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Different ABS systems, produced by means of different polymerisation techniques (emulsion and mass
polymerisations) and with different microstructural features were characterised and studied. Elastoplastic fracture
mechanics tests were performed in order to compare the effects of the different morphologies of the dispersed phase
on the mechanical responses. The plastic deformation mechanisms that give rise to energy dissipation were
investigated in situ by means of transmission electron microscopy, and correlated to the observed fracture properties.
Information about the stress field around and inside the dispersed particles was also obtained by dynamic mechanical
analysis. The microstructural characteristics of the materials account well for the performance differences: particles
from emulsion polymerisation, in particular, can cavitate and then promote plastic deformation through shear
yielding. © 1998 Published by Elsevier Science Ltd. All rights reserved.
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INTRODUCTION different polymerisation processes give rise to rubbery
articles whose structure is fairly different.

The aim of this work is to analyse and compare from a
complete mechanical point of view, i.e. considering both the
macroscopic performance and the microscopic plastic
mechanisms, some ABSs produced by the two different
polymerisation techniques.

Acrylonitrile—styrene—butadiene (ABS) polymers have P
great market relevance: they are used from the appliance
to the car industries because of their good properties
balance: these materials, in fact, represent a valuable
compromise in mechanical, aesthetic and processing
properties.

ABS is formed by a matrix of random styrene—
acrylonitrile (SAN) copolymer in which a population of EXPERIMENTAL
approximately spherical rubbery particles, generally made
of polybutadiene (PB) and having sizes in a range from 0.05
to 5um, is dispersed: the adhesion between the matrix and
the second phase is provided by some graft SAN-PB
copolymer at the interfaces. The presence of the rubbery
particles is the reason for the improved toughness of ABS:
SAN is in fact quite a brittle material, whose critical stress
intensity factorK,, is not far from that of polystyrene (PS),
being close to about 1-2 MPa'fh

The mechanisms of rubber toughening have been widely

Materials

ABS materials produced by emulsion polymerisation and
by mass polymerisation, henceforth referred to as E and M,
respectively, were considered for the present investigations.
A substantial difference in the internal structure of the
rubbery phase particles obtained by the two processes is
apparent from the TEM micrographshingure 1: emulsion-
made ABS has bulk rubber particles, with almost no sub-
included SAN; conversely, mass polymerised materials

examined in recent years and it is evident that the have, inside the dispersed patrticles, a high included SAN

augmented toughness is obtained when the second phas@oment'. Witlhhf"‘ k;s_alami' mc|>rphology similar to that of
is able to trigger and amplify on a microscopic scale the conventional high impact polystyrene (HIPS).
matrix plastic deformation mechanisms. Furthermore, the Or each of the two internal particles structures, samples

presence of the second phase can modify the stress—straidvith different particle sizes and size distributions were
state of the matrix, changing its microdeformation modes €hosen: samples E1 and E2 have small and large particles,

from less to more energy consuming ones: in ABS, for respectively, and samples M1, M2 and M3 have increasing

example, this happens when the deformation balance goeé?article size, with a particularly large particle size distribu-
from crazingto shear yieldingBecause of this, it is evident ~ 1ON fo(;ds_a_lmple M3. | ected in ord

that the amount, dimensions, structure and properties of the N addition, a pure SAN copolymer was selected in order to
second rubbery phase are extremely relevant in the assessmeR{€Pare, by extrusion blending with the ABS materials, diluted
of the ABS macroscopic mechanical performance. Therefore, SAMPIes having various levels of second phase content. The
knowledge and control of these parameters allow ABS molecular characteristics of the SAN sample were chosen to be
producers to tailor their products according to the applications. S|m|Iar| to those of trt‘e mlatrlces of the ABS samplesl. |
This possibility is increased by the fact that ABS can also be  'able 1reports the relevant composition and molecular

produced by mass polymerisation procelsémside the weight data of the five l_JndiIuted ABS samples. Emulsion-
traditional ABS emulsion polymerisation. In fact, the two _made samples have a h!gh PB content and a high amount of
insoluble phase (separation of the insoluble phase was carried

*To whom correspondence should be addressed out according to the procedure reported in Refs 2 and 3): this

POLYMER Volume 39 Number 25 1998 6315



Toughness of ABS resins: G. F. Giaconi et al.

e

Figure 1 TEM micrographs of the five ABS samples: (a) E1/10; (b) E2/10; (c) M1; (d) M2; (e) M3

shows that most of the SAN in these materials is grafted to
the cross-linked PB particles. Mass polymerised samples,
however, have a much lower PB content and a considerable
amount of ungrafted SAN, as indicated by the low amount
of insoluble phase. No data are reported Table 1 Table 1 Characteristics of the materials
concerning the key characteristics of the rubbery phase, Material
that is the total second phase content and the particle size

distributions. Reliable measurement of these parameters is EL E2 M1 M2 M3

not easy, especially when comparing samples with different PB (wt%) 49.0 67.5 11.0 10.8 10.9

morphologies, and the issue is addressed in the following ST (Wt%) 37.5 24.0 65.0 65.5 66.3

section AN (Wt%) 11.5 7.8 23.2 23.2 22.7
o . . .. AN/SAN (%) 23.4 24.5 26.3 26.1 255

Diluted sam_ples, obtained from each ABS by mixing with  watrix m,, 121000 103000 145000 118000 107000
SAN as described above, were prepared to have 5, 10, 15vatrix M,/M, 3.5 4.3 2.4 25 21
and 20 wt% of insoluble phase for the mass polymerised Insoluble phase90.2 87.2 19.2 19.2 196

materials and 5, 10, 15 and 20 wt% of PB for the emulsion c°ntent
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materials Table J. In the cases of M1, M2 and M3 the in the TEM images an@ the real second phase volume
highest concentration samples were obtained by simply fraction.
extruding, with no added SAN, the original ABS, their Equations (1)—(3), which produce an over-determined
insoluble phase content being close to 20%. system when one considers more than one thickness, have
Five series of samples were thus available for the been solved considering pictures from slices having
mechanical characterisation, each of them correspondingdifferent thicknesses and using a simple algorithm. This
to one of the five different rubbery-phase morphologies, and produced consistent resuflt§ which were also confirmed
each constituted by four samples having different insoluble by a refinement of the phase separation techriique
phase content. In the following, samples are identified by a however, the mathematical procedure needed to solve the
letter related to the polymerisation process, followed by a system can be additionally improved, because it fails to
number corresponding to the particle size and by a secondwork in particular cases.
number indicating the dilution level (e.g. M1/10 is the mass  In fact, the algorithm applied to date finds solutions
polymerised sample with the smallest particle size, diluted everywhere in the three dimensional spa@)(R?), (R%),
to an insoluble phase content of 10 wt%; E2/15 is the but, from the physical point of view, not all the values of the
emulsion sample with large particles at a PB content of unknowns are possible. It is easy to check that the values are
15 wt%). physically meaningful provided they satisfy the following
relationships:
Microstructural characterisation
In order to realise a really precise and quantitatively (RY>0 4)
useful structural characterisation, an accurate determinationgng
of the particle size distribution and of the rubbery phase . I
volume fraction is necessary. The materials were analysed £n=(R)— ‘((R ) ”‘1‘ =0 )
by a standard separation technique according to the
procedure described in Refs 2 and 3. However, the valuefor all ngreater than 1. It can be noted tifatcoincides with
of the second phase volume fraction that one obtains from the mean square standard deviatidn _
this separation technique (indicatedfas,in the following) In order to identify acceptable solutions the following
is subject to some criticism and gives rise to data that cannotmethod is proposed. We introduce the error function:
be considered realisfic .
Recently one of us proposed a stereological approachK(R"), (R, (R®), ) =Ky + Ko+ Kz = miax{\e,((Rl), R}
which is described in detail in Ref. 3 and which consists of

analysing transmission electron microscopy (TEM) pic- + miaX{|gi((R1),(R2),(R3))‘}
tures, obtained following the standard technique reported in
Ref. 3, from material slices having different thickness and + max{ Ih;((R?),(R®), ¢)I} (6)
then reconstructing the bulk situation. The model uses the !
following equations: where
: (o TRYE2RER 1
(rl)z w' (1) Q«R >,<R2>) = ((r| ) 74(R1>+ 2t ) (Rl), i=12,...,n
+2t @)
4R’ + 3KR?)
()= —S—— ) (rn ARHBRN 1.
&R + 3t a((RY, (R, (R®) = ((ri )— m) G2y I
AR+ 3KRD) =1,2,...,n ®)
Papp= AR 3

where(r') represents thigh moment of the particle radius ~ h (R, (R®), ¢) = ( PP W) 1; i=12..,n

distribution in the TEM imagegR) the jth moment of the AR%) ¢

real particle distribution in the bulk,the observed section 9)

thickness ¢y, the apparent second phase volume fraction pynctionK contains linear and normalised error terres (
gi, ;) and can be minimised into the space of validity of the
solution by simple numerical algorithms. Moreover, all the

Table 2 Morphological parameters of the considered materials experimental parameters are taken into account, included
Material ¢app Which, by contrast, was calculated in Ref. 3 only
after (RN, (R?),(R®) were determined. This route is useful
EL/10 E2/10 M1 M2 M3 ] X ; .

. for many reasons: it allows using all the experimental infor-
(R ) (um) 0050 ~ 0084 0131 0211 = 0665  mation we have achieved, it is more suitable to compute the
(R (um?) 0.0026 0.0089 0.0281 0.0623 0.442 han th dratic. f b , , b
R (um?) 0.0002 00012 00056 00208 0592 errors than the quadratic form because it permits a better
o 0.000 0.043 0104 0133 0.000+ definition of the minimum point, and it is more appropriate
o (%) 9.7 10.9 16.8 23.8 41.2 when one element of the setgy{e,,...,es}, { 9o, 92,-..,093},
Sub-inclusion (%) 37 56 73 {hy, hy,...,h3}, is predominant over the others.

D sep (%) 10.0 10.0 19.2 19.2 19.6

The experimental application of the model followed the
The meaning of the symbols is illustrated in the text. The SAN sub- procedure described in detail in Ref. 3. The image ana|ysis
inclusion volume fraction in the particles (sub-inclusion %) is simply data for all the materials were, then, utilised as the input data

computed from¢ and the PB content (%)Téble ) values. The datum f s f th f iorK in i
indicated with an asterisk is questionable (see text). Data relatie.tof or minimisation of the error functio In Its proper

E materials correspond to the pure PB content mathematical domain.
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The search for the minimum point was conducted temperature ranged from120 to—40°C, with a scan rate of
numerically using the Solver algorithm contained in the 1°/min.
widely diffused Microsoft Exced software and the results TEM observation of the plastic deformation processes
are shown inTable 2 was carried out by means of the in situ copper grid technique
Despite the improvement in the mathematical procedure, described in Ref. 12. Samples with 2.5 vol% of second
two values inTable 2 still appear not to be completely phase content were prepared by melt mixing with SAN, the
reliable. They are the values offor system M3 and the  amount of which was determined on the basis of the better
value of¢ for system E2/10. In the first case the resuit 0 estimates of the dispersed phase content obtained by the
would imply that the particle size distribution is mono- microstructural characterisation. Slices abouyini thick
modal, which seems hard to believe sifig¢ appears really ~ were cut by an ultramicrotome and then bonded to copper
broad for the system M3, furthermore there are too many grids (grids had been previously annealed at°8)Ghen
small particle sections close to each other to be cut from dipped into a concentrated SAN solution and dried). The
different particles with the same radiugigure 1). A grids were then strained up to 6% strain in uniaxial tension,
reasonable explanation for this incongruence is that thethus giving rise to plastic deformation of the ABS films.
assumption of spherical shape for the particles cannot beStrained specimens were then directly observed in the TEM.
considered acceptable in this particular case.
In the second case the following relationship, which must
clearly hold for emulsion ABS: RESULTS
-0 Figures 2aand2b show plots of the tensile modullsas a
Psep= ¢ = %PB (11) function of ¢, and ¢, respectively. Tensile modulus in
is violated. However, the discrepancy betwegeand %PB  dispersed-phase systems with spherical particles is known to
is very low and can easily be ascribed to the experimental depend on the total second phase content and on the ratio of
error. the modulus of the patrticles to that of the continuous phase,
i L but not on the particle siz& The modulus of the particles in
Mechanical characterisation
The following experimental techniques were chosen for
the investigation of the mechanical behaviour: conventional
tensile tests, evaluation of fracture mechanics paraméters
andK, dynamic mechanical analysis and TEM observation a4
of plastically deformed thin films.
Tensile tests were performed on all the samples at room
temperature and at a cross head speed of 5mm/min. A
Dumbbell specimens, machined from compression moulded Q)
sheets, were used. ) g 4
J-testing was performed according to the ESIS profycol w
making use of a multispecimen procedit® to measure q
the J-resistance curves and the fracture toughnkssat 2 A
room temperature. Single edge notch (SEN) specimens,
machined from compression moulded sheets, were tested in
three-point bending geometry. An Instron dynamometer
was used at a cross head speed of 5 mm/min. Two samples 1 : ‘
were subjected ta)-testing for each of the five series 0 ¢1° N
investigated, namely samples E1/5, E1/15; E2/5, E2/15; (a) sep (%)
M1/10, M1/20; M2/5, M2/15; M3/5, M3/10. Selection of
these samples was based on the tensile modulus: for each
series, the modulus of the first sample lay between 3.0 and
3.3 MPa, that of the second one between 2.4 and 2.6 MPa. 4
The reasons for using the tensile modulus as the selection .
criterion are given in the following. Specimen size was S
determined according to the testing protocol. Length _ ‘\QA
width W, thicknessB, spanSand the initial notch depth,, & -
in mm, were: 2 .
L = 82.0;W = 16.0;B = 8.0; S= 64.0;a9 = 9.0 for “ .
samples E2/15 and M1/20. 2 RN
L=60.0;W=125;B = 3.2;S=50.0;a5 = 6.9 for all N
the other samples. A

Fracture toughness,. of the pure SAN was evaluated by ‘ ‘
linear elastic fracture tests according to the 1990 testing 0 10 20 30 40
protocol approved by ES{& Specimens, machined from (b) O (%)
compression moulded sheets, with dimensians: 45.0;
W=100; B=3.2;S=40.0 anday = 5.0 mm, were used. Figure 2 (a) Young’'s modulusE, versusthe second phase volume

Dynamic mechanical analysis was carried out on content measured by means of the standard separation methgdb)

. - - Young's modulusk, versugthe second phase volume content measured by

cqmpressmn _momded_ SpEC!anS by a Rheometrlcs R_SAmeans of the image analysis meth@d, Symbols relate to materials as
Il in three point bending, with imposed sinusoidal strain follows: m, E1;®, E2;0, M1; O, M2; A, M3; star, SAN. The line is simply
(maximum strain= 0.03%) at a frequency of 1 Hz. Test a guide for the eye
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E samples is that of PB rubber, which, at room temperature, high sub-inclusion content (more than 95% by volume) the
is about 16 times smaller than that of SAN. M samples modulus at room temperature of such particles is not
have composite particles with a PB rubber matrix and rigid significantly different from that of the pure rubbér A

sub-inclusions: it can be shown, however, that up to a very single relationship is therefore to be expected between the

70
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Figure 3 Stress at the yielding poind,, versusthe Young’'s modulug:

H El;@ E2; [0, M1; O, M2; A, M3

tensile modulus and the dispersed phase volume content for
all the samples considered here. This is actually found in
Figure 2h Figure 23 conversely, shows that different
relationships are found betwe&hand ¢, for each of the
samples.

This supports the validity of the image analysis approach
adopted, and the lack of reliability of the separation
data, which overestimate the dispersed phase content by
including into it the grafted SAN shell surrounding the
particles, and, on the other hand, can underestimate the
dispersed phase content when part of the sub-included SAN
inside the particles is dissolved during the separation
process.

Theo values obtained by image analysis or, alternatively,
the tensile modulus can thus be used as a measure of the
rubbery phase content of the samples when comparing their
mechanical properties.

Results obtained by the tensile tests are summarised in
Figure 3 A plot of ¢, versus Hs shown, which allows the
separation of the effects of the morphology from those of the
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Figure 4 J-resistance curves obtained for the samples chosehtésting (see text): (a) E1; (b) E2; (c) M1; (d) M2; (e) M3. Open circles refer to the lower
modulus samples, filled circles to the higher modulus ones
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Figure 6 dJ/da computed whed = J,, versusthe second phase volume
content measured by means of the image analysis meth@® E1; ®, E2;
O, M1; O, M2; A, M3. The lines are simply guides for the eye

Figure 5 Critical J in mode 1, Jo,, versusthe second phase volume
content measured by means of the image analysis meth@® E1; ®, E2;
0, M1; O, M2; A, M3 triangles. The& . value of the pure SAN is shown by
the star symbol. The lines are simply guides for the eye

dispersed phase content, as discussed above. E-samplaeshich has the higher thermal expansion coefficient, under-
have higher yield stress than M-samples at the s@me goes a hydrostatic dilatation stress. This stress is higher
level; E2 (large particles) gives lower yield stress than E1 for lower rubbery phase contents because the relevant
(small particles) and M3 exhibits the lowest values, while thermal expansion mismatch is actually that existing

M1 and M2 are comparable. An effect of particle size can between the rubber inside each particle and the surrounding
therefore be seen, with a possible additional effect of the two-phase material as a whole, whose expansion coefficient
internal structure of the particles. A qualitative observation is intermediate between those of pure rubber and pure
has to be reported, concerning the fact that tensile SAN and dependent on the rubbery phase content. Peak
specimens of the E series showed noticeable necking aftersplitting phenomena were also observed by the above
the yield point, while the M-series ones showed a less mentioned authors in some materials at low temperatures
localised deformation with a more pronounced stress and low rubbery phase contents and were interpreted on the
whitening. basis of mechanical failure occurring at the matrix—rubber

Inspection of thel-resistance curves reportediigure 4 interface or inside the rubber under the action of the thermal
shows that E-samples are tougher than M ones, with thestress. Rubber particles involved in such failure phenomena
possible exception of sample M1. Moreover, a greater are no more subjected to the dilatation stress, and their
toughness increase with increasing rubbery phase content icontribution to theT, peak is shifted back to a higher
observed for the emulsion made materi&igjure 5reports temperature, corresponding to thg of the unstressed
the Jy, values, measured at a crack advancement equal torubber.

0.2 mm according to the ESIS protocol, plotted against the Thermal stresses have been calculated by Pavan and
rubbery phase content: higher toughness, particularly at theRicco™ for a model system in which a composite particle
higher ¢ levels, is found for the emulsion-polymerised containing a single spherical rigid sub-inclusion is
materials. When (@da) is consideredKigure 6), sample surrounded by a rigid matrix. It was shown that the thermal
M1 appears to be comparable to the E-samples, whereas M&tress, which is maximum for a pure rubber particle with no
and M3 exhibit lower values. sub-inclusion, is strongly decreased as the volume fraction

Dynamic mechanical behaviour in the temperature range of the particle occupied by the sub-inclusion increases.
corresponding to the glass transition of the rubber, reported Dynamic mechanical data iffigure 7 can then be
in Figure 7by plots of tané versustemperature, shows that interpreted on the basis of these considerations. The large
the rigid sub-inclusion content has a definite influence on sub-inclusion content in M-samples prevents the build up
the stress field existing inside the particles and in the matrix of thermal stresses, which are instead present in the
immediately surrounding them. The t&peak temperature,  E-samples: this accounts for the lack of peak shifts in the
which can be considered as representative of the glassfirst case and for the shifts observed in series E1 and E2.
transition temperaturg, of the rubber, is not affected by the  Peak splitting, which is observed for E2 but not for
rubbery phase content in the M2 series (the behaviour of M1 E1, might be due to a weaker interfacial adhesion in
and M3 is similar), while in both the E series it shifts to the large particle sample, or to a higher occurrence, in
lower values as the rubbery phase content is decreased. Inhe same sample, of cavitation phenomena inside the
the large-particle emulsion series E2, moreover, a splitting rubber particles under the action of the strong thermal
of the peak into two smaller ones is observed at the lowest stress existing at the low temperatures reached during the
rubbery phase content. tests.

Similar features in the loss peaks of emulsion-made ABS  The local elastic stress field inside the dispersed particles
materials were observed by Morbitzsral.**, who ascribed and in the surrounding matrix is therefore affected by the
the peak shift to the thermal stress arising inside the rubberinternal structure of the particles.
due to the thermal expansion mismatch between the rubber Relationships between the observed macroscopic
and the surrounding matrix. When the material is cooled mechanical behaviour and the plastic deformation micro-
below the glass transition temperature of SAN, the rubber, mechanisms may be analysed by considering the results of
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the ‘copper grid’ experimentgigures 8—14show the main

@

features observed on the different samples. They can be

summarised as follows.
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Figure 7 (a) Tané versusemperatureT], for material E1. The curves are
relative to materials having values of 0, 5, 10, 15 and 20%, respectively,
going from the lowest to the highest. (b) TarversustemperatureT, for
material E2. The curves are relative to materials haginglues of 0, 5, 10,
15, 20%, respectively, going from the lowest to the highest. (c)sharsus
temperatureT, for material M2. The curves are relative to materials having

¢ values of 0, 5, 10, 15 and 24.4%, respectively, going from the lowest to

the highest
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In emulsion-made samples E1 and ERj(res 8and9)

only the largest particles appear to be active as craze
nucleation sites. A large number of particles which are
not associated with crazes can be observed.

Evidence of shear deformation phenomena in samples
E1l and E2 is given by the presence of diffuse-shear
zones in sample E2 (the lighter-contrast region
marked by ‘B’ in Figure 9 and by the association of
crazes in band-like structures, which were observed
most frequently in sample E1, as the imagerigure

14 shows. In all cases the shear zones and the heavily
crazed bands are inclined at approximately #th
respect to the applied stress direction (labelled by A-
A in the figures).

Cavitation of the rubber particles was observed in
sample E2. Evidence for that can be foundFigure

9 (relevant spots are marked by ‘C’); a typical cavitated
particle is shown at higher magnification figure 13
Mass polymerised materials gave little evidence of
shear deformation. In M1 onlyF{gure 10 some
band-like structures formed by the crazes were
observed, with about the same inclination with respect
to the applied stress direction as that of the heavily
crazed bands in sample EEigure 14.

In M2 and M3 samplesHigures 11and 12, respec-
tively) no evidence for deformation micromechanisms
other than crazing is observed. Crazes are nucleated
by the rubber particles and grow in planes which are

Figure 9 TEM micrograph of sample E2/2.5 after plastic deformation
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perpendicular to the applied stress direction (A-A). inthe arrangement of crazes (d&gure 10, which may be
Craze dimensions and density (number of crazes interpreted as the result of shear deformation processes.
observed per unit surface of microtomed slice) appear Diffuse shear was observed only in sample E2, which is also
to be related to the size and size distribution of the only one in which cavitation of the rubber particles was
the rubber particles: sample M2 shows a relatively detected after cooling at low temperatures in dynamic
homogeneous distribution of crazes similar in size and mechanical experiments and after plastic deformation in the
shape, while in sample M3 fewer crazes of varying size thin films observed by TEM.

may be observed. A first point to be taken into account for the interpretation
of these results is the existence of a critical particle size,
below which the craze nucleation ability of the particles is
strongly reduced. This has been shown to be true in the case
DISCUSSION of HIPS'®~18 and was explained by assuming that the stress
The mechanical behaviour of E-samples, which exhibit concentration field around the particles, whose intensity and
higher yield stress and higher fracture toughness at a givenshape do not depend on the particle size, must extend over
rubbery phase content, seems to indicate that particlesa minimum distance from the particle’s surface in order
coming from the emulsion process, which have much lower to be effective for craze nucleation. The critical garticle
sub-inclusion content and generally smaller dimensions size for HIPS has been reported to be abouyint® a
than mass polymerised particles, have a better tougheningvalue which can of course be different in the case of ABS.
efficiency in ABS systems. Some differences in the plastic It is reasonable to admit, however, that a definite critical
deformation mechanisms associated with the different value exists for ABS and that, therefore, too small particles
particle structures and morphologies may therefore be are not effective as craze nucleation sites in these
expected. materials.

TEM images of plastically deformed films obtained by An interpretation of the fact that multiple crazing appears
the copper grid techniqué-igures 8—14 actually confirm to occur more extensively in M-samples than in E-samples
this: evidence of shear deformation can mostly be found in may thus be based simply on the generally smaller particle
emulsion-polymerised samples, while the mass polymerisedsize of the emulsion-made materials.
ones appear to deform almost exclusively by crazing. The effects of particle size on crazing cannot however
Sample M1 only, within the M-series, shows some features account for all the differences observed in the mechanical

Figure 11 TEM micrograph of sample M2/2.5 after plastic deformation  Figure 13 A cavitated rubber particle in sample E2/2.5 after deformation
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a critical size has to be expected, the value of which depends
on the overall volume strain and on the properties of the
rubber.

As far as the volume strain is concerned, consideration
has to be given to the presence of the above discussed
thermal expansion mismatch between matrix and rubber,
which was shown to be strongly affected by the particles’
sub-inclusion content. The resulting stress state is a purely
hydrostatic dilatation inside the rubber, and can thus give a
positive contribution to the volume strain of the particles
subjected to an externally applied stress. The critical applied
stress for cavitation can therefore be expected to be lower
for the bulk rubber particles than for the ‘salami’ particles, if
all the other conditions (applied stress, particles size, etc.)
are the same.

WAL On the basis of these considerations some interpretation
Figure 14 Association of crazes in band-like structures in sample E1/2.5 can be proposed for the experimental results concerning
after deformation samples E1, E2 and M1.
Plastic deformation in sample E2 may be described as
occurring by cavitation of the rubber particles followed by
behaviour of our samples. The high fracture toughness of shear deformation of the matrix.
the small particle materials (samples E1, E2 and M1), In the case of sample E1 this deformation process
reveals that in these samples better energy dissipationis hindered because of the small size of the particles: as
mechanisms are active than in M2 and M3, despite the the quoted model shows, values for the critical particle
partial suppression of the multiple crazing mechanism diameter, below which cavitation does not occur,
due to the small particle size distribution. As the copper may generally be expected to be of the order of 0,
grid results show, these energy dissipation mechanismswhich is actually very near to the average size of E1
are to be related to the presence of shear deformationparticles.
processes, which therefore are to be taken into account As far as sample M1 is concerned, a reduced thermal
when considering the toughening effects of the small stress exists inside the particles because of the high sub-
particles. inclusion content, and this can result in too low volume

Basically two different shear deformation processes strain under the deformation conditions imposed during the
have been observed, as reported above: diffuse shearcopper grid experiments to induce cavitation of the
found only in sample E2 together with cavitated Dparticles.
particles, and the association of crazes in bands, inclined Samples E1 and M1 nevertheless exhibit fairly good
with respect to the applied stress direction, observed in E1 mechanical behaviour, which may be explained by
and M1. considering the observed simultaneous occurrence of

The importance of cavitation in rubber toughening, crazing and shear deformation within the heavily crazed
particularly with reference to the shear deformation of bands as described above.
the matrix, has been stressed by several authors As recently proposed by Lazzeri and BuckA3ll
Cavitation of the rubber particles has been shown to takethe presence of voids in a ductile matrix affects the
place before plastic deformation of the matrix, not only pressure dependence of the yield stress so that the
when the matrix is ductile, but even for HIPS, in which vyield condition is reached well before the macroscopic
the dominant deformation mechanism of the PS continuousequivalent stress equals the matrix flow stress. These
phase is crazing. Ductile deformation of the matrix material considerations are the basis of the proposed formation of
ahead of a crack has been shown to be enhancedthe ‘dilatation bands’ which are the result of the association
by cavitation, e.g. in Nylon 6-rubber blerfs’ An of cavities (cavitated particles) and shear bands. We did
explanation of this has been given by considering not observe such dilatation bands (cavitated particles
that particle cavitation leads to the relief of the triaxial arranged in an inclined direction with respect to the
stress ahead of a crack, thus increasing the size of theapplied tensile stress) in our copper grid experiments, but
plastic zone. we had evidence of analogous arrangement of crazes in

A model which allows a quantitative assessment of samples E1 and M1. As pointed out above, in these two
the conditions for cavitation has been developed by samples the critical stress for particle cavitation can
Bucknall et al?*?> Main parameters which determine the be higher than in sample E2, because of too small a
cavitation inside a rubber particle are the overall volume particle size in E1 and of a too high sub-inclusion content
strain, the particle’s size, the shear modulus of the rubber, (low thermal stress) in M1. This could restrain the shear
its surface tension and its failure strain. A critical particle deformation of the matrix and encourage the concurrent
size exists, at fixed values of the other parameters, belowmechanism of multiple crazing, in analogy with the case
which cavitation cannot occur. of samples M2 and M3. Particles in E1 and in M1 are

The toughening efficiency of particles which are too however too small for an extensive diffusion of crazing
small for craze nucleation may therefore be connected with throughout the material, and the comparatively small
their cavitation occurring under the triaxial stress state crazes which result may act as voids, arranging in the
existing at the crack tip during fracture. According to the observed heavily crazed bands where a simultaneous shear
above reported interpretations, cavitation should induce deformation can take place. This could be a qualitative
diffuse shear deformation of the matrix, and this is indeed explanation for the good fracture toughness of samples E1
observed in the case of sample E2. Again, the existence ofand M1.
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