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ABSTRACT: Polyamide 6 (PA6)/maleated ethylene–pro-
pylene–diene terpolymer rubber/nano calcium carbonate
ternary composites were prepared. The effect of the com-
pounding route on the morphology, toughness, and frac-
ture behavior of the ternary composites were investigated
by scanning electron microscopy, Charpy impact testing,
and essential work of fracture (EWF) testing. The construc-
tion of sandbag microstructure particles in PA6 matrix
was crucial to the toughness of the ternary composites.
The Charpy impact strength and the specific essential
work of fracture (we) of the ternary composites with a
sandbag microstructure were 137.9 and 71.4% higher,
respectively, than those of the ordinary ternary composites

with a separated dispersion microstructure. The observa-
tion of the fracture surface after EWF testing indicated
that the improvement of we was attributed to the sandbag
microstructure particles; this structure was more effective
for resisting the growth of cracks; meanwhile, the influ-
ence of the amount of fibrillation on the nonspecific essen-
tial work of fracture, including the nonspecific essential
work of fracture before yielding and that in the necking–
tearing stage, was insignificant. VC 2011 Wiley Periodicals, Inc.
J Appl Polym Sci 120: 2971–2978, 2011
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INTRODUCTION

The toughness of semicrystalline polymers, such as
polyamide 6 (PA6), can be improved by the addition
of rigid particles or elastomers.1–9 However, the
loading of elastomer largely decreases the stiffness
of the polymer, and the toughening effect of rigid-
particle-filled polymer composites is often poor
because of the agglomeration of particles and the
poor interfacial adhesion. 1,10

Recently, it has been suggested that the stiffness
of a rubber toughened polymer could be restored by
the addition of rigid particle, which results in that
the ternary composites containing elastomer and
rigid particle could balance the stiffness and tough-
ness.10–16 However, the mechanical properties of
polymer/elastomer/rigid particle ternary composites
are generally dependent not only on the composition
but also on the morphologies of the elastomers and
rigid particles dispersed in the matrix.14 In previous

articles, we reported that sandbag-microstructure-
particle-embedded nano calcium carbonate (nano-
CaCO3) agglomerated into ethylene–propylene–diene
terpolymer (EPDM) particles could be constructed
in polymer/elastomer/rigid particle ternary compo-
sites. This sandbag structure effectively improved
the toughness and maintained the stiffness of poly-
propylene and PA6. 17,18

Generally, the toughness of a plastic is characte-
rized by Charpy impact testing or Izod impact testing.
These tests are quite useful because of their conve-
nience and simplicity. However, they provide very
limited information on the fracture behavior of a
material. Moreover, the impact strength is not suitable
for some samples, which cannot be fully broken after
Charpy impact testing or Izod impact testing.8,19

Recently, there has been growing interest in the use of
essential work of fracture (EWF) testing to understand
the toughness and deformation processes that occur
in materials.20–25 The EWF method was proposed by
Broberg26,27 and extended by Mai and coworkers28–30

to characterize the fracture behavior of plastics. The
fracture toughness measured by the EWF method is
equivalent to the critical J-integral method; however,
the experimental process and data manipulation of
the EWF method are more convenient and simple
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than J-integral method.20,29 Although the toughness
of PA6/elastomer/rigid particle ternary composites
characterized by impact testing have been extensively
investigated, evaluation of the fracture behavior with
the EWF method is rare, especially for PA6/elasto-
mer/rigid particle ternary composites with a sandbag
microstructure.

In this study, the effect of morphology on the frac-
ture behavior of PA6/maleated ethylene–propylene–
diene terpolymer (EPDM-g-MA)/nano-CaCO3 ter-
nary composites was examined. The morphology of
the ternary composites was observed by scanning
electron microscopy (SEM), the impact strength was
measured by notched Charpy impact testing, the
facture behavior was also characterized with the
EWF method, and the distribution of fracture energy
in different stages was examined.

EXPERIMENTAL

Materials

The PA6 (1013B) was manufactured by UBE Indus-
tries, Ltd. (Yamaguchi, Japan) and had a melt flow
rate of 16 g/10 min (at 230�C and with a 2.16-kg
load). EPDM (Nordel IP 4725P), with an ethylene
content of 70 wt %, was manufactured by DuPont
Co. (Wilmington, DE). EPDM-g-MA (EPA830), with
a maleic anhydride content of 0.90 wt %, was sup-
plied by Haiyi Chemical Co., Ltd. (Hangzhou,
China). Nano-CaCO3 (Winnofil’SPM, 40–70 nm),
coated with fatty acids, was purchased from Solvay
S. A. (Brussels, Belgium). In this study, the mixture
of EPDM and EPDM-g-MA (weight ratio ¼ 20/80)
was defined as EPDM-g-MA, and the sandbag
microstructure particle was constructed with this ra-
tio.18 PA6/EPDM-g-MA/nano-CaCO3 ternary com-
posites with weight ratios of 75/20/5, 70/20/10,
65/20/15, and 60/20/20 were prepared.

Sample preparation

Two types of PA6/EPDM-g-MA/nano-CaCO3 ter-
nary composites were prepared via one-step and
two-step compounding routes, respectively. For the
one-step compounding route, PA6, EPDM-g-MA,
and nano-CaCO3 were mixed simultaneously in a
twin-screw extruder (Nanjing Chengke Machinery
Co., Ltd., Nanjing, China), the extrusion zone temp-
eratures were set at 210–220–225–230�C, and then,
the extruded pellets were vacuum-dried at 80�C for
5 h and molded into specimens with an injection-
molding machine (Haitian Plastics Machinery Ltd.,
Ningbo, China), the injection zone temperatures
were set at 220, 230, and 240�C. For the two-step
compounding route, EPDM-g-MA and nano-CaCO3

were mixed in a two-roll mill at 160�C for 15 min to

get the master batch, and then, the master batch was
melt-mixed with pure PA6 in a twin-screw extruder
under the same conditions. Subsequently, the
extruded pellets were vacuum-dried at 80�C for 5 h
and molded into specimens with an injection-molding
machine under the same conditions. Before they were
mixed, PA6 and nano-CaCO3 were vacuum-dried at
80�C for 5 h.

Charpy impact test

The Charpy impact test was conducted with V-
notched [3.2-mm thickness (t)] specimens [length �
Width (W) � t ¼ 80 � 10 � 4 mm3] according to
ISO 179–2000 on a Sans ZBC1251-2 impact tester
(MTS Systems Co., Ltd., Shenzhen, China) (7.5-J pen-
dulum and 3.8 m/s impact velocity) at 23 6 2�C.
Five specimens were tested to obtain the average
impact strength.

EWF test

EWF testing is based on the hypothesis that the total
fracture energy (Wf) can be divided into two
parts:23–25 the specific essential work of fracture (We)
and the nonessential (i.e., plastic) work of fracture
(Wp). The former is a surface energy dissipated in
the inner fracture process zone (FPZ), whereas the
latter is a volumetric energy dissipated in the outer
diffuse plastic deformation zone (PDZ). Wf can be
written as follows:

Wf ¼ We þWp (1)

Equation (1) can be further expressed in the terms
of specific parameters as follows:

wf ¼ Wf=lt ¼ we þ bwpl (2)

where wf is the specific total work of fracture, we is
the specific essential work of fracture associated
with FPZ, wp is the specific nonessential (or plastic)
work of fracture associated with PDZ, b is the
shape factor of the plastic zone, bwp is the non-
specific essential work of fracture or the plastic
work term that represents the total plastic energy
dissipated in the plastic zone, and l is the ligament
length.23–25

Furthermore, the wf values for every l can be
calculated from a numerical integration of the load–
displacement curves.24 When wf is plotted as a func-
tion of l, the values of we and bwp can be obtained
from the y-axis intercept and slope of the wf–l plots
extrapolated to zero l.20,25 Taking the peak of the
load–displacement curve as the cutoff point, Wf can
be partitioned into the energy dissipated in the stage
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before yielding [or yielding specific work of fracture
(Wf,y)] and the energy dissipated in the necking–tear-
ing stage after yielding [or necking specific work
of fracture (Wf,n)].

24,25 Accordingly, the following
equations can be written as

wf ¼ wf ;y þ wf ;n (3)

wf ;y ¼ we;y þ b0wp;yl (4)

wf ;n ¼ we;n þ b00wp;nl (5)

where wf,y and wf,n is the specific total fracture
work before and after yielding in the necking–tear-
ing stage, respectively, we,y and we,n are the corre-
sponding specific essential work of fracture, and
b0wp,y and b00wp,n are the corresponding plastic work
terms.24,25

The double-edge notched tensile (DENT) speci-
men (length � W � t ¼ 100 mm � 35 mm � 0.5
mm) was used for the EWF test (Fig. 1), which is
similar to the specimens described in the Ref. 25. l
was limited in the following range according to Eu-
ropean structural integrity society (ESIS) recommen-
dations:31

3t < l < W=3 (6)

EWF testing was conducted on an Instron (4302)
universal test machine (Canton, MA), which was

equipped with a 500-N load cell at a crosshead
speed of 5 mm/min and at 23 6 2�C, and the load–
displacement curves were recorded until breakage of
the specimens. The absorbed energy during the frac-
ture process was calculated from the integrated area
under the load–displacement curves.

SEM investigation

The microstructure of the specimens was observed
with a Hitachi S4700 (II) scanning electron micro-
scope (Hitachi, Japan) with an acceleration voltage of
15 kV. To investigate the morphology of EPDM-g-
MA and nano-CaCO3 in the PA6 matrix, the speci-
mens were cryogenically fractured along the direc-
tion perpendicular to the flow direction in liquid
nitrogen and were then immersed in boiling toluene
for 1 h to preferentially etch the EPDM-g-MA phase.
To investigate the fracture structures after EWF test-
ing, fresh specimens for EWF testing were used. The

Figure 1 DENT sample used for the EWF test. FPZ ¼
inner fracture process zone; PDZ ¼ outer diffuse plastic
deformation zone; Z ¼ length of the DENT sample.

Figure 2 SEM images of the etched cryofractured surfa-
ces of the PA6/EPDM-g-MA/nano-CaCO3 (60/20/20) ter-
nary composites prepared via two compounding routes:
(a) one-step route and (b) two-step route.
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etched fracture surfaces and the fracture surfaces af-
ter EWF testing were coated with Au before they
were investigated.

RESULTS AND DISCUSSION

Morphology

Figure 2 is SEM image of the etched cryofractured
surface of the PA6/EPDM-g-MA/nano-CaCO3 (60/
20/20) ternary composites prepared via one-step
and two-step compounding route. The dark holes in
the SEM images are the domains where the EPDM-
g-MA particles were selectively removed. The
smaller bright domains with irregular geometry are
nano-CaCO3 agglomerates.

For the PA6/EPDM-g-MA/nano-CaCO3 ternary
composites prepared via a one-step process, large
spheroidal EPDM-g-MA particles and small nano-
CaCO3 agglomerates were separately dispersed in the
PA6 matrix; this indicated that a separated dispersion
microstructure was probably formed [Fig. 2(a)]. For
the PA6/EPDM-g-MA/nano-CaCO3 ternary compo-
sites prepared via a two-step process, as shown in
Figure 2(b), the nano-CaCO3 agglomerates were selec-
tively embedded in the EPDM-g-MA particles. In our
previous study, the morphology with rigid-particle
agglomerates embedded in the elastomer was defined
as a sandbag microstructure.17,18 SEM images indi-
cated that the morphology of the polymer/elasto-
mer/rigid particles ternary composites was strongly
dependent on the compounding route.

Charpy impact testing

Figure 3 shows the effect of the nano-CaCO3 con-
tent on the Charpy impact strength of the PA6/

EPDM-g-MA/nano-CaCO3 ternary composites pre-
pared via two compounding routes. The Charpy
impact strength of the ternary composites, prepared
via a two-step compounding route, was remarkably
enhanced. However, for the ternary composites pre-
pared via the one-step compounding route, little
improvement in the Charpy impact strength was
observed. When the nano-CaCO3 content was 20 wt
%, the Charpy impact strength of the ternary com-
posites prepared via the two-step compounding
route was 137.9% higher than that of the ternary
composites prepared via the one-step compounding
route. Because the mechanical properties of the
polymer/elastomer/rigid particles ternary compo-
sites largely depended on the morphology, this
indicated that sandbag microstructure particles
were crucial for the toughness of the ternary com-
posites. This was conformed in our previous stu-
dies, for which we also reported that sandbag
microstructure particles effectively dissipated the
impact energy to improve the toughness.17,18

Figure 3 Effect of the nano-CaCO3 content on the Charpy
impact strength of the PA6/EPDM-g-MA/nano-CaCO3 ter-
nary composites prepared via two compounding routes.

Figure 4 Load–displacement curves of the PA6/EPDM-g-
MA/nano-CaCO3 (60/20/20) ternary composites with dif-
ferent l values: (a) separated dispersion microstructure
and (b) sandbag microstructure.
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EWF testing

Figure 4 shows the load–displacement curves of
two types of PA6/EPDM-g-MA/nano-CaCO3 ter-
nary composites (60/20/20) with different l values.
Clearly, the load–displacement curves were very
similar, and all of the specimens showed a ductile
fracture model. At first, the load increased quickly
with a slight increase in the displacement, and then,
with increasing displacement, after yielding, the
load decreased slowly and smoothly until the speci-
men broke. The maximum load, the displacement to
breakage, and the area under the curves increased
regularly with increasing l, indicating that the mode
of fracture was independent of l, which further
ensured the validity of the EWF method.25 The frac-
ture parameters for the PA6/EPDM-g-MA/nano-
CaCO3 ternary composites were obtained by the
load–displacement curves. The plot of wf, wf,y, and
wf,n against l of the PA6/EPDM-g-MA/nano-CaCO3

ternary composites with a separated dispersion
microstructure and sandbag microstructure are
shown in Figures 5–7, respectively. The fracture
parameters obtained from the interception and slope
of wf–l, wf,y–l, and wf,n–l plots extrapolated to zero l
are listed in Table I. Figures 5–7 present good linear
relationships for all of the specimens; this was
confirmed by the high linear regression coefficient
(R2 > 0.97) in most cases.
we is a material constant used to characterize the

fracture toughness, which is only dependent on t
and independent of the geometry of the speci-
men.22,25 As shown in Table I, the value of we of the
PA6/EPDM-g-MA/nano-CaCO3 ternary composites
with a sandbag microstructure was 71.4% higher
than that of the composites with a separated disper-
sion microstructure; this indicated that the fracture
toughness, that is, the crack resistance, was
improved.25 The results suggest that we was sensitive
to the morphology of the ternary composites.

Figure 5 Specific work of fracture versus l for PA6/
EPDM-g-MA/nano-CaCO3 (60/20/20) ternary composites:
(a) separated dispersion microstructure and (b) sandbag
microstructure.

Figure 6 Yielding and necking specific work of fracture
versus l for PA6/EPDM-g-MA/nano-CaCO3 (60/20/20)
ternary composites with a separated dispersion micro-
structure: (a) yielding and (b) necking–tearing.
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As shown by the values listed in Table I, clearly,
the values of we,y and we,n of the PA6/EPDM-g-MA/
nano-CaCO3 ternary composites with a sandbag
microstructure were 58.9 and 83.5% higher than
those of the composites with a separated dispersion
microstructure, respectively; this indicated that the
crack resistance in the whole fracture process both
before yielding and in the necking–tearing stage and

the fracture toughness were improved, especially in
the necking–tearing stage. For the ternary compo-
sites with a sandbag microstructure, the value of we,n

was 18.8% higher than we,y. Furthermore, we in the
whole fracture process of the ternary composites
with a sandbag microstructure particles was more
determined by we,n.
On the other hand, Table I shows that the morpho-

logy of the ternary composites did not significantly
affect the plastic energy consumption [bwp; including
the nonspecific essential work of fracture before
yielding (bwp,y) and nonspecific essential work of
fracture in the necking–tearing stage (bwp,n)].
To understand the fracture parameters obtained,

the fracture surfaces of the DENT specimens after
EWF testing were observed by SEM. Both voids and
the tearing of fibrils, or fibrillation, were observed in
the PA6/EPDM-g-MA/nano-CaCO3 ternary compo-
sites with separated dispersion microstructure (Fig.
8) and the ternary composites with the sandbag
microstructure (Fig. 9). Figure 8 shows that several

TABLE I
Fracture Parameters for PA6/EPDM-g-MA/nano-CaCO3

Ternary Composites (60/20/20) with Separated Dispersion
Microstructure and Sandbag Microstructure

Separated dispersion
microstructure

Sandbag
microstructure

we (kJ/m
2) 111.04 190.31

bwp (MJ/m2) 24.89 23.08
we,y (kJ/m

2) 54.58 86.71
we,n (kJ/m2) 56.46 103.60
bwp,y (MJ/m2) 12.37 10.57
bwp,n (MJ/m2) 12.52 12.51

Figure 7 Yielding and necking specific work of fracture
against l for PA6/EPDM-g-MA/nano-CaCO3 (60/20/20)
ternary composites with a sandbag microstructure: (a)
yielding and (b) necking–tearing.

Figure 8 SEM images of the fracture surface of the PA6/
EPDM-g-MA/nano-CaCO3 (60/20/20) ternary composites
with a separated dispersion microstructure after EWF test-
ing at two levels of magnification: (a) 1000 and (b) 5000�.
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voids were formed at large nano-CaCO3 agglomer-
ates; however, large nano-CaCO3 agglomerates were
very seldom observed in the ternary composites
with the sandbag microstructure, in which small
nano-CaCO3 agglomerates were selectively distrib-
uted in the fibrils [Fig. 9(b)]. Because large nano-
CaCO3 agglomerates could act as void nuclei, this
poor dispersion of nano-CaCO3 particles decreased
the fracture toughness (we, the crack resistance), and
the sandbag microstructure contributed to the
important improvement in we.

32 This indicated that
the sandbag microstructure particles were more
effective in resisting the growth of cracks than the
larger nano-CaCO3 agglomerates.

On the other hand, the difference between the
fracture features of the ternary composites with the
sandbag microstructure and the separated dispersion
microstructure was the fibrillation (Figs. 8 and 9).
The amount of fibrillation in the ternary composites
with the sandbag microstructure (Fig. 9) was greater

than that in the ternary composites with the sepa-
rated dispersion microstructure (Fig. 8). Bureau
et al.32 reported that the amount of fibrillation deter-
mines the plastic energy consumption, that is, bwp.
However, in our study, the discrepancy between bwp

was small, and the amount of fibrillation had little
influence on the plastic energy consumption. This
contradiction might have been due to the matrix; in
Bureau’s work, polypropylene was used as matrix.
However, we are not quite sure about this point.
There is still a lot of experimentation and discussion
to be done to answer this question.

CONCLUSIONS

In this study, two types of morphology were clearly
observed in PA6/EPDM-g-MA/nano-CaCO3 ternary
composites prepared by two compounding routes.
Sandbag microstructure particles were constructed
via a two-step compounding route. The sandbag
microstructure particles were crucial for the tough-
ness of the ternary composites and the Charpy
impact strength, and the fracture toughness (we)
values of the ternary composites with the sandbag
microstructure were 137.9 and 71.4% higher than
that with the separated dispersion microstructure,
respectively. The improvement in we was related to
the sandbag microstructure particles, which were
more effective in resisting the growth of cracks. The
changes in bwp, bwp,y, and bwp,n in these two types
of ternary composites was relatively small; this
suggested that the amount of fibrillation had little
influence on the plastic energy consumption.

The authors are thankful to Yang Ming Bo (Sichuan Univer-
sity) for his helpwith the EWF testing.
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