ibut ion of the hvdros ta t ic stress does not affect the formalism of eq. (1) 
and concerns only the meaning of pa ramete r A: thus \ve have neglccted it 
for a first approximat ion. 

Eyring-' and others, such as Lazurk in ' and Robert s o n / have appHed non-
Xewton ian viseositv tlieory to the cokl ih'awing of plastics. They consider 
tha t the shear volume l'o is proportitMial to t empéra ture and tha t the yield 
stress m a y be wri t ten; 

0-,, = c o n s t a n t ( l / 7 ' ) + constant(Uig «) • (2) 

We have measured the yiekl stress of bispheaol-A polycarbonate over a 
widc range of s train rates , f rom 20°C to the glass température (14.5°C). 
F rom our da t a we find tha t the pU4 of versus hi è at différent tempéra
tures gives a set of concurrent straight iines which do not fit eci. (2). Bu t 
the plot of CTe'^î' versus lu « at différent tempéra tures gives a .set of parallel 
s t ra ight iines which fit eq. (1) fairly well. Our da ta are given in Figure 1. 
T h e g raph consists of a set of parallel s t ra ight Iines calculated f rom eci- (1) 
and is the expérimental proof tha t Cu and Q are constant over a range of 
t empéra tu res covering at least TiO^C. This is not surprising bpcau.-;e in the 
giassy State when no strc-^s is acting the e((uilil)rium positions ar(,' frozeii. 
T h e cons tan t s .1, Q, and ( ' of e(i. (1) are evaluated as follows. We first 
d raw the set of straight Iines which bcst agrées with the data . T h e meaii 
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slope is takeii a.s .1; froin the meau ilisphiceinetit of thèse liues \ve ealcuhite 
Q, and from the meaii extrapolated vahie of the al)sciss;u< for a-,. = 0 we 
calculate C. The graiih of Figure 1 i.s recaleulatetl froin the following 
vahies of .4, Q, and C; 

.4 = 4.16 X 10-^ k g / m m - - ° K 
Q = 75.5 kcal/mole 
C = 1 0 - " sec 

We have perfornied tests near the glass température, but the da ta are not 
given here because we intend to corne back to this subject in a future paper. 
We have nieutioned the existence of a minimum yield stress <Tec below which 
eq. (1) is no longer valid. We have found for polycarbonate that o-ec = 
kg/mm-. 

The results of Roetling" on poly(ethyl methacrylate) tend to show that 
eq. (1) is still valid just above the glass température; we believe that this is 
because his da ta correspond to very liigh strain rates for which o-, is still 
higher than a^c-

Yield-Stress Behavior of Poly(vinyl Chloride) : 
the Generalized Theory of Eyrinjj 

Our data for polycarbonate fit eq (1) because the range of tempcratiu'es 
and rates explored does not include a secondary transition. However the 
set of curves, cJT = / ( In «), at constant T is capable of revealiiig secondary 
transitions if the da ta cover the range where thèse begin to make a signifi-
cant contribution to the stress. In this case the variation of the yield stress 
with strain rate and température eau be described by the generalized theory 
of non-Xewtonian viscosity proposed by Ree and Eyriiig' to represent the 
viscosity of rubbers, solutions of Wgh polymers, and polymers in the rubbery 
State. I n a previous paper ' we applied this last theory to the j'ield-strcss 
behavior of poly(methyl methacrylate) (PMMA) and at t r ibuted the ob-
served tran.sition of this polymer to the local relaxation mode of the main 
chain.'" 

Unfortunately, in the case of P M M A . mechanical losses reveal only two 
transitions, the first, called the 0 transition, is a.ssociated with the side-chain 
relaxation; the other one is the glass transition. The transition tha t we 
have observed is too close to the glass transition to be measured through 
mechanical losses at t he usual frequencies, but it has been dctermiiied 
dilatometrical l j ' ." 

To compare the transition conditions determinated from the yield stress 
with those f rom mechanical loss we have studied the j^ield stress of 
PVC, a high polymer having a secondary transition due to the local relaxa
tion mode wliich is often revealed by measurements of electrical and 
mechanical losses. '-- '* The activation energy a.ssociated with this transi
tion has been measured by .several authors ai\d has been found to equal 14 
kfial/mole. 



G L A . S S Y P O L Y M E R S 739 

P V c 

-5.0 «C 

-1 Log e 

Fig. 2. Measured ratio of y ie ld stress to température as a fuiictiou of logaritlim of straiu 
rate (è in sec"')- T h e set of parallel curves is calculated from eq. (3). 

Our da ta are givcu in Figure 2 and fit fairly well the équat ion derived 
f rom the Ree-Evriiisï t i icorv: 

( w : / { t r i ) 
= -4„[ln 2 r „ é + (Q^'RT)] + siuh-» (C^ i exp {Q/RT}) (3) 

Equat ion (3) is merely a generalization of eq. (1). T h e cvn ve.s rcpre.<euted 
in Figure 2 are calcuhited f rom eq. (3) with the following vahie.s for the 
constants : 

= 7 X 10-^ I<g 'mm2-°K 
Qa = 70..") keal mole 
C„ = 10-^^ sec 
.1^ = 10.1 X 10-Mvg'mni2-°K 
Qff = li Iccal mole 
C'a = 4.2(1 X 10- see. 
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Fig. 3. Mîister yield stress curve reduced to 0°C for PVC (é in sec"' ) . 

The set of purallel curves showu in Figure 2 cun be looked upon as generated 
bj- the shift of one curve along Une cl; i.e., the locus of the intersections of 
the asymptotes of each curve. 

We give in Figure 3 the master curve, reduced to 0°C, corresponding to 
the graph of Figure "2. From this graph it is possible to extrapohite the 
yield stress value to rates which catniot be reached experimentally. 

Here, the shift of each curve is not along the horizontal axis as in the time-
temperature-superposition principle of Tobolsky; this is due to the fact 
that the yield stress dépends on two processes each characterized by its own 
activation energy. 

The shift factor has two components, one along the horizontal axis: 

s . = ((?,/2.303 R)[{l/T) - (1/273)] (4) 

the other along the vertical axis: 

s, = - [-u (Qa - Q,)/Rmm - (1/273)] • (.-.) 

The tabulatcd values of Si and s„ are given in Table I. 
What is the physical mcaning of the two processes involved? We can 

roughly separate the graphs of Figures 2 and 3 into two ranges; the a range, 
below (/, where the term containing the 13 variables of eq. (3) can be TIC-
glectcd; and a range above d where the two terms of eq. (3) are important . 

The intersection of every curve with d as thus the character of a secondarj ' 
transition. From the value of the activation energy, 14 kcal/mole, and 
from the range of températures and strain rates where it occurs, we can 
identify this transition as the (3 transition of PVC. 
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T A B L E I 
Coniponcrits of t l ie Shi f t Factor CoirespoïKliiig to the ^la.ster 

-
C u r v e Reduced to O C for P \ C 

Tempciat i i i e , 
°C Sx ( 1 0 - - kg 'rrmi--°K) 

-ÔO 2.Ô2 - 1 . 6 4 
- 3 5 1 . 6 4 - 1 . 0 7 

23 - 0 . . S 7 0 .Ô6 
30 - 1 . 1 0 0 . 7 2 
40 - 1 . 4 2 o.<« 
50 - 1 . 7 3 1 . 1 2 
60 - 2 . 0 1 1 . 3 1 
70 — 2 . 2 7 1 . 4 8 

This .secoiidary t ransi t ion is due to the local relaxation mode of chains of 
macromolecule.s and is revealed by measurements a t —30°C of mechanical 
losses a t 10 cps. 

The molecular motions wliich take place under the action of the yield 
stress in the a range m a y correspond to the translational mode of the main 
chains. The same kind of motion occurs at the yield point, in the range 
above d, but to produce such movements, it is necessarj ' first to l iberate the 
local relaxation modes of the chains. 

As in the case of polyearbonate , we find that the theor j ' is not in agree-
ment with da t a when the yield stress is lower thau = 3.4 k g / m m - . 

Conclusions 

The generaUzed theory of Eyr ing can describe fairly well the déformat ion 
of gla.ssy polymers a t t he yield point, if one considers: (1) t ha t the shear 
volume does not change wi th température; (2) tha t the différent kinds of 
processes involved correspond to the degrees of freedom tha t must be 
actived if a segment of t he main chain is to move. We confirm the existence 
of a critical value of the yield stress below wliich the theory is no longer 
vahd. This critical s tress seems to be a characteristic constant for each 
material. 

The s tud j ' of the yield stress of glassy pol>"mers over a widc range of tem
pératures and rates is of use in revealing sccondary transitions, especia'.Ij-
wheu thèse transit ions a re too close to be distinguished b\' measui 'ements of 
mechanical and electrical lo.sses. 
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