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ABSTRACT: Nagata et al. recently developed high-impact polyketone/polyamide-6 (PK/PA) alloys and
investigated their mechanical properties (Nagata et al. Polym. Prep. Jpn. 2006, 55, 4286—4287). This paper
presents the results of investigations of their morphology, such as the domain size of PA and PK, features of
crystalline phase of PK (the long period and thickness of lamellae are deduced), and the change in crystalline
form of PA in the PK/PA alloys, using solid-state nuclear magnetic resonance (NMR), small-angle X-ray
scattering (SAXS), and transmission electron microscopy (TEM). Solid-state '*C and >N NMR results
revealed that the y crystalline phase of PA changes into a thermodynamically stable a crystalline phase after
alloying with PK. The difference in the long period of lamellae of PK/PA alloys between dry and wet
conditions is discussed. We conclude that the characteristic morphology of PK and humidity of the
amorphous phase of PA in the wet condition are very important factors enabling the PK/PA alloys to
exhibit high impact resistance, high-strength, and high modulus.

Introduction

Polymer blends and alloys have been widely used for engineer-
ing purposes. The excellent physical/mechanical properties of
polymer alloys, such as high impact resistance, high modulus, or
strong toughness, are closely related to the highly controlled or
ordered morphology and homogeneity of the raw materials used.
However, the simple blending of polymers having good physical
or chemical properties does not always produce materials posses-
sing the desired qualities. Nonetheless, blending and alloying are
the mainstream methods for developing engineering materials
simply and reasonably. There are especially strong desires for the
development of impact-resistant plastic materials that can be
applied to auto parts to improve the safety of vehicles and
increase fuel economy due to their lighter weight.

Recently, Nagata et al. have found that semicrystalline poly-
ketone/polyamide-6 (PK/PA) alloys obtained in a simple blend-
ing process show better impact properties than would be expected
from the simple addition of the impact energy of both PK and
PA.! PK/PA alloys including over 30 mass % PA under a wet
condition show an especially dramatic improvement in
impact properties. The enhanced impact resistance is greater
than that of polgcarbonate (total impact value of approximately
10—90 kJ-m~?)* known as a high-impact engineering polymer.
For the PK/PA alloys with over 30 mass % PA under a wet
condition, the total impact value obtained in Charpy impact test
(ISO 179-1:2000) was over 150 kJ-m ™ and close to 200 kJ-m™>
for some samples, whereas the value under a dry condition was
less than 50 kJ-m 2 as shown in Figure 1. We have previously
reported the relationship between impact property and water
content based on Charpy impact test results, and that a weak
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interpolymer interaction between PK and PA surfaces was con-
firmed by the compositional dependence of Raman spectra.’~>
Preliminary studies of the PK/PA alloys were also conducted by
transmission electron microscopy (TEM) and small-angle X-ray
scattering (SAXS). The TEM measurements revealed that the
PK/PA alloys show a characteristic microstructure consisting of
the PA-rich phase and a lamellar network of the PK-rich phase,
which we call a cocontinuous nanolayer.

Our ultimate goal is to elucidate the detailed mechanism of the
high impact properties of the PK/PA alloys under wet conditions
and the overall relationship between their impact properties and
morphology. In this study, however, our aim was to reveal how
the morphology of the PK/PA alloys changes from that of pure
PK and pure PA under both dry and wet conditions through the
use of solid-state nuclear magnetic resonance spectroscopy
(SSNMR), TEM, and SAXS measurements. We focused on
investigation the relationship between morphology under a
humid condition and impact properties.

Experimental Section

Materials. The polymer alloys examined consisted of semi-
crystalline polyketone (PK, an ethylene/propylene/CO copoly-
mer —(CH,CH,CO),,—(CH,CH(CHj3)CO),—; Carilon D26H-
M 100, Shell Co.) and semicrystalline polyamide-6 (PA; —(NH-
(CH,)6CO);—, Amilan CM1017, Toray Ind.). The sample in-
dicated here as the K60A40 alloy means that it was blended of 60
mass % of PK (volume fraction 0.578) and 40 mass % of PA
(volume fraction 0.422). The PK/PA alloys were moisture-
conditioned by holding them at 50% or 95% relative humidity
(RH) and a temperature of 23 °C for 3 weeks or more. Dry test
specimens were prepared by drying them in a vacuum at 100 °C
for 72 h. The moisture absorption rate was measured by the Karl
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Figure 1. Total impact energy vs the weight ratio of PK for PK/PA
alloys under dry and wet conditions. The water contents of wet
samples obtained by the Karl Fisher method is also indicated by the
solid circles.

Fisher method. The test specimens were then hermetically sealed
in aluminum foil laminated bags and stored in a refrigerator
until just prior to every measurement to avoid any change in the
moisture condition.

Charpy Impact Test. Instrumented Charpy impact tests were
conducted according to the procedure specified in JIS K 7111
(corresponding to ISO 179-1:2000) at a temperature of approxi-
mately 24 °C and at approximately 45% RH. The impact tester
used was a CHARPAC-FRII (Yonekura MFG Co., Ltd.) and
the data obtained were analyzed using [ITMWinl9 software
(Yonekura MFG Co., Ltd.) designed for processing Charpy
impact test data.

NMR. High-resolution solid-state '*C nuclear magnetic re-
sonance ('*C SSNMR) spectra were measured using a Varian
NMR Systems 400WB spectrometer operating at 100.7 MHz for
'3C and 400.5 MHz for "H. The conventional cross-polarization
(CP) and magic-angle spinning (MAS) with 'H high-power
dipolar decoupling technique was used, employing a rotor with
a 4.0 mm diameter. The radio frequency field strength for 'H
decoupling was 120 kHz and the two-pulse-phase-modulation
(TPPM) method® was used. The MAS frequency was 16 kHz
and the ramped-amplitude CP method”® was used. '*C chemical
shifts were measured relative to tetramethylsilane (TMS) using
the benzene carbon signal at 132.07 ppm for solid hexamethyl-
benzene as an external standard. The "H spin—lattice relaxation
times in the laboratory frame (7,") were indirectly measured
from well-resolved '*C signals enhanced by a CP contact time of
2 ms applied after the inversion—recovery pulse sequence for the
"H nucleus. The respective carbonyl carbon peaks were em-
ployed to obtain the 7)™ relaxation curves for PK and PA
individually, because the peaks were measured separately.
Therefore, the CP contact time is relatively long, but the
maximum peak intensity was obtained at a CP contact time of
2 ms. "’N SSNMR spectra were also measured with MAS =
5kHzand a 'H decoupling frequency of 65 kHz using a 7.5 mm
diameter rotor. The CP contact time was 0.5 to 1 ms and was
selected so as to obtain the maximum CP efficiency. "N
chemical shifts were measured relative to the glycine signal as
an external standard at 0 ppm. Every spectrum was measured at
room temperature of ca. 24 °C.

TEM. Transmission electron microscope (TEM) images were
collected using a HITACHI H-800 TEM with an accelerating
voltage of 200 kV. Electron staining was done with a phospho-
tungstic acid solution. Three-dimensional TEM images were
examined using a FEI Tecnai G2 F20 TEM with a tilting angle
ranging from —70 to +70° for every 2° step. A mapping image of
nitrogen atoms in the samples was obtained by electron energy
loss spectroscopy (EELS) using the Tecnai G2 F20 TEM.

Macromolecules, Vol. 42, No. 24, 2009 9507

-0.12 ‘ PK 0 -
-0.14 a1
_ 016 2
o0 3
2 038 0
3 -040 | Keoaw
z ]
= -0.42
5 -0 o d
- 2
-0.34 0 3
-0.36 ‘
-0.38 PA 1 -
-0.40
-0.42 -2 7
I T T T 1
0 20 40 60 80

Temperature / °C

Figure 2. Observed DSC curves for pure PK, K60A40, and pure PA.
The left-side graph is for the region from 0 to 80 °C and the right-side
graph shows enlarged DSC curves for the melting endothermic peak
region from 150 to 250 °C. The curves were obtained in the second scan.

SAXS. Small-angle X-ray scattering (SAXS) investigations
were carried out using a Bruker AXS Nano-STAR diffract-
ometer. Data were collected with Cu Ko radiation (1 =
0.154 nm). The distance between the sample and the detector
(camera length) was 106 cm.

DSC. Differential scanning calorimetry (DSC) was per-
formed using a TA Instruments DSC-Q1000 at a temperature
rise rate of 10 K -min~' from 0 to 250 °C.

FT-IR. Variable-temperature Fourier-transform infrared
(FT-IR) spectra were measured to determine the crystallization
temperature, 7., of both PK and PA in the alloys. The FT-IR
spectra were examined with a Spectra-Tech IRus system. Dif-
ferential peak heights at 1695 cm™' for PK and 1641 cm ™! for
PA were observed during heating and cooling procedures at
10 K-min~".

Dynamic Mechanical Thermal Analysis (DMTA). DMTA was
performed with a Seiko Instruments DMS-6100. Injection-
molded specimens were subjected to bending (flexural) mode
measurements at a scan rate of 2 K -min~ ' and at a frequency of
10 Hz in a temperature range from —100 to +150 °C in a
nitrogen gas atmosphere. In this analysis, the mechanical loss
tangent delta (tan 0) was examined to find the 7, values of PK,
PA, and the K60A40 alloy under both wet and dry conditions.

Results and Discussion

Charpy Impact Test. Figure 1 shows the Charpy impact
test results for various PK/PA alloys under both dry and wet
conditions. The Charpy impact test gives the total impact
energy, which is related to impact resistance. The vertical axis
of Figure 1 indicates total impact energy per unit cross-
sectional area. A high energy value indicates the high impact
resistance, high modulus, and high toughness of the material.
In the dry condition, the total impact values of the PK/PA
alloys are slightly higher than those of the PK and PA
homopolymers for all of the compositions tested. It will be
noted that the total impact values of the alloys under the wet
condition show a surprisingly large increase, especially for
the PK/PA alloys with a PA content of over 30 mass %.
Interestingly, the wet pure PA sample does not show such an
improvement, though it is seen even for the K10A90 alloy.
The water content in the PK/PA alloys under the wet
condition was proportional to the PA composition and
became constant at a PA level of over 50 mass %. Figure 1
suggests that the impact properties are improved when the
PA composition is over 30 mass % and the water content is
over 1%. The improvement of impact strength under the wet
condition is limited for the K80A20 and K90A 10 alloys, and
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Figure 3. Loss tan ¢ vs temperature for pure PK, pure PA, and the K60A40 alloy under both (a) dry and (b) wet conditions. The frequency used was
10 Hz. The main dispersion corresponding to the glass transition (7}) of pure PK is observed at ca. 30 °C and that of pure PA at ca. 78 °C for the dry
condition. For the wet condition, the main dispersion of pure PK appears at ca. 5 °C and that of pure PA at ca. 65 °C. The subdispersions concerned in

the impact property are also observed at lower temperature than 7.

no improvement is seen for either pure PA or pure PK.
Therefore, the pronounced improvement in impact resis-
tance is presumably related to morphology and especially
to the miscibility between PK and PA. This implies that it is
valuable to investigate the relationship between morphology
and humidity.

Miscibility and Morphology. First of all, we measured DSC
curves to obtain information on miscibility and melting
behavior in both crystalline phases of PK and PA in the
PK/PA alloys. Figure 2 shows the DSC curves of pure PK,
pure PA, and the K60A40 alloy under the dry condition.
These curves were obtained in the second scan to avoid the
effect of thermal history of samples as background.
Other alloys examined showed similar DSC curves. The
left-hand graph in Figure 2 represents the glass transition
region and the right-hand graph the melting point (7},)
region. Usually, miscible and homogeneous blends or alloys
show a single glass transition in the middle range of both
distinct transitions.” However, the K60A40 alloy exhibits
two different glass transitions, which are attributed to PK
and PA, respectively, in the left-hand graph, although
both glass transition temperatures (7,’s) become slightly
closer. This indicates that the alloy is heterogeneous on a
scale of several 10 nm,”'” but there are some interacting
regions between PK and PA. The right-hand graph in
Figure 2 shows that two endothermic transitions ascribed
to the T, of both the a and y crystalline phases of pure PA
are observed at 225 and 210 °C, respectively. The endother-
mic transition of pure PK is observed in the middle of these
melting points of pure PA, and T}, is 220 °C. There is also
another transition at a higher temperature as a shoulder peak
for pure PK.

It is known that the endothermic transition of PK shows
propylene unit dependence and doublet 7;,, peaks. PK has at
least two kinds of crystallites, ot (77, = 245—250 °C) and f3
(T = 210—240 °C), and an increase in the propylene unit
induces 8 crystallites from o crystallites.!"'? Judging from
the T, value, the present crystalline phase is attributable to
crystallites. The reason for the small shoulder peak is un-
known at present, but it may be related to the highly ordered
crystalline phase of pure PK.

For the K60A40 alloy, a broad peak is observed at the
middle point between those of the oe and y crystalline phases
of pure PA and the T, value is close to that of pure PK. The
broad melting peak for the K60A40 alloy is shapeless and
smooth. Therefore, the endothermic transition does not

show any useful information about the morphology or
change in crystalline phases of PA and PK.

In order to investigate the effect of humidity on 7, we
conducted a dynamic mechanical thermal analysis (DMTA)
of pure PK, pure PA, and the K60A40 alloy under both dry
and wet conditions. Figure 3 shows the observed DMTA
curves (loss tan d) in relation to temperature at a frequency of
10 Hz. The main dispersion corresponding to the glass
transition is observed at approximately 30 °C for pure PK
and that for pure PA at 78 °C under the dry condition
(Figure 3a). The dispersion peaks for both pure PK and pure
PA appear at different temperatures from the 7, values
obtained by DSC. This shift usually occurs because the
DMTA curves in Figure 3 show the change in the motional
mode at a frequency of 10 Hz, whereas DSC measures
the calorimetric change. These main dispersions are also
observed for the K60A40 alloy at similar positions or
with a slight shift toward an intermediate position. Each
peak appears mostly at the same position but broadening
occurs.

For the wet condition as shown in Figure 3b, the intensity
of the loss tan 6 curve of pure PA decreases compared with
that of the dry condition, and a subdispersion at ca. 5 °C is
newly observed. The main dispersion peaks for both pure PK
and pure PA shift to 5 and 65 °C, respectively. These values
are lower than those obtained under the dry condition. The
loss tan & curve of the K60A40 alloy under the wet condition
shows a broad hump in the temperature region from 0 to
100 °C and the main dispersion peak is observed at ca. 23 °C.

Examination of the loss tan 0 curves indicates that hu-
midity influences the T, values of every sample, causing the
value to decrease. However, the impact strength values (total
energy) obtained in the Charpy impact tests of both pure PK
and pure PA do not show any effect of humidity at all,
whereas the T, values under the wet condition shift toward a
lower temperature. This suggests that the effect of the
decrease in T, which causes plasticization of PA or PK
due to humidity, limits the improvement of impact strength.
On the other hand, the subdispersions observed at a lower
temperature than 7, presumably affect impact properties.'?
Therefore, it is also necessary to study the motional change
of the local segment after alloying to elucidate the mecha-
nism of the high impact properties of polymers as well as to
reveal the morphology. In this study, we focused on to
revealing the morphological change related to humidity in
the PK/PA alloys in the first stage of this research because an
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Figure 4. (a) TEM, (b) 3D-TEM, and (c) EELS images of K60A40. The 3D-TEM images in part b are views selected at arbitrary angles. The black and
white contrast in the 3D-TEM images is the opposite of that in the TEM image. The long period of crystalline lamellae (distance between two lamellae),
d, and the thickness of a lamellar rod, /, are indicated in the TEM image in part a. The green image of (c) represents nitrogen atoms mapping in the same

region as that in part a.

overall morphological study is helpful in analyzing local
segmental motion after alloying.

In order to study the morphology visually, we analyzed
TEM, three-dimensional (3D)-TEM, and EELS images of
the K60A40 alloy. Figure 4a shows a TEM image magnified
200000 times. Another TEM image of a different region is
shown in Figure S1 in the Supporting Information. This
TEM image indicates a lamellar-like structure resembling
rods or thick lines and several elliptical domains of ca. 100
nm in size in the alloy. Since the amorphous phase is
dominantly dyed, the black color represents mainly the
amorphous region and the white color is the crystalline
region. The lamellar-like structure is white in color, so it is
the crystalline phase, namely crystalline lamellae. The black
and white contrast around the lamellae indicates the re-
peated structure of the crystalline and amorphous phases.
The lamellar thickness, /, (one rod) seems to be less than 5 nm
and the long period (spacing, d, of two rods) of lamellae to be
10—20 nm. Lamellae are present both inside and outside the
domains.

The 3D-TEM image (Figure 4b) gives a much clearer
three-dimensional view of the presence of the PK lamellar-
like structure inside the domains. To provide a clear view, the
black and white contrast is alternated and indicates the
opposite of that in the TEM image. Thus, the black color
represents the crystalline phase and the white color the
amorphous phase in Figure 4b. For both pure PK and pure
PA, a lamellar-like structure was not clearly observed in the
TEM image. However, a lamellar-like structure was detected
even in the K90A10 alloy in the 3D-TEM image, albeit not
clearly (Figure S2(c) in the Supporting Information).*> This
indicates that PA plays an important role in forming the
lamellar-like structure. The results of a previous 3D-TEM
study suggested that there are characteristic spherical do-
mains on a scale of 50—200 nm in the PK-rich alloys,
K90A10 or K80A20 (Figure S2 in the Supporting In-
formation).*> Figure 4b shows that there are cocontinuous
spherical domains in the K60A40 alloy. These cocontinuous

spherical domains of ca. 100 nm in size appear to be in the
process of forming cylindrical domains. The results indicate
that the complicated morphology observed for the PK/PA
alloys stems from interactions between PK and PA. The
occurrence of a weak interaction between PK and PA was
revealed by analyzing the Raman spectra.*>

To clarify which polymer forms the lamellar-like struc-
ture, we examined an electron energy loss spectroscopy
(EELS) image of the K60A40 alloy. Figure 4c shows an
EELS image that indicates the location of nitrogen atoms;
the green color represents the nitrogen-rich region. The area
shown in Figure 4c is the same region as in Figure 4a. By
comparing the two figures, we can see that the area of the
lamellar-like structure coincides with the location of PK
chains. The black color represents the absence of nitrogen
atoms, so PK chains contain no nitrogen. Even though the
EELS measurement reveals the location of nitrogen atoms,
there is some uncertainty as to whether the lamellae are
formed by PK chains alone, because some green signals in
Figure 4c coincide with the location of the lamellar area and
are distributed widely; the black color is not in accord with
the location of the lamellar-like structure completely and
unambiguously. Furthermore, PA also forms both a and y
crystalline phases even in PK-rich alloys. The results of our
previous 3D-TEM study also showed similar lamellar-like
images even for PA-rich alloys, but the images were blurred
(Figure S2(a) in the Supporting Information).**

The characteristic spherical and cylindrical structures as
shown in Figure 4b are formed by the connection of both
amorphous phases of PA and PK. The 3D-TEM images
show that any numbers of PK lamellae are inserted in the
cylindrical domains. After absorbing water, the K60A40
alloy shows excellent impact resistance. This implies that
the cocontinuous structure with an elastic cylindrical
PA-rich body and a rigid PK lamellar plane has a strong
relation to the physical property of this PK/PA alloy
under the wet condition. It is assumed that the rigid PK
lamellae act like clay layers in polymer/clay nanocomposites.
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Figure 5. Observed and enlarged '*C CPMAS SSNMR spectra for the
aliphatic region of (a) K60A40 under dry and wet (red color) conditions.
The spectrum in part b represents the >C SSNMR signals of pure PA
before alloying under the wet condition. The spectrum in part ¢
represents the amorphous phase of PA separated on the basis of the
T, pH difference.'*"?

An investigation of the long period of the crystalline lamellae
by SAXS measurements should yield useful information on
the origin of the lamellar-like structure. Prior to discussing
the lamellar interval and its origin quantitatively, we will
discuss the crystalline phase structure of PA after alloying
and the domains viewed in Figure 4 parts a and b.

Domain Size and Type of PA Crystalline Phase. Figure 5
shows the observed and enlarged solid-state '*C CPMAS
NMR spectra of the K60A40 alloy in the aliphatic carbon
region. Figure 5a presents the '*C CPMAS NMR spectra of
the alloy for both dry and wet conditions. Figure 5b shows
the '>°C CPMAS NMR spectrum of pure PA under the wet
condition before alloying with PK. Figure 5(c) presents the
13C CPMAS NMR spectrum of the amorphous signals of
pure PA enhanced by using the difference in the 'H
spin—lattice relaxation time in the rotating frame gT | pH)
between the crystalline and amorphous phases.'*!* Tt is
well-known that methylene carbons (CH») of PA reflect the
environmental difference in the chain order of the crystalline
phases, i.e., o and y crystallites.'*”'® Therefore, the peaks of
CH, resonated widely depending on its circumstance, and
the assignment is depicted in the figure. Every CH, carbon of
PK appears at 37 ppm as a single peak and the peak does not
show any change before and after alloying. The methyl
carbon of PK appears at 18 ppm as a very small peak.

Figure 5a shows that the *C CPMAS SSNMR signal
intensity under the wet condition is lower than that under the
dry condition. The relative intensity of the amorphous peak
of PA decreases more markedly in the presence of moisture.
This indicates that the CP efficiency of the amorphous phase
declines. When water absorption occurs predominantly in
the amorphous phase, the polymer chains display higher
mobility than in the crystalline phase. Since CP works
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Figure 6. Observed '’N CPMAS SSNMR spectra of (a) K60A40 and
(b) pure PA. To show the peaks attributed to o and y crystalline phases
clearly, the spectra shown here were obtained from the sample under the
wet condition. The reason is that the molecular motion of the water-
absorbing amorphous polymer chain is fast, so its CP signal enhance-
ment deteriorates and the overlapped amorphous signals can be
eliminated effectively.

effectively between the '*C and 'H pair spins at a lower level
of mobility, the CP efficiency between the mobile spins
becomes worse.

The CH, signals of PK did not show any environmental
dependence. Thus, the signals ascribed to both the crystalline
and amorphous phases appear at the same chemical shift; the
signal of the amorphous phase is probably broader than that
of the crystalline phase. In Figure 5a, the line width of the
peak at 37 ppm under the wet condition is somewhat
narrower than that under the dry condition. However, the
amorphous peak of PA also overlaps this area, so we can not
conclude whether water absorption occurred in the amor-
phous region of PK as well as in that of PA. According to our
earlier NMR observation (Figure S3 in the Supporting
Information),’ > the carbonyl (C=0) peak of PK did not
change after water absorption, while the C=0 signal of PA
decreased; each amorphous C=0 peak was overlapped at
the same respective chemical shift. Therefore, this observa-
tion indicates that water is absorbed predominantly in the
amorphous phase of PA not that of PK.

Furthermore, the *C CPMAS SSNMR spectrum for PA
of the K60A40 alloy (Figure 5a) appears to be simpler than
that of pure PA (Figure 5b). This implies that the relative
intensity of the signals ascribed to the y crystalline phase of
PA decreases. In order to clarify the difference in the crystal-
line Phase of PA between pure PA and the alloy, we examined
the "N CPMAS SSNMR spectra of both samples. Figure 6
shows the '’N CPMAS SSNMR spectra of (a) the K60A40
alloy and (b) pure PA under the wet condition. It is well-
known that the "N SSNMR signal is sensitive to the
difference in the polymer chain direction between the
o and y crystalline phases of PA and shows a different
chemical shift, which is due to the difference in the circum-
stances of hydrogen bonding.'®™?° The signal ascribed to the
o crystalline phase of PA resonates at 84 ppm and that to the
y crystalline phase at 89 ppm.'® Obviously, the o crystalline
phase of PA in the K60A40 alloy (Figure 6a) is dominant
compared with that of pure PA (Figure 6b): rapid cooling of
PA induced the growth of the y crystalline phase in pure PA.
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Figure 7. Compositional dependence of crystallization temperatures,
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This indicates that PK induces the growth of the o crystalline
phase of PA in the alloy rather than vy crystallites. This
observation is consistent with the results of the '*C CPMAS
SSNMR experiment. The relative fraction of the a crystal-
line phase of PA, which is obtained from spectral deconvolu-
tion by two pseudo-Voigt functions, changes from 40% to
70% after alloying with PK. A pseudo-Voigt function is
expressed as the sum of the Gaussian and Lorentizan curve
functions (Figure S4 in the Supporting Information).

In the case of blending with clay minerals, in contrast, the
relative fraction of the a crystalline phase of PA usually
decreases and the amount of the y crystalline phase increases
independent of the cooling history.'>?! This suggests that
PK induces the thermally stable o-crystalline phase of PA in
the alloy and that the lamellar-like structure of PK is
stabilized by the alternating of the crystalline phase of PA
between parallel (y) and antiparallel (o) chain directions.
Presumably, PK causes the crystallization temperature of
PA to decrease, because a higher crystallization temperature
induces y crystallites and there are no orientated materials to
create y crystallites. The change in the crystalline form of PA
is related to the complicate morphology detected in the TEM
image and to the high impact properties under the wet
condition.

That PK stabilizes the o-crystalline phase of PA is sup-
ported by the crystallization temperature as shown in Figure
7. In order to detect each crystallization temperature, 7., we
measured FT-IR spectra during the heating and cooling
stages, because the DSC curves during the cooling stage
did not show any distinct exothermic transitions attributable
to crystallization of PK and PA. The T, of PK was detected
by increasing the ratio of the IR peak at 1695 cm ™' attributed
to vibration of the C=O functional group. Similarly, the
increase in the IR peak at 1641 cm ™' attributable to NHCO
vibration was used for detecting the 7. of PA (Figure S5 in
the Supporting Information).

Figure 7 shows that the T, of PK increases rapidly with a
small amount of PA, while the T, of PA decreases as a result
of alloying with PK. The 7. of PA in the PK/PA alloy
becomes relatively constant at 188 4+ 1 °C, down from
192 °C for pure PA. The T, of PK in the PK-rich/PA alloy
is 191 4+ 1 °C and that in the PK/PA-rich alloy is 188 £+ 1 °C,
up from 183 °Cfor pure PA. Itis interesting that the PK-rich/
PA alloy shows a much larger increase in 7, than the PK/PA-
rich alloy. This suggests that a small amount of PA strongly
affects the crystalline growth of PK, and this is in agreement
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Figure 8. Semilogarithmic plots of normalized T, decay curves for PK
(®) and PA (O) in the K60A40 alloy{_lunder the (a) dry and (b) wet
conditions. Dashed lines represent 7} decay curves for pure PA and
pure PK. The solid lines were obtained with eq 1.

with our previous 3D-TEM study in which lamellae were
observed even in the K90A10 alloy (Figure S2 in the Sup-
porting Information).** Thus, the data in Figure 7 obviously
suggest that the T, of PK increases by alloying with PA but
that the T, of PA decreases by alloying with PK. The former
increase indicates that PK easily forms a crystalline phase
with PA. In the case of PA/clay nanocomposites, the T, of
PA is higher than that of pure PA."> This is because PA
chains can align along the clay surface first and form
y crystallites easily. In contrast, much more time and a lower
temperature are needed to create o crystallites. Figure 7
shows the contrastive results for PA/clay nanocomposites.
The lower T, suggests that PA predominantly forms
a crystallites in PK/PA alloys. This is in good agreement
with the '*C and "N SSNMR results.

Figure 8 shows the observed 'H spin—lattice relaxation
curves in the laboratory frame (7, curves) of both PK and
PA in the K60A40 alloy. These T," curves were obtained
from the C=0 carbon peaks of PK and PA, respectively.
Because both C=0 carbons are close to the protons of the
main chain aliphatic carbons or NH (see the chemical
formula in Figure S3 in the Supporting Information), 'H
spin diffusion occurs efficiently even though protons are not
bonded directly to carbon within the CP contact time of 2 ms.
The T," curves shown in Figure 8a are for the dry condition
and those in Figure 8b are for the wet condition. The 7}
curves of both pure PK and pure PA (dashed lines) show
single exponential decay, resulting in semilog plots in a
straight line. The 7" values for pure PK and pure PA under
the dry condition are 2.06 & 0.03 s (1/7;™ = K = 0.485s™")
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and 1.06 + 0.01 s (K = 0.943 s~ ), respectively: errors are
standard deviation. The values under the wet condition are
1.50 £ 0.01 s (K = 0.667 s~ ") for PK and 0.86 + 0.01 s (K =
1.163 s 1) for PA. The T, rates, K, under the wet condi-
tion are faster than those under the dry condition. This
indicates that the molecular motion of both polymers is
affected and is increased by water absorption. For PA,
water is absorbed predominantly in the amorphous phase
and the humidity is 1.9%; for the PA-rich alloys, the
humidity is 1.7%. On the other hand, PK absorbs water
without selectiveness and the amount of absorbed water is
only 0.6%. This difference in water absorption shows
that the >*C CPMAS NMR spectrum of PK remains un-
changed under the wet condition, but that there is sufficient
water absorption to change the molecular motion and affect
the TlH of PK. In fact, Figure 3 shows a decrease in the T,
of PK under the wet condition, indicating that the mole-
cular motion was faster at the measured temperature of
about 24 °C.

The 7," decays of both polymers in the alloy draw closer
together. In the case of miscible blends on a scale of several
tens of nanometers, the observed 7," decays show a single
exponential curve and have identical values owing to the very
fast 'H spin-diffusion phenomenon in the solid state between
component polymers.'®?? In the case of heterogeneous
blends, on the other hand, the observed T1H decays in a
blend do not change and show the same relaxation curves as
those of the pure materials. Therefore, the results in Figure 8
suggest that both PK and PA are not completely phase-
separated but are located in an area where both polymers can
interact via 'H spin diffusion (Figure S6 in the Supporting
Information). Provided that the domains of the blends or
alloys have an adequate size less than ag?roximately 200 nm:
this value depends on 1/T1H rate,”>** the observed T,
curves of such a two-spin system exhibit nonsimple and
nonusual double-exponential decays as follows:*>

Mpk (1) =ay exp(rit)+a-exp(r-t)

Mpa(1) = by exp(ry 1) +b- exp(r-1) (1)

where

ay = 1:|:R71(KPA _KPK+k),
by = l:l:Ril(KpK —KPA+k)

r+ =0.5{ —(Kpk + Kpa + k) £ R},

R = \/{(KPK —Kpa) + (foa —fek )k} + Afoafoxk?

Here, M (1), f;, K;, and k denote the normalized magnetiza-
tion, proton molar fraction, the intrinsic relaxation rate of
i-spin: i is for PK and PA, and the 'H spin-diffusion rate
between PK and PA proton spins, respectively. The sum of
fri and fpa equals 1.

In the case of semicrystalline polymers, the amorphous
phase is usually located in the vicinity of the crystalline phase
and very fast 'H spin diffusion occurs between the two
phases.?® Therefore, PK/PA alloys can be divided into two
spin species of PK spin and PA spin; the individual crystal-
line phase has the same spin temperature as that of the
amorphous phase. The purpose of this analysis is to deter-
mine the spatially averaged domain size of the spins for PK
and PA in the alloy under both dry and wet conditions.
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A T, analysis provides information on the averaged
domain size of both PK and PA; TEM, on the contrary,
does not provide information on the respective domain size.
A TEM image only shows the black and white contrast and
we do not know which color represents which polymer.
Estimation of domain size is helpful in analyze the morphol-
ogy based on TEM images.

The solid lines in parts a and b of Figure 8 were obtained
from a least-squares fitting using eq 1 with fpa of 0.548. The
solid lines are in excellent agreement with the observed 7,"
decay curves (® and O) in the K60A40 alloy. The K values
obtained for the dry condition are 0.53 £0.02s~ ' (1.90's) for
PK and 0.81 £ 0.02 s~ ' (1.21 s) for PA, respectively: the
values in parentheses are 1/K = T,". The "H spin-diffusion
rate, k, is 0.8 & 0.3 s”'. The values obtained for the wet
condition are Kpg = 0.66 +0.04s~ ' (1.51 s), Kpa = 0.95 +
0.04s' (1.05s), k = 0.7+ 0.5s ", respectively.

The initial relaxation rate of PA, Kpy, in the alloy is more
affected by alloying with PK than that of PK. The Kpa value
is slower than that of pure PA by ca. 0.2 s~ ! whereas that of
PK in the alloy is comparable to that of pure PK. This
observation suggests that PA dispersed and located in PK
matrix, rather than that both PA and PK are alternatively
aligned. It also indicates that the molecular motion of PA is
greatly affected after alloying with PK. The images in
Figure 4 suggest that the lamellae are also present in the
cocontinuous spherical and cylindrical domains (see also
Figures S1 and S2 in the Supporting Information). The
EELS observation reveals that the lamellae are mainly
created by PK chains. Therefore, since the molecular motion
of the rigid PK lamellar structure is not influenced by PA, the
initial relaxation rate does not change after alloying, whereas
that of PA is altered. On the other hand, the spin-diffusion
rate, k, is comparable to the initial relaxation rate of both
polymers and intermediate between Kpy and Kpa. This value
indicates that 'H spin diffusion is slow, but that the two
polymers are not completely phase-separated on a scale of
several tens to several hundreds of nm.

The maximum diffusive path length, {r (i.e., average
value of r), for the three-dimensional diffusion model is
estimated by (6D/k)*%; D is the diffusion coefficient for
proton spin energy. In the case of semicrystalline polymers,
it may be better to assume the one-dimensional model to
determine the domain size and the thickness of crystalline
phase. However, since the TEM images show that the
direction of the lamellae is not uniform, the diffusion of
proton spin energy results in every direction, i.e., the three-
dimension. The effective D value*’* has been estimated to
be ca. 700 nm” s~ ! from both diffusion coefficients Dpg =
840 nm> s ! and Dps = 600 nm? s~ !, which were obtained
from the 'H spin—spin relaxation rate.* The estimated path
length, r, is ca. 77 nm, thus the average domain size is ca. 150
nm, which is twice as large as r. This value is consistent with
the averaged overall size of the elliptical (or spherical and
cylindrical) domains measured from the TEM images
(Figure 4). Since the individual domains of PA and PK are
not detected in the TEM images, the T1H measurement is
useful in investigating the domain size of component materi-
als, although this estimation is not exact.

We have also analyzed T pH for both polymers, though the
data are not shown here.” Each observed 77, decay
curve for PK and PA in the alloys agreed with those of the
pure materials, respectively. This is not surprising, because
T, pH decay is sensitive to a much smaller domain size than
20 nm,'%?? in other words, each T pH decay in the alloy
is not influenced by such a slow 'H spin diffusion rate
of 0.7s57".
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Figure 9. Observed and enlarged SAXS intensity profiles of PK/PA
alloys, pure PK, and pure PA under the wet condition. Graph A
presents SAXS intensity profiles from K90A10 to K60A40 and graph
B those from K70A30 to K20A80: (a) pure PA, (b) pure PK, (c)
K90A10, (d) K80A20, (¢) K70A30, (f) K60A40 (bold line), (g) KS0A50,
and (h) K20A80. The intensity was normalized to the X-ray transmit-
tance of the respective sample.

Long Period of PK Crystalline Phase. In order to investi-
gate the long period of crystalline lamellae, we examined the
SAXS intensity profile of every sample. Figure 9 shows the
SAXS intensity profiles of pure PK, pure PA, and some PK/
PA alloys under the wet condition. These intensity profiles
were obtained as the integral of the SAXS scattering pattern
on the horizontal axis. Hence, this observation reveals the
amount and direction of lamellae in the PK/PA alloys. The
SAXS intensity profiles were also examined under the dry
condition to investigate the effect of water absorption on
SAXS profile.

A broad peak is observed weakly at 20 = 0.62° for pure
PK (b). The peak at 20 = 0.62° intensifies with an increase in
PA content from K90A10 (¢) to K60A40 (). For the K60A40
(f) or K70A30 (e) alloys, an intense single peak is clearly
observed at this angle. This increase corresponds to the
results of the Charpy total impact measurements shown
in Figure 1; the Charpy total impact energy values are low
for K90A10 and K80A20, while the values of K70A30
and K60A40 are markedly larger. The peak at 20 =
0.62° indicates the formation of ordered lamellae of PK
observed in TEM images in Figures 4a and 4b (Figures S1
and S2 in the Supporting Information). This implies that the
increase in both the amount and ordered structure of the
crystalline phase of PK is involved in the larger Charpy total
impact energy, i.e., the higher impact resistance. Based on
Bragg’s law, the long period of these lamellae can be esti-
mated to be 14.3 nm. This value is in accord with the d value
estimated from the TEM images.
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For PA content over 50 mass %, namely for the alloys
from K50A50 to K10A90, the peak shifts toward a wider
angle as shown in Figure 9B; only the SAXS profiles of
K50A50 and K20A80 are shown. The peak of K20A80 is
observed at 20 = ca. 0.80°. This value is close to that of pure
PA, the SAXS peak of which is observed at 20 = ca. 1.05° as
a very weak hump.®' Furthermore, the peak intensity of the
PA-rich alloys decreases with increasing PA content. Since
the impact resistance is still high even for the PA-rich alloys
(Figure 1), these observations are contradictory to the for-
going discussion that the peak at 260 = 0.62° appears to be
related to the Charpy total impact energy values. The
estimated long period of the lamellae of pure PA is 8.4 nm
and that of K20A80is 11.0 nm. The long period estimated for
K20AS80 is in-between that of the PK-rich alloys and pure
PA, and the intensity is noticeably stronger than that of pure
PA. Therefore, the SAXS peak at 260 = 0.80° for K20A80
presumably represents the presence of the lamellae of both
PK and PA; that is, the long period of crystalline lamellae of
PA becomes uniform and its direction is ordered by the
surrounding ordered crystalline lamellae of PK with an
increase in PA content. The SAXS profile thus becomes a
composite peak consisting of the sum of the peaks of both
PK and PA lamellae. This observation suggests that the total
impact toughness of the PA-rich alloys may be due to a
different mechanism from that of the PK-rich alloys. In fact,
the energy of crack propagation (E,) of the PA-rich alloys is
larger than that of the PK-rich alloys, while the energy of
crack generation (E;) of the PA-rich alloys is smaller than or
comparable to that of the PK-rich alloys: the sum of E; and
E, is the Charpy total impact energy.*

Similarly, the SAXS intensity profiles under the dry con-
dition were also examined. Each profile was similar in
intensity, but the angle of peak intensity shifted slightly
toward a wider angle by 0.04°.>' For example, the peak
intensity of the K60A40 alloy was observed at 260 = 0.66°.
This means that the long period of the crystalline lamellae
was shortened by ca. 1 nm. This observation indicates that
the amorphous phase swells in the wet condition and then the
long period becomes wider. Thus, the amorphous phases of
both PA and PK are located in-between the crystalline
lamellae of PK, because water is absorbed in the amorphous
phase of PA selectively as was revealed by the '*C CPMAS
SSNMR spectra (Figures 5 and S3 in the Supporting In-
formation). This coexistence produces the smooth 'H spin
diffusion between PK and PA, and both 73" curves are
influenced effectively.

The results of the 'H spin—lattice relaxation experiments
did not reveal any difference in domain size between the dry
and wet conditions; i.e., the 'H spin-diffusion rates were the
same (Figure 8). Since the domain size of the amorphous
phase increased just 1 nm under the wet condition, the 7"
relaxation experiments were not influenced by such a small
change. Thus, the T, relaxation experimental results in
Figure 8 are convincing. Of course, the amorphous phase
exists not only between lamellae, but also the white contrast
body seen in the 3D-TEM image in Figure 4b was created by
the amorphous phases of both PK and PA. Therefore, the
results in Figure 9 do not show any intrinsic swelling in size of
the PA amorphous phase due to water. However, it is
noteworthy that water content of only 1.5% is related to
the dramatic improvement in impact resistance (Figure 1).
Although the detail mechanism of high impact resistance
involves a lot of the other factors, as well as the fracture
mechanics theory, the present study suggests that the swel-
ling of the amorphous phase of PA due to water absorption
contributes to imparting elasticity and the characteristic
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crystalline lamellae of PK are conducive to producing stiff-
ness together with a complex morphology.

Conclusions

The results of this study show that the PK/PA alloys examined
have complex morphology consisted of crystalline lamellae and
spherical and cylindrical domains. PK lamellae are present in
both domains and ordered PA lamellae are also found in the PA-
rich alloys. 'H spin diffusion analysis provides each averaged
domain size of PK and PA, which is roughly estimated to be
150 nm. The >N SSNMR results revealed that the mixed PA
crystalline phases of o and y crystallites changes mainly to a
thermally stabilized o crystalline phase after alloying with PK,
thus the PA structure is influenced by the presence of PK.
Similarly, PK chains are also affected by the presence of PA.
PK crystalline lamellae are evidently formed only by alloying
with PA as revealed by TEM. The *C SSNMR results indicated
that water is only absorbed in the amorphous phase of PA in the
alloys. A SAXS study suggested that the long period of PK
lamellae is 13—14 nm, and the value increases by 1 nm after water
absorption. This is indirect evidence of the presence of both PA
and PK amorphous phases in-between lamellae of PK, because
the amorphous phase of PK does not absorb water appreciably.
Therefore, the PK crystalline lamellae, with a thickness is ca. 5 nm
as found by TEM, and the water-absorbing amorphous phase of
PA play an important role in enabling PK/PA alloys to exhibit
high impact properties and toughness. This role resembles the
function of the good dispersion of clay layers in polymer/clay
nanocomposites in displaying high modulus, toughness, and
other properties. The PK lamellae exhibit rigidity and stiffness,
and water-absorbing amorphous phase of PA shows elasticity
and softness. This combination of characteristics is needed to
obtain high impact properties, modulus, and toughness. It should
be pointed out that the change in crystalline type from y-crystal-
lites to a-crystallites is also important for high impact properties,
and it probably helps create the PK lamellae efficiently.

Finally, we must note that the mechanism of impact resistance
in polymer alloys®® includes the formation of crazes or
cavitations,® * shear (yield) deformation®*** and absorption
of impact energy by the fracturing of the adhesive interface™
between the matrix and the dispersion phase. Since we concen-
trated on an investigation of morphology in this study, a discus-
sion of the mechanism producing high impact properties under
the wet condition is still lacking. We have already examined TEM
images of fractured PK/PA alloys under both dry and wet
conditions, but the other examinations are currently under
way. In our next study, we plan to elucidate the mechanism of
the high impact properties of PK/PA alloys under the wet
condition using the fracture mechanics theory combined with
the present morphological results and the other mechanical data.
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