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ABSTRACT: Despite extensive efforts to understand the
toughening mechanism of rubber-modified semicrystalline
polymers, the plastic deformation event at the crack tips
with an extreme deformation gradient and its correlation
with phase morphology is, thus far, poorly understood. In
this study, micro Fourier transform infrared measurements
were adopted to give direct evidence of plastic deforma-
tion at the crack tips by the molecular orientation in nylon
6/ethylene–propylene–diene terpolymer (EPDM) blends
with a distinct phase morphology. Significant plastic de-
formation ahead of the crack tips, manifested by a high

molecular orientation, was observed in the compatibilized
nylon 6/EPDM blends with fine rubber particles. More-
over, the increased transverse crack-propagation resistance
due to high molecular orientation dramatically extended
the plastic deformation into adjacent regions around the
crack tips; this was responsible for enhanced energy dissi-
pation during the fracture process. VC 2010 Wiley Periodicals,
Inc. J Appl Polym Sci 117: 3139–3145, 2010
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INTRODUCTION

The incorporation of soft rubber particles into the
semicrystalline nylon 6 matrix is an effective routine
for improving the toughness of such a notch-sensi-
tive engineering plastic with low crack-propagation
resistance.1–6 It is well established that the phase
morphology, including particle size and rubber con-
centration, has a dramatic influence on the toughen-
ing efficiency, and several underlying mechanisms
have been proposed in past decades. In his pioneer-
ing studies, Wu and coworkers7,8 first suggested that
the toughness is controlled by a critical ligament
thickness among rubber particles, that is, the sur-
face-to-surface interparticle distance, rather than by
the particle size itself, on the basis of the concept of
the percolation of overlapped stress fields around
rubber particles. Rather, Argon and coworkers9–11

later argued that the toughening effect stems from
the percolation of a preferential crystalline layer with
low plastic resistance around rubber particles, which
is also related to a critical parameter, that is, interpar-
ticle distance. More recently, Corté and Leibler12 pro-
posed a different model for rubber-toughened semi-
crystalline polymers based on the two competing
processes of matrix shear yielding activated by the
rubber particles and brittle fracture caused by the co-
alescence of microcracks between crystalline lamel-
lae.12 In their model, similarly, toughness is dominated
by a critical distance, which depends not only on the
matrix characteristics but also on the particle size.
Despite some controversies in the aforementioned

toughening mechanisms, extensive plastic deforma-
tion in the matrix without the initiation of any pre-
mature fracture processes is crucial for achieving
superior toughness in rubber-modified semicrystal-
line polymers. The role of the dispersed rubber
phase is expected to induce an overall plastic defor-
mation in the entire matrix rather than a localized
one.13,14 To date, evidence of plastic deformation at
the crack tips has been indirectly deduced from the
undulate fracture surface or from the elongated rub-
ber particles embedded in the matrix, mostly by
electron microscopy techniques.9,15,16 The main prob-
lem for the in situ detection of plastic deformation
events at the crack tips arises from the extreme de-
formation gradient close to the crack tips, which can
only be resolved by some specific experimental

Correspondence to: B. Na (bingnash@163.com or bna@ecit.
edu.cn).

Contract grant sponsor: National Natural Science
Foundation of China; contract grant number: 20704006.

Contract grant sponsor: Natural Science Foundation of
Jiangxi, China; contract grant number: 0650009*.

Contract grant sponsor: Project of Jiangxi Provincial
Department of Education; contract grant number: GJJ08295.

Contract grant sponsor: Doctor and President Foundation
of East China Institute of Technology.

Journal ofAppliedPolymerScience,Vol. 117, 3139–3145 (2010)
VC 2010 Wiley Periodicals, Inc.



methods with high spatial resolution. In fact, posi-
tion-resolved X-ray experiments and NMR imaging
have been developed to study the structural evolu-
tion in the bulk ahead and near the crack tips in poly-
(vinylidene fluoride),17 poly(styrene-co-acrylonitrile-co-
butadiene),18 and rubber-modified nylon 6.14 In our
previous study,19 alternatively, we demonstrated that
spatially resolved micro Fourier transform infrared
(micro-FTIR) is powerful for probing the molecular
orientation, especially in the amorphous phase at
crack tips, which is advantageous over other techni-
ques, such as X-ray scattering measurements.

In this study, we further adopted micro-FTIR
measurements to unveil the molecular orientation at
the crack tips of rubber-modified nylon 6 with a dis-
tinct phase morphology. The results indicate that, at
a nearly constant rubber concentration, decreasing
the rubber particle size, that is, reducing the inter-
particle distance indeed promoted the formation of a
plastic deformation region at the crack tips, which
was manifested by a significant molecular orienta-
tion, especially in the amorphous phase. For the first
time, a direct correlation was shown between the
phase morphology and plastic deformation events at
the crack tips; this was beneficial for the further
understanding of the toughening mechanism in rub-
ber-modified semicrystalline polymers.

EXPERIMENTAL

Materials and sample preparation

Commercial nylon 6 with an intrinsic viscosity of
1.4 dL/g and ethylene–propylene–diene terpolymer
(EPDM; ethylene/propylene/diene ¼ 69/30.5/0.5)
with a Mooney viscosity of 20 were obtained from
BASF, Germany, and DuPont, USA, respectively. An
elastomeric compatibilizer, ethylene–acrylate–maleic
anhydride terpolymer (EMH; ethylene/acrylate/ma-
leic anhydride ¼ 68/22/10), was used to tailor the
phase morphology of the nylon 6/EPDM blends.
Before melt mixing, all of materials were dried in a
vacuum oven at 80�C overnight. The components
were then melt-blended in an internal mixer at
240�C for 10 min. For comparison, two blends with
or without the compatibilizer EMH were prepared:
one was a nylon 6/EPDM blend with a weight ratio
of 70/30, and the other was a nylon 6/EPDM/
EMH blend with a weight ratio of 70/27/3. Films
with a thickness of about 80 l m for the following
mechanical tests and micro-FTIR measurements
were prepared by the melt compression molding of
the as-prepared blends in a hot press at 240�C. Af-
ter being held in the press for 5 min, the films were
quickly transferred to a cold press for rapid cooling
to room temperature.

Mechanical tests

Two types of mechanical tests with different sample
configurations were performed at room temperature
with a universal testing machine (Kaiqiangli Testing
Instrument Co., China) with a crosshead speed of 2
mm/min: one was a uniaxial tensile test with dog-
bone specimens (4 mm width � 6 mm gauge
length), and the other was a deeply double-edge-
notched tensile (DDENT) test with precracked speci-
mens with a ligament length of 3 mm. The detailed
procedure for the preparation of DDENT specimens
can be found elsewhere.19,20

Micro-FTIR study

The molecular orientation at crack tips during the
stepwise stretching of the DDENT specimen at
2 mm/min was monitored by a Thermo Nicolet infra-
red microscope (USA) with a mercury–cadmium–tel-
lurium detector coupled with a ministretcher at
room temperature. Allowing for the large rubber do-
main size in the blends without compatibilizer, we
used a microsampling area of 40 � 40 lm2 in this
case. After the specimen was stretched to a certain
displacement, the transmitted IR light was precisely
irradiated on the selected regions at the crack tips of
the specimen at loading state by the movement of
the sample stage under a charged coupling device
(CCD) view system of the IR microscope. At each
sampling region, polarized infrared spectra (by
rotating a ZnSe polarizer (Thermo Scientific, USA)),
parallel and perpendicular to the tensile direction,
respectively, were collected with a resolution of 4
cm�1, and a total of 64 scans were added.

Structural characterizations

Scanning electron microscopy

The as-prepared films were first cryogenically bro-
ken in liquid nitrogen and then etched in toluene to
selectively remove the rubber particles. Morphologi-
cal observations were conducted on a Hitachi X-650
scanning electron microscope (Japan) operating at an
accelerating voltage of 5 kV.

X-ray diffraction

The crystalline phase of as-prepared films was deter-
mined by an X-ray diffractometer. The wavelength
of the monochromated X-ray was 0.154 nm.

RESULTS AND DISCUSSION

Initial structure

Figure 1 presents the phase morphology of the rub-
ber-modified nylon 6 with and without compatibilizer,
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respectively. The rubber phase in the blends mani-
fested itself as cavities on the scanning electron mi-
croscopy pictures because of selective etching by tol-
uene. The rubber domain size was smaller and more
homogeneous in the blends with some amount of
EMH, as compared to that without EMH. This
strongly indicated that the component EMH acted as
a good compatibilizer because of the structural simi-
larity and chemical reaction toward EPDM and ny-
lon 6, respectively.16,21 The significant compatibiliz-
ing effect from EMH reduced the interfacial tension
between the dispersed EPDM phase and the nylon 6
matrix during melt mixing and, thus, was responsi-
ble for the reduced rubber particles. Moreover, the
affinity of EMH toward both EPDM and nylon 6
seemed to be beneficial for the improved mechanical
responses in such blends (as presented in the follow-
ing section). Despite the dramatic change in the

phase morphology, the incorporation of the compati-
bilizer EMH had little influence on the crystalline
phase of the nylon 6 matrix, including crystal modi-
fication and crystallinity, as shown in Figure 2.

Mechanical responses

Figure 3 shows the mechanical responses of nylon
6/EPDM blends with and without compatibilizer,
respectively, with two different types of sample con-
figurations. The results of the uniaxial tensile tests
indicate that the incorporation of compatibilizer
significantly improved the mechanical properties,
including the modulus, yield strength, and elonga-
tion at break. This stemmed from the fine dispersion
of rubber particles and the enhanced interfacial ad-
hesion between the dispersed EPDM phase and the
nylon 6 matrix, as demonstrated previously. Under
stretching, a fine and homogeneous dispersion of
soft rubber domains redistributed the stress building
up around them, and thus, premature fracture due
to stress-raising defects could be prevented to a
large extent.12 Furthermore, whereas the interparticle
distance was below a critical value, the percolation
of overlapped stress fields or of crystalline layers
with low plastic resistance around rubber particles
could promote the large plastic deformation,7–11

which could be the situation encountered in the
compatibilized nylon 6/EPDM blends with small
rubber particles (<1 lm).
On the other hand, compatibilized nylon 6/EPDM

blends also exhibited higher stress and elongation
during DDENT tests with precracked specimens.
The fracture energy, integrated from the profiles of
stress versus elongation, was 70.3 versus 29.1 kJ/m2

for nylon 6/EPDM blends with and withoutFigure 1 Phase morphology of nylon 6/EPDM blends (a)
with and (b) without the compatibilizer. The scale bars
correspond to (a) 30 and (b) 50 lm.

Figure 2 X-ray diffraction profiles obtained from nylon
6/EPDM blends (a) with and (b) without the compatibil-
izer. The a form, manifested by the characteristic reflec-
tions of the (002) and (200) crystal lattices, was present in
both blends.
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compatibilizer, respectively. With in situ registration
of the fracture process, moreover, the transverse
crack propagation was found to be slower in the
compatibilized nylon 6/EPDM blends under the
same longitudinal stretching rate, as shown in the
inset of Figure 3(II). These results strongly suggest
that the incorporation of some amount of EMH com-
ponent as a compatibilizer significantly enhanced
the crack-growth resistance, which found its origin
in the reduced rubber domains and improved inter-
facial adhesion.1,15

In addition, accompanied by the formation and
growth of the plastic deformation regions around
crack tips, stress whitening was observed in both
blends, regardless of compatibilizer, as revealed by
the simultaneous images monitored by a CCD cam-
era during the fracture process. Macroscopic stress
whitening arises from the formation of cavities at a
microscopic scale during deformation. However, a

close inspection of the images indicated that the cav-
itation process could be different in two such blends
with distinct phase morphologies and interfacial
adhesions. According to a pioneering study,9 it was
postulated that the internal cavitation of rubber par-
ticles occurred in compatibilized nylon 6/EPDM
blends with fine rubber domains and strong interfa-
cial adhesion, whereas cavitation from interfacial
debonding could have been responsible for the
stress whitening in nylon 6/EPDM blends without
compatibilizer. As demonstrated by many research-
ers,15,22 it was the internal cavitation of the rubber
particles ahead of the cracks in the compatibilized
nylon 6/EPDM blends that released the triaxial
stresses and, in turn, gave rise to a significant forma-
tion of plastic deformation regions and the increased
energy dissipation. Even so, as stated in the intro-
duction, the plastic deformation event at the crack
tips and its correlation with phase morphology are
still poorly understood. Therefore, in the following
section, major attention is paid to the exploration of
the molecular orientation at the crack tips by micro-
FTIR measurements.

Molecular orientation at the crack tips

Like uniaxial stretching, the formation of plastic de-
formation regions at the crack tips must result in
molecular orientation in both the crystalline and
amorphous phases. Thus, the order parameters can
serve as an indicator to reveal the extent of plastic
deformation at the crack tips during the fracture
process. Figure 4(a,b) presents the polarized IR spec-
tra, parallel and perpendicular to the stretching
direction, respectively, obtained from the small sam-
pling region ahead of the crack tips during the
stretching of a DDENT specimen of the compatibi-
lized nylon 6/EPDM blends. In the wave-number
range between 1150 and 900 cm�1, two characteristic
absorption bands were adopted to characterize the
molecular orientation in the nylon 6 matrix during
the fracture process:23,24 one was located at 1122 cm�1

and was assigned to the amorphous phase, and the
other appeared at 930 cm�1 and belonged to the a
form of the crystalline phase. The order parameter
in both the crystalline and amorphous phases ( f )25

could be deduced as follows:

f ¼ ðR� 1Þ=ðRþ 2Þ (1)

R ¼ Ak=A? (2)

where Ak and A? are the parallel and perpendicular
absorbances, respectively.
Figure 5 presents the evolution of order parameter

in the crystalline and amorphous phases ahead of
the crack tips during the stretching of the DDENT
specimens of the nylon 6/EPDM blends with and

Figure 3 Mechanical responses of nylon 6/EPDM blends
(a) with and (b) without the compatibilizer: (I) uniaxial
tensile deformation and (II) DDENT deformation. The
transverse crack propagation of the samples is included in
the inset of part II.
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without compatibilizer, respectively. In both blends,
the molecular orientation of the nylon 6 matrix first
increased with elongation and then leveled off,
which exactly corresponded to the formation and
growth of the plastic deformation region ahead of
the crack tips during the fracture process [see Fig.
3(II)]. We expected that, during crack initiation, the
molecular chains in both the crystalline and amor-
phous phase were extended continuously to resist
the external force. Once the extension limit of the
molecular chains was reached, possibly because of
disentanglement, rupture, or pullout from the crys-
tallites,26 crack propagation occurred subsequently.
Herein, the molecular orientation ahead of the crack
tips was saturated, and the energy was dissipated to
induce the formation and growth of a new plastic
region along the transverse direction until ultimate
fracture. Higher molecular orientation meant more
severe plastic deformation and a higher energy dissi-
pation, which were observed for the compatibilized
nylon 6/EPDM blends. Again, this originated from
the smaller interparticle distance, which favors the
plastic deformation around rubber particles in such
compatibilized blends, which is consistent with the
prediction of overlapped stress field or the percola-

tion of a preferential crystalline layer with low plas-
tic resistance around the rubber particles. In this
study, we could not distinguish which mechanism
governed the plastic deformation around the rubber
particles according to the molecular orientation
determined by the micro-FTIR measurements. How-
ever, a direct correlation between the phase mor-
phology and plastic deformation ahead of the crack
tips was, indeed, demonstrated experimentally for
the first time.
As shown in Figure 5, in addition, the evolution

of molecular orientation in the amorphous phase
showed a more significant difference between the
two blends studied in this case, as compared with
that related to the crystalline phase. This means that
the segmental extension in the amorphous phase
played a more vital role in determining the plastic
deformation and fracture process. In fact, numerous
studies have demonstrated that the plastic deforma-
tion in semicrystalline polymers at large strain is
dominated by segmental extension in the amorphous
phase rather than by the orientation of crystallites.27,28

Figure 4 Polarized IR spectra, (a) parallel and (b) perpen-
dicular to the tensile direction, obtained from the small
sampling region ahead of the crack tips during the stretch-
ing of the nylon 6/EPDM blends with the compatibilizer

Figure 5 Evolution of the order parameter during the
stretching of the DDENT specimens in the small sampling
region ahead of the crack tips of the rubber-modified ny-
lon 6: (a) the crystalline phase and (b) the amorphous
phase. Numbers 1 and 2 correspond to the numbers pre-
sented in Figure 3(II).
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The rigid crystallites only serve as physical crosslinks
for the extension of a flexible molecular network com-
posed by the amorphous phase. This argument seems
reasonable for the plastic deformation ahead of the
crack tips with significant molecular orientation.

Meanwhile, the tightening of the molecular chains
ahead of the crack tips because of orientation can
extend the plastic deformation into the adjacent
regions parallel and perpendicular to the stretching
direction. The formation of a large plastic zone
meant significant energy dissipation, which, in turn,
gave rise to a high molecular orientation in such
damaged regions. To clarify it, the molecular orien-
tation around the crack tips was also measured for
the nylon 6/EPDM blends with and without compa-
tibilizer, respectively. Figure 6 presents the distribu-
tion of the molecular orientation in the amorphous
phase around the crack tips after the DDENT speci-
mens were stretched to two selective elongations,
accompanied by the photographs obtained from an
optical microscope. Because the molecular orienta-
tion in the amorphous phase showed a more signifi-
cant difference in the two blends than that from the
crystalline phase, only the amorphous orientation
distribution is presented for comparison. Multiple
and homogeneous crazes were formed around the
crack tips in the compatibilized nylon 6/EPDM
blends as a result of the small interparticle distance
and strong interfacial adhesion. Moreover, the plastic
damage is suppressed along the transverse direction

to a large extent in such compatibilized blends, as
compared with that observed in the uncompatibi-
lized nylon 6/EPDM blends with a large rubber do-
main and weak interfacial adhesion. This means that
the incorporation of the compatibilizer EMH signifi-
cantly enhanced the transverse crack-propagation re-
sistance, and under loading, the plastic deformation
extended along the stretching direction easily.
Hence, a higher molecular orientation in the regions
perpendicular to the crack-propagation direction was
expected for the compatibilized nylon 6/EPDM blends,
which is shown in Figure 6.

CONCLUSIONS

Experimentally, the molecular orientation at crack tips
of rubber modified nylon 6 was explored for the first
time by micro-FTIR measurements. It was indicated
that there was a strong correlation between the phase
morphology and the molecular orientation at the
crack tips. At a nearly constant rubber concentration,
the decreasing rubber particles promoted molecular
orientation, especially in the amorphous phase, as a
result of significant plastic deformation induced by
the rubber domains, which, in turn, gave rise to dra-
matic energy dissipation and, thus, superior tough-
ness in the compatibilized nylon 6/EPDM blends.
Our results give deep insight into the plastic deforma-
tion event at the crack tips, which could be beneficial
for the further understanding of the toughening mech-
anism in rubber-modified semicrystalline polymers.
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