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Abstract An investigation of the blending, rheological
and tensile properties of poly(vinyl alcohol) (PVA) and
nylon 6 clay (NYC) nanocomposite blends was conducted.
The characteristics of melting endotherm, X-ray diffraction
patterns of o« form PVA crystals and hydrogen-bonded
hydroxyl groups originally associated with the PVA resin
almost disappear after blending less than 16.7 wt% of PVA
in NYC resins. However, the characteristics of melting
endotherm, X-ray diffraction of o form PVA crystals and
hydrogen-bonded hydroxyl groups originally associated
with the PVA resins appear gradually as the PVA contents
of NYC/PVA specimens are more than 16.7 wt%. The
torques vs. time measurements and tensile properties of
NYC/PVA specimens support the ideas that PVA mole-
cules are miscible with PA molecules to some extents in
the molecular level as the PVA contents of NYC/PVA
specimens are less than 16.7 wt%. Moreover, the addi-
tional demarcated humps and significantly increased tor-
ques and ‘‘stabilized’’ time values support the presence of
separated PVA phases in NYC/PVA specimens as their
PVA contents are more than 50 wt%. On the other hand,
the o form PA crystals continue to grow at the expense of y
form PA crystals as the PVA contents of NYC/PVA
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specimens increase, and the characteristics of the y form
PA crystals originally shown on the melting endotherm and
X-ray diffraction patterns of the NYC resin can barely be
seen as the PVA contents of NYC/PVA specimens are
equal to or more than 50 wt%. Possible reasons accounting
for these interesting blending properties are proposed.

Introduction

There has been considerable interest in polymer blends in
recent decades, owing to their better combination of
physical properties and potential applications than those of
the homo-polymers [1-3]. It is generally recognized that
the properties of polymer blends are greatly dependent on
their miscibility and phase behavior. Therefore, the mis-
cibility and phase behavior of polymer blends has been the
subject of numerous studies [2, 4].

Poly(vinyl alcohol) (PVA) is well known for its low
cost, excellent transparency, flexibility, toughness, biode-
gradability, and gas barrier properties, and hence, widely
used as, textile sizing and/or finishing agent, emulsifier,
photosensitive coating, food packaging and/or adhesives
for paper, wood, textiles and leather [5—8]. However, PVA
can seldom be used as a thermoplastic polymer, because of
its high water absorption and weak thermal stability. In
contrast, PVA can be used as the modifier added in other
polymers through melt-blending process [9-11], since
blend preparation is the best and economically viable op-
tion to modify the plastics. Ikejima and coauthors [9] found
that the biodegradation rates of poly(3-hydroxybutyric
acid) (PHB) can be significantly accelerated after blending
of small amounts of PVA resins, in which PVA/PHB
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blends can be processed as the optically clear films. On the
other hand, Gajria et al. [10] exposed that the tensile
properties of Poly(lactic acid) (PLA) can be improved
significantly after melt-blending 5-30 wt% of PVA resins.
They suggested that PLA is compatible with PVA at these
compositions, since only one glass transition temperature
was observed in the DSC thermograms of the PLA/PVA
blends. On the other hand, after melt-blending 25 wt% of
PVA in nylon 6 resins, Koulouri and Kallitsis [11] found
that the elongation at break (g,) of nylon 6/PVA blends
reaches 640%, which is significantly higher than that of the
pure nylon 6 specimen (i.e., 580%). They further exposed
that nylon 6 are compatible with PVA at this composition,
since only one glass transition temperature was found by
the DMTA analysis of the nylon 6/PVA blend. In contrast,
at other PVA contents, the &, values of the nylon 6/PVA
blends were significantly lower than that of the pure nylon
6 specimens and more than one glass transition temperature
were found by their DMTA analysis.

Modification of the barrier and physical properties of
polymers using nanoscale filler particles with a high sur-
face area to thickness aspect ratio has drawn much atten-
tion recently [12, 13], wherein the filler particles (e.g.,
smectite clays) are typically approximately 1 nm thick with
laterally dimensions of the order 200—1000 nm. Significant
improvements in modulus and heat deflection temperature
were first found in nylon 6 clay nanocomposite (NYC) by
addition of 2-8 wt% of smectite clays [13, 14]. Later
investigations found that the polymer nanocomposites ex-
hibit significant better barrier performance to diffusing
species in comparison with the unmodified polymers [12,
13, 15, 16]. Presumably, this improvement in barrier
properties of polymers is based on the tortuosity argu-
ments, wherein the permeant molecules must travel the
longer diffusive path in presence of the clay fillers [17-22].
However, as far as we know, no investigation has ever been
reported on the melt-blending and physical properties of
NYC/PVA blends. In order to serve PVA as a better
thermoplastic resin while still maintain some of their
excellent properties (e.g., mechanical and barrier proper-
ties), PVA were melt-blended with NYC instead of PA in
this study, wherein the presence of clay fillers in PA is
expected to further enhance the barrier properties of the
PVA/NYC blends. However, film-blowing or extrusion of
the clay fillers contained NYC and NYC melt-blended
resins are often difficult and ended up with ruptured and
poor transparency of the films. As suggested by several
investigators [23-25], protonated amino end groups of the
PA molecules can be ionically bonded to the surfaces of
negatively charged silicate sheets, which then leads to a
poorly arranged PA conformation gathered on the surfaces
of the silicate sheets. These poorly arranged PA molecules
are then served as the nucleation sites, and hence, cause the

formation of y form PA crystals during the crystallization
processes of NYC melts, although the form PA crystals
with PA molecules linearly aligned in the unit cells are the
more stable form. Presumably, the poor process ability of
the NYC and NYC blends can be correlated with the poorly
arranged PA conformation and its resulted melt structure.

The main objective of this study is to investigate the
blending, rheological and tensile properties of NYC/PVA
blends. The blending properties of NYC/PVA blends pre-
pared with varying compositions were investigated. It is
worth noting that the o form PA crystals continue to grow
at the expense of y form PA crystals as the PVA contents of
NYC/PVA specimens increase, and the characteristics of
the y form PA crystals originally shown on the melting
endotherm and X-ray diffraction patterns of the NYC resin
can barely be seen as the PVA contents of NYC/PVA
specimens are equal to or more than 50 wt%. In order to
understand the compatibility of NYC and PVA resins in the
molecular level, the rheological, thermal, X-ray diffraction,
Fourier-transform infrared and tensile properties of NYC/
PVA blends were carried out. Possible reasons accounting
for the interesting blending properties of the NYC/PVA
blends are proposed.

Experimental
Materials and sample preparation

Poly(vinyl alcohol) (PVA) and Nylon 6 clay (NYC) resins
used in this study were obtained from Nippon Gohsei
Corporation (Tokyo, Japan) and Unitika LTD., (Tokyo,
Japan), respectively, wherein PVA and NYC had a trade
name and quoted average molecular weight (Mw) of AX-
2000/74,800 and M1030D/62,000, respectively. The NYC
nanocomposite contains 4.6 wt% exfoliated layered silicate
and is made by in-situ hydrolytic polymerization of ¢-
caprolactam in the presence of swollen organically modi-
fied silicate. The NYC/PVA specimens were prepared by
melt blending the NYC and PVA resins using a SU-70
Plasti-Corder Mixer, which was purchased from Suyuan
science and Technology Corporation, Chang Zhou, China.
The 70 mL Plasti-Corder Mixer is equipped with a co-
rotating, intermeshing twin screw with a diameter of
30 mm and L/D ratio of 10. Before melt-blending, the
NYC and PVA resins were dried in a vacuum oven at
80 °C for 16 and 12 h, respectively. The dried components
of NYC/PVA at varying weight ratios were then melt-
blended at 240 °C /250 rpm for 4 min in the Plasti-Corder
Mixer. The fully blended NYC/PVA components were
then cooled at room temperature. The compositions of the
NYC/PVA specimens prepared in this study are summa-
rized in Table 1.
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Table 1 The compositions of NYC/PVA specimens

Sample NYC (%) PVA (%)
NYC 100 0
NYC,PVA, 87.5 12.5
NYCsPVA, 83.3 16.7
NYC;PVA, 75.0 25.0
NYC,PVA, 66.7 333
NYC,PVA, 50.0 50.0
NYC,PVA, 333 66.7
NYC,PVA; 25.0 75.0
PVA 0 100

Rheological properties

The torques vs. time measurements of the NYC/PVA
specimens were carried out in the Plasti-Corder Mixer
equipped with a torque measurement device. The rotational
speed was set at 250 rpm and the temperature was con-
trolled at 240 °C.

Wide angle X-ray diffraction

The wide angle X-ray diffraction (WAXD) properties of
NYC, PVA and NYC/PVA specimens were determined
using a Siemens D5000D diffractometer equipped with a
Ni-filtered CuKe radiation operated at 35 kV and 25 mA.
Each specimen with 1 mm thickness was maintained sta-
tionary at 25 °C and scanned in the reflection mode from 2

to 40° at a scanning rate of 5° min~'.

Thermal properties
The thermal properties of NYC, PVA and NYC/PVA resins

were determined at 25 °C using a Du Pont 2010 differential
scanning calorimetry (DSC) (Table 2). All scans were

Table 2 Thermal properties of NYC, PVA and NYC/PVA resins

Sample Peak temperature (°C) associated with NYC and PVA
melting endotherms
NYC PVA
NYC 214.0
NYC,PVA, 213.2 219.7 -
NYCsPVA, 2133 220.1 -
NYC;PVA, 214.8 220.8 228.2
NYC,PVA, 2149 221.0 228.4
NYC,PVA, - 221.7 228.5
NYC,PVA, — 221.8 228.9
NYC,PVA; - - 227.9
PVA 230.9

@ Springer

carried out at a heating rate of 20 °C/min and under
flowing nitrogen of a flow rate of 25 mL/min. The instru-
ment was calibrated using pure indium. Samples weighing
about 0.5 mg were placed in standard aluminum sample
pans for each DSC experiment.

Fourier transform infrared spectroscopy (FT-IR)

Fourier transform infrared spectroscopic measurements of
NYC, PVA and NYC/PVA specimens were recorded on a
Nicolet Avatar 320 FT-IR spectrophotometer at 25 °C,
wherein 32 scans with a spectral resolution 1 cm™' were
collected during each spectroscopic measurement. Infrared
spectra of the film specimens were determined by using the
conventional NaCl disk method. The 1,1,1,3,3,3-hexaflu-
oro-2-propanol solutions containing the NYC, PVA and
NYC/PVA were cast onto NaCl disk and dried at 60 °C for
30 min, respectively. The cast films used in this study were
prepared sufficiently thin enough to obey the Beer-Lambert
law.

Mechanical properties

The tensile properties of the hot-pressed NYC, PVA and
NYC/PVA specimens were determined using a Shimadzu
tensile testing machine model AG-10KNA at 25 °C and a
crosshead speed of 200 mm/min. A 35 mm gauge length
was used during each tensile experiment. The dimensions
of the dog-bone shaped specimens were prepared according
to ASTM D638 type IV standard. The values of tensile
strength and elongation at break were obtained based on
the average tensile results of at least five tensile specimens.

Results and discussion
Rheological properties

Figure 1 summarized plots of the torque vs. mixing time of
NYC, PVA and NYC/PVA specimens at 240 °C. Similar to
most of the polymers, the torques values of the NYC, PVA
and NYC/PVA specimens varied initially and then stabi-
lized after a certain period of time during their melting
processes. The ‘stabilized’’ time and torque value of NYC
specimen are significantly smaller than those of the PVA
specimen. The ‘‘stabilized’’ time and torque values of
NYC/PVA specimens increase slightly as the PVA con-
tents increase from 0 to 16.7 wt%, however, they increase
significantly from 0.75 min/12.3 Nm to 1.25 min/
23.1 Nm as the PVA contents increase from 16.7 to
50 wt%, respectively. In fact, at PVA contents more than
50 wt%, another demarcated hump can be observed on
plots of the torque vs. mixing time of NYC/PVA specimens
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Fig. 1 Plots of torque vs. time of NYC (A), PVA(®), NYC,PVA,
(O), NYCsPVA, (O), NYC;PVA, (O), NYC,PVA, (O), NYC,PVA,
(O), NYCPVA, (O), and NYC,PVA; (O) specimens

before the mixing time reaches the ‘‘stabilized’’ melt-
blending status. As shown in Fig. 1, the ‘‘stabilized’’ time
and torque values of NYC/PVA specimens increase sig-
nificantly from 1.25 min/23.1 Nm to 2.6 min/23.9 Nm as
the PVA contents increase from 50 to 75 wt%. Presumably,
these demarcated humps indicate the difficulty of melt-
blending of the NYC/PVA specimens with high PVA
contents, and hence, require longer time before reaching
the stabilized melt-blending status.

Wide angle X-ray diffraction

Typical X-ray diffraction patterns and peak diffraction
angles of NYC, PVA and NYC/PVA specimens are shown
in Fig. 2. The crystals of PVA specimen crystallized at
25°C are o form crystals, which correspond to a peak X-
ray diffraction angle at 11.2°, 16.1°, 19.2°, 20.0° and 22.7°
[26]. Similar to the results found in our previous investi-
gations [22], the crystals of NYC specimen crystallized at
25 °C are y form crystals, which correspond to a peak X-
ray diffraction angle at 21.3° [27]. After blending PVA in
NYC resins, the characteristics of X-ray diffraction pat-
terns of NYC/PVA specimens are very similar to those of
the NYC and PVA specimens, wherein y form PA crystals
and o form PVA crystals are the main crystals present in
NYC/PVA specimens, although the diffraction patterns of
o form PVA crystals can barely be found as their weight
ratios of PVA to NYC of NYC/PVA specimens are less
than 1/5 (i.e., NYCsPVA;and NYC,PVA, samples). In
contrast, it is worth noting that o form PA crystals with
peak diffraction angles at 20.3° and 23.7° start to grow at
the expense of the y form PA crystals, as the weight ratios
of PVA to NYC of NYC/PVA specimens are more than 1
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Fig. 2 WAXS diffraction patterns of (a) NYC, (b) NYC,PVA,, (¢)
NYCsPVA,, (d) NYC;PVA,, (e) NYC,PVA,, (f) NYC,PVA,, (g)
NYC,PVA,, (h) NYC,PVA; and (i) PVA specimens

(i.e., NYC,PVA,, NYC,PVA, and NYC,PVA; speci-
mens).

On the other hand, the peak X-ray diffraction angle at
4.81° of NYC specimen displays the X-ray diffraction from
the (001) crystal surface of the clay layers present in the
NYC resin [28], which corresponds to 1.84 nm d-spacing
of the clay layers. In fact, the peak diffraction angles of the
clay layers reduce significantly from 4.81° to 4.09° as the
weight ratios of PVA to NYC increase, which lead to an
increasing d-spacing of the clay layers of the NYC/PVA
specimens (see Fig. 3). Apparently, the aggregated clay
layers present in NYC specimen can be dispersed by
mixing PVA in NYC specimen, and hence, causes an
increasing d-spacing of the clay layers as the weight ratios
of PVA to NYC of the NYC/PVA specimens increase.

Thermal properties

Typical DSC thermograms of NYC, PVA and NYC/PVA
specimens are shown in Fig. 4. A main melting endotherm
with a peak temperature at 230.9 °C was found on the DSC
thermogram of PVA resin. In contrast, the DSC thermo-
gram of NYC specimen shows a double melting endotherm
with a main melting peak temperatures at around 214 °C.
Another minor melting endotherm with a higher peak
temperature at around 220 °C can be found on the right
shoulder of the double melting endotherm of the NYC
specimen. After blending PVA in NYC, the characteristics
of most DSC thermograms of NYC/PVA specimens are
similar to the combination of those of the NYC and PVA
specimens. However, the sizes and peak temperatures
associated with the main melting endotherms of NYC and
PVA reduce significantly with increasing the PVA and
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Fig. 3 The evaluated d-spacing of clay layers present in NYC/PVA
specimens

NYC contents of NYC/PVA specimens, respectively. On
the other hand, it is interesting to note that the sizes of the
minor but higher melting endotherm of the NYC resin
grow at the expense of the main but lower melting endo-
therm as the PVA contents of NYC/PVA specimens in-
crease. In fact, the lower melting endotherm originally
shown on the double melting endotherm of the NYC resin
can barely be seen as the weight ratios of PVA to NYC of
NYC/PVA specimens are equal to or more than 1 (i.e.,
NYC,PVA,, NYC,PVA, and NYC,PVA; samples). Sim-
ilarly, the melting endotherm of PVA present in NYC/PVA
specimens disappears quickly as their NYC contents in-
crease. Almost no PVA melting endotherm can be found on
the DSC thermograms of NYC/PVA specimens, as the
PVA contents of NYC/PVA specimens are less than
16.7 wt% (i.e., NYCsPVA and NYC,PVA, samples).

Fourier transform infrared spectra

Typical Fourier transform infrared spectra (FTIR) of NYC
and PVA samples are summarized in Fig. 5. Similar to
those found in the literatures [22, 29-33], the distinguished
absorption bands of NYC specimens centered at 1549,
1640, 2857, 2928, 3090 and 3295 cm™! are most likely
corresponding to the motions of N-H bending vibration,
hydrogen-bonded C=O stretching vibration, symmetric
CH, stretching vibration, asymmetric CH, stretching
vibration, aromatic C—H stretching vibration, hydrogen-
bonded N-H stretching vibration present in NYC mole-
cules, respectively. As reported by Holland and coauthors
[34, 35], the FT-IR spectra of PVA exhibit distinguished
absorption bands centered at 2939 and 3328 cm_l, which
are attributed to the motions of C-H stretching vibration
and hydrogen-bonded O-H stretching vibration, respec-
tively. After blending PVA in NYC, the peak wave num-
bers of the absorption bands corresponding to the

@ Springer
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Fig. 4 DSC thermograms of (a) NYC, (b) NYC;PVA;, (c)
NYCsPVA,, (d) NYC;PVA,, (e) NYC,PVA,, (f) NYC,PVA,, (g)
NYC,PVA,, (h) NYC,PVA; and (i) PVA specimens

hydrogen-bonded N-H stretching of NYC molecules shift
from 3295 to 3301 cm™' as the PVA contents of NYC/PVA
specimens increase from O to 75 wt%. Similarly, the peak
wave numbers of the hydrogen-bonded O-H stretching
bands increase significantly from 3328 to 3423 cm™' as the
NYC contents of NYC/PVA specimens increase from 0 to
75 wt%. In fact, as shown in Fig. 5(b, c), the hydrogen-
bonded O-H stretching bands originally present in PVA
specimen disappear completely as the NYC contents of
NYC/PVA specimens are more than 83.3 wt% (i.e.,
NYC,PVA, and NYCsPVA, specimens).

Figures 6-9 exhibit the FT-IR spectra of NYC, PVA and
NYC/PVA specimens determined at varying temperatures.
It is interesting to note that the absorption bands corre-
sponding to the hydrogen-bonded N-H (3650-3000 cm™")
and C=0 stretching (1800-1450 cm™") of NYC specimen
and O-H stretching (3700-3300 cm™") of PVA specimen
shift to higher frequencies as the testing temperatures in-
crease, wherein the intensities associated with the hydro-
gen-bonded absorption bands reduce slightly with
increasing the temperature. For instance, the peak wave
numbers of the N-H, C=0 and O-H stretching absorption
bands increase from 3298 to 3312 cm™!, 1638 to 1642 cm™!
and 3329 to 3402 cm™" as the testing temperatures increase
from 30 to 230 °C, respectively. Moreover, newly devel-
oped slightly absorption bands of free (nonhydrogen-bon-
ded) amide and carbonyl groups centered at 3444 and
1668 cm™ of NYC specimens and hydroxyl groups cen-
tered at 3618 cm™' of PVA specimen become more pro-
nounced as the testing temperatures increase. As shown in
Fig. 10, the frequency difference (Av) between the
absorption bands of hydrogen-bonded and free amide,
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Fig. 5 FT-IR spectra of (a) NYC, (b) NYC,PVA,, (¢) NYCsPVA,, (d) NYC;PVA,, (e) NYC,PVA,, (f) NYC,PVA,, (g) NYC,PVA,, (h)

NYC,PVA; and (i) PVA specimens determined at 20 °C

carbonyl and/or hydroxyl groups reduce significantly with
increasing temperatures. Presumably, the shifting of the
hydrogen-bonded N-H, C=0 and O-H stretching bands into
higher frequencies and the decrease in Av is attributed to the
gradually weakened hydrogen bonds between the amide/
carbonyl groups and hydroxyl groups present in the PA6
and PVA molecules, respectively, and hence, causes the
absorption band of free amide, carbonyl and hydroxyl
groups become more pronounced.

On the other hand, as shown in Fig. 5, the widths shown
in the half-height of the C=0 stretching bands of NYC/
PVA specimens reduce significantly with increasing the
PVA contents. It is generally recognized that this reduction
in Aw of the C=0 stretching band can be attributed to the

decreasing amounts of allowed C=0O stretching vibrations
[36]. Presumably, the decreasing allowed C=0O stretching
vibrations can be attributed to the gradually strengthened
interaction between the carbonyl and hydroxyl groups in
the NYC/PVA specimen as the weight ratios of PVA to
NYC increase. Based on these premises, it is reasonable to
suggest that the presence of PVA in NYC can interfere,
break the hydrogen-bonded carbonyl groups originally
present in NYC resins, and even form new interactions
between the carbonyl and hydroxyl groups as the weight
ratios of NYC to PVA of NYC/PVA specimens increase.
The strengthened interaction between the carbonyl and
hydroxyl groups appears to reach the maximum level as the
PVA contents reach about 16.7 wt%. As a consequence,
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Fig. 6 FT-IR spectra of NYC specimens determined at (a) 30 °C, (b) 80 °C, (¢) 130 °C, (d) 180 °C, (e) 210 °C and (f) 230 °C
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Fig. 7 FT-IR spectra of PVA specimens determined at (a) 30 °C, (b)
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the Aw values of the C=0 stretching band reach the min-
imum and the hydrogen-bonded hydroxyl band originally
present in PVA resins completely, when the PVA contents
reach about 16.7 wt%.

These interesting thermal, X-ray diffraction and FTIR
properties suggest that PVA molecules are miscible with
PA molecules present in the NYC resin to some extents,
since the characteristics of melting endotherm, X-ray dif-
fraction patterns of o form PVA crystals and hydrogen-
bonded hydroxyl groups originally associated with the
PVA resin almost disappear after blending less than
16.7 wt% of PVA in NYC resins. However, at PVA con-
tents more than 16.7 wt%, the ‘‘over saturated’> PVA
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molecules appear to be present as the separate phases in
NYC/PVA specimens. It is, therefore, the characteristics of
melting endotherm, X-ray diffraction of « form PVA
crystals and hydrogen-bonded hydroxyl groups originally
associated with the PVA resins appear gradually as the
PVA contents of NYC/PVA specimens are more than
16.7 wt%.

Presumably, the degrees of molecular interaction origi-
nally present in PVA molecules can be significantly higher
than those present in PA molecules, since the amounts of
strongly hydrogen-bonded hydroxyl groups present in PVA
resins are expected to be much more than those of hydro-
gen-bonded carbonyl and amide groups present in NYC
resins. Similarly, the degrees of molecular interaction
present in NYC/PVA blends are expected to increase as
their PVA contents increase, because the ‘‘over saturated’’
PV A molecules appear to be present as the separate phases
in NYC/PVA specimens as their PVA contents are more
than 16.7 wt%. The gradually strengthened molecular
interaction of separated PVA phases can significantly in-
crease the time and difficulty of melt-processing the NYC/
PVA blends before they reach the stabilized status, and
hence cause significantly increase in values of the torque
and ‘‘stabilized’’ time as their PVA contents are more than
16.7 wt%. In fact, as evidenced in Fig. 1, the additional
demarcated humps and significantly increased torques and
“‘stabilized’” time values clearly indicate the difficulty of
melt-processing the NYC/PVA blends as their PVA con-
tents are more than 50 wt%. However, as described pre-
viously, the characteristics of melting endotherm, X-ray
diffraction patterns of o form PVA crystals and hydrogen-
bonded hydroxyl groups originally associated with the
PVA resin can barely be seen after blending less than

16.7 wt% of PVA in NYC resins. Under such
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Fig. 8 FT-IR spectra of NYCsPVA; specimens determined at (a) 30 °C, (b) 80 °C, (c) 130 °C, (d) 180 °C, (e) 210 °C and (f) 230 °C
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circumstances, it is reasonable to believe that PVA mole-
cules are miscible with PA molecules in the molecular
level as the PVA contents are less than 16.7 wt%. As a
consequence, only slight increase in the values of ‘‘stabi-
lized’’ time and torque of NYC/PVA blends was found as
their PVA contents increase from 0 to 16.7 wt%, since the
““tractable’’ hydrogen-bonded hydroxyl groups originally
present in PVA molecules are barely exist in NYC/PVA
blends.

On the other hand, as suggested by several investigators
[23-25], protonated amino end groups of PA molecules can
be ionically bonded to the surfaces of negatively charged
silicate sheets, which then leads to a poorly arranged PA
conformation gathered on the surfaces of the silicate sheets.
These poorly arranged PA molecules are then served as the
nucleation sites, and hence, cause the formation of y form

320 —7r1r 1 - 1 1 - T 1 1 T 1 1" 150
310 148
300 I 146
290 144
"; 280- 142
S
- 2704 L140
<] 260 [ 138 5
250 136 E‘“
240 134
230 132
220 130
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Temperature (°C)

Fig. 10 Frequency difference (Av;) between the absorption bands of
hydrogen-bonded hydroxyl and free hydroxyl groups of PVA
specimens (A) and Frequency difference (Av,) between the absorp-
tion bands of hydrogen-bonded amide and free amide groups of NYC
specimens (M) determined at varying temperatures

PA crystals during the crystallization processes of NYC
melts, although the « form PA crystals with PA molecules
linearly aligned in the unit cells are the more stable form. It
is also suggested [37] that the lower and higher melting
endotherm found on the DSC thermograms of NYC and
NYC/PVA specimens are due to the melting of the y form
and the recrystallized o form PA crystals, respectively,
since more energies can be supplied at higher temperatures
to overcome the restriction and transform parts of the y
form PA crystals to o form during the DSC heat scanning
processes. However, PVA molecules are expected to have
much more protonated hydroxyl end groups to interact with
the negatively charged silicate sheets than PA molecules.
At relatively high PVA contents, the protonated hydroxyl
end groups of the PVA molecules can replace the amino
end groups and be ionically bonded to the surfaces of
negatively charged silicate sheets, which then free the
poorly arranged PA conformation originally gathered on
the surfaces of the silicate sheets, and hence, cause the
formation of the more stable o form PA crystals during the
crystallization processes of NYC/PVA melts as the PVA
contents are equal to or more than 50 wt%. It is, therefore,
o form PA crystals continue to grow at the expense of 7
form PA crystals as the PVA contents of NYC/PVA
specimens increase, and the characteristics of the y form
PA crystals originally shown on the melting endotherm and
X-ray diffraction patterns of the NYC resin can barely be
seen as the PVA contents of NYC/PVA specimens are
equal to or more than 50 wt%.

Mechanical properties
The tensile properties of NYC, PVA and NYC/PVA

specimens are summarized in Fig. 11. The NYC specimen
exhibit significantly lower tensile strength (op) (43 vs.
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Fig. 11 The values of tensile strength ([J) and elongation at break
(@) of NYC, PVA specimens and NYC/PVA specimens

116 MPa) but slightly higher elongation at break (gf)
(12.5 vs. 9.4%) than PVA specimen. Somewhat interest-
ingly, after blending PVA in NYC, the o and & values of
NYC/PVA specimens remain relatively unchanged initially
with increasing the PVA contents. For instance, the ¢ and
& values of NYC/PVA specimens increase only slightly
from 43 MPa/12.5% to 44 MPa/13.1% as their PVA con-
tents increase from 0 to 16.7 wt%. However, their of and &
values increase and reduce significantly from 44 MPa/
13.1% to 116 MPa/9.4% as the PVA contents of NYC/
PVA specimens increase from 16.7 to 100 wt%, respec-
tively. These results clearly support the ideas that PVA
molecules are miscible with PA molecules to some extents
in the molecular level as the PVA contents of NYC/PVA
specimens are less than 16.7 wt%. Based on these pre-
mises, it is reasonable to believe that the tensile properties
of NYC/PVA specimens are nearly the same as those of the
NYC specimen. However, the gradually grown separated
PVA phase make the tensile properties of NYC/PVA
specimens to behave more like those of the PVA specimen
as their PVA contents reach more than 16.7 wt%.

Conclusion

The thermal, X-ray diffraction and FTIR properties of
NYC/PVA specimens suggest that PVA molecules are
miscible with PA molecules in NYC resins to some extents,
since the characteristics of melting endotherm, X-ray dif-
fraction patterns of o form PVA crystals and hydrogen-
bonded hydroxyl groups originally associated with the
PVA resin almost disappear after blending less than
16.7 wt% of PVA in NYC resins. It is suggested that the
presence of PVA in NYC can interfere, break the hydro-
gen-bonded carbonyl groups originally present in NYC
resins, and even form new interactions between the

@ Springer

carbonyl and hydroxyl groups as the weight ratios of NYC
to PVA of NYC/PVA specimens increase. As evidenced by
FTIR analysis, the strengthened interaction between the
carbonyl and hydroxyl groups appears to reach the maxi-
mum level as the PVA contents are equal to 16.7 wt%.
However, the characteristics of melting endotherm, X-ray
diffraction of o form PVA crystals and hydrogen-bonded
hydroxyl groups originally associated with the PVA resins
appear gradually as the PVA contents of NYC/PVA spec-
imens are more than 16.7 wt%. These results clearly sug-
gest that the ‘‘over saturated’”” PVA molecules gradually
appear as the separate phases in NYC/PVA specimens as
their PVA contents are more than 16.7 wt%. The torques
vs. time measurements and tensile properties of NYC/PVA
specimens both support the ideas that PVA molecules are
miscible with PA molecules to some extents in the
molecular level as the PVA contents of NYC/PVA speci-
mens are less than 16.7 wt%. Moreover, the additional
demarcated humps and significantly increased torques and
“‘stabilized’” time values support the presence of separated
PVA phases in NYC/PVA specimens as their PVA con-
tents are more than 50 wt%. On the other hand, It is worth
noting that the o form PA crystals continue to grow at the
expense of y form PA crystals as the PVA contents of
NYC/PVA specimens increase, and the characteristics of
the y form PA crystals originally shown on the melting
endotherm and X-ray diffraction patterns of the NYC resin
can barely be seen as the PVA contents of NYC/PVA
specimens are equal to or more than 50 wt%. Presumably,
at relatively high PVA contents, the relatively high degrees
of protonated hydroxyl end groups of the PVA molecules
can replace and free the poorly arranged PA conformation
originally gathered on the surfaces of the silicate sheets,
and hence, cause the formation of the more stable o form
PA crystals during the crystallization processes of NYC/
PVA melts as the PVA contents are equal to or more than
50 wt%.
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