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Plasticity of styrenc co-methylmethacrylate 
random copolymers 
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The plastic deformation of styrene-methylmethacrylate random copolymers has been studied as 
a function of comonomer composition and compared to the behaviour of PS and PMMA 
homopolymers. Activation parameters derived from a thermodynamic and kinetic analysis of 
plastic flow reveal the strong influence of the MMA units in controlling the elementary 
deformation event. 

1. I n t r o d u c t i o n  
The plastic deformation behaviour of random copoly- 
mers of styrene (STY) and methylmethacrylate 
(MMA) has been studied by compression at constant 
strain rate over the temperature range 170 < T < 
350 K. This work is part of a joint research pro- 
gramme aimed at a better understanding of the mech- 
anical properties of these materials in relation to their 
chemical structure and basic physical properties. 

Although they are both amorphous and display 
rather similar glass transition temperatures, the parent 
homopolymers, polystyrene (PS) and polymethyl- 
methacrylate (PMMA), exhibit pronounced differ- 
ences in their non-elastic deformation response. This 
is well illustrated in the observed shear-band mor- 
phologies obtained for comparable deformation con- 
ditions [1, 2], and also from a phenomenological 
point of view in the study of the thermally activated 
yielding behaviour [3, 4]. This distinction is further 
confirmed from the degree of anisotropy retained at 
the molecular level as deduced from small-angle neu- 
tron scattering experiments. Deformation bands ob- 
tained at the same strain rate and temperature in PS 
and PMMA have been characterized by this tech- 
nique and apparent radius of gyration measurements 
establish the existence of a marked coil anisotropy in 
the case of PS, whereas rather isotropic scattering in 
the case of PMMA is indicative of a diffuse zone 
deformation regime [5]. Refering to these previous 
results, we have conducted a thermodynamic and kin- 
etic analysis of the plastic flow process as a function of 
comonomer composition. 

2: T h e r m o d y n a m i c s  and  k i n e t i c s  o f  
y i e l d i n g  

This approach has been widely documented and is 
shown to provide meaningful information on the re- 
spective roles played by chain flexibility and local 
chain dynamics in the observed plastic deformation 
behaviour. Examples include amorphous and semi- 

crystalline thermoplastics as well as cross-linked net- 
works [3, 4, 6-8]. We shall briefly recall the basic 
features of the theory. 

2.1. Thermodynamics of plastic flow 
In the proposed formalism, plasticity is viewed as 
resulting from the development of microshear bands 
past local obstacles characterized by an energy bar- 
rier, AGo. These barriers are overcome under the 
combined action of stress and thermal fluctuations. 
The corresponding Arrhenius equation for the non- 
elastic strain rate is thus written 

~p ~ ~0 exp(- -AGa(k-~--  cri, r ! )  (1) 

in which AG a is the activation free energy, and the 
effective stress cre = c~a - c~i is the thermal component 
of the flow stress, Oa. We thus distinguish the temper- 
ature and strain-rate dependent effective stress 
c~c(T, ~p), from the average internal stress term, al, 
which originates from the molecular misfits left behind 
the propagation front of the deformation band. In 
contrast to c~c, cr i is not thermally activated and its 
temperature dependence stems from that of the shear 
modulus, Ix. 

Apart from the activation free energy, we have ac- 
cess to its partial derivatives with respect to stress and 
temperature, namely the activation volume, Va, which 
refers to the spatial extension of the barrier, and the 
activation entropy, A S  a. 

Equation 1 can then be expressed as 

AG a = o~kT (2) 

with c~ = log (~O/~p), thus implying that AGa is propor- 
tional to temperature in a constant strain-rate test. As 
recalled above, the barrier is overcome by the com- 
bined contributions of the thermal energy and mech- 
anical work, which means that AGo may be expressed 
by 

AGo = ~kT + Va~  (3) 
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Finally, one additional parameter is of particular 
interest, namely the "athermal" temperature, Ta. It 
corresponds to the situation when the thermal fluc- 
tuations alone are strong enough to overcome the 
energy barrier, i.e. the effective stress is zero. Consider- 
ing Equations 2 or 3 in that case, we find 

AGo = o~kTa (4) 

and knowledge of T~ thus provides a direct measure of 
the barrier height [6]. 

The free energy of activation, may be computed as 
follows 

( Td. ) / (  Td.~ 
AGe = AHa -1- ~ ~ cra Va 1 la d T )  (5) 

where AHa is the activation enthalpy. 

2.2. Y ie ld ing  k inet ics 
The kinetic aspects of the rate equation are also of 
great matter. The non-elastic strain rate may be re- 
written as 

~p = EoNVdef (6) 

where N is the number of active sites, eo is the volume 
average strain contributed by each successful event 
and Vdef is the activation rate, that is the number of 
shear nuclei that achieve expansion per unit time. It 
is the product of an attempt frequency, Vy, by a 
Boltzmann term e x p -  (AGa/kT). If Equation 2 is 
valid, we thus have 

Vde f = V N exp - o~ (7) 

The self consistency of the present analysis implies 
that the elastic response of the material should be 
measured at a frequency Vmod = Vaef. Because Vaef is 
not known a priori, an iterative procedure has been 
designed through which the Gibbs free energy of ac- 
tivation is evaluated from Equation 5 with elastic 
modulus data, ~t(T), obtained at various frequencies 
[9, 103. 

2.3. Operat ional  parameters 
Apart from the flow stress, Cry, and the shear modulus, 
g, two additional parameters are required to compute 
Equation 4. These are the operational activation vol- 
ume, Vo, and the operational activation enthalpy, 
AHo. Vo represents the stress sensitivity of the strain 
rate 

Vo = (8) 
\ aCr /~,struotu,o 

whereas AHo represents its temperature sensitivity, i.e. 

(01o % 
AHo = kT2 \ ST /~,structure (9) 

Because 8o is generally weakly dependent on T, we 
have AH0 -- AHa. Regarding Vo, the situation is not 
as simple and a possible stress dependence of the 
pre-exponential factor in Equation 1 may not be ig- 
nored. A reduced variable integration method has 
been proposed in the literature which enables one to 
compute AGa from Vo [11]. Comparison of this ap- 
proach with the straightforward calculation from 
Equation 5 allows determination of the temperature 
domain for which Vo has the meaning of a true activa- 
tion volume, Va, and also confirms the validity of the 
AG~ values. 

The whole procedure is illustrated below for three 
STY/MMA copolymer compositions. 

3. E x p e r i m e n t a l  p r o c e d u r e  
The copolymers used in this cooperative programme 
were obtained from Norsolor. The molecular charac- 
teristics of these materials, including comonomer 
composition, molecular weight and monomer se- 
quence distributions have been reported previously. 
Regarding the latter, ~3CNMR spectroscopy results 
clearly confirm the random nature of the copolymers 
[12]. Table I gathers some of these data, i.e. molecular 
weights derived from GPC and glass transition tem- 
peratures taken as the 1 Hz loss modulus, T~ max- 
imum. 

The polymer powders were compression moulded 
under vacuum in a Darragon press at Tg + 80 K in the 
form of 3 mm thick plaques. Parallelepipedic samples 
with dimensions 3 mm • 3 mm • 6 mm were prepared 
for the constant strain-rate compression tests in an 
Instron machine. A few cylindrical samples with dia- 
meter 6 mm were also moulded directly in a separate 
equipment. After a 2 h  annealing treatment at 
Tg + 20 K and slow cooling through Tg, no residual 
birefringence could be observed in either type of speci- 
men, and it was thus assumed that all samples are free 
of internal stresses linked to the elaboration proced- 
ure. 

The imposed strain rate was taken as ~ = 1.5 • 
10 -4 s-2, in order to allow comparison with the pub- 
lished data on PS and PMMA [3, 4]. Experimental 
results did not show any effect of sample geometry. 

4. Results 
4.1. Stress-strain behav iour  
The first crucial step in the present analysis is to 
provide a proper definition of the flow stress, Cry, in 

TABLE I Copolymer characterization 

Copolymer Sty units (mol %) MMA units (mol %) M, Mw Tg(1 Hz) 
(g mol - 1 ) (g mol- 1 ) (K) 

S3M 1 75 25 62 500 137 000 379.5 
$2M2 50 50 69 000 139 000 380 
$1M3 25 75 98 500 193 000 388 
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order to measure activation parameters as a function of 
temperature at comparable steady-state microstruc- 
tures. As illustrated in Fig. la and b at 233 and 313 K, 
respectively, the apparent shape of the stress-strain 
curves may change quite significantly, i.e. may or may 
not exhibit strain-softening. For  this reason an opera- 
tional definition of the plastic flow stress was given 
some years ago (for example I-3]). We chose to con- 
sider the stress level at which the experimental activa- 
tion volume measured along the stress-strain curve 
reaches a plateau value. It corresponds either to the 
lower yield point when strain-softening occurs, or to 
the plateau value as seen for instance for $1M3 in 
Fig. la. 

According to this definition, the flow stress data 
have been obtained for the three copolymers in the 
temperature range between 150 and 350 K. The results 
are presented in Fig. 2. Also shown on the same curve 
are the data obtained for PS and PMMA in the 
laboratory. The stress-temperature curves of the 
copolymers lie in between those of the parent poly- 
mers. The curvature of the plot in the case of S1M3 
parallels that of PMMA whereas a linear stress-tem- 
perature variation is seen for S3M1 as for PS. 
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Figure 1 Typical stress-strain curves at (a) 233 K, and (b) 313 K. 
(V) $1M3, (V) SzMz, (~) $3M1. 

4.2. O p e r a t i o n a l  a c t i v a t i o n  paramete rs  

The operational activation volume, Vo, is deduced 
from a stress relaxation test under stationary plastic 
flow conditions. The plots of Fig. 3 compare the evolu- 
tions of V0 as a function of temperature for the five 
materials under consideration. (Fo is expressed with 
respect to the compressive stress, which means that 
shear activation volumes correspond to twice that 
quantity.) It is seen that Fo remains fairly constant in 
the low-temperature domain, below 250 K for all 
polymer systems, and then rises rapidly with T. 

The operational activation enthalpy, AHo, is com- 
puted from Fo and from the slope of the plot of the 
flow stress as a function of T, that is 

AHo - TVo dc~/dT (10) 
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Figure 2 Yield stress as a function of temperature for the hornopoly- 
mers and the three copolyrners. (�9 PS, (@) PMMA, (U) $1M3, (T) 
$2M2, (�89 $3M1. 
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Figure 3 Temperature dependence of the operational activation 
volume for the homopolyrners and the three copolymers. For key, 
see Fig. 2. 
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which stems directly from the definitions of Vo and 
AHo given earlier. 

4.3.  Free e n e r g y  of  ac t iva t ion  
The determination of the Gibbs free energy of activa- 
tion is then achieved according to Equation 5. AS 
mentioned in the presentation of the kinetic aspects of 
the rate equation the self-consistent frequency, Vmod, at 
which the elastic response of the materials has to be 
measured is not known; however, in the present case, 
our previous results for PS and PMMA give 
Vmo d ~--- Vde f of the order of 10 3 Hz. For  this reason the 
temperature variation of the elastic modulus of the 
three copolymers has been measured in a ten- 
sion-compression mode at a frequency of 500 Hz on 
a Metravib viscoelasticimeter. The plots of the tem- 
perature evolutions of the activation enthalpy and free 
energy are presented in Figs 4-6 for the three 
copolymers. AGa values have also been computed 
from the direct integration of the operational activa- 
tion volume. The results, not shown on these graphs 
for the sake of clarity, indicate agreement between the 
two routes for temperatures up to 250-270 K. Thus, in 
the low-temperature range of experimental data, 
Vo = Va has the physical meaning of the spatial exten- 
sion of the thermally activated deformation event. 
Regarding this temperature limit, it is not possible to 
differentiate the copolymers within experimental er- 
ror. 

Returning to the AGa versus Tplots, we find a linear 
variation with a straight line going through the origin, 
thus fulfilling Equation 2 up to 250-270 K. Moreover 
the slope ~ = 21-22 yields an elementary deformation 
frequency in the range 200 < Vde f • 800 Hz perfectly 
consistent with the frequency of modulus determina- 
tion. 

As a final comment on Figs 4-6, it is clearly seen 
that the difference between enthalpy and free energy, 
i.e. the entropy term increases in magnitude as the 
MMA content is varied from 25 mol % to 75 tool %. 
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Figure 4 Temperature dependence of the (O) activation enthalpy 
and ((3) free energy in the case of SAM1. 
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Figure 5 Temperature dependence of the (O) activation enthalpy 
and ((3) free energy in the case of $2M2. 
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Figure 6 Temperature dependence of the (0) activation enthalpy 
and ((3) free energy in the case of S,Ma. 

4.4.  Energy  barrier, AGo 
The magnitude of the local energy barrier, AGo, may 
be obtained from Equation 4 which requires know- 
ledge of the athermal temperature, Ta. It has been 
shown that Vo should tend to infinity as T approaches 
Ta. Instead of trying to guess the temperature at which 
divergence occurs on the Vo(T ) plot, it is more fruitful 
to study the evolution with T of the parameter 
X = k T / V o .  The latter quantity tends towards zero at 
Ta, and based on simple arguments it may be justified 
that a polynomial fit of degree two accounts for the 
X(T) data I-6]. These plots are presented in Figs 7-9 
for the copolymers and Table II gathers 7', and AGo 
values, including those for PS and PMMA. Fig. 10 
illustrates their evolutions as a function of the molar 
% of MMA units. 
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Figure 8 Evolution of kT/Vo versus T in the case of S2M 2. 
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T A B L E  II Activation parameters 

Copolymer Ta (K) AGo (eV) 

PS 425 0.78 
SaM1 400 0.73 
82M2 375 0.68 
S1M3 375 0.68 
P M M A  375 0.68 

4 0 0  

5 .  D i s c u s s i o n  

It is first important to recall that the homopolymers 
exhibit markedly distinct behaviours regarding the 
whole set of activation parameters under considera- 
tion. The slopes of the cry(T)  plots and consistently the 
low-temperature true-activation volumes, Va, differ by 
a factor of the order of 4 (0.9 nm 3 for PS and 0.22 nm 3 
for PMMA, where Va is expressed in shear). Also the 
extrapolated flow stress at 0 K amounts to roughly 
280 MPa in PS, compared with 850 MPa in PMMA 
E3, 4]. 

In the low-temperature regime, the intermediate 
behaviour shown in Figs 2 and 3 by the cry(T) and 
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V,(T) plots of the copolymers obviously does not 
obey a simple rule of mixtures of the corresponding 
homopolymer properties. On the contrary, it reveals 
a dominant role of the MMA sequences in the rate- 
controlling deformation process. For example, refer- 
ring to the values given above, the incorporation of 
only 25% MMA units results in a drop of the activa- 
tion volume to about 0.460 nm 3, and V, becomes still 
closer to the value for PMMA in the case of S/M2 
(0.340 nm 3) and $1M3 (0.270 nm3). 

A dislocation approach has been taken to model 
these activation parameters in terms of local chain 
structure and molecular dynamics [13]. It is con- 
sidered that the major steric hindrances to relative 
chain motions in the propagation of shear bands come 
from entanglements. Reducing the bad molecular mis- 
fits caused by these points implies to have them moved 
off the slip interface. Taking (b) as the average Bur- 
gers vector (shift) of the band, removal of the entangle- 
ment from the slip interface may be viewed as the 
nucleation of an additional prismatic dislocation loop 
of Burgers vector [3 = b(M) - (b), where b(M) is the 
local Burgers vector at point M. In the frame of this 
picture of Somigliana dislocations in polymeric glass- 
es, the activation volume is related to the area swept 
by the [3-loop up to its critical configuration. The 
radius of the zone of hindrance obviously depends on 
local chain stiffness and it has been proposed to take it 
as the length, s, of the statistical chain element [13]. 
The activation volume is thus expressed as 

V a : f[3s z (11) 

in which f is a stress-dependent factor of the order of 
unity and less than n. Experimental comparison for 
vinyl thermoplastics as well as epoxy networks, gives 
a constant ratio Va/S 2 ~ 1.9 [14]. 

Returning to the polymers of concern here, with 
Sps m 2Sp~MA, agreement is found with the ratio of four 
in the activation volumes. To date, no data are avail- 
able concerning the persistence lengths of the statist- 
ical copolymers, but rotational isomeric states calcu- 
lations are in progress in the cooperative programme 
[15] and should allow further testing of the disloca- 
tion model in the near future. 

The dominant influence of MMA units is also re- 
vealed in the AGo values of Fig. 10, as well as in the 
T,s. The latter quantities may seem somewhat surpris- 
ing for PS and $3M1, because they are higher than Tg; 
however, it simply indicates at which temperature the 
local energy barrier would have been overcome by 
coherent thermal fluctuations alone, had not the mo- 
lecular motions of the glass transition been activated. 

Finally these plasticity findings may also be con- 
sidered on a structural basis in the light of the X-ray 
work by Mitchell and co-workers [16] who studied 
the local structure of such random STY/MMA 
copolymers. It seems particularly pertinent to the 
above comments that the preferential stacking of 
phenyl groups in polystyrene giving the so-called 
"superchain" structure [16] is preserved in the 75/25 
($3M1) copolymer, whereas the S 2 M  2 type copolymer 
has lost these correlated structures. 
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