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ABSTRACT: A study of the dependence of the poly(vinyl
alcohol) (PVA) content on the nylon 6 crystal-phase transi-
tion properties and PVA morphologies of nylon 6/clay
nanocomposite (NYC)/PVA specimens was conducted. The
degree of compatibility between NYC and PVA was exam-
ined by dynamic mechanical analysis measurement. The
strong hydrogen bonding between the nylon 6 and PVA
molecules led to nearly complete inhibition of PVA crystalli-
zation when the PVA contents were less than 16.7 wt %.

Moreover, scanning electron microscopy analysis indicated
that the clays originally present in the nylon 6 matrices
migrated gradually into the PVA phases with increasing
PVA content in the NYC/PVA series specimens. This inter-
esting migration of clay from nylon 6 to PVA led to a nylon
6 crystal-phase transition from the vy to the o form. © 2010
Wiley Periodicals, Inc. ] Appl Polym Sci 118: 1683-1690, 2010
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INTRODUCTION

Nylon 6 is a highly crystalline po Qrmer with two
crystalline phases, o and y forms." The o form is
composed of a fully extended planar zigzag chain
conformation, in which adjacent antiparallel chains
are joined to each other by hydrogen bonds. It is the
most thermodynamically stable crystalline form and
can be obtained by slow cooling from the melt. The
y form consists of pleated sheets of parallel chains
joined by hydrogen bonds; it is less stable and can
be obtained by fast cooling from the melt or fiber
spinning at a high speed.®” It was reported® that the
y-form nylon 6 crystals can be converted into the o
form by recrystallization from the melt, the applica-
tion of stress at room temperature, or annealing of
the y-form nylon 6 crystals at 160°C in a saturated
steam atmosphere.

The modification of the barrier and physical prop-
erties of polymers with nanoscale filler particles
with a high surface area to thickness aspect ratio has
drawn much attention recently,”'® wherein the filler
particles (e.g., smectite clays) are typically approxi-
mately 1 nm thick with lateral dimensions on the
order of 200-1000 nm. Significant improvements in
the modulus and heat deflection temperature were
first found in nylon 6/clay nanocomposites (NYCs)
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with the addition of 2-8 wt % smectite clays.'""?

Later, investigators found that the clay platelets had
a noticeable nucleating effect on the formation of
y-form nylon 6 crystals in NYCs."'™'® As suggested
by several investigators,'”~'* protonated amino end
groups of the nylon 6 molecules can be ionically
bonded to the surfaces of negatively charged silicate
sheets, which then leads to a poorly arranged nylon
6 conformation gathered on the surfaces of the sili-
cate sheets. These poorly arranged nylon 6 mole-
cules then serve as the nucleation sites and, hence,
cause the formation of y-form nylon 6 crystals dur-
ing the crystallization processes of NYC melts,
although the o-form crystals with nylon 6 molecules
linearly aligned in the unit cells are the more stable
form.

Poly(vinyl alcohol) (PVA) is well known for its
low cost, excellent transparency, flexibility, tough-
ness, biodegradability, and gas barrier properties
and, hence, is widely used in textile sizing and/or
as a finishing agent, emulsifier, photosensitive
coating, food package, and/or adhesive for paper,
wood, textiles, and leather.?’?2 However, PVA can
seldom be used as a thermoplastic polymer
because of its high water absorption and weak
thermal stability. Ha and Lee® reported that the
formation of the o-crystal forms of nylon 6 mole-
cules was nearly not affected by the blending
of various amounts of poly(vinyl acetate), hydroxy-
lated PVA, or PVA in nylon 6 resin. However,
as far as we know, hardly any investigation
have been reported on the melt blending and
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crystal-form transformation of nylon 6 molecules
in NYC/PVA nanocomposites.

The main objective of this study was to investigate
the crystalline-form transformation properties of ny-
lon 6 molecules in NYC/PVA nanocomposites. After
the addition of PVA to NYC resins, the major y-form
nylon 6 crystals originally present in NYC resins
were found to transform into o-form crystals with
increasing PVA content. In fact, almost only o-form
nylon 6 crystals were found in the NYC/PVA nano-
composites with PVA contents of 50 wt % or greater.
To understand these interesting y-to-o. crystal-phase
transition properties of nylon 6 molecules in the
NYC/PVA nanocomposites, thermal, X-ray diffrac-
tion analysis of NYC/PVA specimens and/or scan-
ning electron microscopy (SEM) analysis of the
chemically and physically etched NYC/PVA speci-
mens were carried out. Possible reasons for the
interesting crystalline-phase transition properties of
the nylon 6 molecules in the NYC/PVA nanocompo-
sites are proposed.

EXPERIMENTAL
Materials and sample preparation

PVA was obtained from Oriental Chemical Indus-
tries (Seoul, Korea) in granule form with the trade
name Polinol F26 [degree of polymerization = 2600,
hydrolysis (dry basis) = 98-99 mol %]. The nylon
6/clay (NYC) nanocomposite used in this study
was obtained from Unitika, Ltd. (Tokyo, Japan)
with the trade name M1030D. The M1030D nylon
6/clay resin was cited with a weight-average
molecular weight of 62,000 and 4.6 wt % exfoliated
montmorillonite.

The NYC/PVA specimens were prepared by melt
blending with a SU-70 Plasti-Corder Mixer, which
was purchased from Suyuan Science and Technol-
ogy Corp. (Chang Zhou, China). Before melt blend-
ing, the NYC and PVA resins were dried in a vac-
uum oven at 80°C for 12, 12, and 8 h, respectively.
The dried components of NYC/PVA at various
weight ratios were then melt-blended in the Plasti-
Corder Mixer. During each melt-blending process,
the Plasti-Corder Mixer was operated at 240°C with
a screw speed of 250 rpm for 4 min. The composi-
tions of the NYC/PVA series specimens prepared in
this study are summarized in Table L

Dynamic mechanical analysis (DMA)

DMA was carried out with a TA Instruments Q800
DMA instrument (New Castle, DE). All of the NYC/
PVA samples were measured in tensile mode over
the temperature range —40 to 150°C at a heating rate

Journal of Applied Polymer Science DOI 10.1002/app

CUI AND YEH

TABLE I
Compositions of the NYC/PVA Specimens

Specimen NYC (%) PVA (%)
NYC 100 0
NYC,PVA, 87.5 12.5
NYCsPVA, 83.3 16.7
NYC;3PVA, 75.0 25.0
NYC,PVA, 50.0 50.0
NYC,PVA, 25.0 75.0
PVA 0 100

of 3°C/min and with a frequency of 1 Hz. The speci-

men dimensions were 60 x 4 x 0.3 mm?>.

Thermal properties

The thermal properties of the NYC, PVA, and NYC/
PVA series resins were determined at 25°C with a
TA Q100 differential scanning calorimetry (DSC)
instrument. All scans were carried out at a heating
rate of 20°C/min and under flowing nitrogen with a
flow rate of 50 mL/min. The instrument was cali-
brated with pure indium. Samples weighing about
0.5 mg were placed in standard aluminum sample
pans for each DSC experiment. The percentage crys-
tallinity (X.) values of the y and o forms of the nylon
6 crystals in the NYC/PVA specimens were esti-
mated with an origin peak fitting module to divide
the overlapped melt endotherm. The perfect heat of
fusions (AHY’s) of the y and o forms of the nylon 6
crystals were 239 and 241 J/g,* respectively. The X,
values were evaluated as follows:

A% x AH,,

Xe(%) =1

x 100%

where A% is the melt endotherm area percentage of
the y or o form of the nylon 6 crystals in the over-
lapped peak and AH,, is the melting enthalpy of
crystallization of nylon 6 in the NYC/PVA
specimens.

Wide-angle X-ray diffraction (WAXD)

The WAXD properties of the NYC, PVA, and NYC/
PVA specimens were determined with a Siemens
D5000D diffractometer equipped with Ni-filtered Cu
Ko radiation operated at 35 kV and 25 mA (Munich,
Germany). Each specimen was 1 mm thick and was
maintained stationary at 25°C and scanned in the reflec-
tion mode from 2 to 40° at a scanning rate of 5°/min.

Morphology of the NYC/PVA specimens

To determine the morphology of the NYC/PVA
specimens, the samples were fractured in liquid
nitrogen and then etched with physical etching
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Figure 1 Temperature dependence of tan 6 at 1 Hz for
(@) NYC, (A) NYC/PVA,, (O) NYGCsPVA;, (V)
NYC3;PVA;, (+) NYCPVA;, (&) NYC,PVA;, and (M) PVA
specimens.

methods. The physical etching was used to make
contrasts among nylon6, PVA, and the clay. The
fractured surface of the specimen was subject to ar-
gon-ion bombardment at 2000 eV for 3 min during
the physical etching treatment. The beam was
focused perpendicularly to the surface of the speci-
mens. Depending on the different resistances of the
components to the ion-beam etching (Clay > Nylon
6 > PVA), the phase morphology and the location of
the clay in the blend could be studied by this
method. The etched samples were then gold-coated
and examined by an X-650 Hitachi scanning electron
microscope at 20 kV (Tokyo, Japan).

RESULTS AND DISCUSSION
DMA

The temperature dependences of the tan & of the
NYC, NYC/PVA, and PVA specimens and the corre-
sponding peak values are summarized in Figure 1.
Only one tan § transition, with a peak temperature
ranging from 48.4 to 91.1°C, was observed in the tan
8 plot of each NYC, PVA, and NYC/PVA specimen.
The tan & peak temperatures of the NYC and PVA
specimens were at 48.4 and 91.1°C, respectively. In
fact, the peak temperatures of the tan d transitions of
the NYC/PVA specimens increased consistently as
their PVA contents increased. For instance, the glass-
transition temperatures (T,’s) of the NYC/PVA
specimens increased from 57.7 to 73.9°C as their
PVA contents increased from 12.5 to 50 wt %. The
tan 6 transitions observed for the NYC, PVA, and
NYC/PVA specimens were most likely due to their
corresponding glass transitions, which were associ-
ated with the relaxation of the main backbone chains
in the amorphous phases. The single tan & transi-
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tions observed for the NYC/PVA specimens pre-
pared in this study suggested that the nylon 6 mole-
cules were miscible with those PVA molecules
present in the amorphous phases at a limited degree
because the tan § transitions for NYC and PVA were
very close. Presumably, the reasons that the T, of
NYC used in our research was significantly lower
than that of the typical one were as follows: (1) a lit-
tle water still in the specimen that could not be
removed by drying in a vacuum oven at 80°C for 12
h, (2) the structure of the molecular chain, and (3)
the degradation of NYC in the second heat process-
ing at 240°C.

Thermal properties

Typical DSC thermograms of the NYC, PVA, and
NYC/PVA series specimens are shown in Figure 2.
The DSC thermogram of the NYC specimen showed
a double melting endotherm with a main melting
peak temperature around 214°C. Another minor
melting endotherm with a higher peak temperature
around 220°C was found on the right shoulder of
the main melting endotherm of the NYC specimen.
Only one main melting endotherm was found on the
DSC thermogram of the PVA resin, in which the
melting temperature of the PVA resin was at
230.9°C. In contrast, after PVA was blended in NYC,
the characteristics of most DSC thermograms of the
NYC/PVA specimens were similar to the combina-
tion of those of the NYC and PVA specimens. How-
ever, the sizes associated with the main melting
endotherms of NYC and PVA decreased signifi-
cantly with increasing PVA and NYC contents of the
NYC/PVA specimens, respectively. On the other
hand, the melting endotherm of PVA present in the

(a)

®)

(c)

(d)
e {e)
g
3 if)
e
o
-

-7 7T T T T
0 25 50 75 100 125 150 175 200 225 250
Temperatare [ °C)

Figure 2 DSC thermograms of (a) NYC, (b) NYC,PVA,,
(c) NYCsPVA,;, (d) NYC; PVA;, (e) NYCPVA;, (f)
NYC,PVA;, and (g) PVA specimens.
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Figure 3 Wide-angle X-ray scattering diffraction patterns
of (a) NYC, (b) NYC,PVA;, (c) NYCsPVA,, (d) NYC;PVA;,,
(e) NYC,PVA;, (f) NYC,PVA;, and (g) PVA specimens
(PAG6 refers to nylon 6 in NYC).

NYC/PVA specimens disappeared quickly as their
NYC content increased. Almost no PVA melting
endotherm could be found on the DSC thermograms
of the NYC/PVA specimens when the PVA content
was less than 16.7 wt % [see Fig. 2(b)]. Interestingly,
the size of the minor but higher melting endotherm
of the NYC resin grew at the expense of the main
but lower melting endotherm as the PVA content of
the NYC/PVA specimens increased. In fact, the
lower melting endotherm originally shown on the
double melting endotherm of the NYC resin could
barely be seen when the weight ratios of PVA to
NYC of the NYC/PVA specimens were equal to or
greater than 1 (i.e.,, the NYC;PVA; and NYC,PVA;
samples).

WAXD

Typical X-ray diffraction patterns and peak diffraction
angles of the NYC, PVA, and NYC/PVA series speci-
mens are shown in Figure 3. The crystals of the PVA
specimen crystallized at 25°C were o-form crystals,
which corresponded to peak X-ray diffraction angles at
11.2, 16.1, 19.2, 20.0, and 22.7°.' Similar to the results
found in our previous investigations,** the crystals of
the NYC specimen crystallized at 25°C were y-form
crystals, which corresponded to a peak X-ray diffrac-
tion angle at 21.3°.* After the PVA was blended in the
NYC resins, the characteristics of the X-ray diffraction
patterns of the NYC/PVA specimens were very similar
to those of the NYC and PVA specimens, wherein
y-form nylon 6 crystals and o-form PVA crystals were
the main crystals present in the NYC/PVA specimens,
although the diffraction patterns of the o-form PVA
crystal could barely be found because their weight
ratios of PVA to NYC of the NYC/PVA specimens
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were less than 1 : 5 (i.e., the NYCsPVA; and NYC,PVA,
samples). In contrast, o-form nylon crystals with peak
diffraction angles at 20.3 and 23.7° started to grow at
the expense of y-form nylon 6 crystals as the PVA con-
tents of the NYC/PVA specimens increased (see Fig. 3).
In fact, y-form nylon 6 crystals originally present in the
NYC resin almost disappeared when the weight ratios
of PVA to NYC of the NYC/PVA specimens were
equal to or greater than 1 (i.e., the NYC,PVA; and
NYC;PVA; specimens). Compared with the WAXD
analysis, the size of the minor but higher melting endo-
therm of the NYC resin grew at the expense of the
main but lower melting endotherm when the PVA con-
tent of the NYC/PVA specimens increased. The y form,
which consisted of pleated sheets of parallel chains
joined by hydrogen bonds, always exhibited lower
melting points than the a-crystal form, which had a
two-dimensional arrangement. Therefore, the higher
and lower melting endotherm peaks of the NYC resin
observed in the DSC analysis were attributed to the o
and y forms of the nylon 6 crystals, respectively. As
shown in Table II, the crystallinity of the a-form nylon
6 crystals increased significantly with increasing PVA
content. Conversely, the crystallinity of the y-form ny-
lon 6 crystals originally existing in NYC decreased sig-
nificantly and almost disappeared finally. Heating in
DSC may have had an effect on the phase morphology
and melting behavior of the blend. Probably, the heat-
ing process led to the crystal transition, but this was not
the important factor because the phase transition was
also observed in wide-angle X-ray scattering, which did
not have a heating process.

On the other hand, the peak X-ray diffraction angle
at 4.81° of the NYC specimen displayed X-ray diffrac-
tion from the (001) crystal surface of the clay layers
present in the NYC resin,?® which corresponded to a
1.84 nm d-spacing of the clay layers. In fact, the peak
diffraction angles of the clay layers decreased signifi-
cantly as the weight ratios of PVA to NYC increased;
this indicated an increasing d-spacing of the clay layers
of the NYC/PVA specimens (see Fig. 4). Apparently,
the slightly aggregated clay layers present in the NYC
specimen could be further dispersed by the mixture of
PVA in the NYC specimen and, hence, caused an

TABLE II
Crystallinity of the y and o Forms of the Nylon 6
Crystals in the NYC/PVA Specimens

X, (%)

Specimen v form o form
NYC 27.1 2.1
NYC;PVA, 25.7 23
NYCsPVA; 20.6 45
NYC5PVA; 16.4 83
NYC,PVA, 23 21.7
NYCPVA; 2.0 20.4
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Figure 4 Evaluated d-spacing values of clay layers pres-
ent in the NYC/PVA specimens.
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increase in the d-spacing of the clay layers as the weight
ratios of PVA to NYC in the NYC/PVA specimens
increased. For instance, the d-spacing values of the clay
layers increased significantly from 1.83 to 2.10 nm in
the NYC/PVA specimens as their PVA contents
increased from 0 to 75 wt %. The increasing d-spacing
of the clay layers was attributed to the fact that the
shear force in the second processing increased as the
viscosity of the melt blends increased with the addition
of PVA to NYC, and the content of the clay in the sam-
ple decreased as the PVA content increased.

Morphological properties

Figure 5 summarizes SEM micrographs of the NYC
and NYC/PVA series specimens etched after emis-
sion by ion beams. The sizes of the dispersed PVA

Figure 5 SEM micrographs of (a) NYC, (b) NYC;PVA;, (c) NYCsPVA;, (d) NYC;PVA;, (e) NYC,PVA,, and

(f) NYC,PVA; specimens etched by ion beams.
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Figure 6 Sketch of the crystal-phase transition of nylon 6 in the NYCPVA specimens. [Color figure can be viewed in the
online issue, which is available at www.interscience.wiley.com.]

phases, shown as the dark spots, on the etched
surfaces of the NYC/PVA series specimens
increased significantly with increasing PVA contents.
At PVA contents less than 16.7 wt %, the morphol-
ogy of the NYC/PVA series specimens were very
similar to that of the based NYC specimen, in which
only irregularly etched nylon 6 spots, rather than
demarcated circular etched PVA dark spots, could
be found on the etched surfaces of the NYC,PVA;
and NYC specimens [see Figure 5(a,b)]. As reported
in the DSC and WAXD analysis, the characteristic
melting endotherm and X-ray diffraction patterns
corresponding to PVA crystals could barely be
found when the PVA contents were lower than 16.7
wt %. On the basis of these results, we could reason-
ably infer that the disappearance of the dispersed
PVA phases and PVA crystal characteristics at PVA
contents lower than 16.7 wt % were most likely due
to the inhibition of its crystallization because most of
the PVA molecules were miscible and interacted
strongly with the nylon 6 molecules by hydrogen
bonding'® in the amorphous and melt phases at
PVA contents lower than 16.7 wt %. In fact, as evi-
denced by DMA, nylon 6 molecules had a degree of
compatibility with those PVA molecules in the
amorphous phases at PVA contents ranging from
12.5 to 75.0 wt %. As a result, the PVA crystal char-
acteristics and dispersed PVA phases originally pres-
ent in the NYC/PVA specimens disappeared nearly
completely when the PVA contents were lower than
16.7 wt %. There may have been a possible phase
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inversion at greater contents of PVA. However,
when the PVA content was equal to or less than 75
wt %, the phase inversion did not happen; presum-
ably, it was mainly due to the fact that the viscosity
of nylon 6 was significantly lower than that of PVA.
Moreover, the clay in this blend may have locked its
unstable morphology.**

On the other hand, interestingly, the clay rem-
nants originally present in the etched PVA dark
spots of the NYC/PVA series specimens were found
to gradual transfer into the nylon 6 rich matrices
when their PVA contents were lower than 50 wt %
[see Fig. 5(a—d)]. In fact, the clay remnants could
only be found in the etched nylon 6 rich matrices of
the NYC/PVA specimens when their PVA contents
were equal to or less than 16.7 wt % [see Fig. 5(a,b)].
These interesting morphological properties suggest
that the clays originally present in the nylon 6 matri-
ces migrated significantly into the PVA phases when
the PVA contents blended into the NYC/PVA series
specimens were equal to or greater than 50 wt %.
Presumably, the dependence of the PVA content on
the crystal-phase transition properties of the NYC/
PVA specimens observed in the DSC and WAXD
analysis could be attributed to the interesting clay
migration behavior observed previously. As sug-
gested by several investigators,''™"> the protonated
amino end groups of nylon 6 molecules can be ioni-
cally bonded to the surfaces of negatively charged
silicate sheets, which then leads to a poorly arranged
nylon 6 conformation gathered on the surfaces of the
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silicate sheets. These poorly arranged nylon 6 mole-
cules, therefore, served as nucleation sites and,
hence, caused the formation of y-form nylon 6 crys-
tals during the crystallization processes of the NYC
melts. However, fewer poorly arranged nylon 6 mol-
ecules were expected to gather on the surfaces of the
silicate sheets, as the clays migrated gradually into
the PVA phases as the PVA contents blended in the
NYC/PVA specimens increased. Under such circum-
stances, the y-form nylon 6 crystals originally pres-
ent in the NYC specimen gradually transformed into
o-form nylon 6 crystals as the PVA contents of the
NYC/PVA specimens increased. It was, therefore,
reasonable to believe that almost only a-form nylon
6 crystals could be found in the NYC/PVA speci-
mens with PVA contents equal to or greater than
50 wt % because the clays were barely present in
the nylon 6 rich phases but were mostly present in
the separated PVA phases. Figure 6 is a sketch of
the crystalline-phase transition of nylon 6 in the
NYC/PVA specimens. Presumably, the interaction
between PVA and clay was larger than that between
nylon and clay because the polarity of —OH was sig-
nificantly larger than that of amide groups. Under
the conditions of melting temperature and high
shear force, the nylon 6 and PVA molecular chains
competed to attack clay. Moreover, the crystalliza-
tion temperature of PVA was higher than that of ny-
lon 6. So once the PVA molecular chain bonded on
the clay surface, the nylon molecules were squeeze
away during the PVA crystallization process.
Because the nylon 6 molecules had a degree of com-
patibility with the PVA molecules in the amorphous
phases and the PVA crystal characteristics were
inhibited by the strong hydrogen bonding between
PVA and the nylon 6 molecules, no separated PVA
phases were observed when the PVA contents were
less than 16.7 wt %. So, no clay immigration was
observed. When the PVA contents were between
16.7 and 50 wt %, clay migration might have hap-
pened. However, the small clay migration from ny-
lon 6 to the PVA phase slightly affected the crystal
phase of nylon 6 or was overlapped by other
obvious phenomena (see Table II). However, the
migration of clay from nylon 6 into PVA was
obvious when the PVA contents were greater than
50 wt %.

CONCLUSIONS

The characteristics of the melting endotherm and
X-ray diffraction patterns of a-form PVA crystals
nearly disappeared after less than 16.7 wt % PVA
was blended in NYC resins. In contrast, the a-form
nylon 6 crystals gradually grew at the expense of
the y-form nylon 6 crystals as the PVA contents of
the NYC/PVA specimens increased, and the charac-
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teristics of the y-form nylon 6 crystals originally
shown on the melting endotherm and X-ray diffrac-
tion patterns of the NYC resin were barely seen
when the PVA contents of the NYC/PVA specimens
were equal to or greater than 50 wt %. Further SEM
analysis of the NYC/PVA specimens indicated that
the clay remnants were only found in the etched
nylon 6 rich matrices of the NYC/PVA specimens
when their PVA contents were less than 16.7 wt %.
However, the clays originally present in the nylon 6
matrices migrated gradually into the PVA phases
when the PVA contents of the NYC/PVA series
specimens were equal to or greater than 50 wt %.
The dependence of the PVA content on the
crystal-phase transition properties of the NYC/PVA
specimens were attributed to the interesting clay
migration behavior.

As evidenced by DMA, nylon 6 molecules had a
degree of compatibility with those PVA molecules in
the amorphous phases at PVA contents ranging
from 12.5 to 75.0 wt % because only a single tan o
transition was observed for those NYC/PVA speci-
mens. However, many dispersed PVA phases were
found on the surfaces of the NYC/PVA specimens
etched by water or ion-beam emission, whereas the
sizes of the dispersed PVA phases increased consis-
tently as the PVA contents increased. However, the
dispersed PVA phase original present in the NYC/
PVA specimens disappeared nearly completely
when their PVA contents were less than 16.7 wt %.
Presumably, the disappearance of the dispersed
PVA phases were attributed to the strong hydrogen
bonding between the nylon 6 and PVA molecules;
this led to nearly complete inhibition of PVA crystal-
lization when the PVA contents were less than
16.7 wt %.
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