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ABSTRACT: A novel toughening modifier, styrene-iso-
prene-butadiene rubber (SIBR), was used to improve the
impact resistance and toughness of acrylonitrile-butadiene-
styrene (ABS) resin via bulk polymerization. For comparison,
two kinds of ABS samples were prepared: ABS-1 was tough-
ened by a conventional modifier (a low-cis polybutadiene
rubber /styrene-butadiene block copolymer), and ABS-2 was
toughened by SIBR. The mechanical properties, microstruc-
tures of the as-prepared materials, and fracture surface mor-
phology of the specimens after impact were studied by
instrumented notched Izod impact tests and tensile tests,
transmission electron microscopy, and scanning electron mi-
croscopy, respectively. The mechanical test results show that

ABS-2 had a much higher impact strength and elongation at
break than ABS-1. The microscopic results suggested that
fracture resistance of ABS-1 only depended on voids, shear
yielding, and few crazing, which resulted in less ductile frac-
ture behavior. Compared with ABS-1, ABS toughened by
linear random SIBR (ABS-2) displayed the synergistic tough-
ening effect of crazing and shear yielding, which could
absorb and dissipate massive energy, and presented high
ductile fracture behavior. These results were also confirmed
by instrumented impact tests. © 2011 Wiley Periodicals, Inc.
] Appl Polym Sci 121: 2458-2466, 2011
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INTRODUCTION

Acrylonitrile-butadiene-styrene (ABS) resin is a rub-
ber-toughened polymer and provides a good balance
between rigidity and elasticity. As a multiphase mate-
rial, its properties are influenced by its morphology.
In general, three major components generate a two-
phase system in which the discrete rubber particles
act as the dispersive phase and the poly(styrene-co-ac-
rylonitrile) (SAN) copolymers act as the continuous
phase in ABS." As a result, ABS resin has great vari-
ety, and it is used widely in industrial fields.

As an important component of a rubber-toughened
polymer, the dispersive rubber phase plays a signifi-
cant role in toughening the ABS resin and can dissi-
pate energy through the initiation of crazing and cavi-
tation.? Therefore, the amount, structure, and types of
rubber have a great effect on the properties of ABS
resin. The most frequently used rubber is polybuta-
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diene (PB).The performances of ABS toughened by PB
rubber are affected by many important factors, such
as the concentration of the rubber,>* the size and the
distribution of rubber particles,'” the volume fraction
of the rubber phase, and the degree of grafting."® In
previous studies, we used lithium-catalyzed low-cis
PB rubber (Li-700A), nickel-catalyzed high-cis PB rub-
ber (Ni-9004), and their compounds to toughen ABS
resins by bulk polymerization.”® We found that the
Li-700A /Ni-9004 compound promoted the formation
of irregular, broadly distributed rubber particles with
a salami structure, and the toughened product pre-
sented better mechanical properties. In addition, other
rubber types have also been developed and used to
toughen SAN copolymers for preparing ABS resin.
Cavabaugh et al.” examined the effectiveness of differ-
ent styrene-butadiene copolymers as interfacial agents
in blends of polystyrene with PB and concluded that
a long asymmetric diblock styrene-butadiene segment
was the most effective compatibilizer. Steenbrink
et al.'” studied the toughening effect on the SAN ma-
trix of acrylic core-shell rubber particles and pointed
out that the mechanical properties of the rubber par-
ticles” core were the key to the toughening efficiency.
However, there have been few pertinent reports on
ABS resin toughened by a styrene—isoprene-butadiene
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terbasic adhesive. In general, a styrene-isoprene-buta-
diene rubber (SIBR) with a special molecular structure,
such as linear random type or starlike block type, can
be designed and synthesized by the anionic polymer-
ization of styrene, isoprene, and butadiene. Because of
its lower glass-transition temperature and main-chain
microstructures involving cis-poly(1,4-butadiene) rub-
ber (BR) and cis-polyisoprene rubber (IR), SIBR has the
advantages of low-temperature resistance and excellent
elasticity. Eventually, it can remarkably affect the
morphology and properties of toughened ABS resins.

The modification made by rubber is aimed at
improving the fracture toughness with slight or even
no loss of other properties. Nowadays, the common
method for characterizing the fracture resistance is
the impact test, which only gives limited information
in high-speed-fracture situations. The morphological
study of the fracture surface of material may be
helpful in explaining in detail how the rubber par-
ticles contribute to plastic deformation and fracture
toughness. Many studies have elucidated the rela-
tion of impact toughness and fracture morphology.
For example, Loyens and Groeninckx'' studied the
deformation mechanisms of rubber-toughened poly-
(ethylene terephthalate) with the fractography of
impact fractured samples and tensile dilatometry
and found that the ductile fracture behavior con-
sisted of massive rubber cavitation and extensive
matrix shear yielding. The high impact toughness
and the toughening mechanism of polypropylene/
CaCO3; nanocomposites were studied by means of
scanning electron microscopy (SEM) and instru-
mented falling-weight impact testing. The SEM
micrographs of the impact-fractured surface and
bulk morphology underneath the fracture surface of
broken Izod samples, together with the results of the
impact testing, suggested that the plastic deforma-
tion zone formed in the crack-initiation stage was
responsible for the high impact toughness of the
annealed nanocomposites.'

We carefully observed the impact-fracture mor-
phologies of an ABS resin toughened by an SIBR
elastomer (ABS-2) and a commercial product pro-
duced by bulk polymerization (ABS-1); we examined
in detail the impact-fracture behavior of the tough-
ened materials and found a correlation between the
morphology and the impact-fracture mechanism.
Possible reasons are also proposed to interpret the
differences in the impact toughness behaviors of the
synthesized resin and the commercial resin.

EXPERIMENTAL
Materials

Two ABS samples were used in this study. ABS-1
was an extrusion-grade commercial product pre-
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pared by continuous bulk polymerization and
toughened with approximately 10 wt % com-
pounded rubber (low-cis PB rubber/styrene-butadi-
ene block copolymer). ABS-2 was made in the labo-
ratory with approximately 12 wt % linear random
SIBR as a toughening modifier. A detailed descrip-
tion of the polymerization can be found in our ear-
lier articles.”®

Mechanical testing

Tensile tests were conducted according to ISO-527 on
an Instron 5567 universal material testing machine
(Boston, USA) at 23°C with a crosshead speed of 5.0
mm/min, an initial gaze length of 40.0 mm, and a
cross section of 4.0 x 2.1 mm?. All tensile test speci-
mens were injection-molded into a dumbbell shape.

The instrumented notched Izod impact tests were
performed according to ISO-180 on a Ceast 695606
Resile Impact instrument (Pianezza, Italy) with a
data acquisition unit (Ceast DAS 4000) and a maxi-
mum work capacity of 2.7 J. Data were acquired at a
time interval of 1 ps per point. All impact test speci-
mens were shaped with dimensions of 80.0 x 10.0 x
4.0 mm®. The notch was milled, having a depth of 2
mm and an angle of 45°, by means of a Ceast 6951
notching machine.

All of the testing specimens were prepared by an
RR3400 model 2 injection test sample molding
apparatus (Ray-Ran, Warwickshire, U.K.). The injec-
tion-molding parameters were as follows: melting
temperature = 230°C, mold temperature = 90°C,
holding pressure time = 60 s, and cooling time = 60 s.
Before testing, the specimens were stored at 23°C at a
relative humidity of 50% for at least 48 h after
molding. For both the tensile and impact tests, five
specimens were tested for each sample. The average
of the five values was used in the subsequent
analysis.

Fractography

In Figure 1, the shadow part presents the impact-
fractured surface. Three different sites of impact-
fractured surfaces were observed by SEM and trans-
mission electron microscopy (TEM). The first site
was as close as possible to the notch tip, the second
was located at a distance of about 1.0 mm from the
notch tip, and the third was located at a distance of
about 2.0-2.5 mm from the notch tip.

The impact-fractured surface morphology was
observed by a Quanta 200 scanning electron micro-
scope (FEI) (Oregon, USA) with an operating voltage
of 15 kV. All of the specimens were sputter-coated
with gold to minimize electrostatic charging.

The morphology was observed by a TECNAI20
transmission electron microscope (FEI) (Oregon,
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Figure 1 Schematic of the impact-fractured surface of a
broken specimen.

USA) with an accelerating voltage of 200 kV. The TEM
specimens were prepared by ultramicrotoming with a
diamond knife on an ultramicrotome (Leica, Switzer-
land) at —120°C. The thickness of the section was less
than 100 nm. The direction of the section was parallel to
the impact-fractured surface. The sections were stained
by exposure to osmium tetroxide vapors for 24 h.

RESULTS AND DISCUSSION
Mechanical properties

The data of the mechanical properties of the two
ABS resins are summarized in Table I Although
ABS-2 had a 2% higher rubber content than ABS-1,
we mainly put emphasis on the type rubber, not the
others. Under the same test conditions, there was lit-
tle difference in the tensile strength and breaking
strength, but there was a distinct difference in the
impact resistance between them. ABS-2 had a rela-
tively high value of impact strength, 468.0 J/m, and
ABS-1 had a relatively low value, 167.6 J/m. Obvi-
ously, ABS-2 could greatly improve the impact prop-
erties with little loss to other properties. The con-
siderably great elongation at break of ABS-2 was
ascribed to its ductility and flexibility of linear ran-
dom SIBR chains. For ABS-1, because of the higher
content of 1,2-isomers, more pendant double bonds
existed on the macromolecular chains of low-cis PB
and styrene-butadiene block copolymer, making its
chains arrange loosely.® ABS-1 had a poorer elonga-
tion at break than ABS-2.

To compare the details of the impact fracture
behavior of the ABS resins, the whole force-time
curve should also be considered. Representative

TABLE I
Mechanical Properties of the ABS Resins
Impact Tensile Break
strength strength strength Elongation at
Code (J/m) (MPa) (MPa) break (%)
ABS-1 167.6 53.6 39.5 7.3
ABS-2 468.0 45.0 379 20.6
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Figure 2 Force-time curves of ABS resins from the instru-
mented notched impact tests: (a) ABS-1 and (b) ABS-2.

force-time curves of the ABS resins are depicted in
Figure 2. First, some related terms are interpreted."
The peak force (F,,) is the highest load and can also be
presumed as a threshold beyond which the material
fractures. It is assumed that crack initiation occurs at
F,,. The crack-initiation energy is defined as the area
under the force-time curve before F,,, and the crack-
propagation energy is defined as that after F,,. T,, is the
time corresponding to F,. The conventional total
breaking energy is the total fracture energy absorbed
during the test and is represented by the area under
the force-time curve. As a result, the fracture energy
not only is dissipated in the crack-initiation stage but
is also required for the crack-propagation stage.

As depicted in Figure 2(a), the force-time curve of
ABS-1 was nonlinear and sawtooth trace. The impact
force increased up to a maximum value and dropped
abruptly at one particular point to zero. Because frac-
ture is a result of the crack-initiation and crack-propa-
gation processes, a certain amount of energy must be
provided during the crack-initiation and crack-propa-
gation stages. From Figure 2(a), we can presume that
the most energy was consumed in the crack-initiation
stage, whereas little energy was dissipated in the
crack-propagation stage of ABS-1.



FRACTURE MORPHOLOGY OF ABS RESINS 2461

Figure 3 SEM micrographs of the impact-fractured surface of ABS-1: (a) the impact-fractured surface, (b) the area near
the notch tip, (c) the area near the notch tip at a higher magnification, (d) the area approximately 1.0 mm away from the
notch root and (e) the area approximately 2.0 mm away from the notch root.

The force—time curve of ABS-2 was still nonlinear was reached, and there was not a definitive point
and sawtooth trace, but it showed a different frac-  where the crack initiation started or the crack-initia-
ture behavior. As shown in Figure 2(b), the impact  tion process stopped."* ABS-2 could sustain a frac-
force dropped slowly after the maximum value that  ture force of about 274.0 N for a few milliseconds;

Journal of Applied Polymer Science DOI 10.1002/app
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this indicated a higher force needed to initiate a real
crack. In addition, the crack-propagation time for
ABS-2 was much longer than that of ABS-1; the
slowly propagating crack demonstrated a larger
amount of fracture energy in the crack-propagation
stage of ABS-2. ABS-2 could dissipate and absorb
more energy than ABS-1. So the crack-propagation
energy could not be neglected compared with the
total energy. This also suggests that the higher
toughness of the ABS-2 was due to the higher
energy absorption during the entire fracture process.

Fracture characteristics of the ABS resins
Fracture morphology (SEM)

Because fracture is a complex process, the details of
fracture information were obtained by SEM. The
crack-propagation direction is indicated with an
arrow in the micrograph. Representatives SEM
micrographs of the fracture morphology of ABS res-
ins are presented in Figures 3 and 4, respectively.
First, the fracture characteristics of ABS-1 are
described as follows. Figure 3(a) presents the frac-
ture surface of the ABS-1 impact testing specimens.
The fracture surface could be divided into different
regions. The crack propagated from up to down. As
shown in Figure 3(a), two regions could be defined
as the crack-initiation region (region 1) and the
crack-propagation region (region 2), respectively.
The latter region could be further divided into two
subregions (A and B) according to the different
modes of crack propagation.

The crack-initiation region (region 1) near the
notch tip was a smaller zone compared with the
crack-propagation region (region 2). The surface of
region 1 appeared to be less ductile feature, as
shown in Figure 3(b). In this region, there were
some circular marks of void formation. Some micro-
voids were formed by the coalescence of neighbor-
ing voids, as shown in Figure 3(c) at a higher magni-
fication. It was clear that the void coalescence in
front of the initial crack constituted the initiation of
fracture, and the plastic deformation implied that
shear yielding took place in the SAN matrix. In a
word, the region around the notch tip consisted of
a plastic region where crack initiation occurred, and
a certain amount of energy was absorbed.

In addition, the crack-propagation region (region
2A) was about 1.0 mm away from the notch tip and
was brittlelike with distributed small vein-type fea-
tures [Fig. 3(d)]. In this zone, the size of circular
marks seemed to decrease as the distance from the
notch tip increased. Also, some fibrils and signs of
ductile tearing were easily observed on the fracture
surface. These features indicate that the rate of crack
propagation was so high that the material had no
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adequate time to respond and restrict the occurrence
of fracture. Region 2B was about 2.0 mm away from
the notch tip and displayed the stick-slip feature, as
shown in Figure 3(e). This feature may be repre-
sented as the stay—develop crack-propagation pro-
cess, accompanied with the relaxation of stress.'’
This implied that instability of the crack propagation
occurred when the increment of the crack grew rap-
idly. As shown in Figure 3(d,e), the fracture surface
presented brittlelike behavior, which led to less
energy absorbed during the crack-propagation
process.

The micrographs of the fracture surface of ABS-2
were also studied. The crack propagated from up to
down. The fracture surface was still divided into
two regions; this showed obvious ductilelike behav-
ior, as shown in Figure 4(a). However, the fracture
surface morphologies of the two regions were dis-
tinctly different from those of ABS-1. An intensive
plastic deformation in ABS-2 occurred; this revealed
a more ductile mode than ABS-1. The differences in
the morphology of materials tended to account for
the obvious differences in their impact strength
obtained in the impact tests. Figure 4(b) shows
much more widespread shear deformation in region
1, just ahead of the notch tip. Such morphology was
consistent with the more ductile fracture surface. In
this region shown in Figure 4(b), the fracture surface
was very rough overall with many extending conical
marks (parabola, hyperbola, or ellipse); these repre-
sent the intersection point between the front of the
primary cracks and the secondary cracks and, to a
certain extent, exhibit a crack-branching effect. They
also represent the level difference between the main
fracture plane and the secondary fracture plane. If
the secondary front propagates more slowly than the
primary front, an ellipse is generated.'® As shown at
a higher magnification in Figure 4(c), microdrawing
was observed on the fracture surface; this indicated
that this zone had extensive deformation.

As shown in Figure 4(d), in region 2A, about 1.0
mm away from the notch tip, severe conical marks
were still identified clearly, and the fibrils were pro-
duced extensively. In ABS-1, the rapid breakdown of
crack propagation did not provide adequate time for
the material to respond; this resulted in a brittlelike
fracture behavior. By comparison, ABS-2 possessed a
more ductile and rougher fracture surface and
showed a slower breakdown of the crack-propaga-
tion region. The reason was possibly that the poly-
meric chain segments of SIBR provided more mobil-
ity and contributed a greater percentage elongation
to the fracture of the ABS-2 material. This yielding
region of the matrix absorbed more energy during
the deformation process. In region 2B, about 2.5 mm
away from the notch tip [Fig. 4(e)], it showed the
chevron marking. The severity of the plastic
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Figure 4 SEM micrographs of the impact-fractured surface of ABS-2: (a) the impact-fractured surface, (b) the area near
the notch tip, (c) the area near the notch tip at a higher magnification, (d) the area approximately 1.0 mm away from the
notch root, and (e) the area approximately 2.5 mm away from the notch root.

deformation decreased, and the extent of shear de-  particles no longer effectively restricted the crack
formation diminished; that is, an accelerated speed  from growing. All in all, the aforesaid fracture sur-
of crack propagation was reached, and the rubber  face morphology accounted for the fact that the

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 5 TEM micrographs of ABS-1: (a) the undeformed specimen before impact, (b) the area near the notch tip, (c) the
area approximately 1.0 mm away from the notch root, and (d) the area approximately 2.0 mm away from the notch root.

fracture resistance of ABS-2 was much higher than
that of ABS-1.

Microdeformation mechanisms (TEM)

To search for additional information on the fracture
behavior of ABS resins, TEM observations were made
on ultrathin sections from the impact-fractured surface.
Typical TEM micrographs of the ABS resins are shown
in Figures 5 and 6, respectively. We first depict the frac-
ture characteristics of ABS-1. A TEM micrograph of an
undeformed ABS-1 specimen before the impact test is
given in Figure 5(a), which shows well-dispersed rubber
particles with a salami structure with SAN occlusions.
The average rubber particle size of ABS-1 from the sta-
tistics of a mass of micrographs was about 0.7 um.

In Figure 5(b), the TEM observations in region 1
corresponds to the initial notch tip of ABS-1. The
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micrograph shows very little short black or bright
lines in the matrix. There was no doubt that the lines
were crazing, which was adjacent to the rubber par-
ticles."” As indicated in parts of Figure 5(b) by an
arrow, the minute crazing generated from the rubber
particle surface had the typical microstructures and
the same internal details of draw fibrils; also, some
of the crazing fibrils were broken down. These
results indicate that the crazing developed in the
matrix before the fracture occurred, and the crack
was initiated by the coalescence of the crazing at
this region. Moreover, the cavitation of rubber par-
ticles was also visible, and shear deformation was
inferred from the distortion of the rubber particles.
On the basis of other researchers’ previous studies,
the cavitation occurred first and could then induce
the shear yielding taking place.'®'® Sequential shear-
ing and stretching progress combined with voiding



FRACTURE MORPHOLOGY OF ABS RESINS

2465

Figure 6 TEM micrographs of ABS-2: (a) the undeformed specimen before impact, (b) the area near the notch tip, (c) the
area approximately 1.0 mm away from the notch root, and (d) the area approximately 2.5 mm away from the notch root.

could obviously dissipate the impact energy on the
material before fracture occurred.

As shown in Figure 5(c), there were few crazes in
the region 2A, away from the notched tip by about 1.0
mm. Some voids were formed inside the rubber par-
ticles, and the cavitation was evident throughout the
region because void formation could facilitate to the
shearing yielding formation, which was still discov-
ered in the region. Some rubber particles deformed
with teardrop shape were ascribed to the apparent
shear yielding of the SAN matrix. However, in the
region 2B [Fig. 5(d)], the rubber particles were slightly
elongated and distorted along a certain direction.
Meanwhile, there were fewer voids and crazing in the
SAN matrix. Few cavities formed were due to good
interfacial adhesion between the two phases.

The morphology shown in Figure 5 may support
the results of SEM observation. We deduced that the

fracture behavior of ABS-1 only depended on the
generation of voids, shear yielding, and a few crazes
contributing to energy absorption. However, these
could not absorb much more energy and resulted in
a less ductile fracture behavior.

Moreover, the typical TEM micrographs of ABS-2
shown in Figure 6 illustrated the deformation of the
impact fracture process. In Figure 6(a), the unde-
formed ABS-2 specimen is shown. The average size
of its rubber particles was about 1.1 pm. The occlu-
sions in the rubber particles were much larger, and
the rubber—occlusion interfaces became more clear.
The difference was attributed to the different rubber
types. PB and polyisoprene segments of SIBR were
capable of insetting in the SAN matrix; this led to
a different grafting extent of the SIBR-graft-SAN
chains. The grafting extent influenced the dispersion
of the rubble particles in the matrix.”* This indicated

Journal of Applied Polymer Science DOI 10.1002/app
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that the special rubber type changed the internal
structure of rubber particles, which was beneficial
for the rubble particle modulus. On the one hand,
because the volume of the SAN occlusion in the rub-
ber particles enlarged the size of the rubber particles
to some extent, the average rubber particle size of
ABS-2 was larger than that of ABS-1. On the other
hand, the graft copolymers with a higher number of
branches reduced more of the interfacial tension
between the SAN matrix and rubber phase and sta-
bilized the interface better. Meanwhile, the polysty-
rene segments of SIBR had good compatibility with
the matrix; this favored the increase in the interfacial
strength of the rubber particles and SAN matrix.
Any increase in the adhesion energy added to the
fracture energy of the material. This was consistent
with the results of the instrumented impact tests; the
absorbed energy of ABS-2 in impact fracture testing
was proven to increase evidently.

As indicated by the arrow in Figure 6(b), the micro-
graph provided clear evidence of multiple crazes in
this region. Because the larger rubber particles initiated
crazes much more easily than the smaller ones, both
the craze opening width and the total number of crazes
shown in Figure 6(b) were bigger and greater in num-
ber than those in Figure 5(b). A majority of rubber par-
ticles, and even the submicrometer ones (ca. 0.7 pm),
seemed to be connected with one or multiple crazes.
Crazing was initiated by both larger rubber particles
and smaller rubber particles in the vicinity of larger
rubber particles. Only the former acted as crazing ter-
minator. Moreover, they extended like a bridge to
bridge the independent small particles. Thus, it was the
impact energy of ABS-2 that was required to form an
extensive network of crazing. At the same time, we
observed clearly that severe shear deformation
occurred in this region, and considerable elongation
and distortion of the rubber particles were also
observed. Obviously, this morphology was sufficient to
support the results of SEM observation. ABS-2 included
a higher degree of shear yielding than ABS-1. Shearing
and stretching combined deformation and the forma-
tion of macrocrazing obviously dissipated the impact
energy and increased the impact resistance of ABS-2.

According to Figure 6(c), the micrograph still pro-
vided clear evidence of multiple crazes in region 2A
of ABS-2. There were multiple crazes formed in the
region, where each craze had a slightly smaller
opening width; however, their number was much
smaller than that in Figure 6(b). Also, the rubber
particles were only partially elongated and distorted.
The cracks proceeded continuously and were slowed
down via deformation mode and eventually helped
to increase the fracture energy. Figure 6(d), corre-
sponding to region 2B, shows that most of the rub-
ble particles maintained their spherical shape. There
was almost no obvious elongation and distortion

Journal of Applied Polymer Science DOI 10.1002/app
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occurring in these rubble particles. The micrograph
also suggests no crazing throughout this region.

Conclusively, when we consider the morphologi-
cal characterization and the results of impact testing
at the same time, we can explain the high ductile
fracture behavior of ABS-2 as follows: the synergistic
toughening effect of multiple crazes and shear yield-
ing deformation was favorable to the absorption and
dissipation of massive energy and resulted in a duc-
tile fracture feature of the toughened material.

CONCLUSIONS

The fracture resistance of ABS-1 only depended on
voids, shear yielding, and few crazes and resulted in
less ductile fracture behavior. ABS toughened by lin-
ear random SIBR (ABS-2) displayed the synergistic
toughening effect of multiple crazes and shear yield-
ing; these could absorb and dissipate massive energy
and presented a much higher ductile fracture behav-
ior. The linear random SIBR could be used for spe-
cial toughening materials as the new-style substrate
for lower temperature applications and higher
toughnesses.
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