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Abstract

Dynamic mechanical measurements were carried out on rubber-toughened poly(methyl methacrylate) (RT-PMMA) under superimposed

static tensile and compressive stresses, in the temperature+dge 10C, which includes the glass transition of the rubber phase. Under
compression, where the dynamic loss curves were very reproducible, th@é&ak due to the rubber particles shifted to higher temperatures

with increasing superimposed stress. Under tension, by contrast, the loss curves were much more variable, in some cases splitting into two
peaks, and the peak temperature was no longer a function of the superimposed stress. This behaviour is consistent with incipient cavitation in
a proportion of rubber particles under tensile stress. It is concluded that the transition from reproducible to variable dynamic mechanical

behaviour marks the onset of cavitation in the rubber phase. The specimen-to-specimen variations observed under superimposed tensior
appear to be due to differences in strain distributions within and between rubber particles. The procedure provides a method for measuring the
resistance of rubber particles to cavitation in response to mechanically and thermally generated stresses, and for distinguishing the cavitation

event from subsequent dilatational yieldiri@2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction generated within the rubber particles simply on cooling
from the T, of the matrix (typically>100°C) to 23C [4].

The fracture resistance of rubber-toughened plastics isApplication of tensile stress produces additional dilatational
now known to be critically dependent upon void formation volume strains of a similar magnitude in the rubber parti-
in the rubber phase [1,2]. In most types of toughened plas- cles. These strains are partially or fully released when the
tics, cavitation of the rubber particles near a crack tip is particles cavitate. Under appropriate conditions, differential
followed by shear yielding in the intervening matrix to thermal contraction alone can be sufficient to cause cavita-
form dilatation bands thereby allowing the material to tion, as demonstrated by Morbitzer et al. in dynamic
yield at greatly reduced stresses. There is also a growingmechanical studies on ABS [5,6]. Their work concentrated
body of evidence to show that rubber particle cavitation is a on the secondary loss peak at abet®0°C, which is due to
necessary precursor to multiple crazing in toughened glassythe glass transition of polybutadiene. It showed that under
polymers such as ABS and high-impact polystyrene (HIPS) certain conditions, in the absence of superimposed axial
[3]. In view of these developments, it is clearly importantto loading, the secondary loss peak splits into two, with
develop a quantitative understanding of the factors control- maxima up to 1%C apart. The first loss maximum, on the
ling cavitation of the rubber phase. In order to do so, it is low temperature side of the double peak, is obviously due to
necessary to distinguish between the cavitation event itselfintact particles, which are able to relax rapidly because of
and the dilatational yielding that often accompanies it. The the increased free volume due to constraints on thermal
present study addresses this problem. contraction. Morbitzer et al. attributed the second maximum

Void formation in the rubber phase requires an input of to debonded particles, but in the light of more recent work it
energy, which is supplied by a combination of differential is clear that at least some of the observed shifts are due to
thermal contraction and mechanical loading. In toughened internal cavitation of the rubber phase. Their studies
thermoplastics, volume strains in the order of 1% are showed that cavitation and/or debonding are promoted by

low levels of grafting [5], the presence of added liquids [6],
* Corresponding author. increases in particle size, and reductions in the rubber
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content. As the volume fraction of rubber particles is (cavitation) or at the particle—matrix boundary (debonding),
reduced, the matrix imposes increasing constraints uponmaking the density of the rubber phase independent of the
their thermal contraction, and the resulting internal stressestensile stress applied to the HIPS specimen. Electron micro-
and enhancement of free volume in the rubber phase cause acopy showed that internal cavitation with formation of
downward shift in peak temperature, until the local strain rubber fibrils was responsible for this behaviour. The
energy reaches a critical value and the particles cavitate. fibrils are stretched between neighbouring polystyrene

In recent years, the development of an energy-balancesub-inclusions in the ‘salami’ particles, or between sub-
model has led to an improved quantitative understanding inclusions and matrix.
of the cavitation process [1-4,7,9]. Void formation is Previous studies of rubber particle cavitation have been
made possible by the release of energy stored in the rubbebased mainly on measurements of volume strain, small-
particle itself (as volume strain energy) and in the surround- angle X-ray scattering, light scattering, electron micro-
ing rigid matrix. As noted earlier, both differential thermal scopy, or other methods in which the detection of rubber
contraction and mechanical loading contribute to the avail- particle cavitation depends upon large-scale expansion of
able stored energy [4], which is also affected by rubber the cavities, which may initially be less than 10 nm in
content and particle size [8]. Cavitation occurs when the diameter. Consequently, these methods provide data on
energy released during expansion of the voids is sufficient the initiation and development of dilatational yielding,
for both the formation of new surface and associated stretch-rather than on the cavitation event itself. A major advantage
ing of the surrounding rubber. Particle size is important of the new dynamic mechanical technique used in the
because surface-to-volume ratios increase as length scalepresent study is that it provides a method for observing
are reduced. The energy required for cavitation depends onthe onsetof rubber particle cavitation as a separate process,
the shear modulus of the rubber phase, which determines thewithout the complications that arise when shear yielding or
amount of work done in stretching the rubber to accommo- multiple crazing occur at the same time.
date the void. Another important factor is the surface energy  Against this background, the paper presents dynamic
of the rubber, which can be reduced by adding suitable mechanical data on RT-PMMA tested under superimposed
liquids. This might explain the observations of Morbitzer static axial loading, and discusses the information about
et al. [6] on the effects of liquids on the dynamic mechanical rubber particle cavitation that can be obtained from these
behaviour of ABS. The total surface area generated duringresults.
the cavitation of any given particle depends upon the
number, shape and size distribution of the voids contribut-
ing to that expansion. Recent studies indicate that cavitation
in toughened plastics often involves the formation of several
voids within each rubber particle, and that calculations
based on the formation of one void per particle simply
define a lower limit on conditions for cavitation [10]. For
this reason, rubber particles may prove much more difficult
to cavitate than is predicted by the original energy-balance
model.

The present study is based upon earlier work by Lin et al.
[11], who used dynamic mechanical tests to detect cavita-
tion in the rubber particles of a standard HIPS. Their tech-
nique is based upon a simple principle: in the absence of > gpecimen preparation
internal voids, the density of the rubber phase in a tough-
ened plastic changes on application of superimposed axial Granules were dried for approximately 1 h in a vacuum
stresses, thereby causing a shift in the glass transition in theoven before being compression moulded between chro-
rubber particles. Thus under compression the density of themium-plated steel sheets to form 3 mm thick plaques. A
rubber increases, and the secondary loss peak moves tdilm of lubricant, Frekote Aqualine C-200 water-based
higher temperatures. Conversely, under superimposedreleasing interface, was sprayed onto the sheets to aid poly-
tension, the loss peak should shift to lower temperatures. mer flow and prevent sticking. Compression moulding was
However, all three of the HIPS materials tested by Lin et al. carried out at~200°C at a nominal pressure of4 MPa.
showed a different response to axial stress: although the lowThe plaques were allowed to anneal by cooling from the
temperature tad peaks shifted upwards under compres- moulding temperature to room temperature at a rate of
sion, as expected, they were unaffected by superimposed~0.5C min 1.
tension, indicating that the stresses and strains in the rubber For dynamic tests under superimposed tension, dumbbell
phase were independent of the large axial tensile stressespecimens with gauge portions measuring 3x 20 mn?
applied to the HIPS. These results clearly indicate that were machined from the moulded sheets using a router. For
failure has occurred either within the rubber particle tests under superimposed compression, rectangular bars

2. Experimental
2.1. Materials

The material used in this study was a transparent rubber-
modified PMMA supplied by the Acrylics Division of ICI
plc. It contains 40 wt% of core—shell particles, each
comprising a solid PMMA core, an acrylic rubber inner
shell, and a PMMA outer shell. This material provides a
combination of high impact resistance, rigidity, heat resis-
tance, and surface hardness.



C.B. Bucknall et al. / Polymer 41 (2000) 4149-4156 4151

0.12 range —60 to 20C, with a peak dynamic force of 40 N,
+30 MPa corresponding to a dynamic strain amplitude rising from
0.10 approximately +0.1% at —60°C to +0.2% at 20C. In
some preliminary tests, heating was continued to°C40
v 0.08 - However, the data presented below are restricted to the
& region of main interest, between 40 and@0
F 0.6 |
004 <" 3omPa 3. Results
002 - Preliminary dynamic mechanical measurements over a
-40 -30 -20 -10 0 10

wide range of temperatures showed two distinct transitions
in the RT-PMMA blend: a minor one at about20°C,
Fig. 1. Typical dynamic loss curves for specimens tested under superim- Which corresponds to the (glass) transition in the acrylate
posed uniaxial stresses 630 MPa and-30 MPa. copolymer rubber phase, and a major one at abdl20°C,
which is due to the glass transition of the PMMA matrix.
measuring X 3 x 10 mn? were cut with a low speed rotary  The following discussion concentrates on th&ansition in
saw, using paraffin as a lubricant and coolant. Cut surfacesthe rubber phase, which can conveniently be characterised
of machined bars were polished with fine emery cloth to by the maximum in tad at temperaturd,.

Temperature (°C)

avoid premature fracture in tension during testing. Fig. 1 presents typical loss curves obtained under super-
imposed axial stresses 6f30 and+30 MPa, which clearly
2.3. Dynamic mechanical testing affect the positiorT, of the tané peak, but have little effect

. , ) on its height or general shape. Both peaks are relatively
Tests were carried out using an Eplexor dynamic mechan-i, 44 byt it is nevertheless possible to define their maxima

ical thermal spectrometer (DMTS) manufactured in q \ithin ~0.5°C. In order to check the reproducibility of
Germany by Gabo Qualimeter GmbH. This instrument is yya56 measurements, at least four separate specimens were
able to apply static loads of upto 1500 N to the specimen, asteq under each loading condition. Fig. 2 combines data
in various configurations including uniaxial tension or gptained from four separate specimens, each tested under a
compression, while simultaneously measuring dynamic ¢ompressive stress of 10 MPa, and demonstrates that both
mechanical properties at small load amplitudes. _the specimens and the test equipment give very reproducible
In both tension and compression tests, static and dynamic,eqits. The same procedure was repeated 22MPa, and
stresses were applied to the specimens in a direction parallel s 4t 5 MPa intervals from 5 to —40 MPa: in each case
to the length of the bar. Axial static loads in the range e same high level of reproducibility was observed. It is

—40 MPa (compression) te-30 MPa (tension) were first  arefore concluded that quoting valuesTgfto a precision
applied to the specimens at°Z3and held constant during of 0.5°C is justifiable.

the intervals between subsequent (intermittent) dynamic
mechanical measurements.

Specimens were cooled down t660°C (well below the
T, of the rubber) at a rate of 10 min~*, and then heated at
an average rate of °Cmin!. Dynamic tests were

conducted at a frequency of 1 Hz over the temperature

The pattern changes significantly, however, when speci-
mens are compared under superimposed tensile stress, as
illustrated in Fig. 3. The loss curves no longer coincide,
and the temperature of the peak maximum varies from
specimen to specimen. Similar variations were found in
all six sets of curves obtained from specimens tested in
tension, at+2 MPa and at 5 MPa intervals from5 to

012 X i
+30 MPa. Those accustomed to analysing dynamic
0.10 - 5 mechanical test data obtained using other equipment, in
: PrO™ 8o 4y . . . . .
v which specimens are subjected to little or no axial stress,
© 0.08 | e % might regard these variations as within experimental error,
® %%i»&w . .
S o and therefore unimportant. However, in the present work the
F 0.06 | g variability of curves obtained under superimposed tension is
o so much greater than that of curves obtained under compres-
004 compressive stress 10 MPa sion that the difference can confidently be attributed to
002 . . . . ‘ . . ‘ changes in the properties of the material on application of
a0 30 20 10 tensile stress, even at levels as low as 2 MPa.

In order to characterise this change in behaviour, dynamic
loss data for different specimens, all tested at the same
Fig. 2. Dynamic loss curves for five identical specimens, all tested under an superimposed stress level, were compared at three selected
uniaxial compressive stress of 10 MPa. temperatures:-40, —20 and OC. The reason for choosing

Temperature (°C)
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Fig. 3. Dynamic loss curves for three identical specimens, all tested under an uniaxial tensile stress of 30 MPa.

these temperatures is thaR0°C is close tdr,, for all speci- peak against superimposed axial stress. For tests carried out
mens, although in only a few cases ddgslie exactly at under compression, the trend is very clear, and similar to
—20°C. The results of this comparison are illustrated in Fig. that observed by Lin et al. in HIPS: the peak shifts to higher
4, which records the distribution of téhvalues obtained at  temperatures as the applied (negative) stress is increased,
each applied stress, based in each case on sets of at least filgecause the density of the rubber phase increases. However,
specimens in tension and four in compression. For each setthe data from tests carried out under tension present a more
the lowest value of tad at the chosen test temperature is complicated picture. Some points from tests a2 to

subtracted from tad(for specimeni, wherei takes all +10 MPa fit neatly onto the extrapolated curve through
values from 1 to 4 (in compression) or 5 (in tension), and the compression data, but most are clearly above that
therefore includes the specimen with the lowestdarirhis curve, some by as much as 8 K. For any given tensile stress,

method of presentation emphasises the contrast in dynamiche greatest separation between measured valud@s of
mechanical behaviour between specimens tested in6 K. As noted earlier, peak separations of similar magnitude
compression and specimens tested in tension. can occur even in a single loss curve.

In a few cases, application of a tensile stress caused the These results are far more comprehensive than those
loss peak to split into two, as illustrated in Fig. 5, where the reported by Lin et al., and have revealed some new patterns
maxima are AC apart. This splitting is similar to that of behaviour. The increase in variability of the dynamic
reported by Morbitzer et al. in ABS [5,6], and clearly loss data on changing from compression to tension is espe-
reflects the presence of two distinct populations of rubber cially striking, and is in sharp contrast to the consistency
particles, exhibiting different levels of cavitation, and there- observed in loss curves for HIPS under tensile loading: for
fore different stresses and strains in the rubber phase. all three HIPS materials tested, was independent of

Data from all of the tests carried out during this study are tensile stress, with no indication of specimen-to-specimen
compared in Fig. 6, which plots the temperature of thetan variability.
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Fig. 4. Effects of superimposed static stresses upon the variability of the loss peak, expressed as the difference between the highest ard loitass vialu
sets consisting of five specimens each-20°C.
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0.11 McKinney et al. [12] on vulcanised natural rubber, which
show an upward shift of 2& in the loss compliance peak
010 L on application of 981 bar (98.1 MPa) pressure. However, it

must be remembered that in RT-PMMA the rubber particles
are partly shielded by the rigid matrix from the effects of

Tan &

0.09 | applied compressive stress.
In order to understand the complex relationship between
0.08 applied mean stress (or ‘hydrostatic tension’) and observed
20 MPa loss peak temperatures, especially under tensile loading, itis
007 Lo v v v helpful to employ a schematic diagram comparing the
32 28 24 20 -16 -12 -8 relaxation behaviour of intact rubber particles (i.e. void-

free core—shell particles) with that of the bulk rubber, as
in Fig. 7. Point A defines the loss peak temperafiyref the
Fig. 5. Splitting of the low temperature loss peak under a superimposed unstressed bulk rubber, which is hlgher than its tﬁ'lée

Temperature (°C)

axial tensile loading of 20 MPa. because of the dynamic nature of the test. From both theo-
retical considerations and the work of Morbitzer [5,6], it is
4. Discussion known that tensile stresses developed within the rubber

particles as a result of constrained thermal contraction can

The dynamic mechanical data reported in this paper reduce the observed loss peak temperature by as much as
demonstrate the way in which local stresses and strains20 K, and that the extent of the shift is greatest when the
within a standard RT-PMMA can affect the relaxation beha- concentrations of rubber particles are small, hence the posi-
viour of the acrylate copolymer rubber phase, which under- tions of points B and C below point A on the diagram. The
goes a glass transition at abou0°C. Observations of the  constraining effect of the matrix on thermal contraction in
corresponding low temperature loss peak show that there isthe rubber particles becomes larger as the rubber content is
a considerable degree of uniformity in specimens tested reduced.
under superimposed compression, with high levels of repro-  The lines through points A, B and C in Fig. 7 are based on
ducibility from specimen to specimen, and loss peak the present work and that of McKinney [12]. From their
maxima shifting systematically to higher temperatures as relative positions, it can be seen that quite high ‘hydrostatic’
the compressive stress is increased. This is very much aressures, in the order of 2030 MPa (equivalent to uniaxial
one would expect. Even if the particles all cavitated on compressive stresses of 60—90 MPa) must be applied to
cooling from 100C, in the absence of an applied stress, rubber-toughened plastics simply to reduce the mean stress
the voids would eventually close up when pressure was in the rubber phase to zero, and thus shift thedgreak to
applied, and relaxation times would then increase as thethe same temperature as point A. More generally, it can be
density increased. Fig. 6 shows a shift#4°C on increas- seen that the large dilatational stresses generated in the
ing the compressive stress from 5 to 35 MPa, which corre- rubber particles during cooling cause the whdig vs
sponds to an increase of 10 MPa in the ‘hydrostatic’ mean stress curve to shift progressively to the left as the
pressure (negative mean stress) acting on the RT-PMMA, rubber content is decreased. In other words, if loss peak
which by definition is one third of the uniaxial compression temperatures were plotted against the mean stress within
stress. These results may be compared with the data ofthe rubber particles, rather than the mean stress applied to

-14
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Fig. 6. Effects of superimposed uniaxial stress upon the temperatures of the secondary loss peaks in RT-PMMA. This figure summarizes data taigen from a |
number of dynamic mechanical tests at 1 Hz, including those represented in Figs. 1-3. Both peaks from Fig. 5 are also included.
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Bulk Rubber
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Tan & Peak Temperature (°C)

-20 -10 0 10
Applied Mean Stress (MPa)

Fig. 7. Schematic diagram showing the relationship between applied mean stress and loss peak temperature for bulk rubber and for toughened polyme
containing 40 and 2% rubber particles. Note that the mean (‘hydrostatic’) stress is one third of the uniaxial stress.

the toughened polymer, thdp vs mean stress curves for all  the relaxation behaviour of rubber, but a recent study at
rubber contents would pass through point A, and superim- Cranfield on vulcanised butyl rubber has shown a strong
pose upon the curve for the bulk rubber. dependence off, on tensile strain, as shown in Fig. 9
An alternative way of reducing or eliminating tensile [14]. On the basis of this evidence, it is clear tfgtfor
mean stresses in the rubber phase is to induce cavitationcavitated rubber particles can fall well below point A,
As illustrated schematically in Fig. 8, if the particles then because of large tensile strains in the fibrils, although
become fully relaxed, they will produce a tarpeak at the mean stresses may be quite low (of order 1 MPa). The
same temperature as point A, which does not shift when thesolid line marked ‘Fully Stretched’ in Fig. 8 represents
toughened polymer is subjected to tensile mean stresses (othis state. Failure of the fibrils will, of course, limit the
to modest levels of compressive mean stress). If cavitation extent of the downward shift ifi,. The direct conversion
does not result in complete relaxation, the &apeak will of intact rubber membranes to highly stretched fibrils would
occur at a lower temperature, as shown schematically by theexplain the data reported by Lin et al. for HIPS [11], and
lower dotted line. In Fig. 8, this second line is drawn hori- would be consistent with transmission electron microscope
zontally, but it is quite possible for the residual mean stress observations.
in the rubber phase to vary with applied stress. Applying these principles to Fig. 6, it can be seen that
In the case of the chosen RT-PMMA, there is a third point B, at which zero axial stress is applied to RT-PMMA,
possibility. The presence of a solid PMMA core in each corresponds to a loss peak temperature-@i°C. Because
particle results in the formation of rubber fibrils, which of differential thermal contraction fromt 120°C, the rubber
are stretched out between core and outer shell, and thereforghase is in triaxial tension at this point, afigfor the fully
subject to quite high strains [13], although the mean stressesrelaxed rubber must therefore be substantially higher than
in the fibrils may be relatively small. The literature contains —21°C. Taking reasonable values for the moduli and expan-
little information about the effects of large tensile strains on sion coefficients of the rubber and PMMA phases, and
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Fig. 8. Schematic diagram showing the effects of rubber particle cavitation upon loss peak temperature, where the cavitated rubber is (@dfu(ly) relax
partially relaxed; and (c) fibrillated and highly stretched.
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Fig. 9. Relationship between loss peak temperature and tensile strain for vulcanised butyl rubber (from Ref. [14]).

assuming that there is no stress relaxation on cooling to partially relaxed because cavitation has occurred elsewhere
—20°C, calculations give a maximum value ef3% for in the particle, and has thus redistributed the thermally
the volume strain in the rubber phase, in the absence ofgenerated volume strains; and (c) rubber that is intact and
applied stress. At this volume strain, the loss peak tempera-unrelaxed, because no cavitation has occurred anywhere in
ture for intact rubber particles should be aboutd below the particle. Partial relaxation of volume strains within
that of the fully relaxed rubber. In other words, the esti- intact particles is also possible, as a result of cavitation in
mated temperature at point A on the diagram-is0°C. neighbouring particles.

It follows that the observed loss peak temperature could Large extensions can have profound effects upon the
rise as high as-10°C once the rubber particles have cavi- relaxation behaviour of elastomers. To date, it has not
tated, assuming that the stresses and strains in the rubbebeen possible to obtain specimens that are suitable for
phase fall to zero at that stage. This assumption is reason-studying these effects in acrylate copolymer rubbers, but
able for some rubber-toughened plastics, but is not necessaexperiments on vulcanised butyl rubbers show downward
rily valid for the RT-PMMA under investigation, because of shifts of as much as-25°C on increasing the tensile (engi-
its morphology. As in all transparent grades of RT-PMMA, neering) strain from 30 to 175%, as illustrated in Fig. 9 [14].
the rubber is present as a spherical inner shell which lies These results suggest that in Fig. 6 the series of peaks
between a concentric spherical core of PMMA and an outer grouped around-22°C, especially at higher tensile stresses,
shell of PMMA, to both of which it is securely grafted. The could be due to fibrils of rubber that are stretched between
outer PMMA shell binds the particle firmly to the surround- core and matrix, and are approaching breaking point.
ing matrix. Consequently, on cavitation the elastomeric According to this interpretation, the peaks at abeui6’C
shell tends to break up into fibrils, which connect the rigid in specimens subjected to 15 or 20 MPa tensile stress are
core to the rigid matrix [13], in a similar manner to that due either to less highly stretched fibrils or to partially
observed in HIPS. During the early stages of cavitation, relaxed intact rubber layers in partially cavitated shells.
when total volume strains in the rubber particle are still in The total volume of intact rubber regions of this kind in
the order of 1%, only part of each elastomeric shell may be any given specimen will necessarily decrease as overall
affected, with the remainder forming an intact layer tensile strains increase, thereby increasing the local volume
connecting the core to the matrix. However, as the strain strains in individual particles, so that fibrillation spreads
in the neighbouring matrix increases, and especially if it throughout the material.

begins to craze, the volume strain in the particle will This study has demonstrated the effectiveness of the
increase, and fibrillation of the rubber phase will spread novel dynamic mechanical technique in detecting the
until the whole of the shell is affected [13]. onset of rubber particle cavitation in rubber-toughened plas-

In the light of the foregoing discussion, it becomes a little tics, thus confirming the earlier conclusions reached by Lin
clearer why the dynamic mechanical behaviour of RT- et al. [11]. In the RT-PMMA grade chosen for the present
PMMA is so variable when static tensile stresses are study, the transition occurs at imposed stresses betw@en
superimposed upon the dynamic loads required for the and+2 MPa, which are too small to cause significant shear
measurements. Once the stored elastic energy becomegielding or crazing: at a temperature 6fL0°C, the tensile
large enough to generate voids in the rubbery shells of theyield stress of the RT-PMMA is-50 MPa.
particles, the acrylic elastomer may be found in one of at Another important result of this work is that the tech-
least three states: (a) material that has fibrillated and nique can be used to detect distributions of stress and
stretched to moderate or high strains (extensions up tostrain within the rubber phase after the onset of cavitation in
~400%) [13]; (b) intact (i.e. void-free) regions that are the particles. This method could provide valuable information
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