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ABSTRACT: An organophilic palygorskite (o-PGS) pre-
pared by the treatment of natural palygorskite with hexa-
decyl trimethyl ammonium bromide was incorporated into
interpenetrating polymer networks (IPNs) of polyurethane
(PU) and epoxy resin (EP), and a series of PU/EP/clay
nanocomposites were obtained by a sequential polymeric
technique and compression-molding method. X-ray dif-
fraction and scanning electron microscopy analysis
showed that adding nanosize o-PGS could promote the
compatibility and phase structure of PU/EP IPN matrices.
Tensile testing and thermal analysis proved that the me-
chanical and thermal properties of the PU/EP IPN nano-
composites were superior to those of the pure PU/EP IPN.

This was attributed to the special fibrillar structure of
palygorskite and the synergistic effect between o-PGS and
the IPN matrices. In addition, the swelling behavior stud-
ies indicated that the crosslink density of PU/EP IPN
gradually increased with increasing o-PGS content. The
reason may be that o-PGS made the chains more rigid and
dense. As for the flame retardancy, the PU/EP nanocom-
posites had a higher limiting oxygen index than the pure
PU. VVC 2008 Wiley Periodicals, Inc. J Appl Polym Sci 111: 3150–
3162, 2009
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INTRODUCTION

Interpenetrating polymer networks (IPNs) are spe-
cial polymer blends consisting of at least two poly-
mers in a network, which is held together by
permanent entanglement and shows excellent ther-
mal stability and mechanical properties because of a
synergetic effect induced by the forced compatibility
of the individual components.1–3 Hence, IPNs have
shown potential utility as functional materials in
many applied fields in the last 3 or 4 decades.4,5 At
the same time, IPNs have some disadvantages, such
as a reduction of ductility and water resistance.
Also, most IPNs show a phase-separation structure.
A lot of work has already been done on the improv-
ing the miscibility of IPNs.6

In recent years, montmorillonite and other mem-
bers of the smectite family of clay minerals have
been extensively studied as single polymer reinforce-

ment agents.7–10 Compared with pure polymers or
conventional composites, the nanocomposites often
exhibit remarkable improvements in mechanical,11,12

thermal,13 and barrier properties,14 gas permeabil-
ity,15 fire retardance,16–18 and anticorrosion.19 How-
ever, there is little information concerning clay-filled
IPNs and their microstructure. Therefore, the aim of
this work was to incorporate organophilic phyllosili-
cates into IPNs to improve the morphology and
properties of the IPNs. Palygorskite (PGS) is a type
of natural fibrillar silicate clay mineral that consists
of chains of a 2 : 1 phyllosilicate structure, unlike
other layered silicates, and each ribbon is connected
to the next by the inversion of SiO4 tetrahedra along
a set of SiAOASi bonds.20,21 This structural arrange-
ment allows the formation of channels that lodge
water to the silica unit. At the edges, exposed OH
groups are neutralized by protons forming more re-
sistant H2O molecules coordinated to the octahedral
elements.22 A fibrillar single crystal is the smallest
structural unit, with a length of 500–2000 nm and a
diameter of 10–25 nm. Structural characteristics and
physicochemical properties provide PGS a unique
role with respect to other clays. PGS has multiple
applications, being used as a catalyst, catalyst sup-
port, absorbent, adhesive, and food additive, for
example.23–25 However, PGS has received relatively
little attention as a polymer reinforcement agent,
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with only a few studies devoted to composites of
polyolefins,26,27 polyimide,28 and polyamide.29

In this study, nanosize PGS was first organically
modified by means of a simple chemical route and
subsequently dispersed in an epoxy resin (EP) with
ultrasonic agitation; it was then added to a urethane
prepolymer to improve the flame-retardant, mechan-
ical, and thermal properties of polyurethane (PU) at
a lower clay loading. The properties and structure of
the PU/EP IPN nanocomposites were studied with
Fourier transform infrared (FTIR), scanning electron
microscopy (SEM), X-ray diffraction (XRD), thermog-
ravimetric analysis (TGA), differential thermal analy-
sis (DTA), and flammability, swelling, and tensile
testing. The results of this article provide some
insight and a scientific method for filling the gap in
the area of PGS applications in the fabrication of
advanced nanocomposites.

EXPERIMENTAL

Materials

PGS was obtained from Kaixi Ecological Environment
Material Co. (Gansu, China) with a concentration of
over 90%. The length of the PGS particles ranged
from 0.5 to 5.0 lm, and the diameter of the PGS par-
ticles ranged from 20 to 80 nm. 2,4-Toluene diisocya-
nate (TDI), castor oil, and hexadecyl trimethyl
ammonium bromide (HDTMAB) were analytical-
grade and were used as received from Tianjin Chemi-
cal Co. (Tianjin, China). Commercial diglycidyl ether
of bisphenol A (DGEBA) was provided by Southwest
Chemical Co. (Jiangxi, China). The curing agent, 2,4,6-
tri(dimethylaminomethyl) phenol (DMP-30), was
chemically pure and was obtained from Sinopharm
Chemical Reagent Co. (Shanghai, China). The equiva-
lent weight per hydroxyl group of castor oil was 345.0
g, and that of TDI per NCO group was 87.0 g. These
two values were used to calculate the NCO/OH ratio
for the synthesis of the phase. Tetrahydrofuran and
other solvents were all analytical-grade.

Preparation of organophilic palygorskite (o-PGS)

Because of the poor compatibility of the as-received
PGS with organic monomers and polymer matrices, it
was necessary to modify the as-received PGS for the
preparation of high-performance polymer–clay nano-
composites. The as-received PGS was found to contain
small amounts of mineral impurities and organic mat-
ter. Purification was carried out by the reported
method.30 Subsequently, the purified PGS (10.0 g) and
a 10% sodium chloride solution (150 mL) were stirred
and refluxed for 12 h. After the reaction, the sodium
chloride treated PGS was washed with a copious
amount of distilled water until chloride could not be

detected. Then, sodium chloride treated PGS was cen-
trifuged and dried at 90�C in vacuo for 24 h.
Sodium chloride treated PGS (15 g) and 5 g of

HDTMAB were dispersed into a 500-mL, round-bot-
tom flask, the mixture was submitted to ultrasonica-
tion for 30 min, and then the suspension was heated
to 100�C under refluxing for 8 h. Afterward, the
mixture was filtered and washed with water and
ethanol (50/50 vol %) until bromide could not be
detected in the mother liquor. The o-PGS was dried
at 80�C for 48 h in a vacuum oven.

Synthesis of the PU/EP/o-PGS nanocomposites

A typical preparation process of the PU/EP/o-PGS
nanocomposites was as follows (Scheme 1). The ep-
oxy precursor and different amounts of o-PGS (by
weight and based on the gross amount of the epoxy
precursor and urethane prepolymer) were placed in
a round-bottom flask, heated until 80�C, and stirred
vigorously for about 8 h before dispersion with ul-
trasonic vibrations for 30 min.
A stoichiometric amount of castor oil was placed in

a 250-mL, three-necked, round-bottom flask, heated to
60�C, thoroughly mixed with a predetermined amount
of TDI, and stirred vigorously with a mechanical stir-
rer for about 40 min to form a urethane prepolymer
under a dry nitrogen atmosphere. Then, the mixture
of the epoxy precursor and o-PGS was added to the
urethane prepolymer, which was stirred for 5 min
before the addition of 1.5% DMP-30 (by weight and
based on the amount of DGEBA). The mixture was
degassed in vacuo for some minutes and immediately
pressed into the preheated metal mold, and the curing
was performed under a pressure of 10 MPa for 6 h at
120�C. The abbreviations PU/EP0, PU/EP1, PU/EP2,
PU/EP3, PU/EP4, and PU/EP5 were used to denote
the PU/EP IPN nanocomposites with 0, 1,2, 3, 4, and
5 wt % o-PGS, respectively. The ideal structure of the
PU/EP nanocomposites is shown in Figure 1(a).

Characterization

FTIR spectroscopy patterns were obtained on an FT/
IR-660 Plus system (Jasco, Tokyo, Japan). The sam-
ples were mixed with KBr powders and pressed into
a disk suitable for FTIR measurement.
XRD measurements were taken at room tempera-

ture with a Japan Rigaku Co. D/max-2400 X-ray dif-
fractometer (Rigaku Co., Tokyo, Japan) with Cu Ka
radiation(40 kV, 60 mA).
Tensile tests were performed with a Hua Long

Instron tensile strength tester at a crosshead speed
of 500 mm/min at 20�C (Hualong Test Instruments
CO Ltd., Shanghai, China). The measurements were
performed according to Chinese Standard GB/T
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528-1998. The results represented an average of five
specimens.

DTA and TGA of nanocomposite samples were
carried out with a PerkinElmer TG/DTA 6300 ther-
mal analysis system from room temperature to
800�C at a heating rate of 10�C/min under a flow of
N2 (Perkin Elmer, Waltham, Massachusetts, USA).

The fractured surface morphologies of the nanocom-
posites were observed with a JSM-5600 scanning elec-
tronic microscope (JEOL Co., Tokyo, Japan) operated
at 20 kV. Sampleswere snapped, fractured, andmounted
onto a stub. They were coated with gold with an
Edwards S 150A sputter coat (Edwards High Vacuum
Co. International,Wilmington,Massachusetts, USA).

The limiting oxygen index (LOI) was used to eval-
uate the flammability of the samples. LOI values

were measured with an oxygen index tester (Jiangn-
ing Scientific Instruments Co., Nanjing, China)
according to Chinese Standard GB/T2406.
The swelling testing was carried out by the

reported method.31–35

RESULTS AND DISCUSSION

Infrared (IR) analysis

The FTIR spectra of the as-received PGS and o-PGS
are compared in Figure 2(a). The absorption bands
at 3614 and 1641 cm�1 are attributed to AOH
stretching and bending of H2O, respectively. The
bands at 471 and 1028 cm�1 correspond to the bend-
ing vibration of SiAO and the SiAOASi stretching

Scheme 1 Formation of PU/EP IPNs.
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vibration of PGS, respectively. The peaks at 2921
and 2852 cm�1 are attributed to the absorbance of
methylene’s asymmetric and symmetric stretching
vibrations, and this shows that organophilic cations
were adsorbed onto the external surfaces of PGS.
Figure 2(c) shows the FTIR spectra of the PU/EP
IPN and PU/EP nanocomposite with 3 wt % o-PGS.
The PU/EP nanocomposite also shows the character-
istic peaks of o-PGS at 471 and 1028 cm�1; this indi-
cates that o-PGS was incorporated into the PU/EP
IPNs, but the chemical structures of the PU/EP IPNs
were not altered by the presence of the silicate
layers.

Figure 2(b) shows the IR spectra of the PU pre-
polymer and pure EP. In the spectrum of the PU
prepolymer, the characteristic carbonyl stretching
can be observed at 1735 cm�1, indicating the pres-
ence of a urethane linkage. The absorption peaks
resulting from ANH stretching can be observed at
3340 cm�1. The band at 2272 cm�1 indicates the
presence of unreacted ANCO in the PU prepolymer.
The pure EP exhibits two absorption bands at 3485
and 913 cm�1. The peak at 3485 cm�1 can be
assigned to the characteristic secondary hydroxyl
group, and the band at 913 cm�1 can be attributed

to the epoxy group. From the IR spectrum of the
PU/EP IPN [Fig. 2(c)], the ANH stretching vibration
bands are thought to be composed of free ANH
(3441 cm�1) and hydrogen-bonded ANH (3350
cm�1). In comparison with the PU prepolymer, the
absorption band of the ANH stretching vibration
bands has moved from 3340 to 3350 cm�1. The afore-
mentioned phenomenon enables us to propose the
occurrence of hydrogen bonding in the PU/EP IPN
[Fig. 1(b)]. Moreover, in the PU/EP IPN nanocompo-
sites [Fig. 2(c)], the absorption band of the ANH
stretching vibration bands has shifted to a higher
wave number (3385 cm�1), indicating a decrease in
the free NH group fraction. All of these are the basic
characteristics of the occurrence of hydrogen bond-
ing. Thus, it can be concluded that hydrogen-bond-
ing interactions existed between the PU, EP, and
clay layer. On the other hand, the absorption peak
of the functional group with a wavelength of 3485
cm�1 (AOH) for EP and with a wavelength of 2272
cm�1 (ANCO) for PU has disappeared, and this
reveals that a chemical reaction occurred between
AOH of EP and ANCO of PU. Its ideal structure is
shown in Figure 1(a). However, it was difficult to
remove moisture from the FTIR sample completely
because the substrate (KBr) easily absorbed vapor in
the atmosphere. Hence, to further investigate the
graft reaction, the PU/EP IPN nanocomposite sam-
ples were mixed with liquid paraffin for FTIR meas-
urements. The absorption peak of AOH in EP and
the OAH intensive stretching peak in H2O molecules
cannot be observed from 3400 to 3600 cm�1. Thus, it
was confirmed that the PU graft agent was obtained.

Mechanical properties

Because of the existence of a chemical process of
grafting between PU and EP in the presence of
structural water, coordinated water, and zeolitic
water in the phyllosilicate, it was necessary to deter-
mine the suitable isocyanate index for the prepara-
tion of the PU/EP IPN nanocomposites. Figure 3(a)
shows the effect of the isocyanate index on the ten-
sile properties of the PU/EP nanocomposites in
which 3 wt % o-PGS and 20 wt % EP were used.
The tensile strength increased whereas the elonga-
tion at break decreased with the isocyanate index
increasing. The results indicated that the overall me-
chanical properties were excellent when the isocya-
nate index was 1.5.
Figure 3(b) shows the effect of the EP content on

the tensile properties of the PU/EP IPN nanocompo-
sites in which the isocyanate index was 1.5 and 3 wt
% o-PGS was used. The tensile strength and elonga-
tion at break of the PU/EP IPN nanocom-
posites increased with increasing EP contents. The
elongation at break reached a maximum at about

Figure 1 (a) Ideal structure of PU/EP nanocomposites
and (b) hydrogen-bonding interactions between the EP,
PU, and clay layer.
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20 wt % EP. This was because EP influenced the
morphology and interpenetration degree of the
PU/EP matrix. When the EP content was about
20 wt %, the synergistic effect may have been easy
to produce, and the grafting reaction between PU
and EP was perfect; this resulted in excellent
mechanical properties.

The tensile strength and elongation at break of
PU/EP IPN with various o-PGS contents are shown
in Figure 3(c). Compared with the PU/EP IPN with
unloaded o-PGS, the tensile strength of the PU/EP
IPN nanocomposites obviously improved; the elon-
gation at break increased with increasing o-PGS con-
tent and reached a maximum at 3 wt % o-PGS. This
may be explained by the intramolecular hydrogen
bonds and free volume theory. In IPN nanocompo-
sites, there are two kinds of hydrogen-bonding inter-
actions: one is formed between carbonyl and NAH
groups,36 and the other is formed between urethane
groups in PU and the PGS surface [Fig. 1(b)]. Hence,
the stronger hydrogen-bonding interaction brings
about an increase in the crosslinking density and a

decrease in the free volume size.37–40 However, with
a further increase in the o-PGS content, the o-PGS
cannot be homogeneous dispersed anymore, and it
thus aggregates; the compatibility and phase struc-
ture of IPN matrices may become worse, so it can
lead to phase separation between the PU and EP
matrices and reduce their elongation at break ulti-
mately. This result shows that the dispersed degree
of o-PGS within the IPN polymer matrix plays a
vital role in determining the microstructure. This is
consistent with the SEM and DTA analysis.

XRD analysis

The XRD patterns are shown in Figure 4. PGS and
o-PGS have the same characteristic diffraction peak
at 8.36� [Fig. 4(a)], on the basis of the Bragg equa-
tion, corresponding to a basal spacing of about
1.06 nm. This indicates that the ordered structure of
fibrillar PGS hardly changed. As shown in Fig-
ure 4(b), both the pure PU/EP and PU/EP3 nano-
composite showed a broad peak at about 2y ¼ 20.7�;

Figure 2 FTIR spectra of (a) the original PGS and o-PGS, (b) the PU prepolymer and pure EP, and (c) the PU/EP IPN
and PU/EP IPN nanocomposite with 3 wt % o-PGS.
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this shows that the morphology of the PU/EP IPN
was essentially noncrystalline and that the addition
of o-PGS did not change the crystal structure of the
IPN. In addition, the PU/EP3 sample showed a

weak diffraction peak of o-PGS at 8.36 and 26.44�,
respectively. Compared with that of o-PGS, the dif-
fraction peak of o-PGS in the PU/EP IPN nanocom-
posite showed a slight shift to lower angles. On the

Figure 4 XRD patterns of (a) natural PGS and o-PGS and (b) pure PU/EP and PU/EP 3 nanocomposites.

Figure 3 Effect of the preparation conditions on the mechanical properties of PU/EP/o-PGS nanocomposites: (a) isocya-
nate index, (b) EP content, and (c) o-PGS content.
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basis of the Bragg formula, the calculated d-spacing
expanded from 1.06 to about 1.21 nm. This indicated
that the PU chain or EP molecule had crawled into
the channels of o-PGS and could provoke the graft-
ing of epoxy onto the PU network, and so the d-
spacing of o-PGS was expanded. The effect of this
structural feature on the free volume and the me-
chanical properties is very important.

SEM analysis

Figure 5 shows SEM micrographs of PU/EP nano-
composites with various EP contents. The fracture
face of the nanocomposites with 10 or 20 wt %
EP presented homogeneous microstructures and
showed good compatibility between the PU and EP,
which resulted in excellent mechanical properties.
However, with a further increase in the EP content,
the fracture face became much rougher and had
many microvoids [Fig. 5(c,d)]. This indicated that EP
influenced the crosslink density of the PU/EP IPN,
which increased. At the same time, the poor compat-
ibility led to phase separation between the PU and
EP matrices with increasing EP content; thus, it

resulted ultimately in the formation of in the
microvoids.
The fractured surface morphology of PU/EP IPN

nanocomposites with various o-PGS contents was
characterized with SEM. As can be seen in Fig-
ure 6(a), the PU/EP0 sample showed a smooth,
glassy surface. This means that the pure PU/EP IPN
had homogeneous microstructures and good com-
patibility between the PU and EP. Compared with
PU/EP0, the PU/EP IPN nanocomposites with 1, 3,
or 5 wt % o-PGS showed much rougher fractured
surfaces [Fig. 6(b–d)]. A number of river markings
could be observed along the crack front, and the
number and deepness of the river markings
increased with increasing o-PGS content. Thus, these
features resulted in the improvement of the mechan-
ical properties. There are two possible reasons for
these phenomenon. One is that the river markings
led to a pinning effect and a crack-tip-blunting
effect,41,42 which improved the fracture energy of the
PU/EP IPN. The other is that the polymer chains of
PU and EP were tied to the surface of o-PGS
through interactions of hydrogen bonds, which
improved the phase morphology of the PU/EP IPN.

Figure 5 SEM micrographs of PU/EP nanocomposites with various EP contents: (a) 10, (b) 20, (c) 30, and (d) 40 wt %.
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On the other hand, the proper amount of o-PGS led
to the increased crosslink density of the PU/EP IPN,
and the chains became more rigid and dense.

To investigate the interfaces between the nanofil-
lers and PU/EP matrix, the fracture morphology of
the PU/EP nanocomposites with 3 or 5 wt % o-PGS
was observed at a higher magnification. Figure 8(a)

shows that o-PGS was homogeneously dispersed in
the PU/EP3 sample, and there was no distinct ag-
glomerate. At the same time, there was no micro-
void structure. However, it can be clearly observed
that there were visible agglomerates, and the maxi-
mum diameter was about 20 lm in sample PU/EP5
[Fig. 7(b)]. In addition, the agglomerated particles

Figure 6 SEM micrographs of PU/EP nanocomposites with various o-PGS contents: (a) 0, (b) 1, (c) 3, and (d) 5 wt %.

Figure 7 SEM micrographs of (a) a crack and (b) agglomerates in a PU/EP5 sample.
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were debonded, and long and narrow cracks [Fig.
7(a)] were formed around the particles because of
the poor compatibility and the low adhesive strength
of the interface; this resulted in the elongation at
break ultimately decreasing.

At a relatively high magnification, some micro-
voids were formed around the agglomerated par-
ticles, and separate phase domains could be
observed in sample PU/EP5 [Fig. 8(b)]. This was
due to the fact that structural agglomerated balls
were formed and were embedded in the matrix.
Hence, we assumed that microcracks were formed at
the boundaries of the agglomerated balls, which led
to the elongation at break decreasing with a further
increase in the o-PGS content.

Thermal analysis

Figure 9 shows the TGA curves for PU/EP IPN
nanocomposites with various o-PGS contents. It can
be observed from the enlarged region plotted in the

inset graph that the initial weight loss of the PU/EP
IPN nanocomposites became slightly lower versus
that of the pure PU/EP IPN, and this indicates an
improvement of the thermal stability. This may be
due to o-PGS being able to prevent the heat from
expanding quickly and being able to limit further
degradation.
The onset degradation temperature (Tonset) was

determined from the intersection of the two tan-
gents, as shown in Figure 9. The results are listed in
Table I. In contrast to the pure PU/EP IPN, the
onset decomposition temperatures of the PU/EP
IPN nanocomposites shifted toward higher tempera-
tures with increasing o-PGS content. The reason may
be that with the addition of o-PGS to the PU/EP
IPN matrix, a barrier effect of the clay and some
kind of synergistic effect ultimately led to improved
thermal stability.
The corresponding differential thermogravimetry

(DTG) curves of the PU/EP IPN with different o-
PGS contents are shown in Figure 10. The decompo-
sition process was very complex and consisted of
four stages of degradation. The stages may be tenta-
tively assigned as follows. The first decomposition
stage with a maximum rate at about 310�C was
assigned to the depolymerization of urethane bonds.
It also was considered the degradation of the PU hard
segment [the temperature of the maximum rate of deg-
radation of the PU hard segment (Tmax-PU-hard)]. The

Figure 9 TGA curves for PU/EP nanocomposites with
various o-PGS contents.

TABLE I
Thermal Properties of the o-PGS-PU/EP Nanocomposites

o-PGS
content
(wt %)

Tonset

(�C)
Tmax-PU-hard

(�C)
Tmax-PU-soft

(�C)
Tmax-EP

(�C)

0 274 313 374 438
1 275 308 377 439
3 279 309 381 437
5 285 312 379 423

Figure 8 SEM micrographs of (a) PU/EP3 and (b) PU/EP5 nanocomposites at a high magnification.
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second stage was mainly related to the decomposition
of castor oil molecules at about 375�C and was
assigned to the thermal degradation of the PU soft seg-
ment [the temperature of the maximum rate of degra-
dation of the PU soft segment (Tmax-PU-soft)]. The third
stage with a maximum rate at about 440�C was
assigned to the thermal degradation of cured EP mole-
cules [the temperature of the maximum rate of degra-
dation of EP (Tmax-EP)]. The final decomposition
temperature stage, higher than 590�C, corresponded to
the advanced fragmentation of the polymer chain that
formed in the second and third stages of decomposi-
tion as well as the secondary reactions of dehydrogen-
ation and gasification processes. The Tmax-PU-hard,
Tmax-PU-soft, and the Tmax-EP values are listed in Table I.
The maximum degradation temperature of the PU
hard segment in the PU/EP nanocomposites was
lower than that of the pure PU/EP IPN. The reason
may be that long alkyl ammonium chains on the
surface of o-PGS decomposed below Tmax-PU-hard.
When the o-PGS content increased from 1 to 3
wt %, the maximum degradation rates of the PU
soft segment and EP molecules increased. However,
with a further increase in the o-PGS contents to 4
and 5 wt %, the o-PGS dispersion degree decreased
and produced phase separation between PU and EP,
which resulted in a decrease in the maximum deg-
radation rates.

DTA can also give more detailed information. Fig-
ure 11 shows the partial DTA curves of the PU/EP
IPN with various o-PGS contents. Sample PU/EP0
showed a single exothermic peak from 320 to 440�C;
samples PU/EP1, PU/EP2, and PU/EP3 presented
similar TGA curves, and the maximum value of the
exothermic peak shifted toward higher temperatures
with increasing o-PGS content. This indicated that
these samples had a one-phase structure, and the
o-PGS was homogeneous dispersed into the PU/EP

matrices; this resulted in an improvement of the
thermal stability. However, with the further addition
of o-PGS, the TGA curve showed a two-step exother-
mic peak in the PU/EP4 and PU/EP5 samples,
which was assigned to the exothermic reaction of
the PU and EP molecules, respectively. This phe-
nomenon indicated that agglomerates of o-PGS led
to poor compatibility and phase separation between
the PU and EP matrices and finally reduced the me-
chanical and thermal properties.

Swelling behavior

The mechanical and thermal properties of polymers
depend on the nature of the interlocking.31,32 To
determine the extent of interlocking, it is essential to
assess the interaction of the polymer with the sol-
vent, and equilibrium swelling ratio measurement is
a typical approach to characterizing polymer net-
works. The swelling behavior of all the PU/EP IPN
nanocomposites was investigated in a number of sol-
vents of various solubility parameters.
Figure 12 shows a plot of the solubility parameters

of the solvents versus the swelling ratio of the PU/
EP IPN nanocomposites in the respective solvents.
From the curves, it is clear that the PU/EP IPN
nanocomposites had the highest swelling efficiency
in chloroform. Hence, the solubility parameter of
these systems was considered to be 9.3 (cal/cm3)1/2.
The interaction between the polymer and solvent

can be established by the determination of the
amount of the solvent in the swollen polymer at
20�C. The equilibrium swelling ratio (/) and volume
fraction of the polymer (U) in the swollen PU/EP
IPN nanocomposites were calculated with the
following equation:33

Figure 10 DTG curves for PU/EP nanocomposites with
various o-PGS contents.

Figure 11 DTA curves for PU/EP nanocomposites with
various o-PGS contents.
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U ¼ 1

u
¼ W1=qp

W1=qp þW2=qs

where W1 is the weight of the polymer, qp is the
density of the polymer; W2 is the weight of the sol-
vent in the swollen polymer, and qs is the density of
the solvent. The interaction parameter (v) is deter-
mined with the following equation:34

v ¼ bþ V

RTðdA � dBÞ2

where V is the molar volume of the solvent; d
A

and
d
B

are the solubility parameters of the solvent and
polymer, respectively; R is the universal gas con-
stant; T is the absolute temperature; and b is the lat-
tice constant (its value is equal to 0.34).

The results of the swelling studies for sample PU/
EP3 in different solvents are given in Table II.
The calculated values varied with the solvents. As
the value of v increased, the interaction between the
IPN polymer and solvents also increased, and thus
there was an increase in the swelling.

n-Butyl alcohol with a lower v value showed less
mass uptake. Practically, the interaction between a
polymer and a solvent is related not only to the sol-
vent polarity but also to the solvent type. n-Butyl
alcohol is a strong-polarity solvent; however, it is
also a proton solvent in comparison with other non-
proton solvents; this results in less interaction in
comparison with other solvents. In addition, it was
observed during the swelling studies that samples
PU/EP4 and PU/EP5 were easily disintegrated in
the strong-polarity solvent. Such features can be
explained as follows. The existence of o-PGS
agglomerates resulted in an inhomogeneous and
phase-separated structure in the samples; the solvent

molecules loosened the polymer structure and made
it easier to disintegrate.
With v and U values, the average molecular

weight between two crosslinking points (Mc), the
crosslink density (Ve), and the degree of crosslinking
(V) were calculated with the classical Flory–Rehner
equations:35

lnð1� UÞ þ Uþ vU2 þ qpV

Mc
U1=3 ¼ 0

Ve ¼
qp
Mc

V ¼ 1

2Mc

To further study the extent of interlocking of PU/
EP IPN nanocomposites, the nonpolar solvent car-
bon tetrachloride was used to study the swelling
behavior of all the PU/EP IPN nanocomposite sam-
ples. The calculated v, Mc, Ve, and V values are
given in Table III. Interestingly, with increasing o-
PGS content, U, v, and V increased, and Mc

decreased. This indicated that when o-PGS was
added to the PU/EP IPN, the urethane prepolymer,
grafted onto hydroxyl groups of o-PGS, led to Ve of
PU/EP IPN increasing, and the chains became more
rigid and dense. This finally resulted in excellent
mechanical properties and thermal properties. How-
ever, because of the limitations of the Flory–Rehner
theory for a heterogeneous system, the Mc values
may not be true; these values should be regarded as
only approximate.

TABLE II
Swelling Data for Sample PU/EP3 in Various Solvents

Solvent dA U v

Dimethyl benzene 8.8 0.5663 0.2042
Chloroform 9.3 0.3208 —
Dichloromethane 9.7 0.3614 0.1073
1,4-Dioxane 9.9 0.3229 0.0715
n-Butyl alcohol 11.4 1.2471 0.0071

TABLE III
Swelling Data for PU/EP Nanocomposites with Various
o-PGS Contents in the Solvent Carbon Tetrachloride

Sample U v Mc Ve V

PU/EP0 0.4904 0.0807 501 2.146 0.998
PU/EP1 0.4952 0.0807 485 2.224 1.031
PU/EP2 0.5036 0.0807 470 2.309 1.064
PU/EP3 0.5054 0.0807 467 2.326 1.071
PU/EP4 0.5093 0.0807 459 2.372 1.089
PU/EP5 0.5155 0.0807 452 2.420 1.106

Figure 12 Swelling of PU/EP nanocomposites with vari-
ous o-PGS contents in various solvents.

3160 LEI ET AL.

Journal of Applied Polymer Science DOI 10.1002/app



Flammability

PU is a combustible polymer, so studies on flame-
retardant PU/PGS nanocomposites are worthwhile.
To evaluate the flame-retardant properties of poly-
mer materials, the LOI should be considered. The
LOI values of the samples used in this experiment
are listed in Table IV. The addition of o-PGS or EP
was advantageous for increasing the flame retard-
ancy of PU. The LOI value of the PU/EP IPN nano-
composites with 3 wt % o-PGS increased with
increasing EP contents and reached a maximum at
about 20 wt % EP. The LOI value increased to 4.7 in
comparison with that of pure PU. In comparison
with the PU/EP IPN with unloaded o-PGS, the LOI
values increased with the loading of o-PGS and
reached a maximum at about 2 wt % o-PGS. The
LOI value increased to 3.5. It is apparent that o-PGS
and EP have a synergistic effect on the LOI values
of flame-retardant PU.

CONCLUSIONS

In this study, an o-PGS was incorporated into IPNs
of PU and EP to improve the properties of the poly-
mer. Tensile testing and thermal analysis proved
that, because of the special fibrillar structure of PGS
and the synergistic effect between the o-PGS and the
IPN matrices, the mechanical properties and thermal
stability of the PU/EP IPN nanocomposites with
various o-PGS contents were improved with increas-
ing o-PGS content. SEM demonstrated that o-PGS
was dispersed uniformly in the EP/PU matrix at
low contents and had no phase-separated presence
between the PU and EP. This was attributed to the
interactions of hydrogen bonding and the grafting
reaction between the urethane prepolymer and sur-
face hydroxyl groups of o-PGS. The swelling behav-
ior studies further indicated that the crosslink
density of the PU/EP IPN gradually increased with
increasing o-PGS content, and this ultimately led to
the chains becoming more rigid and dense.
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