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ABSTRACT: We have investigated polyketone (PK)/
polyamide 6 (PA) polymer alloys having enhanced Charpy
impact energy greater than that of polycarbonate (PC) as a
result of moisture absorption. From the results of differen-
tial scanning calorimetry (DSC), Raman spectroscopy, and
transmission electron microscope (TEM) observation of the
polymer alloys, it was found that PK-rich and PA-rich
phases exist at the nanometer level in the polymer alloys;
however, a microscopic interaction phase formed between
the two phases. 3D-TEM observations, electron energy loss
spectroscopy, and small-angle X-ray scattering measure-
ments revealed that a co-continuous nanolayer formed
from the PA-rich phase and lamella network of the PK-
rich phase. Moreover, the interaction and mobility of PK
and PA molecular chains were investigated by using a "*C
cross polarization/magic angle sample spinning NMR
technique. It was found that moisture absorption markedly

enhances the mobility of PA molecular chains in PK/PA
alloys. This suggests that the wet (moisture-absorbed) PA
phase of PK/PA alloys allows quick deformation upon
impact stimulation. On the other hand, the results of
Charpy impact tests showed that the total impact energy
(Etota) of the wet polymer alloy was much higher than
that of the dry one. An examination of the load-displace-
ment curves revealed that the wet samples showed a pro-
nounced increase in displacement compared with the dry
ones. From these results, it was concluded that the lamella
network of the PK-rich phase sustains the maximum stress
and that the large displacement of the PA-rich phase
increases the impact energy. © 2010 Wiley Periodicals, Inc. J
Appl Polym Sci 116: 3056-3069, 2010
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INTRODUCTION

There are strong desires for the development of
impact-resistant plastic materials for the application
to various auto parts to improve the safety of
vehicles. Potential applications include plastic
bumpers, outer body panels, door handles, trim
parts, fenders, wheel caps, and various types of
shock-absorbing parts."™ The plastic bodies of cam-
eras, video cameras, and mobile phones also require
strong impact resistance to protect internal optical
and electronic parts from damage when such devi-
ces are dropped or subjected to severe impacts.’
Impact-resistant plastics that have been developed
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for such applications include polycarbonate (PC),
high-impact polystyrene (HIPS), polypropylene (PP)
copolymers, and polymer blends or alloys made of
these polymers, as well as composites and other
materials.” "

Several mechanisms have been reported so far
concerning the impact resistance of polymeric mate-
rials. According to Kuriyama,'* the mechanisms
manifesting impact resistance in polymers that have
been examined in recent years include the formation
of crazes or cavitation, shear (yield) deformation,
and absorption of impact energy by the fracturing of
the adhesive interface between the matrix and the
disperse phase. Wu® and Yamamoto and Furukawa®
described a mechanism for impact energy absorption
by the formation of crazes, representing a structure
characteristic of polymeric materials. Among other
materials, such crazes have been observed in PC and
in rubber-modified HIPS and ABS. It will be noted
that the whitening of the deformed or impacted part
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of typical rubber-reinforced plastics such as ABS
and HIPS is the result of the scattering of fine light
due to cavitation, crazing, micro crack, etc. Espe-
cially for such ABS materials that are characterized
by high rubber volume fraction whitening has been
often observed only as a result of rubber cavitation.
Bucknall" reported that stress concentrations near
cavitated rubber particles promote multiple crazing
for rubber-modified HIPS. The energy dissipation
due to the generation and termination of these mul-
tiple crazes by rubber particles results in the high
impact energy absorption of HIPS. According to
Bucknall,'® EPR was added to PP matrix and a weak
part was introduced to the matrix. As a result, the
cavitation was positively occurred in this blend and
the toughness was improved. He pointed out that in
order to understand the crazing and cavitation proc-
esses in the study and development of materials is
very important for both the intrinsic understanding
of the mechanisms of the deformation and for many
industrial applications. The possibility of maximiz-
ing the energy absorbed by a polymer before failure
occurs is connected to the creation of more surface
area in the body of the polymer through crazing and
cavitation processes. In addition, Narisawa'!” and Fu
and Shen'® demonstrated that impact resistance was
improved by craze formation induced by the filler.
Nagata et al."” also reported that impact resistance
was markedly improved by the formation of many
crazes in PP blended with a hybrid filler consisting
of talc and calcium carbonate.

Further, it has also been reported that shear yield-
ing or plastic deformation and craze formation
increase impact strength. Elastomeric inclusions in
thermoplastic matrices have been studied exten-
sively in recent years. The primary role of rubber
particles is to relieve stress triaxiality at the crack tip
through internal cavitations, thereby promoting
toughening mechanisms such as shear deformation
in the matrix ligament."'® Okamoto et al.** showed
that the impact resistance of HIPS originated in plas-
tic deformation and craze formation, and Cleslinski
et al.*! showed on the basis of their transmission
electron microscope (TEM) observations of impact-
resistant PP that shear yield deformation at room
temperature and craze formation below the ductile-
brittle transition point increased impact strength.
Chakrabarty et al.** reported that the fracture mech-
anism in an epoxy resin/poly(ethyl methacrylate)
interpenetrating polymer network changes from
shear to craze formation accompanying an increase
in the content of poly(ethyl methacrylate). The work
done by Pecorini and Calvert” has made it clear
that reactive ethylene/methyl acrylate/glycidyl
methacrylate ternary copolymer/PET with dispersed
particles smaller than 200 nm shows super-tough-
ness due to the massive shear yielding of the matrix,
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whereas with dispersed particles larger than 200 nm,
it exhibits super-toughness due to multiple crazing
of the matrix. With regard to the improvement of
impact resistance due to cavitation or microvoid for-
mation, Hobbs et al.** reported that a combination
of cavitation and shear deformation absorbed impact
energy in a polyester/(bisphenol A) PC polymer
alloy. Kim and Michler® suggested that cavitation in
the stretched rubber shell and in the rubber particles
as well as microvoid formation due to interfacial
debonding between the particles and the matrix con-
tributed to increased impact resistance in PP and
PA66 dispersed with rubber particles. Bucknall'
reported that deformation of the rubber phase and
the formation of cavitation within the rubber phase
improved impact resistance in EPR-blended PP.
Additionally, Bucknall and Gilbert*® reported that
when PEI was added to epoxy resin, the phase-
inversed structure where PEI was assumed to be a
continuous phase was formed, and that epoxy resin
was made tough as the ductile fracture of the PEI
continuous phase occurred when destroying it.

It has also been pointed out that interfacial adhe-
sion between different types of polymers is impor-
tant in impact-resistant polymer alloys. Phan et al.”’
reported that improvement of interfacial adhesion
between PP and rubber in a maleated PP/maleated
natural rubber blend increased fracture toughness,
impact strength, and rate of elongation. Chen et al.*®
showed that improvement of adhesion at the phase
separation boundary improved impact strength in
an ethylene-o-olefin copolymer rubber and maleated
derivative/PA blend.

Meanwhile, Nagata et al.*’ have recently reported
that a polymer alloy of ethylene/propylene/carbon
monoxide (polyketone, PK) and polyamide 6 (PA)
exhibited stiffness equal to or greater than PC and
higher Izod impact strength greater than 0.05 to 1
kJ/m of PC.3%% Surprisingly, they found that the
absorption of moisture markedly improved the
impact strength of this alloy. Nagata et al.’ also per-
formed scanning electron microscope (SEM) and
TEM observations of this alloy and reported that a
PA-rich phase was dispersed in the PK matrix as an
island phase of 100-200 nm in size. Furthermore,
their measurements of viscoelasticity revealed that
the loss tangent (tan 9) exhibited singular behavior
and shifted to the low temperature side due to
increased absorption of moisture.”” These results
imply that improvement of Izod impact strength is
related to the phase separation structure of PK and
PA, and that the absorption of moisture markedly
promotes such improvement.

Therefore, in this study, the interaction of PA and
PK in the polymer alloy was evaluated by Raman
spectroscopy. The phase separation and higher-order
structure were observed by using a TEM and a 3D-
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TABLE I
Weight Ratio of PK/PA Polymer Alloys
Ingredient (mass %)

Samples PK? PA®
K100 100 0
K90A10 90 10
K80A20 80 20
K70A30 70 30
K60A40 60 40
K50A50 50 50
K40A60 40 60
K30A70 30 70
K20A80 20 80
K10A90 10 90
K100 0 100

 Polyketone (ethylene/propylene/CO copolymer).
b Polyamide 6.

TEM. The dispersion of nitrogen originating from
PA was detected by electron energy loss spectros-
copy (EELS). Furthermore, the lamella network
structure and molecular motion of the PK/PA poly-
mer alloys were investigated by small-angle X-ray
scattering (SAXS) measurement and a solid-state
high resolution nuclear magnetic resonance (NMR)
technique. In addition, in order to examine the
impact fracture mechanism of the polymer alloy,
the instrument Charpy impact testing was used this
time. The macroscopic mechanism involved in the
improvement of impact resistance due to the absorp-
tion of moisture was examined based on the load-
displacement behavior, crack generation energy, and
crack propagation energy measured for dry and wet
polymer alloy test samples with an instrumented
Charpy impact testing machine. The relationship
between the aforementioned morphology and
impact properties is discussed below based on the
results.

EXPERIMENTAL
Material

The polymer alloys examined in this study consisted
of an ethylene/propylene/CO copolymer (Carilon
D26HM100, Shell Co.), i.e., PK and PA 6 (Amilan
CM1017, Toray Ind.). Table I shows the mixing
ratios of the polymer alloys used. From the left-hand
side, the table shows the name of each sample and
the mixing ratio of each polymer. For example, the
sample indicated as K60A40 was blended of 60 mass
% of PK (volume fraction 0.578) and 40 mass % of
PA (volume fraction 0.422) by mechanical mixing
using an twin-screw extruder (TEX-30a, Japan Steel
Works) at 235°C. Polymer alloy impact test speci-
mens (unnotched) were then molded at a resin tem-
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perature of 245°C and a mold temperature of 70°C
using an injection molding machine (J50E II, Japan
Steel Works).

Wet test specimens were then moisture-condi-
tioned by holding them at 50% RH and a tempera-
ture of 23°C for 3 weeks. Dry test specimens were
prepared by drying them in a vacuum at 100°C for
72 h. The moisture absorption rate of the test speci-
mens was determined by measuring their water con-
tent with the Karl Fisher method. The test specimens
were then hermetically sealed in aluminum foil
laminated bags and stored in a refrigerator until just
before the Charpy impact test. To avoid any change
in the notch shape due to moisture conditioning or
drying, a Type A notch (opening angle: 45°+ 1°
notch radius: 0.25 mm * 0.05 mm; depth: 2.0 mm *
0.1 mm) was machined to prepare notched test
specimens just before the impact test. The size of the
specimens used in the instrumented Charpy impact
tests is shown in Figure 1. This test specimen size
conforms to Japanese Industrial Standard (JIS)
K7111, “Testing method for determining Charpy
impact strength of plastics.”

APPARATUS AND PROCEDURE
Differential scanning calorimetry

Differential scanning calorimetry (DSC) was per-
formed with a TA instrument DSC-Q100 equipment.
The sample was heated from 0°C to 80°C at a scan
rate of 10°C/min in nitrogen gas atmosphere. The
stepwise change of heat flow corresponds to the
glass transition temperature (Tj).

Raman spectroscopy

A microtome was used to cut thin slices parallel to
the flow direction of the molten resin from the area
of the impact test specimens where the thickness
had been reduced by one-half. A microscope Raman
spectrometer (SENTERRA TM, Bruker Optics Co.)
was used to measure the Raman shift of the C=0O
functional group (1709 cm™') of PK and the

Type A notch

451"

P 2001 mm

Direction of
impact hammer //-

Radius of notch:
=025 £ 0.05 mm

b= & 0+0 2 am

Figure 1 Size of samples used in instrumented Charpy
impact test.
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Figure 2 Moisture absorption rate (M,,s) of PK/PA poly-
mer alloy samples as a function of PA mass fraction
(MFp,). Moisture absorption condition in 50% RH at 23°C
for 3 weeks. Drying condition in a vacuum at 100°C for 72
h. Measurement of moisture absorption, M,gs, of the poly-
mer alloy was measured by the Karl Fisher method.

NHC=O functional group (1638 cm ') of PA
in these thin samples when illuminated with a 5-pm-
diameter beam at an excitation light wavelength of
785 nm.

SEM observation

Platinum was first vapor-deposited on the Charpy
impact fracture surface, which was then observed
using a Hitachi S-4700 SEM at an accelerating volt-
age of 15 kV.

TEM and 3D-TEM observation

An ultra-microtome was used to cut thin samples
from the PK/PA polymer alloys that were frozen at
the temperature of liquid nitrogen (—198°C). A pre-
treatment process called the NISSAN ARC-SG
method®**® was then applied to make the thickness
of the thin samples uniform and to smooth their sur-
face simultaneously. The size of the samples thus
obtained for 3D-TEM observation was approxi-
mately 500 nm in length, 500 nm in width, and
200 nm in thickness, and they were subjected to
TEM and 3D-TEM observations with phosphotungs-
tic acid staining.

The instruments used in the TEM and the 3D-
TEM observations were a H-800 TEM (Hitachi) and
a Tecnai G2 F20 TEM (FEI Co.), with the accelerating
voltage of the electron beam set at 200 kV. In the
3D-TEM observation, samples were tilted in a tilting

angle range from —70° to +70°, and image data
(tilted images) were sequentially obtained at angle
steps of 2°. Specifically, a sequential series of 71
tilted images in total were automatically input into
the computer.’**®> Using the IMOD program (soft-
ware developed at the University of Colorado)** in-
stalled on the Tecnai TEM, the sequential tilted
images were then converted to image slices showing
the mass density distribution at each angle. The
AMIRA program (developed by TGS Co.)* was
then used to reconstruct 3D images from the image
slices. In addition, a mapping image of N in the
polymer alloys was also carried out by EELS using
the Tecnai G2 F20.

SAXS measurement

The long period of the lamella of the PK/PA poly-
mer alloys was estimated using a SAXS instrument
(Nano-STAR provided by Bruker AXS K. K.). A Cu
Ko X-ray source and a two-dimensional detection
machine were used for this purpose. The distance
between the sample and the detector (camera length)
was 106 cm.

Solid-state high resolution NMR measurement

The molecular motions of PK and PA in the PK/PA
polymer alloys were measured by a solid-state high
resolution NMR (Varian NMR Systems 400WB, Var-
ian). The '>C cross polarization (CP)/magic angle
sample spinning (MAS) NMR method was used. Cut
samples of several mm in size were placed in the
NMR sample tube having a diameter of 5 um. The
samples were measured at an observation frequency
of 100.7 MHz and a MAS speed 6 kHz.

Instrumented Charpy impact test

Instrumented Charpy impact tests were conducted
according to the procedure specified in JIS K7111 at
a temperature of approximately 24°C and at about
45% RH. The impact tester used was a CHARPAC-
FRII (Yonekura MFG Co.) and the data obtained
were analyzed using the IITMWin19 software (Yone-
kura MFG Co.) designed for processing Charpy
impact test data. The results obtained from the anal-
ysis were load-displacement curves, crack generation
energy, crack propagation energy, and the total
impact absorption energy.

RESULTS AND DISCUSSION

Relationship between moisture absorption
rate and PA volume fraction

The moisture absorption rate (M,,s) of the PK/PA
polymer alloy samples is shown in Figure 2 as a

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 3 DSC thermograms of dry K100, A100, and
K60A40.

function of the PA mass fraction (MFp,). For the wet
samples, M,ps increases linearly with MFp, only in
the range 0 mass % < MFpy < 50 mass % and is
approximately constant for higher MFp, values. For
the dry samples, M,ps seems to be almost constant
with very small values. The larger difference
between the wet and dry samples suggests that M,ps
was not simply dependent on MFps. On the other
hand, M,ps remained almost constant in the region
of 50 mass % < MFp, < 100 mass %. These results
imply that this behavior may be dependent on the
phase separation of the PK/PA polymer alloys.

Glass transition temperature of polymer alloy

Feng and Chan®® reported that the glass transition
temperature (Tg) of poly(methyl methacrylate)
(PMMA) in the blends of an alternating ethylene-tet-
rafluorethylene copolymer (ETFE) moves to low
temperatures when the ETFE content increases. They
thought that this result confirms that only weak
interactions exist between ETFE and PMMA. In this
study, the T’s of the component polymers (dry PK
and PA) and their polymer alloy (dry K60A40) was
examined. Figure 3 shows the DSC thermograms of
dry K100, A100, and K60A40. The thermograms of
PK and PA show two distinguishable Ty values (ca.
10°C and ca. 55°C, respectively) corresponding to
the respective neat polymers, whereas K60A40 has
two Tg’s (ca. 14°C and ca. 51°C) and they are located
between the Ty of PK and that of PA. This result
suggests that an interaction between PK and PA
components occurs in K60A40, and this is supported
by the below-mentioned result of the measurement
of the Raman spectroscopy.

Interaction between PK and PA

Figure 4 shows the Raman spectra of each PK/PA
polymer alloy sample. The peak intensity of the
NHC=O functional group (1638 cm ') increased
with a larger PA volume fraction. Similarly, the

Journal of Applied Polymer Science DOI 10.1002/app

KATO ET AL.

peak intensity of the C=O functional group (1709
cm ') increased with a larger PK volume fraction.
Additionally, the peak of the C=O functional group
tended to shift slightly toward the low frequency
side with an increase in the PA volume fraction.
This tendency presumably reflects the interaction
between the PK and PA phases.

The change in the composition of the PK/PA
polymer alloys was then evaluated using the peak
intensity ratio of the Raman spectra. The spectra of
the C=0 functional group (1709 cm™') of PK and
the NHC=O0 functional group (1638 cm ') of PA are
diagramed schematically in Figure 5(a). The peak in-
tensity (Ipk, Ipa) was defined as the height from the
baseline at the bottom of each peak to the top of the
peak, and the peak intensity ratio of PA and PK was
defined as Ips/Ipk. Because Ips and Ipx reflect the
content of each constituent polymer, the relation-
ships between the peak intensities and volume frac-
tions can be expressed as shown in egs. (1)—(3).

Ppa + Ppx =1 1)

where ¢pa and ¢px are the volume fraction of PA
and PK, respectively.

Gpa = alpa )

where ¢py is a coefficient for converting the peak in-
tensity of PA to the volume fraction.

dpx = Blrk 3)

where ¢px is a coefficient for converting the peak in-
tensity of PK to the volume fraction.

Substituting eqs. (2) and (3) into eq. (1) and
arranging the expression yields eq. (4).
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Figure 4 Raman spectra of PK/PA polymer alloys.
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Figure 5 Relationship between intensity ratio (Ipa/Ipk) of
Raman peak and function of PA volume fraction (¢pa/(1
— dpa)). (a) Schematic diagram of peak intensity of Raman
shift. Ipx: Intensity of PK. Ipa: Intensity of PA. (b) Relation-
ship between (Ipa/Ipk) and (dpa/(1 — opa). Linear
approximation equation. Ips/Ipxk = 0.48dPpa/(1 — dpa).
Variance (R?) = 0.998.

It is clear from eq. (4) that Ipa/Ipx and ¢pa/(1 —
¢dpa) are directly proportional if the composition of
PA and PK does not change due to the bonding
environment. The relationship between Ipa/Ipk and
dpa/(1 — odpa) is shown in Figure 5(b). A good
direct proportional relationship between the two is
seen for all the polymer alloy samples used in this
study. This indicates that PA and PK were physi-
cally mixed in all the polymer alloys and that no
chemical reactions (i.e., thermal decomposition and
degradation, oxidation, hydrolysis, polymer reaction,

and copolymerization, etc.) occurred between them
because PK and PA are thermally and chemically
stable under this mixing and molding conditions.
That is, the temperatures of the thermal oxidative
decomposition of PK and PA are 320°C* and
408°C,” respectively. PK is not oxidized easily and
does not form the carboxyl compounds which can
react with PA.%’

To investigate the interaction between the PK and
PA phases, the full width at half maximum (FWHM)
of the Raman shift peak was defined as shown in

units

Intensity / Abs.

(a) Raman shift/cm™
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8
<
5
0|
|E | R T T e ———
o L ]
= * e e
RS o
T, 8 .
10 S - °
' =] < g
d E &
e = o PK peak
< 4 PA peak
0
0 0.2 04 0.6 0.8 1.0
® B

Figure 6 Analysis results of full width at half maximum
(FWHM) of Raman spectra of PK/PA polymer alloys. (a)
Schematic diagram of Raman shift peak. h: Height of
Raman peak. FWHM: Width of the peak at /2. (b) De-
pendence of FWHM of Raman shift peaks on volume frac-
tion (¢PA) of PA.
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Figure 7 TEM and EELS (electron energy loss spectroscopy) images of K60A40: (a) TEM images, (b) EELS images.

Figure 6(a). The relationship between FWHM and
dpa is shown in Figure 6(b). The closed circles and
closed triangles in the figure show the measured
FWHM values for the PK and PA peaks, respec-
tively. It is thought that the half bandwidth stays
constant in an ideal system where no interaction
at all occurs between PK and PA. However, the
FWHM value of PK/PA polymer alloys is smaller
than those of each element polymers (PA and PK). It
revealed that the interaction occurred between PK
and PA in the PK/PA polymer alloys. It appears
that the FWHM values of the two peaks saturated at
about ¢ps = 0.422, i.e., for the K60A40 sample. This
result suggests that combining PK and PA into an
alloy increases the interaction between them. Pre-
sumably, this interaction is related to the phase sep-
aration structure between PK and PA and changes
in the crystal structure of both phases. With regard
to the former structure, Takahashi et al.*® have
found on the basis of SAXS and TEM observations
that the polymer alloy consists of the lamellar net-
work of PK and the nano-level phase separation

Journal of Applied Polymer Science DOI 10.1002/app

structure of PK/PA. Nishioka et al.** and Asano
et al.*' used high resolution solid-state '>C-NMR to
measure the relaxation time Tj' and T}, of wet and
dry K60A40 polymer alloy samples and reported
that from the standpoint of molecular chain kinemat-
ics, there was no interaction between PK and PA at
a distance of 2-5 nm, but there was interaction
between them at a distance of 20-50 nm. The latter
structure is a subject for future study.

Morphology of PK/PA polymer alloy

Figure 7(a) shows TEM images of K60A40 observed
by low and high magnification. The deep and light
color regions are presumably the PA-rich phase
stained with phosphor tungstic acid and the hard-to-
stain PK-rich phase, respectively. Network and parti-
cle patterns can be observed in these images. The
network in particular displayed a lamella pattern.
EELS mapping images of the same views as the
TEM observations are shown in Figure 7(b). The
white parts indicate the presence of N that
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Figure 8 3D-TEM images of K90A10 and K80A20: (a)
K90A10, (b) K80A20.

originated from PA. A comparison of Figure 7(a,b)
reveals that N was noticeably scarce in the region of
the lamella network. This result implies that the
lamella network was formed in the PK-rich phase of
K60A40.

A 3D-TEM was used in order to observe three-
dimensional images of the lamella network at the
nanometer level. Figure 8(a,b) is 3D-TEM image of
K90A10 and K80A20, respectively. A lamella-filled
spherical region of about 500 nm in size was
observed in both samples. 3D-TEM images of

300nm

00nm

Figure 9 3D-TEM images of K60A40 and K10A90: (a)
K60A40, (b) K10A90.

K60A40 and K10A90 are shown in Figure 9(ab),
respectively. The spherical region was not observed
in K60A40. The formation of a three-dimensional co-
continuous structure consisting of the lamella net-
work of the PK-rich phase and the PA-rich phase at
the nanometer level was observed in this sample.
The lamella network was also observed in K10A90.
Considering the PK loading (10 mass %), it is incon-
ceivable that the entire lamella network was com-
posed of the PK-rich phase. Let us look carefully at
K60A40 and K10A90. Takahashi et al.*’ reported
that the lamella thickness (about 14 nm) of K60A40

Journal of Applied Polymer Science DOI 10.1002/app
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was larger than that (about 8 nm) of K10A90. This
suggests that the components of the lamella network
differed between the two samples. The lamella thick-
ness of K60A40 might correspond to that of PK,
whereas the lamella thickness of K10A90 might rep-
resent that of PA. Additionally, the lamella network
is discussed next with respect to the SAXS measure-
ment results.

On the other hand, Smith et al.** reported that
phase inversion occurs when the minority component
becomes the continuous phase and the majority com-
ponent is dispersed, and this phenomenon, which is
generally observed under melt-shear conditions, nor-
mally depends on blend composition and the viscos-
ities of the polymer components. According to Chuai
et al.,*® with increasing volume fraction of one of the
phases, if a previously continuous phase becomes dis-
continuous (thus switching the role of “network” and
“particles” in a polymer blend), the volume fraction
at which the switching occurs is known as "phase
inversion" point. Considering the aforementioned, it
is thought that the alloys (i.e., K90A10 and K80A20)
containing high PA loading, consist of one phase in
the matrix of the second phase, more balanced com-
positions (i.e., K60A40) yield co-continuous structures
at a phase inversion point, and the phase-inversed
structure such as K10A90 formed over the point. This
speculation is supported by the 3D-TEM observation
results.

Lamella network

Figure 10(a,b) shows the respective SAXS measure-
ment results for the dry and wet PK/PA polymer
alloys. The vertical and the horizontal axes indicate
the X-ray diffraction strength and the scattering
angle (20), respectively. For the dry K100 sample
[Fig. 10(a)], a shoulder was observed at 20 of about
0.8°. The K90A10 and K60A40 samples had a peak
at this 20. The peak strength increased with an
increase in PA loading from K90A10 to K60A40. A
calculation of the long period (d) for 20 = about 0.8°
by using the Bragg equation [A = 24 sin 6; d, long
period (i.e., lamella thickness); A, wavelength of
X-rays; 0, scattered angle] yielded a value of approx-
imately 13 nm. The peak strength decreased with an
increase in PA loading from K70A30 to A100. In this
loading region, the 20 value at the peak gradually
increased from about 0.8° with an increase in PA
loading. An increase in 20 means a decrease in d.
The d value of A100 was about 8 nm. These results
suggest that PA loading promoted an increase in the
lamella of the PK-rich phase in the region from K100
to K60A40. The amount of lamella decreased with
an increase in PA loading in the region from
K70A30 to A100. There was a pronounced difference
in the amount of lamella especially between K10A90
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and A100. The component of the lamella also
changed from the PK-rich phase to the PA-rich
phase in the region from K70A30 to A100. It is seen
in Figure 10(b) that the wet polymer alloys had
almost the same amount of lamella as the dry ones,
though 20 at the peak decreased a little with an
increase in moisture absorption. For example, the 4
value of the dry K60A40 sample was about 13 nm,
whereas that of the wet K60A40 sample was about
14.5 nm. These results suggest that the amorphous
regions between the crystal lamella, that is, the inter-
layer contain a small amount of PA and are swollen
by moisture.

Molecular motion of wet and dry polymer alloys

Figure 11 shows the solid-state high resolution NMR
(®C CP/MAS NMR) spectra of the dry and wet
K60A40 samples at room temperature. The signal
strength is shown along the vertical axis in relation
to the chemical shift along the horizontal axis. The
solid and dotted lines are the wet and dry samples,
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Figure 10 SAXS measurement results for dry and wet
PK/PA polymer alloys: (a) Dry samples, (b) wet samples.
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Figure 11 '>C CP/MAS NMR spectra of wet and dry
K60A40 samples.

respectively. PK had only two signal peaks at 37
and 210 ppm, which were independent of moisture
absorption. The signal peaks at ca. 27, 29, 31, 41, 43,
and 170 ppm, which are attributed to total, crystal
amorphous PA, are indicated as PA, PA.y, and
PA, mo in this figure. It is known that the NMR sig-
nal strength decreases when molecular motion
becomes higher than the NMR signal frequency.
Notice that the PA and PA,,,, signal strength of the
wet K60A60 sample was lower than that of the dry
one. This implies that moisture absorption enhanced
the motion of PA. Such higher molecular motion
may follow quick stimulation such as that in impact
testing, and may be able to absorb more impact
energy.

Quantitative and qualitative impact properties
Morphology of impact fracture surface

Figure 12(a,b) shows magnified views of the Charpy
fracture surface near the fracture origin of wet and
dry K60A40 samples, respectively. The notch is

Figure 12 Fracture surface images of wet (moisture-
absorbed) and dry K60A40 samples: (a) Wet K60A40, (b)
dry K60A40.

shown at the top of each fracture surface. The mor-
phology of the wet sample [Fig. 12(a)] indicates
shear yielding, which is typical of ductile fracture. In
contrast, the dry sample has an angular fracture sur-
face that is typical of brittle fracture. These results
imply that absorption of moisture improved the duc-
tility of this polymer alloy.

Load-displacement curves in Charpy impact test

Figure 13 shows the load-displacement curves
obtained in Charpy impact tests conducted on wet
K100, K60A40, and A100 samples. These curves
show a conical pattern with a peak top, and the
height of the peak tends to increase with increasing
MFp,. The load-displacement curve obtained from a
Charpy impact test is diagrammed schematically in
Figure 14. This load-displacement curve has been
simplified to an asymmetric conical pattern. The
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Figure 13 Load-displacement curves obtained from
Charpy impact testing for wet PK/PA polymer alloy: (a)
Wet K100, (b) wet A100, and (c) wet K60A40.

maximum stress (MS) was calculated from the maxi-
mum load at a peak top of the load-displacement
curve in Figure 14. The displacement at the MS was
defined as the displacement (Dys). The curve was
divided into two portions at the peak top and the
energy found for each area was defined as the
energy of crack generation at the notch front (E;)
and the energy of crack propagation (E;). The sum
of the two values is the total impact absorption
energy (Eqota)-

The MS and the Dys of the dry and wet polymer
alloy samples as a function of the PA mass fraction
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Figure 14 Schematic diagram of load-displacement curve
obtained from Charpy impact test. E;, energy of crack
generation at notch front; E,, energy of crack propagation;
Eiotal (= E; + Ey), total impact absorption energy.

(MFp,) are shown in Figure 15(ab), respectively.
The dry and wet K60A40 samples displayed nearly
the same MS values, but the wet sample showed
larger Dys than the dry sample. These results indi-
cate that MFps did not change the mechanical
strength of the polymer alloys appreciably, but it
did increase their deformation markedly. This result
supports the ductile fracture exhibited by the wet
polymer alloy sample in Figure 12(a). With regard to
the improved ductility of the PA phase due to mois-
ture absorption, Nishioka et al.** and Asano et al.*!
investigated wet and dry K60A40 samples by
®C-NMR spectroscopy and found that the mobility
of PA molecules was markedly higher in the wet
samples than in the dry ones. This implies that
moisture absorption enhances the mobility of PA
molecule chains, making it easier for large deforma-
tion to occur.

The Eiya1, E1, and E, values found for the wet and
dry polymer alloy samples are shown in Figures 16
and 17, respectively. In the case of K70A30 and
K60A40, the energy levels were higher for the wet
samples than for the dry ones. The largest energy
values are seen for the wet K60A40 sample. It is
especially interesting that distinct increases in E,
due to moisture absorption are seen in the order of
K70A30 followed by K60A40, whereas the values of
the other samples in both their wet and dry states
were nearly the same. These results indicate that in
a range of MFp, = 0.3-0.4 (K70A30 and K60A40, PA
volume fraction 0.320 and 0.422), the pronounced
increase in E, due to moisture absorption, in addi-
tion to the increase in E;, contributed to increasing
Eiota1- Furthermore, taking into account the magni-
tude of the energy, E, contributed more to increas-
ing Eta than E; in this MFp, range. The wet
K70A30 and K60A40 samples in particular showed a
marked increase in deformation, which increased the
energy of crack generation at the notch front (E;).
Moreover, the energy of crack propagation (E;) of
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Figure 15 Dependence of maximum stress (MS) and dis-
placement (Dys) at MS on PA mass fraction (MFp,): (a)
MS, (b) Dys.

these samples showed an even larger distinct
increase for some reason, resulting in a noticeable
increase in their E, values as well. For example,
the Ei value of PC is 10-80 kJ/m?>’"** With
regard to this particular increase in E,, it is assumed
that the PA phase became a stress concentrator fol-
lowing the large deformation of the test sample,
causing crazes to form around it which promoted
the absorption of energy.

On the other hand, if only the PA phase of the wet
polymer alloy samples showed a marked increase in
elongation and the PK phase was unable to follow
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Figure 16 Relationship total impact absorption energy (Eqo-
ta1) and PA mass fraction (MFp,) of wet and dry samples.

that change, the test samples would fail at an early
stage; thus, no increase in impact energy absorption
could be expected. Accordingly, in order for the PK
phase to be able to follow the change in elongation of
the PA phase, it is necessary to consider the interface
between the incompatible PK/PA phases. Inoue and
Ougizawa** proposed that the size (dip) of the island
phase in a system of two incompatible polymers is
proportional to the interfacial tension (o) between
the two components. Broseta et al.** reported that &
in such polymer systems is proportional to the inter-
action parameter between the components (y) and
that y is inversely proportional to the equilibrium
interfacial thickness (A;;). These observations mean
that A, increases as d decreases. In other words, in a
polymer alloy composed of two incompatible constit-
uent polymers, like the polymer alloy samples exam-
ined in this study, it can be inferred that the interfa-
cial thickness of the two phases, i.e., the interaction
between the phases, increases as the size of the
island phase decreases.

CONCLUSIONS

It has been reported that polymer alloys consisting of
PK and PA 6 exhibit Izod impact strength equal to or
greater 0.05-1 kJ/m of PC and that the absorption of
moisture markedly increases their impact strength.
The DSC thermograms of PK and PA show two dis-
tinguishable T, values corresponding to the respec-
tive neat polymers, whereas K60A40 has two T,'s
and they are located between the T, of PK and that
of PA. Furthermore, the dependence of the intensity
ratio and full width at half maximum (FWHM) of the
Raman shift peak on the PA volume fraction was

Journal of Applied Polymer Science DOI 10.1002/app
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investigated. The results indicated that although PK
and PA were in a physically mixed state in the poly-
mer alloys without any chemical reactions (i.e., ther-
mal decomposition and degradation, oxidation, hy-
drolysis, polymer reaction, copolymerization, etc.)
occurring between them because that PK and PA are
thermally and chemically stable under this mixing
and molding conditions, whereas a microscopic
interaction phase was formed between the PK and
PA phases. The reason for the formation of the inter-
action phase consisting of both PK and PA is attrib-
uted to a decline in their surface tension due to the
mixing of the two components at the nanometer
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level. Furthermore, we have investigated the micro
phase separation structure of PK/PA alloys by using
TEM, EELS, and 3D-TEM observations. It was found
that the PK-rich phase and the PA-rich phase form
an island-sea, a co-continuous, or a phase-inversed
structure. Surprisingly, the three-dimensional lamella
network structure extended into the PK-rich phase.
SAXS measurements were performed to evaluate the
lamella network structure. Moreover, the interaction
and mobility of PK and PA molecular chains were
investigated by using a solid-state high resolution
NMR technique.

Instrumented Charpy impact tests were then con-
ducted on wet (moisture-absorbed) and dry (dried)
PK/PA polymer alloy samples. The wet impact test
samples displayed a ductile fracture surface,
whereas the dry impact test samples displayed a
brittle fracture surface. The maximum load and max-
imum displacement were found from impact load-
displacement curves obtained in the impact tests for
the wet and dry polymer alloy samples. The maxi-
mum load (MS) was found to be nearly the same for
both the wet and dry samples, but the wet samples
showed a marked increase in the displacement
(Dms) at MS compared with their dry counterparts.
It was inferred from these results that the increase in
impact strength displayed by the wet samples origi-
nated from a marked increase in deformation due to
moisture absorption.

An investigation was made of the total impact
absorption energy (Eiotal), €nergy of crack generation
at the notch front (E;) and energy of crack propaga-
tion (E;) of the polymer alloy test samples. While
moisture absorption tended to increase Eio, in gen-
eral, it was observed that polymer alloys (notably
K60A40 and K70A40: The former was mixed with
~ 60 mass % PK and 40 mass % PA, and the later
was composed from 70 mass % PK and 30 mass %
PA.) showed a distinct increase only in E, as a
result of absorbing moisture. It is presumed that, af-
ter a test sample underwent large deformation, the
PA phase became a stress collector, causing shear
deformation exclusively around it that promoted
energy absorption, which would explain the distinct
increase observed in E,. For the K60A40 and
K70A30 polymer alloy samples, E, was more domi-
nant than E; in increasing Eio. Furthermore, the
reason why the PK phase was able to follow the
elongation of the moisture-absorbed PA phase with-
out fracturing is probably due to the presence of an
interaction phase near the interface between the co-
continuous nano layers. Strictly speaking, these
nano layers are the amorphous regions between the
crystal lamellae, that is, the interlayer. The interac-
tion phase was formed in regions close to both the
PA-rich and the PK-rich phase. These results imply
that the phase separation structure and higher-order
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structure related to mechanical

properties.
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