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ABSTRACT: Superior toughness has been achieved in the nylon-6/PVDF blends with semicrystalline
PVDF component as the dispersed particles. Morphological observations on the impact tested specimens
unambiguously reveal the formation of voids and microfibrils across the fracture surface, suggesting that
some extent of plastic deformation occurs within ductile PVDF particles. It is further confirmed by the
structural evolution at crack tips through micro-FTIR studies on the quasi-static stretching of precracked
films. During fracture oo — 3 phase transformation of dispersed PVDF particles first takes place, followed by
the extensive plastic deformation and fibrillation of new-formed S-crystals. It is believed that the aa— 3 phase
transformation and fibrillation of S-crystals of the dispersed PVDF particles are responsible for the toughness
enhancement in the nylon-6/PVDF blends with good interfacial adhesion.

1. Introduction

Like most semicrystalline polymers, nylon-6 behaves brittle in
the presence of cracklike flaws and notches.' One conventional
and effective routine for toughening is to incorporate some
amount of soft rubber particles in the nylon-6 matrix.> > The
presence of soft particles can induce extensive plastic flow of
nylon-6 matrix among them once the critical interparticle liga-
ment thickness is achieved®® ® and thus is beneficial for the
significant energy absorption during fracture. In addition, rubber
particles cavitation is also contributed to the imgroved toughness
as a result of the release of triaxial tensile stress.>>” However, the
loss of stiffness and strength, in parallel with toughness enhance-
ment, also becomes obvious in the rubber-modified nylon-6.

Alternatively, blending of nylon-6 with inorganic or organic
rigid particles to improve its toughness is another pursuit in the
polymer community. As a matter of fact, the toughness of nylon-6
can only be increased to some extent'® or becomes deteriorated''
with incorporation of inorganic particles because of high plastic
resistance and incomplete debonding of inorganic particles from
the matrix. On the other hand, amorphous polymers, including
acrylonitrile-co-styrene (AS), polysulfone (PSU), and so on, are
able to toughen nylon-6, provided that the good interfacial adhe-
sion between the dispersed particles and nylon-6 matrix is guaran-
teed.">!* Moreover, the underlying toughening mechanism is
totally different from that prevailed in the rubber-modified poly-
mers. The concept of cold drawing, proposed by Kurauchi et al. on
the studies of polycarbonate (PC)/acrylonitrile—styrene copolymer
(AS) system, ' seems be pertinent to the toughening mechanism of
rigid organic particles toughened polymers. It is believed that that
the plastic deformation of brittle particles in the matrix, instead of
shear yielding of the matrix induced by the organic particles, is
responsible for the enhanced energy absorption.

In addition, incorporation of semicrystalline poly(vinylidene
fluoride) (PVDF) Particles in the nylon-6 matrix can also impart
toughening effect,'*'® analogous to that observed in the system
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modified by rigid amorphous polymers. Generally, the toughness
enhancement is resulted from the fine dispersed PVDF domains
and in particular good interfacial adhesion between two phases.
To date, the toughening mechanism in the nylon-6/PVDF blends
still remains mysterious, even though it has been claimed that
there is no possible analogy between nylon-6/PVDF blends and
rubber-modified polymers.'”

In this study the toughening mechanism in the nylon-6/PVDF
blends with PVDF component as the dispersed particles has been
clarified through morphological observations and in particular
the structural evolution at crack tips by micro-FTIR measure-
ments. It is indicated that the o. — 8 phase transformation and
fibrillation of newly formed 5-crystals within the dispersed PVDF
particles during fracture is the origin of enhanced toughness.

2. Experimental Section

2.1. Materials and Sample Preparation. Nylon-6 with intrinsic
viscosity of 1.4 dL/g and poly(vinylidene fluoride) with MFI of
15 g/10 min were obtained from BASF and Changshu Fluorine ST
Co., China, respectively. Prior to processing, both materials were
dried in a vacuum oven at 80 °C overnight. Nylon-6/PVDF blends
with desired compositions were melt-blended in an internal mixer
at 240 °C for 10 min. Plates with thickness of 0.5 mm and rectangle
bars (4 mm thickness x 10 mm width) were prepared by compres-
sion molding and injection molding at 240 °C, respectively.

2.2. Mechanical Tests. Tensile deformation of a dog-bone
specimen (4 mm width x 6 mm gauge length), punched from
the 0.5 mm thick plates, was performed at room temperature
using an universal testing machine with a crosshead speed of
2 mm/min. Izod impact measurements on the rectangle bars
with a standard notch were carried out by an Izod tester at room
temperature.

2.3. Structural Characterizations. SEM. Morphological ob-
servations were conducted on a Hitachi S3400 SEM instrument.
To evaluate the phase morphology, the samples were first
cryofractured in liquid nitrogen, followed by etching in dimethyl
sulfoxide (DMSO) at 80 °C for 6 h to remove the PVDF phase.
To observe the fracture morphology, the specimens collected
after Izod impact tests were directly used.
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DSC. The thermal behaviors were registered using a NET-
ZSCH DSC 204 at a rate of 10 °C/min. Melting traces were
recorded by heating the samples up to 240 °C, and the crystal-
lization thermograms were subsequently obtained by cooling
the samples after being held at 240 °C for 5 min to erase any
possible thermal history.

XRD. The crystalline phase was determined by an X-ray
diffractometer, and the wavelength of the monochromated
X-ray was 0.154 nm.

2.4. Micro-FTIR Measurements. The structural evolution
at crack tips during stepwise stretching of a precracked specimen
at 2 mm/min was monitored by a Thermo Nicolet infrared
microscope with a MCT detector coupled with a ministretcher
at room temperature. An adjustable aperture was used to obtain
desired microsampling area, e.g., 20 x 20 um’ in this case.
After stretched to a certain elongation, the transmitted IR
light was precisely irradiated on the sampling region ahead of
crack tips at loading state by moving the sample stage under a
CCD view system of the IR microscope. Polarized infrared
spectra (by rotating a ZnSe polarizer), parallel and perpen-
dicular to the stretching direction, were collected with a resolu-
tion of 4 cm™', and a total of 64 scans were added for a better
signal/noise ratio.

3. Results and Discussion

3.1. Phase Morphology and Crystallization Behaviors.
Figure 1 shows the phase morphology of nylon-6/PVDF
blends with a composition of 70/30 and 50/50. Note that the
PVDF domains manifest themselves as the holes in the
images due to etching by DMSO. In both compositions a
sea—island structure is observed, where the submicrometer
PVDF particles are dispersed in the continuous nylon-6
matrix. The formation of fine dispersed particles is mainly
originated from the low interfacial tension,'!” which in turn
suggests good interfacial adhesion between the dispersed
PVDF phase and nylon-6 matrix. Actually, through lap
shear strength measurements it has been well demonstrated
that the interfacial adhesion in the nylon-6/PVDF blends is
notable due to favorable mutual interactions between
them,'> as compared with other polymer pairs such as
polypropylene/nylon-6 with large domain size. Note that
the increased domain size of PVDF component with its
content in the blends is ascribed to the significant droplet
coalescence during melt mixing.'®

Furthermore, the fine domain size of PVDF component is
verified by its retarded crystallization habits, as shown in
Figure 2. The crystallization temperature of PVDF compo-
nent in the blends becomes much lower than that recorded
from its pure counterpart, and the smaller domain size, the
lower crystallization temperature is. This domain size de-
pendence of crystallization, namely confined crystallization,
is a common observation in the microphase-separated block
copolymers'®?® and immiscible polymer blends with fine
domain size.?' It is deemed that homogeneous nucleation is
responsible for the confined crystallization since the avail-
able heterogeneous nuclei in each domain are reduced sig-
nificantly with decreasing of domain size. In parallel with
retarded crystallization temperature, correspondingly, the
melting temperature of PVDF component in the blends
decreases to some extent. Even so, the confined crystalliza-
tion in the small domains has almost no impact on the crys-
tal modification of PVDF component. As demonstrated
by the XRD profiles in Figure 3, a-crystals of PVDF phase
prevail in the blends, the same as that observed in its
pure counterpart.

3.2. Toughness and Fracture Morphology. Figure 4 pre-
sents the mechanical properties of nylon-6/PVDF blends

Na et al.

Figure 1. Phase morphology of nylon-6/PVDF blends with different
compositions by weight: (a) 70/30, (b) 50/50. Note that in both images
the dispersed PVDF particles are represented by the holes due to etching
by DMSO.

with PVDF components as the dispersed phase. For com-
parison, the ones obtained from the pure nylon-6 and PVDF
are also included. In line with other observations,'® superior
impact strength is achieved in the blends and becomes
significant with increasing PVDF content. Rather, incor-
poration of the dispersed PVDF particles in the nylon-6
matrix reduces the modulus and yield strength to some
extent, analogous to that observed in the rubber modified
nylon-6. In common sense, the enhanced toughness in the
nylon-6/PVDF blends could be resulted from the small
domain size of the dispersed PVDF phase and good inter-
facial adhesion between two phases. Even so, the detailed
toughening mechanism by the semicrystalline PVDF parti-
cles still remains unclear.

To clarify it, morphological features of the impact
fractured surfaces are checked, and the corresponding
results are collected in Figure 5. At a glance, it appears
almost no difference between pure nylon-6 and its blends
with PVDF component, and only relative flat fracture
surface is observed. It means that the dispersed particles
activated shear yielding of nylon-6 matrix scarcely occurs in
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Figure 2. Crytallizaiton (a) and melting traces (b) obtained from
nylon-6/PVDF blends with indicated compositions. For comparison,
the ones obtained from the pure nylon-6 and PVDF are also included.
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Figure 3. XRD profiles of nylon-6/PVDF blends with indicated com-
positions. For comparison, the ones obtained from the pure nylon-6 and
PVDF are also included. Note that only a-form is observed for both
nylon-6 and PVDF components, irrespective of compositions.

the toughened nylon-6/PVDF blends, though the surface-
to-surface interparticle distance in these blends roughly
meets the requirements of critical ligament thickness
(0.3—0.5 um) for toughening nylon-6 with high plastic
resistance.” Indeed, for the rubber-modified nylon-6 signifi-
cant shear yielding of matrix can enhance the toughness by
tens of times, accompanied by formation of very rough
fracture surface due to enhanced crack propagation resis-
tance, while the critical ligament thickness among soft
particles is satisfied.>** Nevertheless, it is not a fact in this
case (see Figures 4 and 5), and thus the toughening mechan-
ism prevailed in the rubber-modified polymers could be
discarded.

Interestingly, a close inspection reveals the presence of
voids and elongated microfibrils across the fracture sur-
face in the nylon-6/PVDF blends (see an example shown
in Figure 5d), which is absent in the pure nylon-6. The
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Figure 4. Composition-dependent impact strength (a) and modulus
and yield strength (b) in the nylon-6/PVDF blends. Note that the
stress—strain curves obtained from tensile tests are included in (b) as
an inset.

Figure 5. SEM photographs revealing the fracture morphology of pure
nylon-6 (a) and nylon-6/PVDF blends (b: 70/30; c, d: 50/50).

formation of voids and microfibrils corresponds to the
pull-out and fibrillation of dispersed PVDF particles dur-
ing impact tests, respectively. Thus, itis expected that some
extent of plastic deformation occurs within ductile PVDF
particles even pulled out from the matrix due to good
interfacial adhesion in the nylon-6/PVDF blends, which
is essentially different from the debonding of rigid inor-
ganic filler in the CaCO3/nylon-6 blends with negligible
interfacial adhesion.'® Of course, fibrillation is the extreme
example of plastic deformation of dispersed PVDF parti-
cles. This argument is somewhat consistent with the cold
drawing concept presented in the brittle organic particles
toughened ductile polymers,'> ' although the PVDF
component itself is ductile in nature. Hence, the pull-out
and fibrillation of dispersed PVDF particles, accompanied
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Figure 6. (a) Polarized IR spectra, parallel (dashed lines) and perpen-
dicular (solid lines) to the stretching direction, and (b) relative content
F(f) and dichroic ratio R(f) of the f-form of PVDF component
obtained from a small region ahead of crack tips during stretching
precracked film of nylon-6/PVDF = 50/50 blends. The simultaneous
images recorded during the fracture process are included in (b) as an
inset. Note that in (a) the white square on the image represents the
sampling position during IR measurements schematically, and the
vertical shift of the IR spectra has been done for clarification.

by crack deflection,'® could dissipate energy to a large
extent and result in the toughness enhancement. One may
argue that it is not totally convincing only judged from the
morphological observations, and detailed information about
the plastic deformation of PVDF particles embedded in the
nylon-6 matrix during fracture is required. However, it is
nearly impossible to obtain the structural evolution during
crack initiation and propagation under Izod impact tests
with high strain rate. Alternatively, this dilemma could be
avoided to a large degree through following micro-FTIR
measurements on the precracked films under quasi-static
stretching conditions.*

3.3. Structural Evolution at Crack Tips. Figure 6 shows
the IR results obtained from a small region ahead of crack
tips during stretching a precracked film of nylon-6/PVDF =
50/50 blends. In the desired wavenumber range two ab-
sorption bands belonging to PVDF crystals are observed.
The 796 and 841 cm ™' band are assi%ned to the a- and S-form
of PVDF component, respectively.”* 2® In the undeformed
sample exclusive a-form of PVDF component is presented,
consistent with the XRD profiles shown in Figure 3.
However, under stretching the content of o-crystals at
crack tips gradually decreases, accompanied by the appe-
arance of oriented f-form, i.e., o — f phase transforma-
tion. It means that the dispersed PVDF particles embedded
in the nylon-6 matrix can respond to the external force
directly and thus incur structural changes due to enough
interfacial stress transfer in the nylon-6/PVDF blends with
good interfacial adhesion, as the pure PVDF does under
deformation.” ™%

For quantitative analysis of the structural evolution at
crack tips, the relative content F(f3) and dichroic ratio R(f3) of
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B-PVDF are deduced using the relations
R = Ay /AL (1)
A = (A +241)/3 (2)
Asn
FP) =——— 3
®) Arge + Asar )

where Ay and A are the parallel and perpendicular absor-
bance of aforementioned two bands, respectively. Note that
the relative absorption coefficient of the 796 to 841 cm ™'
band is taken as an arbitrary unit, and this treatment has
little influence on the tendency of structural evolution during
fracture.

In combination with the simultaneous images recor-
ded during fracture process, it is indicated that stress-
induced oo — f phase transformation occurs once crack
initiation sets in and becomes almost complete before
crack propagation (see Figure 6b). Meanwhile, the newly
formed -fibers of PVDF component in the blends become
highly elongated at crack tips transverse to the crack
propagation direction, as observed by a scanning X-ray
scattering study on the structural evolution at crack tips
of pure PVDF counterpart.>’ The above results strongly
suggest that the plastic deformation and fibrillation
of dispersed PVDF particles, as an important energy
dissipation process, does take place in the nylon-6/PVDF
blends during fracture, consistent with the morphological
observations shown in Figure 5. More importantly, the
stretching and thinning of the S-fibers at crack tips pro-
ceeds via oo — 8 phase transformation that is also con-
tributed to the energy abosorption,®® which gives a deep
insight into the fracture mechanism over the morphologi-
cal observations.

4. Conclusion

Incorporation of the dispersed PVDF particles can toughen
nylon-6 with high plastic resistance, as the soft rubber particles
do. However, the underlying toughening mechanism in the
nylon-6/PVDF blends is totally different from that prevailed in
the rubber modified polymers, based on morphological observa-
tions and in particular the structural evolution at crack tips by
micro-FTIR measurements. The oo — f phase transformation
and fibrillation of the S-PVDF within the dispersed PVDF
particles, as the significant energy dissipation processes, are the
toughness enhancing mechanism for the nylon-6/PVDF blends
with good interfacial adhesion.
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