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Synopsis 

Tensile experiments in polystyrene (PS) and poly(methy1 methacrylate) (PMMA) conducted 
at  constant strain rate over a wide range of pressure and temperature have shown that a brittle- 
to-ductile transition is induced in these amorphous polymers by the superposition of hydrostatic 
pressure as well as by the raise of the experimental temperature. A detailed stress-strain analy- 
sis permits explanation of the mechanism for the brittle-to-ductile transition in terms of interac- 
tion between two competing processes of plastic yielding-crazing and shear banding phenome- 
na. The crazing and shear banding processes respond quite differently to changes of pressure or 
temperature, causing shifting of the brittle-to-ductile transition point to where the craze initia- 
tion stress and shear band initiation stress again become equal. The evidence that the brittle- 
to-ductile transition pressure becomes lower with increasing temperature refutes a previously 
suggested concept that the transition relates primarily to mechanical relaxation phenomena. 

INTRODUCTION 

The mechanical behaviors of polymers as well as other materials are well 
known to be affected with a great degree by the changes of experimental con- 
ditions and sample preparations. An alternation in fracture modes from 
brittle to ductile with increasing temperature is one of the most significant 
cases and many aspects on the brittle-to-ductile transition in polymers have 
been studied extensively from its practical importance. made con- 
siderable efforts to examine the effects of strain rate and basic material vari- 
ables such as molecular weight, crystallinity, additives, crosslinking, side 
groups, and molecular orientation on the brittle-to-ductile transition temper- 
ature. 

In spite of abundant information on factors which influence the brittle-to- 
ductile transition, the mechanism of the transition itself has been understood 
only fragmentarily. In the most cases,Ip3 the brittle-to-ductile transition 
phenomenon in polymers has been explained phenomenologically on the 
basis of the Ludwick4-Davidenkov and Wittman5 hypothesis, which was orig- 
inally suggested from the study of the same transition in metals and which 
assumes that the brittle fracture and plastic flow are independent processes 
and the brittle fracture stress and the yield stress become equal at  the transi- 
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tion temperature. Therefore, in this concept no microstructural features 
such as the crazing6y7 and shear banding phenomena! which have been re- 
cently recognized to be most responsible for the fracture process in glassy 
polymers, have been considered at  all. Another disputant point in the poly- 
mer transition phenomenon is on the relationship between the brittle-to-duc- 
tile transition and the mechanical relaxation phenomena. Several au- 
t h o r ~ ~ - ~ ~  have suggested that the brittle-to-ductile transition always occurs 
near a glass transition temperature or a lower temperature-relaxation tem- 
perature if the polymer exhibits more than one mechanical relaxation. 
These relationships, however, have been proved not to have a general validity 
since some polymers are observed to be ductile at the temperature even lower 
than the lowest temperature-relaxation temperature.l In addition to this 
temperature-induced transition, it has been demonstrated for several poly- 
mers that an increased pressure at constant temperature can likewise induce 
a transition from brittle to ductile.12-16 

In recent publications,17J8 we have reported quantitative studies of the 
way in which superposition of hydrostatic pressure induces the brittle-to- 
ductile transition in amorphous polymers of polystyrene (PS) and poly(meth- 
yl methacrylate) (PMMA) at  room temperature. Based on the detailed 
stress-strain analysis in this work, it was suggested that the interaction of the 
plastic deformation processes of crazing and shear bands appears to be the 
essential mechanism of the brittle-to-ductile transition phenomenon. Thus, 
clarification of the pressure dependence of these processes is likely to lead to 
greater understanding of the transition than it is from the mechanistic view- 
point of the Ludwick-Davidenkov and Wittman hypothesis. The main ob- 
jectives of the present study are to present more extensive data on the effects 
of experimental pressure and temperature on the brittle-to-ductile transition 
point in PS and PMMA and to investigate further the general mechanism 
and/or factors governing the transition phenomenon. The relationship be- 
tween the brittle-to-ductile transition and mechanical relaxation phenomena 
will also be discussed. 

EXPERIMENTAL 

As detailed explanation of the high-pressure tensile apparatus, specimen ge- 
ometry, and the procedure to obtain true stress-strain curves has already 
been done in previous p u b l i c a t i ~ n s , l ~ - ~ ~  only the essentials and some modifi- 
cations will be described here. 

The materials studied in this study, PS (from the Dow Chemical Co.) and 
PMMA (from Cadillac Plastic and Chemical Co.), were obtained commercial- 
ly in the form of extruded rods. All the tensile specimens were machined di- 
rectly from the as-received rods, and the surfaces were carefully polished 
along the gauge length to minimize possible surface effects in mechanical be- 
haviors. The overall specimen length was 2.40 in., and the reduced gauge 
section with 1.50-in. R groove was 0.12 in. in diameter.17 After polishing, the 
PS specimens were annealed following the method of Bailey.20 Finally, sur- 
face of the gauge section was sealed with Teflon tape and covered with a 
transparent silicon rubber in order to prevent possible environmental effects 
due to the surrounding pressure-transmitting fluid or temperature-control- 
ling medium. 
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Fig. 1. Effect of temperature on stress-strain behavior of PS at atmospheric pressure. 

The apparatus used for the tensile experiments a t  atmospheric pressure 
was an Instron machine furnished with a temperature-control chamber which 
was filled with silicon oil as a medium. To perform the high-pressure mea- 
surements at  different temperatures, the high-pressure tensile apparatus was 
equipped with a temperature-control jacket. The test temperature in the 
both cases was measured with a thermocouple positioned less than 0.3 in. 
from the tensile specimens and was controlled within f1.5"C fluctuation dur- 
ing the experiments. All the tensile tests were conducted at  a constant cross- 
head rate of about 0.03 in./min. 

RESULTS AND ANALYSIS 

Brittle-to-Ductile Transition at Atmospheric Pressure 

The tensile experiments on PS and PMMA were carried out over the tem- 
perature range from -10°C to 105°C a t  atmospheric pressure. The tempera- 
ture effects observed on the stress-strain behavior are shown in Figure 1 for 
PS and in Figure 2 for PMMA, respectively. In the case of PS, a drastic 
change in the stress-strain curve appears about 90°C. The stress-strain 
curves of the specimens tested below 80°C are characteristic of the develop- 
ment of the process of craze yielding.21 In this process, an extensive growth 
of crazes across the gauge length of specimen occurs beyond a critical level of 
stress (the break in the curve) and the specimens fracture at  very low strain 
and perpendicular to the tensile direction. In PS, it is noticeable that the 
fracture strains and stresses decrease with increasing temperature. In the 
optical microscope, the well-developed crazes could be observed on the frac- 
ture surface and the adjacent side surfaces. In contrast, the stress-strain 
curve at  90°C shows a distinct yield point, and the specimen exhibits a neck- 
ing and further cold drawing. A t  97"C, the specimen deforms uniformly 
without the neck formation similar to rubber-like materials. For all the 
specimens deformed at  or above 90°C, no craze formation could be observed 
on their side surfaces. 

In the case of PMMA, the change of fracture mode from brittle to ductile 
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Fig. 2. Effect of temperature on stress-strain behavior of PMMA at atmospheric pressure. 

occurs much less discontinuously in the vicinity of 5OoC, as shown in Figure 
2. Differing from the case of PS, the fracture strain of PMMA in the brittle 
fracture region increases gradually with temperature. Further, the stress- 
strain curves do not exhibit craze yielding, coinciding with the optical obser- 
vation that only a few and undeveloped crazes could be detected on the side 
surface of the fractured specimens. 

To elucidate the mechanism of the brittle-to-ductile transition, the ob- 
served stress-strain curves have been further analyzed in the following man- 
ner. Figure 3 shows schematically typical stress-strain curves for brittle and 
ductile fractures. In general, brittle fracture is considered to occur when a 
specimen fails at  its maximum load (at strains less than, say, 20%, in order to 
exclude rubbers),l but we expand this definition so as to include the case of 
craze yielding in PS, since there the fracture is caused by the propagation or 
development of existing crazes, not shear bands, and its fracture strain is less 
than 3%. For both brittle and ductile fractures, the stress-strain curves show 
a departure from linearity as indicated by arrows in the figure. From the si- 
multaneous observations of the stress-strain and optical behaviors, we and 
other research groups have reported that the onset of nonlinearity on the 
stress-strain curve is accompanied by the initiation of crazes in the brittle 
fracture region18921.22 or by the initiation of shear bands in the ductile frac- 
ture r e g i ~ n . ~ . ' * . ~ ~  Therefore, we define the corresponding stresses as the 
craze initiation and shear band initiation stresses, respectively. 

As shown in Figure 4, PS exhibits the essentially same temperature depen- 
dences for both the craze initiation and fracture stress curves in the brittle 
fracture region. A similar correlation can be seen for the set of shear band 
initiation and yield stresses in the ductile fracture region. However, these 
two sets of curves show quite different temperature dependences, and, fur- 
thermore, they intersect in the temperature region where the brittle-to-duc- 
tile transition was observed. Another characteristic point in Figure 4 is that 
the craze initiation stress shows a substantial lowering around 35°C and the 
temperature dependence becomes much higher above that temperature. Ha- 
ward et al.24 observed similarly the irregular temperature dependence of the 
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craze initiation stress in PS at the same temperature range (see Fig. 3 in ref. 
24), although they did not notice this phenomenon. The possibility that this 
irregular behavior might relate to the 0-relaxation in PS will be discussed 
later. 

For PMMA, the temperature dependences of these various stresses are 
shown in Figure 5 .  Similar to the case of PS, the curve of craze initiation 
stress intersects with that of shear band initiation stress at  the brittle-to-duc- 
tile transition temperature. However, the temperature dependences of these 
stresses above and below the transition do not show much difference and the 
shear band initiation stress in the brittle fracture region estimated by the ex- 
trapolation of the curve seems to be only 10% to 20% higher than the observed 
craze initiation stress. From the combination of this estimation and the re- 
ported that the crazes produce highly stress-concentrated portions at  
the craze tips, it  is reasonable to deduce that the shear band initiates just 
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Fig. 5. Temperature dependences of (A) craze initiation, (A) shear band initiation, (0)  frac- 

ture, and (0) yield stresses in PMMA. Arrow BD indicates brittle-to-ductile transition point. 

after the occurrence of craze formation in this temperature region of 40" to 
-1OOC and thus supresses the further development of crazes. This phenom- 
enon might be the reason why PMMA shows only a few crazes and does not 
exhibit the craze yielding on the stress-strain curves typical of PS. 

It is noticeable that the brittle-to-ductile transition temperatures observed 
in this study, which agree well with the reported transition temperatures of 
90°C for PS25 and 40-45°C for PMMA3~26 are located very closely to the a- 
relaxation temperature of PS and &relaxation temperature of PMMA, re- 
spectively. As a consequence, it has been suggestedg-" that these two poly- 
mers are good examples of a clear correlation between the brittle-to-ductile 
transition and these mechanical relaxation phenomena. However, it will be 
proved in the next section that this good correlation does not exist for either 
polymer when they are tested under a hydrostatic pressure environment. 

Pressure and Temperature Dependences on the Brittle-to-Ductile 
Transition 

As has been reported,l7tl8 the superposition of hydrostatic pressure on the 
tensile specimen can induce a brittle-to-ductile transition at room tempera- 
ture. Figure 6 shows the pressure effects on the stress-strain curves of PS 
tested at  constant temperature of 3loC.l7 The fracture mode of PS changes 
from brittle to ductile between 0.3 kb and 0.4 kb, while Young's modulus in- 
creases almost continuously with pressure. The stress-strain curves were an- 
alyzed in the manner described in the preceding section, and the obtained 
pressure dependences of characteristic stresses are shown in Figure 7. Al- 
though at  atmospheric pressure the craze initiation stress is much lower than 
the shear band initiation stress, the superposition of hydrostatic pressure 
raises the stress necessary for the onset of crazing more rapidly than that for 
the onset of shear band formation, and these two stresses become equal at the 
brittle-to-ductile transition pressure. Quite similarly, PMMA has been 
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Fig. 6. Effect of pressure on stress-strain behavior of PS at 31% 
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and (0) yield stresses in PS at 31'C. Arrow BD indicates brittle-to-ductile transition point. 

proved to exhibit its brittle-to-ductile transition between 0.2 kb and 0.3 kb at  
23"C.lS 

The above observations demonstrate that the brittle-to-ductile transition 
in amorphous polymers can be induced either by the raising of experimental 
temperature or by the superposition of hydrostatic pressure. However, a 
deeper knowledge of how these two individual phenomena are connected to 
each other is not immediately apparent. In this regard, to investigate how 
the experimental temperature affects the brittle-to-ductile transition pres- 
sure offers a possible approach to understand the fundamental mechanism 
controlling the brittle-to-ductile transition phenomenon in amorphous poly- 
mers. To study the temperature effects on the mechanical behaviors in PS 
and PMMA under pressure, the tensile experiments have been carried out 
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Fig. 8. Effect of pressure on stress-strain behavior of PS at different temperatures of (-) 5°C 
and (- - -) 4OOC. 
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Fig. 9. Effect of pressure on the stress-strain behavior of PMMA at different temperatures of 

(- -1 10°C and (- - - -) 4OOC. 

under pressure and at  various temperatures of 5", 20°, 31", 40°, and 50°C for 
PS and -loo, 5", 23", 30°, and 40°C for PMMA. 

The resulting pressure effects on the stress-strain curves of PS at 5°C are 
shown and compared in Figure 8 with those for specimens tested at the high- 
er temperature of 40°C. It is obvious that the increase of the experimental 
temperature lowers the brittle-to-ductile transition pressure as well as the 
characteristic stresses, such as fracture stress and yield stress, and also 
Young's modulus. A t  5"C, PS fractures in a brittle manner up to 0.8 kb, but 
the fracture mode changes to ductile above 0.9 kb. As the temperature is 
raised, the brittle-to-ductile transition pressure becomes lower and lower, and 
the transition appears between 0.4 kb and 0.5 kb a t  40°C. Similar tempera- 
ture effects can be also observed in PMMA, as shown in Figure 9. PMMA 
exhibits the brittle-to-ductile transition between 0.3 kb and 0.4 kb at  -lO°C, 
while the transition appears below 0.1 kb when the tensile experiments are 
performed at  higher temperature of 40°C. 

The stress-strain curves of the specimens tested under pressure and at  dif- 
ferent temperatures have been analyzed and the pressure dependences of the 
craze initiation and shear band initiation stresses at  various temperatures are 
shown in Figure 10 for PS and in Figure 11 for PMMA, respectively. I t  is 
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Fig. 10. Pressure dependences of (A) craze initiation stress and (A) shear band initiation 
stress in PS at  different temperatures of 5", 20°, 31", 40°, and 5OOC. 
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Fig. 11. Pressure dependences of (A) craze initiation stress and (A) shear band initiation 
stress in PMMA at  different temperatures of -loo, 5", 23", and 40°C. 

again noticeable that the two curves for the craze initiation and shear band 
initiation stresses intersect at the brittle-to-ductile transition pressure irre- 
spective of the test temperature for the both cases of PS and PMMA. 

Based on the data given in Figures 10 and 11, the pressure and temperature 
dependences of craze initiation stress (da,i/dP and da,i/dT) and those of 
shear band initiation stress (da,b/dP and du,b/dT) are calculated and the 
values are listed in Table I. Since these values vary with the temperature 
andlor pressure, the table lists the values averaged over the examined tem- 
perature andlor pressure regions. From the comparisons of the data on the 
pressure and temperature dependences, it is apparent that craze formation is 
much more suppressed by the increase of the superposed pressure than is 
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shear band formation (i.e., (da,JdP)/(du,b/dP) > 1). In contrast, increased 
temperature affects shear band initiation process more strongly than crazing 
(i.e., (da,JdT)/(du,b/dT)  < 1). These results demonstrate that the crazing 
and shear banding phenomena have different sensitivities to the changes in 
environmental pressure and temperature, which is in keeping with the view 
that very different rather than similar supermolecular processes are involved 
in these two phenomena. This point is examined further in the next section. 

Figure 12  shows the temperature dependences of the brittle-to-ductile 
transition pressure obtained from the stress-strain measurements. Both 
polymers-PS and PMMA-show a similar general trend in that the brittle- 
to-ductile transition pressure becomes higher with decreasing temperature. 
This temperature dependence of the transition pressure, however, is the in- 
verse of that expected from the concept that the brittle-to-ductile transition 
relates to mechanical relaxation phenomena, because the temperatures of 
both the mechanical a- and &relaxations are known to become higher with 
increasing pressure. The reasons for this discrepancy, and for the irregular 
temperature dependence of the transition pressure observed in PS around 
40°C, will be discussed in detail in the next section. 

DISCUSSION 

From the tensile experiments of PS and PMMA under the wide range of 
pressure and temperature performed in this study, the following general fea- 
tures may be attributed to the brittle-to-ductile transition phenomenon in 
amorphous polymers: (1) The pressure dependence of the craze initiation 
stress is considerably higher than that of the shear band initiation stress. (2) 
The temperature dependence of the craze initiation stress is considerably 
lower than that of the shear band initiation stress. (3) The two curves of the 
craze initiation stress and the shear band initiation stress intersect a t  the 
point where the brittle-to-ductile transition (whether pressure or tempera- 
ture) is observed, and the craze initiation stress always becomes higher than 
the shear band initiation stress above this transition point. (4) The brittle- 
to-ductile transition pressure becomes higher with decreasing temperature, 
and, conversely, the transition temperature becomes lower with increasing 
pressure. 

While items (1) and (2) suggest that the crazing and shear banding phe- 
nomena have quite different formation mechanisms, Brady and Yeh27 have 
reported that there exist several similarities between the craze morphology 
and shear band morphology in PS. However, the fact that the superposition 

TABLE I 
Comparison of Pressure and Temperature Dependences of Craze Initiation Stress 

( 0 , i )  and Shear Band Initiation Stress ( o s b )  in PS and PMMA 

- duci dosb */ a!P doci  dusb d T  

ksi/kb ksi/kb dP ksi/"C ksi/"C d T  
d P  ' - dP ' dUsb - dT' d T  ' do,, 

PS 11 4 2.7 -0.2 -1.1 0.18 
PMMA 13 6 2.2 -0.5 -0.8 0.63 
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Fig. 12. Temperature dependences of brittle-to-ductile transition pressure in PS and PMMA. 

of hydrostatic pressure affects the crazing more than the shear banding is in 
accord with the well-established difference in their formation mechanisms 
whereby the crazing involves void formation but shear banding essentially 
does not. Moreover, the larger temperature dependence of the shear banding 
over the crazing implies that the molecular motions associated with the band- 
ing, such as molecular sliding,23 can be enhanced by the increase in tempera- 
ture much more than the molecular motions for craze formation. 

From item (3), a satisfactory explanation can be deduced for the general 
mechanism of the brittle-to-ductile transition phenomenon, whether the 
transition is induced either by the increase of temperature or by the superpo- 
sition of pressure. The explanation is simply that the material fractures in a 
brittle manner if the crazes can initiate a t  lower stress level than the shear 
bands at  the test conditions of temperature and pressure. If they cannot, the 
fracture mode will be ductile because the shear bands that form before the 
initiation of the craze function so as to suppress the initiation of new crazes or 
propagation of existing which normally lead the specimen to brit- 
tle fracture. Thus, the competition of and interaction between the crazing 
and shear banding play a particularly important part in the brittle-to-ductile 
transition phenomenon in amorphous polymers. 

Further, this concept of the transition mechanism provides the answer as 
to why the temperature dependences of the brittle-to-ductile pressure in PS 
and PMMA differ from that expected from the idea that the transition re- 
lates to the mechanical relaxation phenomena. As described above, the brit- 
tle-to-ductile transition phenomenon is caused by the interaction between 
two independent plastic deformations of crazing and shear banding and is 
not due to a direct effect of the mechanical relaxation motions. Therefore, 
the brittle-to-ductile transition point depends upon how the changes of pres- 
sure andlor temperature affect the craze initiation and shear band initiation 
processes and hence shift the intersection point of the initiation stresses for 
these two processes. In this regard, there exists no reason to expect the brit- 
tle-to-ductile transition to shift with changes in pressure and/or temperature 
in the same manner as do the mechanical relaxation processes. 
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Despite this absence of a direct effect of relaxations on the brittle-to-duc- 
tile transition, there are some secondary or indirect effects in the case of the 
@-relaxation in PS. As shown in Figure 12 and more clearly in Figure 13, the 
brittle-to-ductile transition pressures in PS change irregularly with decreas- 
ing temperature around 4OoC. A t  atmospheric pressure, the craze initiation 
stress curve of PS showed the irregular lowering around 35°C (Fig. 4), which 
is very close to the reported p-relaxation temperature range of 25-60°C.31 
Further, B ~ y e r ~ ~  found from the analysis of Maxwell and Rahm’s data33 on 
crazing that the apparent activation energy of the P-relaxation in PS agrees 
with the activation energy for the crazing. Therefore, above the &relaxation 
temperature, if this &relaxation really enhances the formation of crazes in 
PS, it could be expected that the stress necessary to initiate crazes will be- 
come substantially lower, and hence brittle fracture will be more favored. 
Naturally, the brittle-to-ductile transition phenomenon under pressure will 
be also influenced indirectly by the existence of such P-relaxation, and the 
pressure necessary to induce the transition will become discontinuously high- 
er in order to compensate for the substantial lowering in the craze initiation 
stress. As demonstrated in Figure 13, where the pressure dependence of the 
,&relaxation temperature is assumed to be about 4”C/kb (by analogy with 
PMMA34), the discontinuous increase in the brittle-to-ductile transition 
pressure is actually observed at  the region where the transition curve meets 
with the &relaxation curve. Thus, the hypothesis that the p-relaxation in PS 
lowers the craze initiation stress and indirectly affects the brittle-to-ductile 
transition process can explain simultaneously the both experimental facts of 
the irregular lowering of craze initiation stress observed at  atmospheric pres- 
sure and the irregular region of the temperature dependence of the transition 
pressure. 

In contrast to PS, the pressure-temperature characteristics for PMMA do 
not show irregularities, despite Boyer’~3~ interpretation that the @-relaxation 
in PMMA is also associated with the crazing phenomenon. The experimen- 
tal results, however, do not give any distinct evidence for a relationship be- 
tween the @-relaxation and the craze initiation stress curve andlor the brittle- 
to-ductile transition curve in this polymer. Rather, PMMA exhibits a t  atmo- 
spheric pressure its brittle-to-ductile transition at about 45OC near to the re- 
ported P-relaxation  temperature^.^^.^^ It is possible that this near coinci- 
dence of the latter with the transition temperature a t  atmospheric pressure is 
preventing experimental observation of its effect. 

CONCLUSIONS 

Tensile experiments on PS and PMMA conducted over a wide range of 
pressure and temperature have shown that the brittle-to-ductile transition in 
these amorphous polymers is strongly affected by both the pressure and by 
the temperature. By using detailed stress-strain analyses, the pressure and 
temperature dependences of the craze initiation and the shear band initiation 
processes were elucidated as the fundamental processes controlling the mech- 
anism of the brittle-to-ductile transition. The major conclusions of this 
study may be summarized as follows: 

Pressure affects the craze initiation stress considerably more than the 1. 
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Fig. 13. Influence of @-relaxation on temperature dependence of brittle-to-ductile transition 
pressure in PS. 

shear band initiation stress. However, temperature acts in exactly the oppo- 
site manner. 

These two initiation stresses become equal a t  the brittle-to-ductile 
transition pressure and/or temperature, suggesting that the transition is in- 
duced by the interaction between competing microplastic deformation pro- 
cesses-crazing and shear banding. 

The brittle-to-ductile transition pressure decreases with increasing 
temperature due to the quite different pressure and temperature dependen- 
ces of the craze initiation and the shear band initiation stresses. 

This transition is not primarily dependent on mechanical relaxation 
phenomena. 

2. 

3. 
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