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Abstract

The fracture behavior of blends of nylon 6 and acrylonitrile–butadiene–styrene (ABS) compatibilized with an imidized acrylic (IA)
polymer was examined by Izod impact testing and single-notch three-point bend (SEN3PB) instrumented Dynatup tests. The effects of the
method of fracture surface measurement, ABS content, specimen thickness, compatibilizer content and fracture zone geometry were
investigated. Blends containing a fixed (5 wt.% IA) compatibilizer content were tough over a broad range of ABS contents; the optimum
toughness occurred near 50 wt.% ABS. A dual-mode of fracture was observed in SEN3PB specimens whose Izod impact samples with the
same composition had ductile–brittle transition temperatures near room temperature. In these SEN3PB samples, ductile deformation
occurred in samples with shorter ligament lengths, whereas brittle failure prevailed in samples with longer ligament lengths. The critical
ligament length at which the ductile-to-brittle transition occurs was shown to be dependent on the compatibilizer content and specimen
thickness. These dual modes of fracture were rationalized in terms of a plane–strain to plane–stress transition. For blends that were super
tough and had good low temperature toughness as judged by Izod impact testing, the toughness of SEN3PB specimens was generally
insensitive to specimen thickness; these blends were fully ductile over the entire range of ligament lengths. The size of the stress-whitened
zone was examined for fractured SEN3PB specimens that were fully ductile over the entire range of ligament lengths. Among specimens of a
given composition, the size of the stress-whitened zones was geometrically similar and independent of the size of the original ligament.
However, when ductile samples of different composition were compared, the size of the stress-whitened zone was not necessarily propor-
tional to the energy dissipated during plastic deformation. This may be a result of the presence of different modes of energy absorption in the
nylon 6 or SAN matrix phase.q 1999 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Blends of polyamides with acrylonitrile–butadiene–styr-
ene (ABS) materials are of significant commercial interest.
Polyamides provide good strength, stiffness and resistance
to nonpolar solvents, whereas ABS materials provide tough-
ness and low cost. Although simple blends of polyamides
and ABS exhibit poor mechanical properties, their proper-
ties can be greatly improved, often with synergistic effects,
through appropriate compatibilization [1–15]. The
preferred method of compatibilization for these systems
has been to incorporate a material that is miscible with the
SAN phase of the ABS and also capable of reacting with
nylon 6. Such strategies have been successful in developing
super-tough blends [1–12].

The impact properties of such toughened materials are

generally characterized by standard notched Izod impact
testing. Although these tests are convenient and useful,
they provide a limited picture of the fracture behavior of
ductile materials. In this paper, the fracture behavior of
compatibilized blends of nylon 6 and ABS are investigated
in more detail using both notched Izod and instrumented
Dynatup single-edge notched three-point bend (SEN3PB)
impact tests. The compatibilizer used is an imidized acrylic
polymer, which contains anhydride and acid functionalities
capable of reacting with nylon 6 and has been shown to
generate nylon 6/ABS blends that are super tough as judged
by standard Izod impact testing [7–11]. The effects of the
method of fracture surface measurement, ABS content,
specimen thickness, compatibilizer content and stress-
whitened zone geometry are examined to better understand
their influence on the fracture behavior of these blends.
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2. Background

Most of the literature describing toughened multiphase
plastics has relied on standard notched Izod impact testing
to characterize toughness. These tests are quite useful in the
plastics industry because of their convenience and ease of
comparison of materials; however, they provide only
limited information regarding the fracture behavior of
ductile materials. The use of thin specimens and a standard
notch often does not create sufficiently severe impact condi-
tions to adequately discriminate among ductile blend
systems. In addition, the standard Izod impact test provides
the total fracture energy for only one notch depth, i.e. the
ligament length, and notch radius.

There is growing interest in the use of fracture mechanics
techniques, traditionally designed for testing metals, to
characterize the toughness and understand the deformation
processes that occur in toughened plastics [16–23].
However, techniques based on linear elastic fracture
mechanics (LEFM) are not well suited to rubber-toughened
materials, which can form extensive yield zones ahead of a
propagating crack. The conditions of LEFM are empirically
formulated to ensure that the test specimens are in a state of
plane strain, which generally requires specimen thicknesses
greater than what is practical for injection molding of plastic
parts. TheJ-integral method has been regarded as more
appropriate for characterizing ductile polymeric materials
[24,25] because a plane–strain toughness value can be
obtained with specimens that are smaller than necessary
for LEFM. However, these tests require specialized equip-
ment for the accurate measurement of slow stable crack
growth, and the required thickness is still often beyond
what can be conveniently fabricated.

Vu-Khanh [26] and Mai [27] have developed approaches
to characterizing fracture behavior that do not require the
rigorous treatment of fracture mechanics, yet provide more
detailed characterization than conventional Izod tests. Each
methodology involves a two-parameter model and origi-
nates from the ideas first proposed by Broberg [28,29],
who stated that the region surrounding a crack tip can be
partitioned into an end region where actual fracture occurs
and an outer region where energy is plastically absorbed
during crack propagation. Both of these methods have
been employed to characterize a wide variety of ductile

polymers and their blends [26,27,30–48]. Although both
of these treatments have proven useful, there are fundamen-
tal differences in the interpretation of these two-parameter
models, as well as in the loading configuration, testing speed
and sample geometry. In the model proposed by Vu-Khanh
[26], the energy required (U) to fracture ductile specimens
(thickness� t) of varying ligament lengths (̀) is of the
following form:

U=A� Gi 1 1=2TaA; �1�
whereA� `t is the area of the ligament. The intercept,Gi,
of a plot ofU/A versusA has been called the fracture energy
at crack initiation, whereas the term related to the slopeTa

has been called the tearing modulus, a concept originally
developed by Paris et al. [49,50]. The methodology
proposed by Vu-Khanh employs high-speed loading of
thick samples in bending.

The convention developed by Mai et al., known as the
essential work of fracture (EWF) method, partitions the
energy to break a specimen into an essential work in the
fracture process zone and a nonessential work performed in
the outer plastic zone [27,36–40]. The total energy absorbed
in fracturing a specimen,Wf, is divided into two parts by the
expression

Wf � we`t 1 wpb`2t; �2�
wherewe is the specific essential work of fracture (units of
energy per unit area),b a geometry-dependent plastic zone
shape factor andwp the specific nonessential plastic work
(units of energy per unit volume). The term containingwe

represents the energy required to create a unit area of frac-
ture surface, whereas the term containingwp corresponds to
the dissipated energy per unit volume in the stress-whitened
zone. Normalizing Eq. (2) bỳ t, the total specific work of
fracture, wf (units of energy per unit area), to fracture a
ligament of length̀ becomes

wf � we 1 bwp`: �3�
According to this model, a plot ofwf versus` should

yield a straight line with interceptwe and slopebwp. The
EWF method generally uses very thin specimens tested at
slow speeds in uniaxial tension.

According to a recently established protocol, there are
several important criteria that must be satisfied in order to
apply the EWF methodology to evaluate fracture toughness
[51]. One of these conditions is that the specimen ligament
must be fully yielded before crack initiation. In order to
determine if the current materials fit this criterion, several
ductile specimens were tested such that the impact test was
stopped immediately after crack initiation. In these samples,
the crack had clearly advanced before full ligament yield-
ing. By comparing samples with arrested cracks to more
fully broken specimens, it appears that the stress-whitened
zone advances ahead of the crack as it propagates, as repre-
sented in Fig. 1.
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Fig. 1. Schematic of crack propagation through a SEN3PB during a
Dynatup test. The stress-whitened zone advances ahead of the crack as it
propagates.



Another requirement is that the size of the outer plastic
zone surrounding the fractured ligament must scale with the
square of the ligament length. It will be demonstrated later
that the current ductile blends satisfy this condition. In addi-
tion to the criteria stated above, Mai has recently noted that
the EWF methodology may be difficult to apply if the two
halves of the specimens are not completely separated after
impact testing [52]. This issue is addressed with regard to
the current materials in a later section.

In this study, the test conditions used are similar to those
used by Vu-Khanh (thick specimens deformed in bending
under high-speed loading) in order to discriminate among
the current blends; however, the results will be shown using
a presentation that is mathematically similar to the EWF
method used by Mai et al. Recent work from this laboratory
has shown that when comparing samples of different thick-
nesses, the specific fracture energy of polycarbonate/ABS
blends is more closely related to the ligament length than its
area [53]. It will be demonstrated later that comparing the
specific fracture energy to the ligament length is a more
appropriate basis for characterizing the current blends as
well.

As the testing conditions and sample geometries used
here may not fully comply with the yielding criterion estab-
lished by the EWF method, we recognize that by plotting the
normalized fracture energy versus the ligament length, the
slope and intercept may not necessarily be equivalent towe

and bwp, respectively. Thus, in previous papers we have
chosen to use a different nomenclature for the intercept
and slope of the plots ofwf versus̀ , i.e.

U=A� uo 1 ud`; �4�
whereU/A is the total fracture energy per unit area,` the
ligament length,uo (units of energy per unit area) is called
the limiting specific fracture energy andud is defined as the
dissipative energy density (units of energy per unit volume),
as it reflects plastic deformation energy in the process zone
surrounding the fracture surface [53,54]. These should be
regarded as phenomenological parameters where, in certain
cases, the identificationsuo� we andud� bwp are justified.

3. Experimental

Table 1 summarizes the relevant characteristics of the
materials used in this study. Nylon 6 is a commercially
available material with �Mn � 22;000 and a nearly
equivalent amount of acid and amine end groups. The
ABS material is an emulsion-made SAN grafted rubber
concentrate containing 45 wt.% of nearly monodisperse
butadiene rubber particles in the range of 0.3mm in
diameter. The blends were compatibilized with an imidized
acrylic (IA) polymer, synthesized by the reactive extrusion
of PMMA and methyl amine, which contains anhydride and
acid groups capable of reacting with nylon 6. A more
complete description of the compatibilizer and its potential
reactions with nylon 6 are described elsewhere [11,55,56].

Blends in this study were prepared by simultaneous extru-
sion of all components in a Killion single-screw extruder (L/
D� 30, 2.54 cm) at 2408C using a screw speed of 40 rev/
min. The extrudate was injection molded into 3.18 or
6.35 mm thick impact test bars using an Arburg Allrounder
injection molding machine. Some samples were milled
down on both lateral surfaces to obtain thinner samples,
which also removes any skin formed during injection mold-
ing. Test specimens were visually inspected for air bubbles
and surface flaws; specimens with defects were discarded.
All polyamide-containing materials were dried in a vacuum
oven at 808C for at least 16 h before each processing step.
Other materials were dried for at least 12 h in a convection
oven at 658C.

Notched Izod impact measurements (ASTM D256) were
made using 3.18 mm thick Izod bars with a TMI pendulum-
type impact tester equipped with an insulated chamber for
heating and cooling the specimens. Instrumented impact
testing was performed using a Dynatup Drop Tower
Model 8200 with a 10 kg weight and tup speed of 3.5 m/s,
the same as that specified in the standard Izod test. Between
18 and 36 samples (half gate-end and half far-end) of the
SEN3PB specimens were tested with ligament lengths
generally ranging from 2 to 10 mm. A sharp notch was
made by inserting a fresh razor blade into the root of the
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Table 1
Polymers used in this study

Polymer Material/description Composition Molecular weight Brabender torquea (Nm) Source

Nylon 6 Capron 8207 Fb End-group content: �Mn � 22 000 7.3 Allied Signal
NH2� 47.9meq/g
COOH� 43.0meq/g

ABS SAN-grafted emulsion 45% rubber �Mn � 35 000c 20.1 Cheil Industries
rubber (Starex) 25% AN in SAN �Mw � 90 000

IA Imidized acrylic 55.7 wt.% methyl glutarimide �Mw � 95000 9.8 Rohm and Haas
polymer (EXL 4140) 41.0 gwt.% methyl methacrylate

2.2 wt.% methacrylic acid
1.1 wt.% glutaric anhydride

a Measurements taken at 2408C and 60 rev/min after 10 min.
b The designation of this material has recently been changed to B73WP.
c From g.p.c. using polystyrene standards; the information shown is for soluble SAN.



notch. The total fracture energy was calculated from the
integrated area under the load-deflection curves. Izod
impact testing resulted in only partial breaks of the ductile
materials used here; tests performed using the Dynatup for
SEN3PB specimens generally led to more complete breaks.
However, many of these SEN3PB samples were not
completely broken after testing and consisted of unbroken
ligaments that were generally 0.25–1.0 mm in length. A
more complete description of the test apparatus, sample
geometry, testing procedure and method of data analysis
is provided elsewhere [34,57]. Blend morphologies were
determined using a JEOL 200CX transmission electron
microscope operating at an accelerating voltage of
120 kV. Samples were cryogenically microtomed into ultra-
thin sections (15–20 nm) from impact bars perpendicular to
the flow direction. The sections were exposed to a 2 wt.%
solution of phosphotungstic acid to stain the polyamide
phase.

4. Fracture evaluation

The fracture behavior of uncompatibilized and compati-
bilized blends of nylon 6 and ABS are described here. The
first section addresses the appropriate basis for measuring
the fractured surface of SEN3PB specimens. The next
section explores the effect of ABS content on fracture beha-
vior at a fixed (5 wt.% IA� imidized acrylic polymer)
compatibilizer content, whereas the following section
describes the effects of sample thickness on the fracture
behavior of some of these specimens. Then the effect of
compatibilizer content on blend fracture properties is
explored at a fixed ratio of nylon 6 to ABS (1:1). In the
final section, the size of the stress-whitened zones of some

materials are evaluated and related to their fracture
properties.

4.1. Method of fracture surface measurement

It was mentioned earlier that even under the severe
impact conditions imposed by the Dynatup, many of the
ductile samples used here were not completely broken
after the impact test. Thus, for these specimens, there is a
slight difference between the ligament length based on the
potential fracture surface (the distance from the end of the
initial razor notch to the far edge of the bar) and that based
on the actual fracture surface (which corresponds to the
length that is actually fractured during the impact test).
Thus, some consideration must be made regarding which
method of fracture surface measurement should be used in
the data analysis.

Fig. 2 shows a representative plot of the actual ligament
length,`a, versus the potential ligament length,`, for one of
the ductile blends tested in the Dynatup; the diagonal line
represents the ideal condition where the bar is completely
broken during the impact test. These two lengths are slightly
different but appear to be linearly related. Whether the
actual or potential fracture surface should be used as a
basis for measurement is arguable; however, using Eq.
(4), all the normalized energy versus ligament plots describ-
ing the ductile specimens used here are linear, regardless of
the convention used. There are no major differences in the
slopes and intercepts of these plots, and the trends in tough-
ness are the same when comparing different materials, inde-
pendent of the method of fracture surface measurement. As
the current results are not largely affected by the basis of
measurement, unless noted otherwise, the plots in this study
will be shown based on the potential fracture surface
because it simplifies the analysis and offers a consistent
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Fig. 2. Actual ligament length,̀ a, versus the potential ligament length,`, for 47.5/47.5/5 nylon 6/ABS/IA SEN3PB specimens. The diagonal line represents
the ideal case where the actual ligament length is equal to the potential ligament length.



means of comparing the materials used here. An added
justification of using the potential fracture surface is that
to some extent it accounts for the energy absorbed in the
small unbroken ligament (through bending, etc.) during the
Dynatup test.

4.2. Effect of ABS content

The influence of the amount of ABS in the blend on the
fracture behavior of SEN3PB specimens is described here.
Excluding the pure nylon 6 and ABS controls, each of the
blends contains a fixed (5 wt.% IA) compatibilizer content
while the ratio of nylon 6 to ABS is varied. Fig. 3 shows the
fracture energy per unit area (U/A) as a function of ligament
length (̀ ) for 6.35 mm thick SEN3PB specimens. It is
evident that the specific fracture energy is much higher for
compatibilized blends over a broad range of ABS contents
(30–80 wt.%) than for either nylon 6 or ABS alone; this
synergism is at a maximum around 47.5 wt.% ABS. There
appears to be a critical amount of ABS that is necessary to
make these blends tough, as the blend containing 20 wt.%

ABS is brittle over nearly the entire range of ligaments.
Interestingly, the blend containing 20 wt.% ABS has a lot
of scatter in the data, these samples fail in a ductile manner
when the ligament length is short (less than 3 mm), whereas
specimens with longer ligaments fail in a brittle manner.
Similar dual modes of fracture (ductile–brittle) have also
been observed in nylon 6/ethylene–propylene rubber blends
[58] and poly(butylene terephthalate)/ABS blends [54]; this
type of fracture behavior will be examined in more detail in
a later section. Blends that are fully ductile over the entire
range of ligament lengths (containing more than 20 wt.%
ABS) exhibit a linear relationship between the specific frac-
ture energy and ligament length, which allows for interpre-
tation of these results in terms of Eq. (4).

The values of the specific limiting fracture energy,uo, and
the dissipative energy density,ud, of the blends represented
in Fig. 3 are shown in Fig. 4 as a function of ABS content.
As most samples containing 20 wt.% ABS are brittle, values
for uo and ud were calculated in the brittle region
(` . 3 mm) in order to facilitate comparison with other
blends. Among these blends, it appears there is some
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Fig. 3. Specific fracture energy as a function of the ligament length,`, for nylon 6, ABS and (95-x)/x/5 nylon 6/ABS/IA blends for 6.35 mm thick specimens.

Fig. 4. Effect of ABS content on the specific limiting fracture energy,uo, and the dissipative energy density,ud, of the blends represented in Fig. 3.



positive correlation betweenuo andud. Both parameters are
higher in most of the blends than in nylon 6 or ABS alone,
with a maximum in bothuo andud when the blends contain
equal parts of nylon 6 and ABS.

A comparison of the Dynatup impact parameters shown
in Fig. 4 and the Izod impact values (room temperature
impact strength and ductile–brittle transition temperature)
of 3.18 cm bars with a standard notch is shown in Table 2.
Despite the differences in sample thickness, test configura-
tion and notch geometry, there are some interesting relation-
ships between the Izod and Dynatup values. The value ofud

appears to become positive when the ductile–brittle transi-
tion temperature based on Izod tests drops below room
temperature. The values ofud and the room temperature
impact strength reach a maximum at the same composition
(47.5 wt.% ABS), and both decrease as the ABS content is
increased. It is important to note that although compatibi-
lized blends containing 30–60 wt.% ABS are super tough as
judged by Izod impact testing (impact strengths. 800 J/m),
the Dynatup test better discriminates the energy absorbed by
plastic deformation, as indicated by theud values of these
materials.

4.3. Effect of specimen thickness

The effect of thickness on the fracture behavior of
SEN3PB Dynatup specimens is examined here using some
of the blends described in the previous section. Fig. 5 shows
the specific fracture energy versus the ligament length,`,
for specimens of 75/20/5 nylon 6/ABS/IA blends of differ-
ent thicknesses. Fig. 5(a) represents on an expanded scale
the same data shown in Fig. 3 for the blend withx� 20. As
mentioned earlier, the mode of fracture in this material is
dependent on the ligament length; samples with short

ligaments deform in a ductile manner, whereas blends
with longer ligaments fail in a brittle fashion. The ductile
specimens could easily be identified by observation of a
stress-whitened zone surrounding the fracture surface, as
well as the higher specific fracture energy values relative
to brittle samples (as seen in Fig. 5). This material exhibits
brittle or ductile fracture depending on the ligament length
and sample thickness; consequently, the specific fracture
energy does not depend on the ligament length, as expected
from Eq. (4). As the specimen thickness decreases, the criti-
cal ligament length at which this ductile–brittle transition
occurs shifts to higher values. To emphasize this point, the
failure mode of these materials is plotted as a function of
ligament length and sample thickness in Fig. 6. It is evident
that the thinnest specimens (3.18 mm thick) are ductile over
nearly the entire ligament range, whereas the thickest speci-
mens (6.35 mm thick) are ductile for only very short liga-
ment lengths.

The fracture behavior of these materials can be rationa-
lized in terms of the competition between yield and fracture
in these SEN3PB specimens. Fig. 7 shows a simplified sche-
matic of a SEN3PB specimen of widthWcontaining a crack
of lengtha; note that̀ �W2 a. The stress level at which
the net section can yield (smax) can be expressed as

smax� sy
W 2 a

W

� �2

� sy
`

W

� �2

; �5�

wheres y represents the yield stress of an uncracked speci-
men [59]. As an approximation, the fracture stress,s f, can
be expressed by rearranging the equation for fracture tough-
ness as follows:

sf � Kc

Y
��
a
p � Kc

Y
���������
W 2 `
p ; �6�
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Table 2
Izod and Dynatup values for blends with varying ABS contents

Composition Izod impact valuesa Dynatup impact valuesb

Room
temperature
impact
strength (J/m)

Ductile–brittle
transition
temperature (8C)

uo (kJ/m2) ud (MJ/m3)

Nylon 6 50 50 7.2 0.0
Nylon 6/
ABS/IA
blends (wt/
wt/wt)
75/20/5 572 22.5 6.6 0.1
65/30/5 851 22.5 20.9 5.5
55/40/5 863 225 27.3 7.3
47.5/47.5/5 974 240 25.4 7.5
35/60/5 822 245 25.8 5.3
15/80/5 613 255 17.3 3.4
ABS 432 270 11.7 2.4

a For 3.18 cm thick bars with a standard notch.
b For 6.35 cm thick bars with a sharp notch.



whereKc is the fracture toughness andYa calibration factor
that is a function of (a/W). The fracture toughness,Kc,
decreases with increasing specimen thickness to a critical
value, thereby representing plane–strain fracture condi-
tions, or KIc [60,61]. As Eq. (6) has its foundations in
LEFM, it may not be strictly valid for the present case;
however, it conceptually provides a representation of
modes of fracture.

Fig. 7 also provides a qualitative plot of failure stress

versus ligament length,̀ , for the specimens represented
in Figs. 5 and 6; the shapes of the yield and fracture curves
are drawn according to Eqs. (5) and (6). To simplify the
current analysis, the calibration factorY is considered
constant because it is not a function of specimen thickness
and does not influence the shapes of the fracture curves
relative to each other. The observed mode of fracture in
these specimens is governed by the relationship between
the yield and fracture stresses for a given crack length and
specimen thickness. When the fracture stress is lower than
the yield stress, the sample will deform in a brittle manner.
Conversely, when the yield stress is lower than the fracture
stress, ductile failure will occur. As seen in Fig. 7, the stress
at which samples break by yielding is not a function of the
sample thickness (see Eq. (5)); however, the stress at which
samples fail by brittle fracture decreases with increasing
thickness as it is proportional to the fracture toughness
(Eq. (6)). Thus, as the specimens become thicker and
more nearly approach plane–strain conditions, i.e. asKc

decreases towardsKIc, the yield and fracture curves intersect
at shorter ligament lengths. Thus, thick specimens exhibit
ductile failure only at short ligament lengths, whereas thin-
ner specimens show ductile failure at longer ligament
lengths. This provides a qualitative explanation for the
trends observed in Fig. 5.

It is important to note that the blend composition
described above has a ductile–brittle transition temperature
near room temperatures as judged by Izod impact testing;
thus, the mode of fracture in this “transition” material is
quite sensitive to changes in specimen thickness and liga-
ment length. Super-tough materials with ductile–brittle
transition temperatures well below room temperature are
not expected to be as strongly affected by such changes in
specimen geometry. To demonstrate this, the effect of speci-
men thickness on the fracture behavior of a super-tough
composition (47.5/47.5/5 nylon 6/ABS/IA) was explored.
Fig. 8 shows the specific fracture energy versus the ligament
length for 3.18 and 6.35 mm SEN3PB bars for this material.
It appears that sample thickness only mildly affects the
specific fracture energy for a given ligament size. All
samples exhibited ductile fracture, regardless of the sample
thickness or ligament length. In terms of the competition
between yield and fracture, described in Fig. 7, this would
imply that the fracture toughness (Kc) of these blends is
sufficiently high that the fracture stress is greater than the
yield stress over the entire range of ligaments and specimen
thicknesses. Thus, the observed mode of failure is ductile,
i.e. yielding occurs.

As the slopes of plots of the specific fracture energy
versus the ligament length are relatively independent of
the sample thickness for this fully ductile blend, it follows
that their fracture responses would have quite different
slopes if plotted versus the ligament area,A� `t. This
suggests that under the current testing conditions, the frac-
ture energy of these fully ductile materials is more closely a
function of the ligament length than ligament area. This
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Fig. 5. Specific fracture energy as a function of the ligament length for 75/
20/5 nylon 6/ABS/IA samples of varying thickness: (a) 6.35 mm; (b)
4.76 mm; and (c) 3.18 mm.



observation is consistent with previous work from this
laboratory that compared polycarbonate/ABS blends of
different thicknesses [53].

One must consider that the fracture energies of blends
represented in this study may be affected by the oriented
skin layer of these injection molded specimens. Previous
work has indicated that the blend morphology near the
molded surface can be quite different from the morphology
closer to the center of the bar and thus may be a factor
influencing blend toughness [58]. To explore whether the

“skin” affects the fracture behavior of the current speci-
mens, the sides of 6.35 mm bars were machined off to
yield 3.18 mm thick bars. The fracture behavior of these
bars with no skin were then compared with the data for
as-molded 3.18 mm thick bars (see Fig. 8). The plot of the
specific fracture energy versus ligament length shown in
Fig. 9 reveals no significant differences between these two
types of 3.18 mm thick bars, i.e. the skin effects have little
influence on the fracture behavior of these blends.

4.4. Effect of compatibilizer content

The effect of the amount of IA compatibilizer on the
fracture properties of blends containing equal parts of
nylon 6 and ABS is explored here. Plots of the specific
fracture energy versus ligament length for 6.35 mm thick
SEN3PB specimens are shown in Fig. 10 for blends contain-
ing different IA levels. The blends containing 1 wt.% or less
of IA exhibit dual modes of failure and are not described by
Eq. (4). The critical point, at which this ductile-to-brittle
transition occurs, shifts to longer ligament lengths as the
compatibilizer content is increased. The effect of increasing
the compatibilizer content is qualitatively similar to the
effect observed when the specimen thickness is decreased
for some of the blends described in the previous section. In
light of this observation, it appears that incorporating the
compatibilizer serves to make plane–stress conditions more
prevalent in a manner similar to decreasing the specimen
thickness.

When the compatibilizer content is increased to 2 wt.%,
the blends are fully ductile over the entire range of ligament
lengths. Further increases in compatibilizer content do not
appear to have a dramatic effect on the specific fracture
energy for a given ligament length. Fig. 11 shows the limit-
ing specific fracture energy,uo, and the dissipative energy
density,ud, for the fully ductile blends obtained from simple
linear regression analysis of the data in Fig. 10. The results
show that when the compatibilizer content is increased,uo

increases whileud decreases. This suggests that the energies
absorbed in the inner and outer process zones do not neces-
sarily change in the same direction, as in Fig. 4, when
comparing different ductile specimens. However, before
giving much physical interpretation to these trends, it is
important to consider the statistical significance of these
parameters because the data show some scatter. Fig. 12
shows a plot of the acceptable range ofuo and ud values
for two blends (containing 2 and 10 wt.% IA, respectively);
the acceptable ranges, which are shown as ellipses, repre-
sent the joint 95% confidence regions for the values ofuo

andud and enclose the values regarded as jointly reasonable
for these parameters. This method takes into account the
correlation between the best-fit estimates ofuo and ud,
shown in Fig. 11 [62,63], which are represented as dots in
the centers of the two ellipses. Although there is a small
range of acceptableud values that are common to both data
sets (approximately 6.9–7.2 MJ/m3), it is evident that the
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Fig. 6. Failure mode map for 75/20/5 nylon 6/ABS/IA blends represented in
Fig. 5 as a function of the ligament length and specimen thickness.

Fig. 7. Schematic of SEN3PB specimen of thicknessW and containing a
crack of lengtha, where`�W2 a and a qualitative representation of the
failure stress (yield stress and fracture stress) versus the crack length in
SEN3PB specimens. The yield stress is independent of specimen thickness,
whereas the fracture stress decreases with increasing thickness. The shapes
of the yield and fracture curves are drawn according to Eq. (5) and (6),
respectively.



ranges for theuo values are quite different. Thus, it appears
that the reduction inuo with increasing compatibilizer
content is quite real, but the changes inud may not be as
significant as Fig. 11 might suggest. It is important to note
that the two confidence regions (ellipses) in Fig. 12 do not
intersect. This implies that the differences in the fracture
data for these blends, albeit small (see Fig. 10), are indica-
tive of real differences in the fracture behavior of these
materials.

Table 3 shows a summary of the Dynatup results for
blends described in Fig. 10, along with Izod impact data
(room temperature impact strength and ductile–brittle tran-
sition temperature) obtained using 3.18–cm bars with a
standard notch. All the compatibilized blends are super
tough at room temperature as judged by Izod impact testing;
however, the use of more severe conditions in the Dynatup
allows for better discrimination among these ductile materi-
als. As observed in blends where the nylon 6/ABS ratio is
varied, there appears to be some relationship between the
ductile–brittle transition temperatures of these blends (as

judged by Izod impact testing) and the composition at
which the corresponding SEN3PB samples become fully
ductile in the Dynatup test. Blends with ductile–brittle tran-
sition temperatures far below room temperature (2 wt.% IA
and higher) show ductile behavior over the entire range of
ligaments in the SEN3PB test, whereas blends with ductile–
brittle transition temperatures near or above room tempera-
ture (0 or 0.5 wt.% IA) exhibit dual modes of fracture and
are not described by Eq. (4). Blends containing 1 wt.% IA
appear to be an intermediate case, where the ductile–brittle
transition temperature is below room temperature (but not as
low as blends with higher IA contents) and ductile behavior
is observed at all but very long ligament lengths.

4.5. Fracture zone geometry

The size of the stress-whitened zone formed during
impact testing is an important consideration affecting the
toughness of ductile polymers. In this section, the geometry
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Fig. 8. Specific fracture energy as a function of the ligament length for 3.18 mm thick (O) and 6.35 mm thick (X) specimens formed from the 47.5/47.5/5 nylon
6/ABS/IA blend.

Fig. 9. Specific fracture energy as a function of the ligament length of 47.5/47.5/5 nylon 6/ABS/IA blends for as-molded 3.18 mm thick samples versus
6.35 mm thick samples machined down to 3.18 mm thickness.



of the stress-whitened zones is explored for many of the
current ductile materials.

Fig. 13 shows a schematic of a SEN3PB specimen after
fracture in the Dynatup that is representative of the blends
depicted here. The whitened zones of the specimens are
elliptical in nature and are characterized here by their
height, s, and the actual ligament length,̀a. The shapes
of these whitened zones were symmetric, i.e. the maximum
height,s, is obtained at the center of the ligament. As noted
earlier, these ductile specimens are generally not fully
broken after the impact test, so the actual ligament length
does not extend to the end of the bar. In this section, the
actual ligament length,̀ a, is used instead of the potential
ligament length because the ratio ofs/`a more adequately
represents the size of the stress-whitened zone. Fig. 14
shows thes/`a ratio as a function of the actual ligament
length for several of the ductile SEN3PB specimens from

Fig. 3. It is clear that the size of the stress-whitened zone
varies among these different ductile materials. However, in
all cases, the ratio ofs/`a is independent of the size of the
ligament; that is, the stress-whitened zones for a particular
material are geometrically similar. As thes/`a ratio is
constant for these specimens and the area of these stress-
whitened zones are proportional to the product ofsand`a, it
follows that the size of these stress-whitened zone scales
with the square of the ligament length. It is important to
note that for the ductile specimens described here, the size
of the stress-whitened zone is the same at the center as at the
surface, i.e.s/`a does not vary in the through-thickness
direction. Thus, the total volume of the elliptical stress-
whitened zones for both halves of the broken specimen,V,
can be expressed as

Vswz� p

2
s̀ at; �8�
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Fig. 10. Specific fracture energy as a function of the ligament length for nylon 6/ABS/IA blends of varying IA content. The ratio of nylon 6 to ABS is fixed at
1:1.

Fig. 11. Effect of IA compatibilizer content on the specific limiting fracture energy,uo, and dissipative energy density,ud, of nylon 6/ABS/IA blends. The ratio
of nylon 6 to ABS is fixed at 1:1.



or equivalently

Vswz� b`2
at; �9�

whereb is a constant equal to (p/2)(s/`a) andt the specimen
thickness. Mai and others have noted that in order to obtain
a linear relationship between the specific fracture energy
and ligament length, the volume of the stress-whitened
zone must scale with the square of the ligament length
[51,52]. Here, it is demonstrated that the current materials
fit this criterion.

Given the mathematical convention used in Eq. (4), the
energy dissipated within the stress-whitened zone (Uswz) can
be expressed as

Uswz� ud`aA� ud`
2
at: �10�

An expression for the energy absorbed per unit volume in
the stress-whitened zone (U/V)swz can then be developed by

dividing Eq. (10) by Eq. (8), which yields

U
V

� �
swz
� 2

p

ud

s=`a
� ud

b
: �11�

Thus, the ratioud to s/`a quantifies the energy dissipated per
unit volume of stress whitened material. A plot ofud versus
s/`a can provide useful information regarding the amount of
energy absorbed per unit volume among different ductile
materials; Fig. 15 shows such a plot for several of the blends
from Fig. 3. In the present case, values ofud were based on
the actual fractured ligament length and area; however, a
qualitatively similar result is obtained when the potential
fracture surface is the basis for evaluation ofud. In this
series, the compatibilizer content is fixed at 5 wt.%, whereas
the ratio of nylon 6 to ABS is varied over the broadest range
possible. These data are bounded by two straight lines
drawn through the origin, corresponding to nylon 6, which
exhibits no stress whitening in this test. One line represents
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Fig. 12. Acceptable range ofuo andud values for 49/49/2 and 45/45/10 nylon 6/ABS/IA blends. The ellipses represent 95% joint confidence intervals for theuo

andud values shown in Fig. 11, based on their data in Fig. 10, and enclose the values of these parameters considered jointly reasonable. The points in the centers
of the ellipses represent the best-fituo andud values based on the data in Fig. 10.

Table 3
Izod and Dynatup values for blends with varying compatibilizer contents

Nylon 6/ABS/IA (wt/wt/wt) Izod impact valuesa Dynatup impact valuesb

Room
temperature
impact
strength (J/m)

Ductile–brittle
transition
temperature (8C)

uo (kJ/m2) ud (MJ/m3)

50/50 141 35 n.cc n.c.
49.75/49.75/0.5 931 15 n.c. n.c.
49.5/49.5/1 960 25 n.c. n.c.
49/49/2 954 235 30.6 6.5
47.5/47.5/5 974 240 25.4 7.5
45/45/10 971 250 22.8 7.6

a For 3.18 mm thick bars with a standard notch.
b For 6.35 mm thick bars with a sharp notch.
c n.c.� not calculated (as a dual mode of fracture was observed).



data for blends that contain up to 47.5 wt.% ABS; the other
line represents data for blends containing 80% or more
ABS. As seen in Fig. 16(a), ABS is the dispersed phase in
the blend containing 47.5 wt.% ABS, whereas, the ABS
domains are co-continuous when the ABS content is
increased to 60 wt.% (see Fig. 16(b)). Other micrographs
not shown here reveal that the blend compositions outside
this range are clearly polyamide-continuous or ABS-contin-
uous. From these observations, it appears that the upper line
in Fig. 15 represents blends where nylon 6 is the continuous
phase, whereas the lower line represents blends where ABS
is the continuous phase. Blends with co-continuous phases
of nylon 6 and ABS show an intermediate relationship.

It is evident that the amount of energy dissipated per unit
volume of stress whitened material is greater in the nylon-
continuous compositions, as indicated by the higher slope of
this line (see Eq. (11)). It is interesting to note that pure ABS
and the blend containing 30 wt.% ABS have stress-whitened
zones nearly identical in size, as indicated by theirs/`a

ratios, yet theud value for the blend containing 30 wt.%
ABS is much higher. As mentioned earlier, for each blend
shown here, the size of the stress-whitened zone is the same
in the center as at the fracture surface. Thus, the current
results are not complicated by how thickness affects the
size of the stress-whitened zone.

A more direct comparison of the energy dissipated per
unit volume of the stress-whitened zone in these blends is
provided in Fig. 17, where (U/V)swz is calculated by Eq. (11).
For the material containing 20 wt.% ABS, which exhibits a
dual mode of failure, the brittle samples exhibit no stress
whitening, and thus the energy absorbed in this region is
zero. Ductile samples of this composition have a finite (U/
V)swz value, as calculated from the best-fit line through the
ductile region in Fig. 5(c). As the ABS content is increased
beyond 20 wt.%, the energy dissipated per unit volume
remains relatively constant when the polyamide phase is
continuous, decreases near the point of phase inversion
and then reaches another constant, but lower, value when
ABS becomes the continuous phase.

The different levels of energy absorption per unit of stress
whitened volume (and thus variation ofud for blends with
similar plastic zone sizes) may stem from the different
deformation mechanisms for the nylon 6 and SAN matrices.
Considerable empirical evidence has shown that the
sequence of events leading to energy absorption in rubber-
toughened polyamides is cavitation of the rubber particles,
which triggers subsequent shear yielding of the polyamide
matrix [33,35,64–69]. Macroscopic specimens of ABS,
however, tend to fail by a combination of shear yielding
and crazing of the SAN matrix [70–75]. Among the current
specimens, the polyamide-rich materials should have a
greater tendency for energy absorption by the former
mechanism, whereas ABS-rich materials will have a greater
tendency for the latter. In the current case, it appears that
more energy is dissipated per unit volume in blends that
show significant shear yielding of the nylon 6. This
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Fig. 13. Schematic of broken SEN3PB specimen indicating the actual liga-
ment length,̀ a, and the height of the stress-whitened zone,s.

Fig. 14. Size of stress-whitened zone, represented bys/`a, versus the actual ligament length,`a, for ABS and (95-x)/x/5 nylon 6/ABS/IA blends.



possibility has important ramifications with regard to
designing toughened materials. Apparently, both the size
of the yield zone and the preferred mode of energy absorp-
tion should be considered when developing toughened
polyamide-based materials.

5. Conclusions

The fracture toughness of nylon 6/ABS blends compati-
bilized with an IA polymer was examined by Izod and
SEN3PB type tests. The SEN3PB specimens were tested
as a function of the ligament length to determine the limiting
specific fracture energy,uo, and the dissipative energy
density,ud, which potentially are equivalent to the para-
meterswe andbwp in the essential work of fracture, EWF,
methodology developed by Mai et al. Compatibilized
SEN3PB specimens containing 5 wt.% IA were found to
be tougher than nylon 6 or ABS over a broad range of
ABS contents, with a maximum toughness observed at
about 47.5 wt.% ABS. A dual mode of fracture was
observed in SEN3PB specimens whose corresponding
Izod specimens had ductile–brittle transition temperatures
near room temperature (20 wt.% ABS). Ductile failure
occurred in specimens with short ligament lengths, whereas
specimens with longer ligaments deformed in a brittle
manner. The critical ligament length at which the ductile-
to-brittle transition occurred was found to be dependent on
specimen thickness. A broader range of ligaments were
ductile in thinner specimens, which can be rationalized in
terms of a plane–strain to plane–stress transition in these
materials. The fracture behavior of blends that were super
tough as judged by Izod impact testing and had low ductile–
brittle transition temperatures were found to be relatively
insensitive to specimen thickness and were ductile over the
entire range of ligament lengths.

The fracture properties of these blends were also affected
by the compatibilizer content. Blends containing less than
2 wt.% IA exhibited dual modes of fracture, whereas blends
containing 2 wt.% IA or higher of IA were fully ductile.
Increasing the compatibilizer content did not cause large
changes in the specific fracture energy for a given ligament
length; however, a statistical analysis suggests that these
small differences are statistically significant.
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Fig. 15. Dissipative energy density,ud, versuss/`a, for nylon 6, ABS and (95-x)/x/5 nylon 6/ABS/IA blends.

Fig. 16. TEM photomicrographs of nylon 6/ABS/IA blends of varying
compositions; (a) 47.5/47.5/5 nylon 6/ABS/IA and (b) 35/60/5 nylon 6/
ABS/IA. The polyamide phase is stained dark by phosphotungstic acid
(PTA).



The stress-whitened zones of ductile SEN3PB specimens
were found to be geometrically similar and independent of
the original ligament length of the specimen. However,
when comparing different ductile specimens, the amount
of energy absorbed during plastic deformation (as judged
by the value ofud) was not always simply proportional to the
size of the stress-whitened zone. In general, compatibilized
blends containing higher amounts of nylon 6 were found to
absorb more energy per unit of stress whitened material than
ABS-rich compositions. This behavior appears to be related
to differences in the primary deformation mechanisms that
can occur in these blends.
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