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Summary

The pressure dependence of the true stress-true strain behavior in tension of poly-
#tyrene, as an example of an amorphous glassy polymer, has been investigated
Gver the range from atmospheric pressure to 6 kilobars at room temperature and
“onstant strain rate with the principal objectives of elucidating the factors con-
frolling plastic flow and fracture. Some preliminary measurements of the influence
of pressure on the propagation velocity of artificially induced cracks were made,
A comparative study of polystyrene containing a second-phase rubber dispersion
{high-impact polystyrene) was undertaken, together with similar observations on
&n acrylonitrile-butadiene~styrene (ABS) material and a rubber-reinforced poly-
methylmethacrylate.

A pressure-induced transition from brittle to ductile behavior was observed
hetween 2 to 3 kilobars. Crack velocity measurements showed that above the criti-
cal préssure any inherent flaws developed during straining grow only slowly and
are stopped by crack blunting and stress relaxation at the tip. In all the rubber-
reinforced polymers examined, stress whitening is prevented at relatively low
pressures. Additional evidence was obtained that the rubber does not simply stop
eracks and that stress whitening is a major mechanism for energy absorption ine
¥olving a volume increase similar to microcrazing.

Introduction

In a previous paper from this laboratory, it was demonstrated that an im-
proved understandiqg of the mechanical behavior of crystalline polymers
¢ould be obtained from investigation of the influence of high environmen-
tal pressure [1]. The present contribution extends this approach to the
case of a representative glassy amorphous polymer.

Brittle glassy polymers such as polystyrene exhibit, when stressed in
tension, a particular kind of inhomogeneous deformation known as crazing
{2:4] that is associated with the onset of macroscopic fracture. The crazes,
which are expanded structures containing approximately 60% polymer and
40% voids [5], start to develop at an applied tensile stress lower than the
fracture stress and continue to the point of fracture, which can occur before
any appreciable deformation takes place in the uncrazed material. It is well
known that brittleness in glassy polymers can be overcome by introduction

44/1



Effects of hyd 1
ydrostatic pressure on amorphous polyme rs Effects of hydrostatic pressure on amorphous polymers

Wy« 288,350 (M,: M, =~ 3-1: 1) obtained in the form of 0'5 in diameter ex-
truded rod (a general purpose commercial grade from Dow Chemical Co.);
fiigh-impact polystyrene containing 4% butadiene in a matrix having

Wy 81,500, M, = 193,900, (7, : M, =~ 2-4:1) obtained in a similar form

{rom the same source; ABS containing 20% butadiene in a copolymer mat-

1ix having a styrene: acrylonitrile ratio of 2:2:1 and M, of 75-90,000 (a
commercial grade from Marbon Chemical Company) and a rubber-reinforced
polymethymethacrylate (transparent acrylic polymer XT, American Cyanamid
Company).

Tensile specimens were machined from these four materials (in the case
of the ABS and XT materials, the machining was carried out by the manu-
facturers) to the shape and dimensions shown in Fig. 1 (a). The reduced
diameter at the center section of the gage length was adopted after prelim-
inary tests on the most brittle material (polystyrene) showed that fracture
did not occur in this region in its absence. For the measurements of crack
propagation velocity in the polystyrene, special flat section specimens
with a sharp edge-notch were machined to the dimensions shown in Fig.

L (b). For both types of specimens, the gage lengths were polished care-
fully after machining in order to minimise possible surface effects on the
mechanical behavior.

The apparatus used for the tensile straining experiments, which has been
described previously elsewhere [17], is essentially a constant strain-rate
tensile machine contained within a pressure chamber filled with a fluid,
the pressure of which can be maintained constant at a selected value during
specimen straining. The tensile load applied to the specimen is measured
by a strain-gage load cell within the pressure chamber and connected to
the specimen at its fixed end. The specimen strain during the test is moni-

tored in two ways—as elongation from the ‘crosshead travel’ at the movable
end of the specimen by means of a linear transducer and as reduction in
area from direct photographic observation through windows mounted on a
cross-bored hole in the cylinder. In the present studies, the pressure fluid
was castor oil and the specimens were strained at a constant crosshead
speed on 1072 in sec™.

A curve of applied tensile load versus extension was obtained directly
during each test by feeding the outputs from the load cell and transducer
to an X-Y potentiometric recorder. The corresponding changes in specimen
diameter were recorded from timed photographs taken with a 35 mm still
camera. From these measurements, curves of both engineering stress ver-
sus elongation and true-stress versus true-strain were computed. A mini-
mum of two tests were carried out for each condition to establish repro-
ducibility. The true stress data obtained were also used to determine the
point of plastic instability (corresponding to yielding or necking) by means
of Considére’s construction. The construction, which assumes that no

44/3

of an elastomeric phase. Most of the theories advanced to explain the tough

Increases [13], it s apparent that both flow and fracture should be influ-
enced strongly by applied hydrostatic pressure.

.lThe hml.ted previous investigations of the effects of pressure on the ten-
.Sl tt:obehavmr of brittle amorphous polymers [14-16] have indicated increases
In both the fracture stress and strain. For the particular case of glassy am-

l.ntgh compressive stresses. The selection of polystyrene has the additional
Interest that styrene-based rubber-reinforced polymers (‘high-impact poly-

fluences the mechanical behavior is still uncertain. In the experimental
approach adopted, tensile stress-strain measurements on polystyrene at

Experimental procedures and materials

The polymers used in this study were as follows: polystyrene of number-

average molecular weight I = 93,430 and weight-average molecular weight
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¢rease corresponds to a pressure-induced transition from brittle to ductile
hehavior and plastic yielding precedes fracture at all higher pressures.
I'he transition and the pressure dependence of the true yield and fractnre
#tresses are shown more clearly in Fig. 3.

F'he low level of tensile fracture stress at atmospheric pressure is in
ureement with the well-established tensile behavior of unoriented poly-
ityrene and, likewise, extensive crazing was observed to develop at rela-
tively low stresses. The crazes lay perpendicular to the tensile axis and
the transverse brittle fracture took place approximately parallel to them.

At 2 kilobars, the fracture was again transverse but the fracture stress in-
creased, no crazing was seen and the fracture surface was very smooth and
planar. Crazing was absent at all higher pressures also. Above the brittle-
ductile transition, t he specimens exhibited necking and developed promi-
nent shear deformation bands in the neck region — Fig. 4. Such bands have
not been observed previously in unoriented polystyrene in tension as frac-
ture normally precedes plastic yielding. However, bands similar to those
liere have been reported recently [21] for unoriented polystyrene in com-
pression and for preoriented material in both compression and tension.
Thus, this form of inhomogeneous deformation is seen to be generally cha-
racteristic of the yield process in polystyrene. An additional feature of the
observations at pressure is that the bands became less evident as the ten-
sile strain was increased at a given pressure and also as the test pressure
was increased. The fracture process above the transition pressure occurred
consistently by cracks initiating at the surface and spreading slowly (tear-
ing) across the cross-section. As illustrated in Fig. 5, the crack develops
in the neck region, although not always at the smallest cross-section, and
additional cracks frequently developed at other parts of the surface before
complete failure occurred.

In order to clarify the most prominent effect induced by pressure, namely,
the brittle-ductile transition, it will be necessary to consider the results
of the crack propagation velocity measurements. However, so as to estab-

lish a more complete background for that discussion, the observed changes
in modulus and yield stress will be examined first. Although the method of
tensile testing used here does not give precise measurement of the modu-
lus, it is the relative change with pressure which is of interest. Using the
secant modulus at a fixed strain (0-01 in cross-head displacement), the
increase to 6 kilobars is found to be approximately 50%. This change
is small compared with that of some 300% over the same range for the
semi-crystalline polymer, polyoxymethylene (POM) [1]. In the case of the
latter, stress-relaxation measurements at pressure indicated that the modu-
lus change was associated with a pressure-induced increase in the tempera-
ture of the 3 relaxation process [1]. The fact that polystyrene does not ex-
hibit any strong relaxation process below the glass transition temperature
44/5

;netefor plolymers in the pre-yield stages of Straining, the resulting error
Ppears less than that involved in estimating the point of plastjr ; ili
from the true-stress/stress-strain curves. PRSHE instability

;e:tf :t }?ig.h Pressure. In the case of the polystyrene, the Specimens ex-
i tbited similar stress-strain behavior under al] three conditions. For high-
mpact polystyrene and ABS, Pressurisation did not change the behavior



Effects of hydrostatic pressure on amorphous polymers

van der Waal’s forces resultin
) g from the hydrostatic compressi
polymer, which amounts to some 8% at 6 kilobars [22] pression of the
T . . ’
ol 11:: ylfel'd behaylot of polystyrene exhibited at pressures above the criti-
: nsition region has two particularly significant characteristics — there

[szu;]e dept?ndence .for Polystyrene indicates that the Mohr (Coulomb-Navier)
p thcon.tmuum Criterion for yielding, which involves a linear dependence
of the yield stress on the mean normal stress, may provide a useful approxi-
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amorphous glassy polymers (including polystyrene) indicates that there
should be a significant influence of hydrostatic pressure on yielding.
Returning now to the discussion of the pressure dependence of the frac-
ture behavior, it is helpful to examine briefly current ideas on fracture in
polystyrene. The brittle fracture exhibited by many glassy amorphous poly-
mers at atmospheric pressure has been described [25, 26] with some suc-
¢ess in terms of the Griffith theory [27] by which catastrophic growth of in-
herent cracks occurs in an ideal brittle-elastic solid when the work to pro-
duce the corresponding new fracture surface (i.e., the increase in total sur-
face energy) equals or is less than the decrease in elastic strain energy.
For glassy polymers, the surface energy computed on the basis of this
theory from tensile measurements on specimens containing artificial cracks
125] is found to be considerably higher than expected from chemical mea-
#urements or calculations based on molecular structure. Following Orowan’s
proposal [28] to account for similar discrepancies in metals, the higher
measured work of crack propagation has been attributed to additional energy
consumed by plastic deformation in the highly stressed material at the crack
tip. In the case of polystyrene, Berry [25] has shown that the measured
value of this ‘effective surface energy’ indicates that the tensile fracture
stress in the absence of artificial cracks corresponds to that predicted for
material containing inherent flaws some 004 in long. While there is no evi-
dence that flaws of such large size are present initially, crazes develop
extensively at low tensile stresses in polystyrene, grow in size as the ap-
plied stress is increased and are associated with the initiation of catas-
trophic fracture. Accordingly, it has been deduced that the crazes grow
until they can act in a manner equivalent to Griffith flaws with an ‘effec-
tive crack-size’ of 0-04 in. Further support for this interpretation is provi-
ded by the well-known fact that tensile pre-orientation of polystyrene re-
sults both in a higher fracture stress (macroscopic yielding occurs before
fracture) and the inhibition of the formation of crazes.

Against this background, the observations made here of the changes in
fracture behavior with increase in environmental pressure can be interpreted
as follows. Initially, suppression of the formation of crazes occurs (as at
2 kb) with an associated increase in the brittle fracture stress correspon-
ding to the operation of “inherent flaws’ of a size smaller than 0:04 in. The
apparent flaw size computed from the Griffith relation and Berry’s data, but
based only on the observed increase in fracture stress, is approximately
0:010 in. However, the actual flaw size will depend also on any changes
with pressure in the other parameters in the Griffith relation — the elastic
modulus, Poisson’s ratio and the effective surface energy. At 3 kb, the cat-
astrophic growth of inherent flaws is suppressed and the specimens sus-
tain a tensile stress which is large enough to cause macroscopic plastic

yielding. At 3 kb and higher pressures, the final fracture initiates at the
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tsiietcelmt?n surface and procefeds by slow crack growth, presumably by plas-
: arllng, across the specimen Ccross-section. With increasing pressure in

this T€gion, the fracture stress increases and the general path of fract

approaches the direction of maximum shear Stress. e

fai : .
axlu.re In polystyrene, 1.e., approximately 0-04 in, (b) at 2 kb, when visible

glassy polymers at atmospheric pressure of elongated plastic zones which

in a gl
glassy polymer [26], but the present observations are nevertheless useful for
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by optical interference techniques that a slowly propagating crack in poly-
utyrene at atmospheric pressure is preceded by a finite length of craze
#head of the crack tip. However, at the high pressure, in addition to the
absence of macroscopically visible crazes, no changes were observed in
the optical characteristics of the unnotched specimens. Finally, the dis-
“ontinuous increase in fracture stress in the region of the brittle-ductile
tfransition pressure is seento be due principally to the inability of an
inherent flaw (or one developed during the increase in applied stress to
the level required to induce macroscopic plastic yielding) to propagate
cutastrophically. Above the transition pressure, fracture initiates only
after the specimen has been strained beyond the discontinuous yield point
and, due to strain-hardening, the nominal true stress exceeds the yield
stress. In this region, fracture initiation appears to be associated with
micro-structural changes involved in the macroscopic plastic deformation
and crack propagation is by a slow tearing process.

8, Rubber-reinforced polymers
As expected and in marked contrast to the polystyrene, the composite struc-
ture of a dispersion of soft rubber particles in a glassy polystyrene matrix
(high impact polystyrene), behaved in a ductile manner when strained in a
tension at atmospheric pressure — exhibiting a discontinuous yield drop and
extensive cold drawing before fracture. The material yielded at approxi-
mately half the fracture stress of polystyrene alone, as shown in Fig. 7 (it
should be noted that the true stress—true strain form of plot does not re-
flect the cold drawing since that occurs at constant true stress and strain),
and exhibited pronounced stress-whitening over the gage length and on the
fracture surfaces. At 2 kilobars, stress whitening was completely absent,
the modulus increased and the matetial extended without yielding until it
fractured in a brittle manner at a tensile stress close to the fracture stress
for polystyrene at the same pressure. The fracture appearance for both ma-
terials at this pressure was almost identical — a smooth planar fracture sur-
face, perpendicular to the tensile axis. On increasing the pressure further
to 3 kilobars, the high i mpact polystyrene again behaved in a ductile man-
ner but with both the yield and fracture stresses substantially higher than
the fracture stress at the lower pressure. Although a true yield drop was
not apparent, a yield plateau occurred which was followed by a short region
of work-hardening before fracture. Despite the larger total true strain (Fig.
7), no cold drawing took place and the specimens necked directly to frac-
ture. No stress whitening occurred at any stage. At higher pressures, the
behavior was generally similar but with a progressive increase in the yield
and fracture stresses. The pressure dependence of these stresses is shown
in Fig. 8, together with similar data for polystyrene (from Fig. 3).
The principal features of the pressure-induced changes in the tensile be-
havior of the rubber-reinforced polystyrene are a complete suppression of
44/9
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stress-whitening (supplementary tests indicated that stress-whitening was
absent at pressures as low as 0§ kilobars) accompanied at low pressures
by. a suppression of yielding and an increase in fracture stress, but with
failure in a brittle manner. At higher pressures, the material behaves in a
mafnner very similar to that observed for polystyrene alone — it undergoes a
brittle-ductile transition in the region between 2 and 3 kilobars and sub-
sequently yields followed by necking to fracture. The prominent yield drop
for polystyrene is replaced by a yield plateau and the value of the yield
stress at a given pressure is lower. However, the fracture stresses are
almost identical for the two materials and the rates of increase in yield
stress with pressure are very similar.

The two other rubber-reinforced polymers exhibited an identical pressure
fesponse to that of high impact polystyrene (HIPST) in that stress-whiten-
ing was absent in all tests at high pressure. The effect of pressure on the
mechanical behavior of the ABS polymer was generally similar to that of
HIPST in that the modulus and strength increased and a transition to more
ductile behavior occurred with pressure. However, complete embrittlement
at an intermediate pressure was not observed. As shown in Fig. 9, the
yie'ld drop exhibited at atmospheric pressure is accompanied by st,ress
whitening, no cold drawing takes place, and fracture occurs in the neck at
a total elongation very much less than that for HIPST. At 1 and 2 kilobars
the yield stress was progressively increased, but cracking developed on ’
yielding. Propagation to fracture was rapid for the several cracks formed
at the lower pressure, whereas at 2 kilobars only a single crack formed and
extended slowly a considerable amount before growing rapidly. Thus, the
apparent fall in stress after yielding at these pressures is largely attri-
butable to the decrease in actual cross-section due to the cracking. Above
2 kilobars, a transition to more ductile behavior occurs with the develop-
ment of substantial necking. Considerable work-hardening occurs in the
flecked region before fracture initiates. In the case of the XT polymer (re-
inforced polymethyl methacrylate), tensile tests were conducted only at
atmospheric pressure and 2 kilobars, but the material exhibited similar
changes in behavior to that of ABS under the same conditions. A particu-
larly significant observation in the XT polymer, which unlike other rein-

forced polymers is optically transparent, is that it could be seen that no
stress whitening occurred at pressure either on the surface or in the inte-
rior of the specimen.

The characteristics of the changes induced by pressure in the tensile
behavior of these reinforced polymers permit a reassessment of the pos-
sible mechanisms by which the rubber dispersion improves resistance to
catastrophic fracture in glassy amorphous polymers. In the case of HIPST
the facts that the rubber particles are ineffective in preventing brittle fail-,
ure of the material in the relatively low pressure range up to the transition
and that stress-whitening does not occur under pressure point clearly to a
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relationship between these two phenomena. Although rubbers undergo a
trunsition from rubbery to glassy behavior with increasing pressure, as
shown by Patterson [31], the pressures required are such that the disper-
sion in the ABS can be expected to still be rubbery at 2 kilobars. Hence,

an immediate consequence of the brittle behavior observed at 2 kilobars is
that rubber particles, at least in the concentration present in this particu-
lar material, do not influence fracture by a crack stopping mechanism. In-
stead, the pressure results provide clear evidence that the mechanism must
involve the stress-whitening and that the latter is associated with a volume
dilation. Thus, the suggestion made in recent years by Bucknall and Smith
[9] and Matsuo [10] that the rubber particles prevent fracture by promoting
the transformation of the adjacent glassy matrix to a fine-scale craze struc-
ture (stress-whitening) appears validated. Kambour [12] has shown that
such a mechanism would inhibit both crack formation and the propagation
of any existing cracks since the spongy craze-structure absorbs energy in
its formation and is capable of sustaining large strains before failure.

A restriction of possible importance in the above discussion is that the
experiments referred to deal with tensile behavior at moderate strain rates.
It is well known that such behavior does not necessarily reflect the charac-
teristics of a material when stressed at high rates, i.e. the conditions of
impact loading. Schmitt and co-workers [7, 11] have proposed an alternative
reinforcement mechanism in which the rubber particles promote the growth
of numerous energy-absorbing microcracks. Recently this hypothesis has
been tested under impact loading conditions using a miniature dart drop
test on the surface of polystyrene, rubber-modified polystyrene and inter-
mediate blends of the two. As the rubber content was increased the cracks
radiating from the impact point reduced in length, increased in number and
an increasing density of stress-whitening developed. From the observation
of partial separation of rubber particles from the polystyrene matrix and
associated microcracks in the dilute blends, it was concluded that such
separation and microcrack formation are the major cause of the high impact
strength. It is suggested that the separation and cracking are facilitated
(i.e., ‘weakness’ is built-in at the particle) by the triaxial tension within
the rubber particle arising from its coherence with the matrix and differen-

. tial contraction of rubber and matrix during cooling from the polymer melt.

Although particle separation and microcracking were also observed in nor-
mal tensile tests on a dilute blend, only separation was found in the un-
diluted material. It must be noted that the interpretation of the point-impact
tests on dilute blends is not unequivocal—the shortening of impact cracks
with increasing rubber content is accompanied by increased stress-whiten-
ing and toughness. Thus, while the particle separation will involve energy
absorption, it may also represent a deterioration of the effectiveness of the
particle compared with maintenance of coherence accompanied by stress
whitening due to microcraze formation in the adjacent matrix.
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.Unfortunately, the present pressure experiments do not permit a deter-
mination of the relative importance of these two mechanisms. However,
it is significant that the lowering of the yield stress of polystyrene by the
rubber additions is not necessarily due to a particle separation mechanism
[11_] since the present measurements at high pressure, where stress white-
ening is absent, show clearly (Fig. 8) that the yield stress of the rubber-
modified polystyrene is consistently the lower. The complete understand-
ing of the mechanism of rubber-reinforcement requires a more extensive
Study than has yet been reported in which the influence of important micro-
Structural variables such as particle size, volume fraction, dispersion type

portant phenomenon,

Conclusions

1. Crazing in polystyrene can be Suppressed at relatively low pressures.
However, at 2 kb fracture is still brittle suggesting the operation of inherent
flaws at that pressure and that crazing is the mechanism of fracture initia-
tion at atmospheric pressure.

2. There is a pressure-induced transition from brittle to ductile behavior
which is associated with the fact that above this critical pressure any in-
herent flaws or cracks developed during straining grow only slowly and are
stopped by crack blunting and stress relaxation at the tip.

3. The yield stress exhibits a linear dependence on the applied pressure,
which supports the volume dilation mode] for yielding and indicates the
usefulness of a Mohr type of continuum criterion for yielding,

4. Polystyrene exhibits a drop in true stress on yielding accompanied by
shear bands indicative of inhomogeneous deformation.

5. In all the rubber-reinforced polymers examined, stress whitening is

major mechanism of energy absorption.

7. In high impact polystyrene above the transition pressure, the presence
of a rubber dispersion markedly lowers the yield stress, even in the absence
of stress whitening, but has essentially no effect on the fracture stress.
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