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ABSTRACT: Poly(vinylidene chloride-co-vinylchloride)/
organically modified hectorite (VDC-VC/SPN) nanocom-
posites were prepared by melt blending VDC-VC copoly-
mer with SPN in the presence of dioctyl phthalate,
which acted as a plasticizer. As a result, the exfoliated
structure was found in the VDC-VC/SPN nanocompo-
sites. In nitrogen atmosphere, VDC-VC/SPN nanocompo-
sites exhibited a single-step thermal degradation. The
thermal stability of VDC-VC/SPN nanocomposites is sig-
nificantly influenced by the SPN, which was modified
with long alkyl ternary ammonium salt. In air atmos-
phere, VDC-VC/SPN nanocomposites revealed a two-
step thermo-oxidative degradation behavior. At the first
degradation stage, the weight loss pattern is similar to

that of VDC-VC composites in nitrogen, in which the
thermo-oxidative stability of VDC-VC/SPN nanocompo-
sites is affected by the ternary ammonium salt and oxy-
gen rather than its morphology. At the second
degradation stage, both the enhanced thermo-oxidative
stability and the flame-retardation ability of VDC-VC
composites are strongly and closely related to the
morphology of nanocomposites. © 2009 Wiley Periodicals,
Inc. ] Appl Polym Sci 113: 3171-3180, 2009
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INTRODUCTION

Vinylidene chloride (VDC) polymer is a high-per-
formance material because of its high crystallinity,
high polarity and excellent gas barrier properties.
However, discoloration, crosslinking, and reduction
of the mechanical properties due to the poor thermal
stability, which easily occurs when exposed to heat
or light, turn out to be major problems for melt
processing of the homo-poly(vinylidene chloride)
(homo-PVDC). The current commercial success of
VDC polymers depends on the use of copolymeriza-
tion and plasticization to overcome the instability
problem. The copolymers currently used in the com-
mercial process, such as poly(vinylidene chloride-co-
vinyl chloride) (VDC-VC copolymer), poly(vinyli-
dene chloride-co-methyl acrylate) (VDC-MA copoly-
mer) and poly(vinylidene chloride-co-acrylonitrile)
(VDC-AN copolymer), are less crystalline, more
soluble, and have lower melting temperatures and
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are thus easier to be processed than homo-PVDC.
The most important application of those copolymers
is as packing film to limit oxygen/water vapor
transport." However, new VDC copolymers with
good gas barrier properties while maintaining other
unique characteristics are still needed. The develop-
ment of polymer-layered silicate nanocomposites
(PLSNSs) presents a new opportunity for the produc-
tion of high-performance VDC copolymers for
broadening packing material applications.

In the past decade, PLSNs have attracted intensive
interest as barrier materials for a variety of packing
applications.*” Remarkable improvements on the
gas barrier properties have been reported with the
addition of low concentrations of layered silicate (<5
wt %) in polyimide,® polycaprolactone,” and poly(vi-
nyl alcohol)9 matrices. At the same time, mechanical,
thermal, and flame-resistance properties were also
simultaneously improved. Baroscopic dispersion of
the layered silicate in a polymer matrix was found
to result in a greater enhancement in gas barrier
property compared with conventional phase-
separated composites. However, less attention has
been given to chlorinated polymers, especially VDC
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copolymers. Early work of Ishida et al.'’ suggested a
novel approach for nanocomposites preparation
where PVC was blended with a tin stabilizer in the
presence of clay and epoxy with a spatula or a mor-
tar, with only wide-angle X-ray diffraction test
results being reported in their work. Trlica et al.''
took dioctylphtalate (DOP) as co-intercalater for or-
ganic montmorillonite (organic-MMT) and PVC due
to the presence of alkyl ammonium salt between the
interlayers of organic-MMT, which can accelerate
PVC degradation reaction. They found DOP pre-
vented the degradation of PVC, and the MMT only
acted as a plasticizer carrier with no significant
enhancement on the mechanical properties of the
composites. Wang et al.'* further prepared highly
intercalated PVC/organic-MMT nanocomposites by
the melt intercalate technique and studied the ther-
mal and mechanical properties of the nanocompo-
sites in both the presence and the absence of DOP.
Wang suggested that DOP acted as a plasticizer and
co-intercalater for PVC and its composites. The or-
ganic-MMT can serve as a plasticizer for PVC in the
absence of DOP. Both studies''"'? indicate that the
ternary ammonium salt-treated MMT played an
important role in inducing the degradation of PVC.
Chen et al.'*'* prepared PVC/Na"-MMT and PVC/
organic-MMT nanocomposites by the melt-blending
technique and investigated the thermal and mechan-
ical properties of the nanocomposites in the absence
of DOP. They found that partially encapsulated and
intercalated structures formed in PVC/Na*-MMT
nanocomposites, while partially intercalated and
partially exfoliated structures coexisted in PVC/
organic-MMT nanocomposities. Both Na*-MMT and
organic-MMT can enhance the mechanical properties
of PVC by the addition of a small amount of MMT
(<3 phr) due to thermal instability. Recently, Kim and
White' further extended the investigation of PVC
composites to other chlorinated polymers [i.e., poly-
chloroprene, chlorinated polyethylene, chlorinated-
poly(vinyl chloride), and poly(vinylidene chloride)
(PVDC)/clay nanocomposites], where chlorinated
polymers were blended with natural MMT and ternary
ammonium salt-treated MMT by using a Brabender
operated at 180°C and 100 rpm, for various time inter-
vals. They showed that natural MMT did not disperse
well in chlorinated polymers, whereas organic-MMT
dispersed well in chlorinated polymers and formed
intercalated nanocomposites due to their polarity char-
acteristics, showing enhanced tensile strength and
Young’s modulus of all the chlorinated polymers.
Despite that, Kim and White have studied the charac-
teristics of PVDC/organic-MMT nanocomposites; only
morphology and mechanical properties data have been
reported. The effect of clay on the thermal or thermo-
oxidative stability of PVDC or VDC copolymers com-
posites has not been investigated.
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TABLE I
Element Analysis of the Commercial
VDC-VC Copolymer

C(%) H (%) Cl(%)
Found 26.59 2.51 70.90

As mentioned above, organic-MMT has been suc-
cessfully applied as clay for the preparation of poly-
mer/organic-clay nanocomposites and exhibited
remarkable improvement in physical and chemical
properties of the nanocomposites. However, it can
also induce the degradation of chlorinated polymers,
limiting the use of organic-MMT as clay for the
preparation of chlorinated polymers hybrids. As
reported in our previous study,'® we successfully
prepared VDC-VC copolymer/synthetic mica (MEE)
(VDC-VC/MEE) nanocomposites by using melt
blending method, with the composites exhibiting
partially intercalated and partially exfoliated struc-
tures. In nitrogen atmosphere, the thermal stability
of VDC-VC/MEE nanocomposites is strongly related
to the morphology of nanocomposites and the
degraded composites structure. Because synthetic
hectorite has small dimensions and high polar sur-
factant, the complete absence of Fe ion impurities
allows for the production of a composite, which is
optically clear and completely colorless.'” It may be
an attractive candidate for the preparation of high-
performance VDC copolymers for packing material
applications.

In the present study, we mainly investigated the
effect of synthetic hectorite on the nanostructure de-
velopment and thermal stability of the VDC-VC/
SPN composites. The VDC-VC/SPN composites were
prepared by melt blending, in which VDC-VC copoly-
mer containing 15 wt % DOP was used as the pristine
polymer matrix. Effects of SPN content on the mor-
phology and thermal and thermo-oxidative stability of
VDC-VC composites were also studied.

MATERIALS AND METHODS
Materials

Commercial VDC-VC copolymer containing an ace-
tyltributyl citrate (ACT) stabilizer of 4.07 wt % was
acquired from Aldrich Chemical (USA). The VDC-
VC copolymer was first purified with tetrahydrofu-
ran (THF) (Echo Chemical Co., Ltd., Miao-Li, Tai-
wan), followed by the addition of ethanol, with the
white powders of VDC-VC copolymer being sepa-
rated by filtration. The obtained VDC-VC copolymer
powder was characterized by elementary analysis
(EA) by using Heraeus CHN-rapid and Tacussel
Coulomax 78, with the results given in Table I
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(Heralous Ltd., Hanau, Germany). According to EA
results and follow-up calculation, the mole percent-
age of VDC monomer in VDC-VC copolymers is
found to be about 80%.

The synthetic hectorite (Lucentite SPN) was pro-
vided by CO-OP Chemical Co., Ltd. (Tokyo, Japan).
The SPN was modified by replacing Na™ ions (cat-
ion exchange capacity of 101 mequiv/100 g, thick-
ness ca. 1 nm, average length 50-60 nm) with
poly(oxypropylene) methyl diethyl ammonium chlo-
ride ion [(CoHs)(CH3)NT(O-iPr)ps]Cl™ by the ion
exchange method. The VDC-VC copolymer process-
ing additives, such as the stabilizer (ACT) and plas-
ticizer (DOP), were all industrial grade products,
and all materials were used as received.

Preparation of VDC-VC/SPN nanocomposites

SPN was first premixed with 15 wt % of DOP and
placed in an ultrasonic bath at room temperature for
4 h. VDC-VC composites were then prepared by
melt blending VDC-VC copolymer with SPN/DOP
in a Brabender mixer at 160°C and 60 rpm, for vari-
ous intervals of time. In the present work, the VDC-
VC composites are designated as PVDC-DOP-SPN
(e.g., PVDC-15-0 means containing15 wt % DOP and
0 wt % SPN).

UV-visible analysis

The UV-visible spectra were recorded at 300 nm/
min scanning rate with regular intervals by using a
U-2000 Hitachi UV-vis spectrophotometer. Solutions
of the samples were prepared in distilled THF
(7.5 g/L) in an ultrasonic bath at 50°C for 4 h and
analyzed immediately.

Wide-angle X-ray diffraction

The powder X-ray diffraction patterns of the sam-
ples were obtained with a Rugaku Denki D/max-
2200 diffractometer operated at 40 kV and 30 mA by
using Cu Ko radiation (A = 0.154 nm), with the dif-
fraction angles (20) ranging from 2° to 30° at a scan
rate of 1°/min.

Transmission electron microscopy

Samples were embedded in the epoxy resin and sec-
tioned about 70 nm in thickness by using a Reichert
microtone at room temperature. Samples were then
corrected in a trough filled with methanol and
placed on a 200-mesh copper grid for the transmis-
sion electron micrograph (TEM) observation. The
TEMs were obtained with a Hitachi HF-2000 appara-
tus running at an acceleration voltage of 200 kV.

Absorbance (a.u.)

200 350 400 450 500

W avelength (nm)

Figure 1 UV-vis spectra of VDC-VC copolymer with dif-
ferent DOP contents mixed at 160°C and 60 rpm for
5 min: (a) PVDC-0-0; (b) PVDC-5-0; (c) PVDC-10-0; (d)
PVDC-12.5-0; (e) PVDC-15-0; (f) PVDC-17.5-0; (g) PVDC-
20-0.

Thermogravimetric analysis

About 4-8 mg of samples was conducted in a
DuPont SDT-2920 thermogravimetric analysis (TGA)
unit at a heating rate of 10°C/min under a nitrogen
and air atmosphere. The temperature scan ranged
from room temperature to 700°C.

Limiting oxygen index

The limiting oxygen index (LOI) values were meas-
ured on a Dynisco Rev. 1.0 instrument. The percent-
age in the O,-N, mixture deemed sufficient to
sustain the flame was taken as the LOI value. The
LOI values of VDC-VC/SPN composites were mea-
sured following ASTM standard D 2863-77 method.
The dimensions of the samples used for the test

were 100 x 6.5 x 3 mm®.

RESULTS AND DISCUSSION

UV-vis absorption spectra of VDC-VC copolymers
prepared at 160°C for 5 min with different DOP con-
tents are given in Figure 1. Below 10 wt % DOP, the
UV-vis absorption spectra of the plasticized VDC-
VC copolymer are found to demonstrate three
absorption peaks at approximately Aimax = 369 nm,
Aomax = 397 nm, and Azmax = 424 nm, corresponding
to the different numbers of conjugated double poly-
ene bonds (n) of 7, 8, and 10, respectively.18 The n
value of VDC-VC copolymers significantly decreased
with increasing DOP, indicating that the dehydro-
chlorination of VDC-VC copolymers was enhanced
at lower DOP. It implies that the dehydrochlorina-
tion of VDC-VC copolymers can occur easily in the

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 2 UV-vis spectra of VDC-VC/SPN composites: (a)
PVDC-15-0; (b) PVDC-15-3; (c) PVDC-15-5; (d) PVDC-15-8.
Samples mixed at 160°C and 60 rpm for 5 min.

absence of DOP. With DOP contents higher than
12.5 wt %, no absorption peaks ranged from 300 to
500 nm can be observed, indicating that VDC-VC co-
polymer did not degrade at higher DOP." Figure 2
shows UV-vis absorption spectra of the composites
prepared at 160°C for 5 min by mixing VDC-VC
with different percentages of SPN. It is clearly seen
that no absorption peaks from 300 to 500 nm can be
observed, suggesting that the thermal degradation of
VDC-VC/SPN composites is inherently independent
of SPN and that VDC-VC/SPN composites may not
be degraded during mixing and blending. In the
present study, VDC-VC copolymer containing 15 wt
% DOP was received and used as the VDC-VC
matrix, and the effect of thermal degradation on the
structure of VDC-VC/SPN composites during the
mixing and compounding was neglected.

Morphology of VDC-VC/SPN nanocomposites

Figure 3 shows the X-ray diffraction patterns of
VDC-VC/SPN composites prepared by mixing at
160°C for 5 min with different SPN contents. It can
be seen that the characteristic (001) diffraction peak
for SPN is located at approximately 26 = 2.30°, cor-
responding to a basal spacing of 38.4 A. As observed
from Figure 3(b,c) (PVDC-0-5 SPN and PVDC-15-5
SPN), the basal spacing of the SPN disappears com-
pletely in the range of 26 = 1°-10°, suggesting that
either with or without the DOP, layered SPN were
delaminated into disordered monolayers dispersed
within the VDC-VC matrix and became a morphol-
ogy of exfoliation. It suggests that DOP in the VDC-
VC/SPN composites acts as a plasticizer to separate
the SPN layers, leading to the development of exfoli-
ated nanostructures. For DOP-free composites, SPN
may act as a plasticizer itself and promote the
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(a)
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Figure 3 XRD patterns of VDC-VC composites with
various SPN contents: (a) PVDC-15-0; (b) PVDC-15-3;
(c) PVDC-15-5; (d) PVDC-15-8; (e) PVDC-15-0; (f) SPN.

formation of exfoliated nanostructures, resulted from
the polar—polar interaction between VDC-VC and
SPN layers. Similar results were reported by Ishida
et al. and Wang et al.'®'? Figure 3(d—f) shows that
no diffraction peak in the range of 20 = 1°-10° is
detected for all VDC-VC/SPN composites as well,
indicating that none of the VDC-VC/SPN nanocom-
posites owned large-size ordered structures and that
the clay gallery has been well expanded or
destroyed by the VDC-VC copolymers. Typical TEM
photographs of VDC-VC/SPN nanocomposites pre-
pared by mixing with 15 wt % DOP and 5 wt %
SPN at 160°C for 5 min is shown in Figure 4, where
TEM micrographs with smaller magnification

Figure 4 TEM micrographs of PVDC-15-5 composite with
low magnification (x20,000).
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Figure 5 TEM micrographs of PVDC-15-5 composite with
high magnification: (a) (x300,000); (b) the enlarged part (I)
of the aggregative morphology.

demonstrate light and dark domains, corresponding
to the VDC-VC and the layered SPN, respectively. It
can be observed from Figure 4 that the SPN platelets
are macroscopically dispersed within VDC-VC ma-
trix. Figure 5(a) is the image of the same sample
with higher magnification. The arrows (E) and (I) in
the figure illustrate the exfoliated monolayer SPN
platelets and the aggregative ones within VDC-VC
matrixes, respectively. Figure 5(b) shows the
enlarged part (I) of the aggregative domain, which
reveals that the distance between delaminated SPN
platelets is ca. 52 A, which is significantly larger
than the basal spacing of pristine SPN (d = 38.4 A).
It suggests that the SPN has been destroyed by the
presence of VDC-VC copolymers. In combination
with the wide-angle X-ray diffraction results in
Figure 3, we found the partially ordered, partially
exfoliated morphologies of VDC-VC/SPN nanocom-
posites due to melt mixing. The result suggests that
the smaller aspect ratio of the SPN platelets provides
less steric hindrance to allow the SPN platelets to
disperse or aggregate more easily in the VDC-VC
matrix. Furthermore, the presence of the slightly po-
lar nature of the alkyl ammonium salt in SPN may
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Figure 6 TGA thermograms of DOP and SPN under
nitrogen and air atmospheres.

also improve the interaction between SPN platelets
and the VDC-VC chains to result in the exfoliation.'”

Thermal degradation

TGA thermograms for neat DOP and SPN obtained
under nitrogen atmosphere are shown in Figure 6. It
can be seen that the weight loss of the volatile DOP
starts at ~200°C and nears 100% when the tempera-
ture is close to 300°C. Moreover, neat SPN exhibits
one-step weight loss behavior in the range of 300-
350°C. The weight loss of SPN begins at ~320°C due
to the thermal decomposition of alkyl ammonium
salt between silicate layers®® and ca. 37% clay
remained at 700°C. Similar results have been re-
ported by Si and coworkers."”” TGA-DTG (derivative
thermogravimetry) thermograms for VDC-VC com-
posites taken under a nitrogen stream are shown in
Figure 7. It can be seen that VDC-VC composites fol-
low a one-step thermal degradation process in the

50
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2

8

Figure 7 TGA-DTG thermograms of VDC-VC composites
under nitrogen atmosphere.
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range of 200-300°C without significant weight loss
being detected when the temperature is below 190°C
due to its slow degradation rate and the existence of
an induction period for dehydrochlorination.”' Hy-
drochloric gas is believed to be the main product
gas from decomposition at temperatures below
190°C.*** Although there is no significant weight
loss, dehydrochlorination results in the production
of an unsaturated structure of polyene in the back-
bones, which can trigger more complex degradation
reactions. When the temperature is higher than the
melting point, T, (ca. 152°C, which is obtained from
the DTA thermogram to be described later), the
VDC-VC/SPN composites undergo two significant
weight loss steps. The first one occurs in the range
of 190-300°C, involving the loss of DOP and alkyl
ammonium salt between silicate layers and a signi-
ficant evaporation of the depolymerized VDC mono-
mer. As a result, benzene, monochlorobenzene,
m-dichlorobenzene, and 1,3,5-trichlorobenzene are
produced in sequence followed by chain scission
and cyclization, respectively.** The dehydrochloriza-
tion of the VC part is very rapid at high tempera-
tures and stable double bonds form easily, which
consequently stabilizes the neighboring VDC parts,
making it difficult for VDC to undergo further chain
scission reactions to release more VDC monomers.*
As a consequence, the copolymer with a high con-
tent of VDC (as the received VDC-VC copolymer
with a VDC mole fraction of 0.80) will yield a large
amount of VDC monomer and 1,3,5-trichloroben-
zene, as compared with benzene and its derivatives,
although the relative yield of these materials
depends on the VDC-VC conformation and VDC
content.” At this stage, the degree of weight loss of
VDC-VC matrix is significantly smaller than those of
VDC-VC/SPN composites, suggesting that the or-
ganic modified hectorite plays an important role on
inducing the degradation of VDC-VC composites in
the presence of alkyl ammonium salt,'"'* and hence,
exhibiting poor thermal stability. For VDC-VC/SPN
composites, the weight loss slightly increases with
increasing SPN, which means that the induction
effect of degradation can be enhanced at higher alkyl
ammonium salt concentrations. As observed from
DTG thermograms, the temperature corresponding
to the maximum rate of weight loss (Tmax) of VDC-
VC matrix ca. 265°C is higher than that of VDC-VC/
SPN nanocomposites (around ca. 250°C) due to the
degradation-induction effect of alkyl ammonium
salt, which leads to the earlier thermal degradation
of VDC-VC/SPN. For VDC-VC/SPN nanocompo-
sites, Tpax Value decreases, while the maximum rate
increases with increasing SPN, revealing that the
thermal degradation is significantly influenced by
SPN content. However, the degree of SPN increases
with increasing temperature and shows a strong

Journal of Applied Polymer Science DOI 10.1002/app

HSIEH ET AL.

relationship with the alkyl ammonium salt concen-
tration rather than nanostructure. The result sug-
gests that the exfoliated structure in VDC-VC/SPN
nanocomposites may not be able to effectively stop
the volatile gas evaporation from the composite at
such a high dehydrochlorination rate, and hence,
result in a poor thermal stability.

The second stage of weight loss occurs at tempera-
tures higher than 300°C (at a residual weight of
about 40%), in which the weight loss continues
steadily at a relatively slow pace due to the slow
release rate of volatile gases from the fully devel-
oped densely crosslinked structure resulting from
intermolecular crosslinking of the unsaturated poly-
mer chains.®* However, this barrier effect is van-
ished at ca. 350°C due to the breakdown of the
crosslinked network.”® Compared to the VDC-VC
composites, VDC-VC/SPN nanocomposites have
less weight loss than the VDC-VC matrix, which
means that the nanostructure of VDC-VC/SPN can
effectively prevent the release of volatile gases, and
hence, enhance its thermal stability. It demonstrates
that the introduction of SPN may induce strong
interactions between polar VDC-VC chains and SPN
layers, leading to the easy formation of the exfoli-
ated nanostructures. Because the exfoliation and dis-
persion of silicate layers lengthen the diffusion path
of the evolved gas through the VDC-VC matrix, the
improved thermal stability can be attributed to the
better barrier effect of the clay layers.” For VDC-
VC/SPN composites, the degree of weight loss
decreases with the increase in the SPN content, sug-
gesting that the barrier effect in the nanostructure
will be significantly enhanced with increasing SPN.
However, the degree of weight loss at this stage
increases with increasing temperature and shows a
strong relationship with the nanostructure rather
than the crosslinked structure of the composite.

DTA thermograms for VDC-VC composites
obtained under nitrogen atmosphere are shown in
Figure 8. The melting point of all VDC-VC compo-
sites is about 152°C, with no observable difference
for different types of VDC-VC composites. It is
worth noting that there exists a distinct broad peak
at around 260°C, which corresponds to the intermo-
lecular crosslinking of the unsaturated polymer
chains. The comparison of different VDC-VC compo-
sites in the figure shows that the peak temperature
of crosslinking (T.) of VDC-VC/SPN nanocompo-
sites is 7-12°C lower than the neat VDC-VC (T, is
ca. 263.5°C). Significantly lower T, values of VDC-
VC/SPN nanocomposites can be attributed to the
induction effect of alkyl ammonium salt in the nano-
composite, leading to the earlier occurrence of the
crosslinking reaction. Figure 8 also displays an appa-
rently endothermic peak at around 350°C, which
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Figure 8 DTA thermograms of VDC-VC composites
under nitrogen atmosphere.

corresponds to the breakdown of the crosslinked
network.”

TGA data of VDC-VC composites obtained under
nitrogen stream are summarized in Table II, where
T10%, Xrel, char yield (%), and polymeric char yield
(%) represent the temperature at which 10% degra-
dation occurs, the relative degree of the crosslinking
(the integration of the DTA peak per unit mass of
VDC-VC/SPN composite relative to the VDC-VC
matrix), the fraction of nonvolatile at 700°C, and the
net char yield at 700°C with the residual SPN con-
tent after subtraction, respectively. It can be seen
that Tygy, values of VDC-VC/SPN nanocomposites
are lower than that of neat VDC-VC due to the
induction effect. The Tjg, value of VDC-VC/SPN
nanocomposites slightly decreases as the SPN con-
tent increases, suggesting that the weight loss at 10%
degradation is dependent on the alkyl ammonium
salt concentration. It is also worth noted that at
higher SPN contents, T, and X, values of VDC-VC/
SPN nanocomposites are lower than the VDC-VC
matrix, which can be attributed to the induction
effect of ternary ammonium salt. The intermolecular
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crosslinking reaction occurs at a lower temperature,
leading to the partially developed crosslinked net-
work structure and lower X, value. Table II also
shows that VDC-VC/SPN nanocomposites have
higher char yield than VDC-VC matrix, suggesting
that the VDC-VC/SPN nanocomposites exhibit bet-
ter thermal stability due to its nanostructured
morphology. For the VDC-VC/SPN system, the
polymeric char yield increases by increasing the
SPN. The SPN in the nanocomposites involved in
the formation of a heat-resistant char serves as a
superior insulator and mass transport barrier to the
volatile products generated during decomposition.”®
It is reasonable to infer that the increase in the frac-
tion of SPN can increase the amount of polymeric
char to decrease the release of the volatile products.
It suggests that the thermal stability of VDC-VC/
SPN nanocomposites was improved at higher tem-
peratures with the high char yields. Besides the bar-
rier effect in the nanocomposites, another possible
explanation is that DOP serves to separate the SPN
layers, leading to the fully developed and densely
crosslinked structure by intermolecular crosslinking
of the unsaturated polymer chains.

Thermo-oxidative degradation and
flame retardation

As observed from Figure 6, the weight loss behavior
of DOP in air is similar to that in nitrogen. More-
over, SPN exhibits the one-step weight loss in the
temperature range of 200-300°C, in which the
weight loss starts at ca. 220°C with ca. 37% clay still
remaining at 700°C. Figure 9 shows the TGA-DTG
thermograms of VDC-VC composites under air
atmosphere. It can be observed that VDC-VC com-
posites follow a two-step thermo-oxidative degrada-
tion in the temperature range of 200-300 and 450-
650°C, respectively. Figure 10 displays the TGA ther-
mograms of VDC-VC composites under nitrogen
and air atmospheres, respectively. It can be seen
that before the breakdown of crosslinked structure

TABLE II
TGA Data of VDC-VC Composites Under Nitrogen Atmosphere
T10% T, Timax1® Char Polymeric
Sample °Q) °Q) °Q) Xpel® yield (%)¢ char yield (%)°
SPN 3225 - - - 37.69 -
PVDC-15-0 227.6 263.5 264.8 1.00 20.48 20.48
PVDC-15-3 226.1 256.7 250.4 0.94 22.31 21.18
PVDC-15-5 225.1 256.2 250.2 0.90 23.14 21.26
PVDC-15-8 224.8 251.7 244.7 0.82 2412 21.10

? Peak temperature of maximum rate in DGT thermogram.
b Integration of the DTA peak per unit mass of VDC-VC/SPN composite relative to

the VDC-VC matrix.
¢ Obtained at 700°C.
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Figure 9 TGA-DTG thermograms of VDC-VC composites
under air atmosphere.

(ca. 350°C), the thermo-oxidative degradation behav-
ior of VDC-VC composites in air is similar to that in
nitrogen, and the similar thermal degradation behav-
ior can be significantly extended to ca. 400°C with
the introduction of SPN (i.e., PVDC-15-5), which is
likely contributed from the presence of the nano-
structure. The weight loss occurs in this temperature
range, involving hydrochloric gas, VDC monomer,
aldehydic, ketonic, and aromatic species as well as
some of their oxidized species (i.e., carboxylic acid,
cyclic anhydrides, and lactonic) produced in
sequence followed by chain scission and cyclization,
respectively.”* However, the relative yield of the
released materials is dependent on VDC-VC confor-
mation, VDC content, and the oxygen concentration
in the atmosphere.”*’ At temperatures higher than
450°C, it is noted that the sample weight deceases
sharply with the increasing temperature, followed
by almost 100% weight loss at about 600°C, suggest-
ing that the VDC-VC composites start burning in air
at ca. 475°C and are burned out near 600°C.* Poly-
aromatic species is believed to be the main gas prod-
uct for VDC-VC composites decomposing in air
stream in this temperature range,” and due to its
nanostructure, the weight loss of VDC-VC/SPN
nanocomposites is significantly lower than the VDC-
VC matrix. For VDC-VC/SPN composites, the
degree of weight loss decreases remarkably with the
increase in the SPN, indicating that the retardation
effect in thermo-oxidative degradation comes from
the enhanced barrier effect with higher SPN con-
tents. As observed from DTG thermograms, the
Tmax1 of VDC-VC matrix ca. 256°C is higher than the
VDC-VC/SPN nanocomposites (around ca. 245°C)
due to the induced effect from the ternary ammo-
nium salt, which leads to the occurrence of thermo-
oxidative degradation at lower temperatures. For

VDC-VC/SPN nanocomposites, the Ty Vvalue
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decreases while the maximum rate increases with
increasing SPN content, indicating that the thermo-
oxidative degradation is significantly affected by the
SPN content. However, the degree of weight loss
increases with increasing temperature and shows a
strong relationship with the concentration of alkyl
ammonium salt rather than its nanostructure. When
compared to Figure 7, it is noted that values of
Tmaxt and the maximum rate (Rpay) of VDC-VC
composites in air are significantly lower than that in
nitrogen, suggesting that oxygen in the atmosphere
acts as a catalyst to accelerate the rate of dehydro-
chlorination of VDC-VC composites.’® Moreover, the
Tmax2 of VDC-VC matrix is ca. 7-35°C, significantly
lower than VDC-VC/SPN nanocomposites due to
the barrier effect of the nanocomposite, which leads
to the occurrence of combustion at lower tempera-
tures. For VDC-VC/SPN nanocomposites, the Tmax>
value increases while the maximum rate (Rpaxo)
decreases with the increase in the SPN content, indi-
cating that the combustion behavior is significantly
dependent on the SPN content.

DTA thermograms for VDC-VC composites
obtained under air atmosphere are shown in Fig-
ure 11. It can be seen that the T,,, of VDC-VC compo-
sites shows no observable difference for different
VDC-VC composites. It is worth noting that the rela-
tively small T. peak, a distinct exothermic peak at
around ca. 450-600°C, may correspond to the com-
bustion peak of VDC-VC composites. The compari-
son of different VDC-VC composites in the figure
shows that the peak temperature of combustion
(Tpp) of VDC-VC/SPN nanocomposites is signifi-
cantly ca. 35°C higher than the VDC-VC matrix. The
relatively high Ty, value of VDC-VC/SPN nano-
composites can be attributed to the barrier effect
with the reduced oxygen permeability in the
nanocomposites, which leads to the significant
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o
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e o 0000 TS
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Figure 10 DTA thermograms of VDC-VC composites
under nitrogen and air atmospheres.
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Figure 11 DTA thermograms of VDC-VC composites
under air atmosphere.

retardation of the combustion reaction in the VDC-
VC composites.

TGA data of VDC-VC composites obtained in the
air stream are summarized in Table III, where A,
weight (%, mg™"'), AH,, and LOI represent the inte-
gration of the second DTG peak per unit mass of
sample, the relative combustion heat (sample weight
multiplied by the integration area of the maximum
exothermic peak in DTA thermogram to the VDC-
VC matrix), and the limiting oxygen index, respec-
tively, where AH, value may be related to the heat
of combustion of VDC-VC composites if the heat
capacity of the sample is assumed to be constant
during the combustion process. It can be seen that
T1o% values of VDC-VC/SPN nanocomposites are
lower than the VDC-VC matrix due to the presence
of the ternary ammonium salt, which can induce the
thermal degradation. The Tjgq value of VDC-VC/
SPN nanocomposites slightly decreases with the
increase in the SPN content, which means that the
weight loss at 10% thermo-oxidative degradation is
dependent on the concentration of the alkyl ammo-

nium salt. It is worth noting that at higher SPN
contents, T, and X, values of VDC-VC/SPN nano-
composites are lower than the VDC-VC matrix, indi-
cating the preoccurrence of the intermolecular
crosslinking reaction of VDC-VC/SPN nanocompo-
sites and the incomplete development of the cross-
linked structure resulting from the induced effect of
the ternary ammonium salt and catalytic effect from
oxygen,” respectively. When compared with Table
II, it is noted that, T. and X, values of VDC-VC/
SPN composites in air are significantly lower than
the VDC-VC matrix in nitrogen, suggesting that the
presence of oxygen can effectively accelerate the
thermo-oxidative degradation, resulting in lower T.
and X, values of VDC-VC composites. Table III
also shows that there is almost no polymeric char
residue for VDC-VC/SPN nanocomposites, suggest-
ing that the presence of oxygen can enhance dehy-
drochlorination, by partially oxidizing polyene
chain, and, as a result, all char is completely oxi-
dized with the resulting products volatilized.*

The A, weight of VDC-VC/SPN nanocomposites
is seen to be lower than that of the VDC-VC matrix,
while the polymeric char yield is higher than VDC-
VC matrix, indicating that VDC-VC/SPN nanocom-
posites exhibit better thermo-oxidative stability due
to the presence of the nanostructure. For the VDC-
VC/SPN system, the polymeric char yield increases
while the A; weight value decreases with increasing
SPN content, indicating that the increase in the frac-
tion of SPN increases the amount of polymeric char
that can be formed to delay the release of the vola-
tile products. This suggests that VDC-VC/SPN
nanocomposites possess improved thermo-oxidative
stability with higher Ty, and high char yields. Table
II also shows that VDC-VC/SPN nanocomposites
have higher AH, and LOI values than the VDC-VC
matrix, indicating that the VDC-VC matrix becomes
more difficult to be combusted as the SPN is
introduced. The reduced values of AH,, and LOI
make VDC-VC/SPN nanocomposites better at flame

TABLE III
TGA and DTA Data of VDCVC Composites Under Air Atmosphere
T1o% T. Tenaxd A, Weight® Top’ Polymeric
Sample Q) Q) Q) Xipet (% mg ) Q) AH, o char yield® (%) LOI
SPN 245.1 - - - - - - - -
PVDC-15-0 227.6 256.1 249.8 1.00 57 530.9 1.00 0.00 35
PVDC-15-3 222.6 247 .4 241.4 0.92 5.0 537.4 1.07 0.04 36
PVDC-15-5 220.1 246.2 240.2 0.85 4.8 549.9 1.22 0.07 37
PVDC-15-8 218.4 245.3 238.6 0.74 4.6 564.4 1.37 0.19 37

? Integration of the second DTG peak per unit mass of sample.

b Peak temperature of the thermo-oxidative degradation.

€ VDC-VC/SPN sample weight multiplied by the integration area of the maximum exothermic peak in DTA

thermogram to the VDC-VC matrix.
4 Obtained at 700°C.
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retardancy. For VDC-VC/SPN nanocomposites, the
values of AH,. and LOI increase with the increase in
the SPN content, suggesting that the increased SPN
content enhances the barrier effect and decreases the
oxygen permeability, leading to enhanced flame re-
tardation capability because of the reduced oxygen
permeation. The result demonstrates that TGA data
of VDC-VC composites obtained in air may well cor-
respond to the thermo-oxidative stability or the
flame retardancy of the composites.

CONCLUSIONS

VDC-VC/synthetic hectorite composites were pre-
pared by melt blending of VDC-VC copolymer with
SPN in the presence of DOP, which acted as a
plasticizer. WADX and TEM results showed that the
exfoliated structures existed in VDC-VC/SPN nano-
composites. For TGA analysis in nitrogen atmos-
phere, VDC-VC/SPN nanocomposites exhibited a
single-step thermal degradation behavior, and the
ternary ammonium salt-treated SPN played an im-
portant role in inducing the degradation of VDC-VC
composites. In air atmosphere, VDC-VC/SPN nano-
composites showed a two-step thermo-oxidative
degradation behavior. The weight loss behavior in
the first stage of low temperature was similar to the
VDC-VC composites in nitrogen. The thermo-oxida-
tive stability was strongly dependent on the ternary
ammonium salt and oxygen rather than on the nano-
structure. In the second degradation stage at higher
temperatures, the enhanced thermo-oxidative stabil-
ity or flame retardancy of VDC-VC composites was
strongly and closely related to the morphology of
nanocomposites.
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