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ABSTRACT: The mode of microscopic deformation during impact testing of a 80/20 PMMA/rubber blend
has been examined by in situ small-angle X-ray scattering using synchrotron radiation. As discussed
previously, the blend studied possesses an extremely small dispersed rubber phase prepared via chemically
induced phase separation and responds as ductile during tensile deformation but suffers from brittle
failure under impact conditions. In part 2, it was shown that the ductile behavior is accompanied by
cavitation which relieves the triaxial stress state and, subsequently, promotes shear yielding. The present
study demonstrates that increasing the strain rate leads to an enhancement of the nucleation of voids
combined with a decreasing tendency for void orientation upon tensile deformation. By the introduction
of a notch, the deformation rate is enhanced even further, and the mode of microscopic deformation
transforms to crazing, which explains the poor macroscopic impact toughness. Precavitation of the samples,
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however, restores the toughness, even under impact conditions.

1. Introduction

The resistance against fracture and the ability to
absorb a sudden impact are of crucial importance during
the development of polymer blends. Therefore, both the
composition and the morphology are carefully designed
to achieve a maximum toughness at high deformation
rates.»2 Special tests, such as falling weight tests or
flexed-beam tests such as lzod and Charpy impact
tests,? are used for the characterization of impact
strengths. Test parameters such as sample geometry,
experimental setups, and test rates are standardized
(e.g., in ASTM or DIN).

The accuracy and reproducibility of both slow- and
high-speed tensile deformation tests are generally higher
and, therefore, often preferred in more fundamental
studies. Due to differences in notch sensitivity, an
improved tensile toughness does not always result in
an enhanced impact strength. In the case of polycar-
bonate for example, the 1zod impact strength can change
by 1 order of magnitude for test specimens with sharp
and blunt notches.2 Another example is rubber-modified
poly(methyl methacrylate) (PMMA) as used in this
research, which demonstrates a strong increase in
tensile toughness with increasing rubber content while
the impact strength is not improved at all.* The en-
hanced ductility at limited deformation rates, found
upon increasing the rubber content in this blend, is
caused by the transition in mode of microscopic defor-
mation from crazing to shear yielding as was shown by
in situ small-angle X-ray scattering (SAXS) experiments
during tensile deformation.>

Most of the earlier reported studies on real-time
synchrotron deformation—SAXS are performed at lim-
ited strain rates®~12 while only a few have been carried
out under impact conditions.?16 In particular, in the
latter case, the high intensity of the synchrotron source
used is of crucial importance in order to follow deforma-
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tion development at time resolutions less than one-
hundredth of a second. Bubeck et al.* and Buckley®
showed that the amount of crazing in high impact
polystyrene (HIPS) and acrylonitrile—butadiene—sty-
rene (ABS) decreases as the deformation rate in notched
impact tests is increased. For polyethylene, Hughes et
al.’6 successfully performed simultaneous small- and
wide-angle X-ray scattering experiments during high-
speed tensile deformation which is especially interesting
in the study of deformation behavior of semicrystalline
polymers.

This paper describes the influence of strain rate on
the mode of microscopic deformation in the epoxy
rubber-modified PMMA, which had been introduced
earlier,4® and focuses on the 80/20 blend.

2. Experimental Section

2.1. Materials. The PMMA rubber blends were prepared
via chemically induced phase separation during the simulta-
neous polymerization of methyl methacrylate (MMA) and an
aliphatic epoxy resin (SHELL Epikote 877) as discussed in
more detail in the first paper of this series.* The size of the
dispersed epoxy rubber phase was suppressed by controlling
the system viscosity during phase separation.**’ In this study,
one blend composition was considered: PMMA/epoxy 80/20,
using the 90/10 composition as a reference.

2.2. Techniques. The small-angle X-ray (SAXS) experi-
ments were performed at station 2.1 of the synchrotron facility
at the CLRC (Daresbury Laboratories, Warrington, U.K.). The
experimental setup used has been described in more detail in
the previous paper of this series.®

The samples were stretched using a Rheometrics Minimat
miniature tensile machine, which was tilted 45° from the
vertical direction in order to avoid experimental errors as
result of the rectangular beam spot. The tensile experiments
were performed at different deformation rates varying between
0.01 and 25 mm/min using both notched and unnotched
samples. Fresh notches were introduced using a scalping knife
prior to testing.

The data were converted into absolute intensities in order
to allow for a proper comparison of the scattering data collected
at different strain rates. Calibration was performed using a
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Figure 1. Tensile (®) and impact (W) toughness of the PMMA/
epoxy blends normalized to neat PMMA vs the rubber content.
Two blend compositions, 80/20 and 70/30, have been prede-
formed in tensile prior to impact testing (O).

polyurethane sample with known absorption coefficients.’® The
total beam intensity in front of and behind the sample was
recorded by two ionization chambers during the complete
drawing process.

2.3. Data Analysis. The method of analyzing the scattering
and strain data has also been discussed in more detail before.®
From the scattering data, the invariants parallel, Q;, and
perpendicular, Qp, to tensile direction are determined in order
to visualize the development and extent of orientation during
drawing. The absorption data collected by the ionization
chambers are used to calculate the local strain in the beam
spot. In this paper, we have refrained from calculation of the
absolute void volumes on purpose, since most of the scattering,
originating from voids, will be very close to the beamstop, a
resolution limitation in terms of the SAXS setup we used.
Further extrapolation of the intensity to the zero scattering
angle, which is the main factor in a quantitative determination
of the absolute void volume, was not very convincing, at least
in our case.

3. Results and Discussion

3.1. Macroscopic Properties. The macroscopic prop-
erties of the PMMA/epoxy system are summarized in

lzg (intensity)
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Figure 1. The tensile toughness is significantly improved
at epoxy contents of 20 wt % and more, and the
maximum value is found at 30—40 wt %. In contrast,
under notched impact conditions, the toughness remains
unimproved up to 30 wt % rubber while the maximum
is shifted to a rubber content of 60—70 wt %. The
ductility of the PMMA/epoxy 80/20 blend, which showed
cavitation during tensile testing, is completely lost at
higher deformation rates. To explain this in terms of
microscopic deformation, in this study the strain rate
dependence of the cavitation process will be investi-
gated. The development of the voids is monitored at
different strain rates using both unnotched and notched
samples. Notches are applied to increase the local
deformation rate.

3.2. Unnotched Samples. In parts a and b of Figure
2, the scattering patterns prior to fracture are shown
for two unnotched samples, deformed at respectively
0.01 and 25 mm/min. It is evident from these patterns
that the deformation for both strain rates is mainly
accompanied by cavitation on a microscopic level. The
formation of the voids and the development of the
resulting scattering patterns have been discussed be-
fore.> Summarizing, cavitation relieves the triaxial
stress state upon drawing, which promotes the occur-
rence of shear yielding. This results in high local strains
of more than 150% which leads to orientation of the
formed voids in the tensile direction. (The local strain
is defined as the strain measured in the local region of
the sample exposed by the X-ray beam. For the detailed
calculation procedure, see part 2 of this series.%)

The observed elliptically shaped scattering patterns
are attributed to these highly oriented voids. Appar-
ently, the mode of microscopic deformation does not
change with increasing strain rate, in the range inves-
tigated. Next, the results at different intermediate
strain rates will be discussed in more detail.

Figure 2. Small-angle X-ray scattering patterns of the PMMA/epoxy 80/20 blend prior to fracture, deformed at (a) 0.1 and (b) 25
mm/min. Scattering patterns for notched samples of the same blend stretched at (c) 0.01 and (d) 25 mm/min. (e) Pattern measured
for a notched PMMA/epoxy 90/10 sample tested at 25 mm/min. The tensile direction is tilted 45°, “counterclockwise”. Experiments

performed at CLRC, Station 2.1.
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Figure 3. SAXS data for the in situ deformation of unnotched
PMMA/epoxy 80/20 at a displacement rate of 0.1 mm/min: (a)
absolute invariant perpendicular (®) and parallel (O) to the
tensile direction vs the clamp displacement; (b) local strain
(m), intensity of the first (O) and second (®) ionization chamber
vs clamp displacement.

3.2.1. 0.1 mm/min. As can be observed in Figure 3a,
the invariants in both principal directions show a
sudden increase at a displacement of approximately 1
mm. The strong scattering is the result of a sudden
enhancement in the electron density difference caused
by the onset of void formation. Initially, the scattering
in the tensile direction is higher than in the perpen-
dicular direction. This indicates the formation of crack-
like voids or the introduction of some crazes, which both
cause relatively more scattering in the tensile direc-
tion.1®20 The voids thus formed are elongated during
further drawing, which results in a redistribution of the
scattered intensity over both principal directions. Even-
tually, the perpendicular invariant starts to exceed the
parallel invariant at higher draw ratios as expected
from the development of the observed elliptical-shaped
scattering pattern. The overall decrease of the invari-
ants is caused by the decreasing amount of scattering
units in the beam due to sample thinning at higher
strains.

As expected, the onsets of both the local strain and
scattering occur simultaneously and is observed at a
displacement of approximately 1 mm; compare parts a
and b of Figure 3. As a result of the sample geometry,
the exact strain rate cannot be controlled but can be
estimated from the slope of the local strain vs the clamp
displacement, which is equivalent to the deformation
time. Although the clamp displacement rate is constant
(0.2 mm/min), the local strain rate appears to decrease
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Figure 4. As in Figure 3, for a displacement rate of 1 mm/
min.

slowly toward the end of the tensile test. The sudden
decrease in local strain, indicated by the arrow in Figure
3b, is explained by a crack initiation outside the beam
spot, which allows a partial relieve of the elastic strain.
Due to the resulting increase in the sample thickness,
local absorption of radiation is enhanced.

3.2.2. 1 mm/min. Figure 4 shows the results at a
displacement rate of 1 mm/min. If the deformation rate
is increased by 1 order of magnitude, a similar develop-
ment of both invariants is observed; compare Figures
3a and 4a. Again the introduction of voids causes a
sudden increase in scattering intensity. The volumes of
voids for both strain rates appear to be identical since
the value of the invariants is approximately the same.
However, increasing the strain rate decreases the
relative difference between the invariants for both
directions which indicates the formation of more iso-
tropic voids. Less cracklike voids and/or crazes seem to
be formed as can be concluded from the relatively
decreased amount of scattering in the tensile direction.
Due to the void elongation at higher strains, the
perpendicular invariant starts again to exceed the
parallel invariant.

The local strain is also hardly affected by the increas-
ing strain rate; compare Figures 3b and 4b. The strain
developments are similar, and at a higher deformation
the drop in local strain due to crack initiation prior to
fracture is again clearly visible; see the arrow in Figure
4b. As expected, the slope of the local strain curve is
steeper in Figure 4b, which indicates that the local
strain rate increases with the displacement rate of the
clamps.
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Figure 5. As in Figure 3, for a displacement rate of 10 mm/
min.

3.2.3. 10 mm/min. If the deformation rate is in-
creased to 10 mm/min, the quantitative values of the
invariants increase by a factor of 3; compare Figures
4a and 5a. This suggests increasing amounts of voids
and/or void volume. The initial difference between the
invariants for both principal directions suddenly disap-
pears at a displacement of almost 4 mm. The value of
the invarants become equal as a result of an abrupt
change in the perpendicular invariant as indicated by
the arrow in Figure 5a.

Unlike the measurements at lower deformation rates,
Figures 3b and 4b, here the local strain shows a sudden
change at a displacement of 4 mm and becomes constant
for the remaining deformation, Figure 5b. Moreover, for
this particular experiment the increase in deformation
rate to 10 mm/min does not result in the expected
enhancement of the local strain rate, as can be con-
cluded from the limited slope of the curve; compare
Figures 3b, 4b, and 5b. In conclusion, the data collected
at this strain rate should be carefully interpreted since
the invariant and local strain data suggest a rather
inhomogeneous deformation behavior of the material in
the beam spot.

3.2.4. 25 mm/min. Unlike the experiments performed
at a displacement rate of 10 mm/min, Figure 6 suggests
a homogeneous local deformation at 25 mm/min. Figure
6a shows a very strong and abrupt increase of the
invariants at a displacement of 2 mm. The reason is
most likely again the occurrence of cavitation, which
introduces a large difference in electron density. The
amount of cavitation clearly increases with increasing
strain rate as can be concluded from the comparison of
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Figure 6. As in Figure 3, for a displacement rate of 25 mm/
min.

the absolute invariants with those of the experiments
discussed above. The maxima in the invariants are
again the result of sample thinning. From a displace-
ment of 5 mm onward, both invariants become equal
as result of a similar electron density fluctuation along
the principal directions. This indicates that on average
the voids are less oriented along the tensile direction,
in contrast to the observations at lower deformation
rates, see for an example Figure 3a. This is confirmed
by the decrease in the aspect ratio of the elliptical
shaped scattering pattern at higher deformation rates,
compare Figures 2a and b.

The development in local strain in Figure 6b occurs
in the same displacement regime as the observed
changes in scattering intensity; compare parts a and b
of Figure 6. The maximum slope of the curve is
relatively steep, which is evidence for a high local strain
rate. Moreover, the strain at break is extremely high,
more than 200%, and exceeds that of the tests performed
at lower strain rates. In contrast to the lower deforma-
tion rates, no fracture is detected within the same
displacement region. Moreover, beyond 5 mm, no in-
crease in local strain is observed, indicating that the
deformation occurs outside the region exposed by the
incident X-ray beam.

From the development in invariants and local strain
measured at different deformation rates, a few general
conclusions can be drawn. The absolute values of the
invariants suggest that cavitation is enhanced at higher
strain rates. At limited rates, deformation starts with
cavitation, which is followed by a strong orientation in
the tensile direction of the voids formed. This explains
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the development of the elliptical scattering pattern and
the resulting differences in scattering intensity between
both directions. In contrast, higher rates seem to
promote the nucleation of additional voids instead of the
orientation of voids which are formed during the early
stage of the cavitation process. This is concluded from
the fact that the absolute values of the invariants are
enhanced with increasing strain rates while the differ-
ences between both principal scattering directions are
suppressed.

3.3. Notched Samples. For the experiments dis-
cussed above, no transition in the mode of microscopic
deformation is observed at higher strain rates. Never-
theless, the macroscopic mechanical behavior of the
PMMA/epoxy 80/20 blend changes to brittle for impact
conditions. Since 25 mm/min is the maximum displace-
ment rate of the stretching device used, notches are
introduced in the test samples. They will generate an
additional increase in the local deformation rate behind
the notch.

3.3.1. PMMA/Epoxy 80/20. Parts ¢ and d of Figure
2 show the scattering patterns of the deformed zone
behind the notch in the PMMA/epoxy 80/20 blend. A
displacement rate of 0.01 mm/min (Figure 2c) does not
result in a transition in deformation behavior in com-
parison to that of the unnotched samples. The strong
scattering pattern is again caused by the formation of
voids. However, the aspect ratio of elliptical shape is
decreased, which suggests a limited elongation of these
voids upon further drawing. Moreover, the combination
of the elliptical SAXS pattern and the enhanced scat-
tering in the tensile direction should be the result of
inhomogeneous deformation in the region exposed by
the beam spot. This is not surprising considering the
limited size of the deformation zone behind a notch and
the experimental setup, i.e., the orientation of the beam
relative to the sample coordinates. As a result of the
inhomogeneous deformation, the invariant in the tensile
direction in Figure 7a remains higher than the perpen-
dicular invariant during the complete drawing process.
The maximum observed is again caused by sample
thinning due to shear yielding, which is promoted by
the introduction of the voids. Despite the differences
observed, the mode of microscopic deformation in a
notched sample at limited strain rate is identical to that
in a uniaxial tensile test without notch, i.e., cavitation-
induced shear yielding.

Increasing the displacement rate to 25 mm/min in
notched samples causes a dramatic change in scattering
pattern; see Figure 2d. The void scattering is replaced
by only one single but strong streak in the tensile
direction, without the occurrence of any scattering in
the perpendicular direction. Moreover, the correspond-
ing perpendicular invariant in Figure 7b remains
constant over the course of time during the complete
deformation process. The scattering of the streak gives
rise to a sudden stepwise increase for the invariant in
the tensile direction. However, a measuring resolution
of 25 ms appears to be insufficient to collect data points
during its development. The most plausible explanation
for the observed streak is the introduction of crazes as
the electron density difference between the craze—bulk
and polymer matrix is known to give rise to a very
strong scattering in the tensile direction.®2° However,
in contrast to these results, the scattering of craze fibrils
in the perpendicular direction is usually also observed
and can be used to determine the total amount of strain
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Figure 7. Invariant perpendicular (®) and parallel (O) to the
tensile direction vs the clamp displacement for the in situ
deformation of a notched PMMA/epoxy 80/20 blend at dis-
placement rates of (a) 0.01 and (b) 25 mm/min.

related to the crazing process.'*15> The absence of this
scattering suggests the formation of only a small
amount of craze volume and/or crazes with a limited
fibril content as result of the elevated local strain rate.

3.3.2. PMMA/Epoxy 90/10. The occurrence of crazing
and the resulting scattering pattern for the PMMA/
epoxy 80/20 blend is verified by applying the same test
conditions for a 90/10 blend. This blend is brittle and
exhibits crazing even at limited strain rates without
notching.5 The craze scattering patterns during slow-
speed tensile testing include the expected fibril scat-
tering in the perpendicular direction which was used
to calculate the craze—fibril diameter. More extreme
testing conditions result again in only a single scattering
streak in the tensile direction as was observed for the
PMMA/epoxy 80/20 blend; see parts d and e of Figure
2. Consequently, the mode of deformation does not
appear to change for the 90/10 blend with increasing
strain rate since the scattering patterns observed at
both slow- and high-speed testing are attributed to
crazing. However, the type, size and/or amount of the
crazes involved appears to be influenced by the strain
rate, considering the differences in the craze scattering
patterns. Since for the PMMA/epoxy 90/10 blend crazing
is expected, the similarity between the scattering pat-
terns of the 90/10 and 80/20 blend further confirms the
occurrence of crazing for the latter blend at higher strain
rates. Consequently, it can be concluded that the mode
of microscopic deformation for the PMMA/epoxy 80/20
blend transforms from cavitation induced shear yielding



6288 Jansen et al.

shear
_m yielding
5 mm/min
ductile
b
1m/s

brittle

Precavitated zone

—-— e
Impact !

1m/s

0.01 mm/min

Figure 8. Schematic representation of the relation between
the mechanical test, the mode of microscopic deformation
determined via the in situ SAXS measurements and the
macroscopic toughness of the PMMA/epoxy 80/20 blend: (a)
tensile, (b) impact deformation, and (c) a combined test in
which a sample is predeformed in the tensile test prior to
impact testing.

to crazing by shifting the testing condition from tensile
to impact.

3.4. Macroscopic vs Microscopic Deformation. As
discussed, the maximum macroscopic toughness of the
PMMA/epoxy blends shifts to higher epoxy concentra-
tions by changing the test conditions from tensile to
impact. For the PMMA/epoxy 80/20 blend the impact
toughness is equal to that of neat PMMA while the
tensile toughness is significantly improved. The in situ
SAXS—deformation experiments demonstrate that this
is accompanied by a transition in mode of microscopic
deformation. In Figure 8 the macroscopic performance
and the relating microscopic deformation of the PMMA/
epoxy 80/20 blend are summarized. During slow speed
tensile testing, cavitation will relieve the triaxial stress
state which, subsequently, promotes shear yielding upon
further drawing.?-22 This will enhance the ductility of
the blend and thus its tensile toughness; see Figure 8a.
Since cavitation apparently cannot, or can hardly, occur
during impact deformation, crazing rather than shear
yielding occurs, which causes a brittle behavior and,
therefore, a limited impact toughness; see Figure 8b.
However, the influence of void formation on the impact
behavior can easily be studied by a combination of
tensile and impact testing. First, dumbbell-shaped
samples are predeformed at a limited strain rate in
order to induce cavitation in the stress concentration
zone; see Figure 8c. During the predeformation process,
the vyield stress is first passed and, subsequently,
followed by an additional deformation of a few percent.
Next, the samples are shaped into Izod impact bars for
which the notch is machined in the precavitated zone.
The impact toughness of the PMMA/epoxy 80/20 blends
increases substantially by following this precavitation
procedure; see the open squares in Figure 1. In conclu-
sion, cavitation promotes shear yielding also under
impact conditions and thus improves the impact strength.
This is confirmed by similar predeformation experi-
ments for the PMMA/epoxy 70/30 blend. As expected,
the impact toughness is hardly improved since cavita-
tion does not occur during predeformation of this blend.5
The limited toughness enhancement observed in Figure
1 is most probably the result of orientation.

The resistance against cavitation is known to increase
with decreasing particle size.?®~25 Hence, this is ex-
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pected to be of importance especially in case of the
submicrometer- to nanometer-sized morphologies of the
PMMA/epoxy 80/20 blend. However, this does not
explain the apparent strain rate dependence of the
cavitation process. An alternative reason can be found
in the strain rate dependence of the rubber modu-
lus.23.2627 At very high rates the modulus of the dis-
persed rubber phase may approach that of a glass,
which will promote its resistance against cavitation.2®
As a result, cavitation and thus shear yielding, is
suppressed during impact deformation, which explains
the brittle failure found.

4. Conclusions

The improved toughness of a PMMA/epoxy 80/20
blend during tensile deformation is lost under impact
conditions. To explain this finding, the changes in
microscopic deformation of this blend are studied by
means of real-time SAXS—deformation experiments.

During uniaxial tensile testing at limited strain rate,
shear yielding is promoted by the occurrence of cavita-
tion, which causes a ductile macroscopic behavior. At
higher deformation rates the volume of voids formed
increases while the degree of orientation of these voids
in the tensile direction after formation decreases. Ap-
parently, the nucleation of new voids is enhanced by a
higher rate while deformation at limited rate more
predominantly occurs via the orientation of voids which
are formed in an early stage of the drawing process.

By the introduction of a notch, the strain rate is
enhanced which results in a transition from cavitation
induced shear yielding to crazing. This is in accordance
with the macroscopic mechanical behavior of the blend,
which becomes brittle under impact conditions.

The relation between the strain rate and the degree
of the cavitation of the PMMA/epoxy 80/20 seems to
possess an optimum value. First, the tendency for
cavitation is enhanced by the higher strain rate, which
would suggest an additional toughness improvement at
macroscopic level. However, at even higher rates, void
formation can no longer occur, causing brittle failure.
Apparently, cavitation is a prerequirement for this blend
to behave ductile at a macroscopic level. This is con-
firmed by the enhanced impact strength of the PMMA/
epoxy 80/20 system, which is precavitated during slow
speed tensile deformation prior to impact testing.

Generally, the toughness of brittle amorphous poly-
mers can be improved by a transition in mode of
microscopic deformation from crazing to shear yielding.
To achieve this, one should aim for a smaller but more
readily cavitating dispersed rubber phase.
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