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ABSTRACT: A novel aromatic amine organo-modifier
synthesized in our previous work was used to treat mont-
morillonite (MMT) and the organo-modified MMT was used
to prepare poly(etherimide) (PEI)/MMT nanocomposites by
a melt intercalation method. MMT treated by this amine
exhibited large layer-to-layer spacing and a high ion-ex-
change ratio (>95%). The nanocomposites were character-
ized with X-ray diffraction (XRD), transmission electron mi-
croscopy (TEM), dynamic mechanical analysis, a universal
tester, thermogravimetric analysis, and by differential scan-
ning calorimetry. The results of XRD and TEM showed that

the nanocomposites formed exfoliated structures even when
the MMT content was 10 wt %. When the MMT content was
below 3 wt %, the PEI/MMT nanocomposites were strength-
ened and toughened at the same time. The nanocomposites
also showed marked decreases in coefficient of thermal ex-
pansion and solvent uptake. © 2003 Wiley Periodicals, Inc.
J Appl Polym Sci 90: 1857-1863, 2003
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INTRODUCTION

The field of polymer/clay nanocomposites or hybrids
has recently received considerable attention."™ Since
the Toyota Research Center*? first reported on a ny-
lon-6/clay nanocomposite, many polymers have been
used to prepare polymer/clay nanocomposites suc-
cessfully, such as polypropylene,*~® polystyrene,”°
polyimide,"'* epoxy resin,">'® polycarbonate,'” and
poly(methyl methacrylate).'®' These nanocomposites
usually possess improved strength, enhanced modu-
lus, decreased thermal expansion coefficients, in-
creased thermal stability, and reduced gas permeabil-
ity, compared to the pure polymers or conventional
composites, because of the nanoscale dispersion of
clay in the polymer matrix, the high aspect ratio of
clay platelets, and the strong interfacial interaction
between clay and polymers.

Various preparation approaches have been explored
to obtain these nanocomposites. The two most com-
monly used approaches are polymer melt intercala-
tion® (in which the nanocomposites are prepared by
mixing the clay and the polymer in processing equip-
ment at high temperature and under high shear) and
monomer intercalation in situ polymerization (in
which monomers are intercalated into the clay galler-
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ies followed by polymerization).>®> Although the
monomer intercalation in situ polymerization method
has been gaining success in the preparation of certain
polymer/clay nanocomposite systems, polymer melt
intercalation is by far the more popular approach to
produce polymer/clay nanocomposites because the
whole fabrication process can be fulfilled using con-
ventional polymer-processing techniques. The high
temperature and high shear existing in the processing
machine may contribute to form an “exfoliation” mor-
phology, which is widely thought to be beneficial to
the performance improvement of the composites.*
Aromatic polyimide is a type of high-performance
polymer with characteristics of a very rigid molecular
structure and thermally stable imide units, leading to
outstanding mechanical and electrical properties, es-
pecially at elevated temperatures. It has been widely
applied in aerospace®® and microelectronic fields.*”
However, the structural characteristics also lead to its
poor processability. Commonly used aromatic poly-
imides are neither soluble nor fusible. They are usu-
ally processed in their precursor [poly(amic acid)
(PAA)] solution form. An attempt to incorporate clay
in polyimide to form nanocomposites was first ex-
plored by Yano et al.'*: they introduced the monomers
(pyromellitic dianhydride and 4,4’-diaminodiphe-
nylether) to the dispersion of organically treated
montmorillonite, a most widely used 2:1 layered
structure type of clay, in N-methyl-2-pyrrolidone. The
intercalation of the monomers to the clay interlayers
followed by polymerization led to a PAA/clay nano-
composite solution, which was further converted to a
polyimide/clay nanocomposite by thermal treatment,
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Scheme 1 Chemical structure of OM-I.

to remove the solvent and imidize PAA. This mono-
mer intercalation in situ polymerization method has
been followed by most researchers to prepare polyim-
ide/clay nanocomposites.'"!* Recently, Huang et al.**
and Morgan et al.> reported on the preparation and
the morphological structure of poly(etherimide)
(PEI)/MMT nanocomposites, respectively.

PEI resin is a type of amorphous thermoplastic
polymer that has interesting physical and chemical
properties, making it an attractive candidate for many
applications. The ether linkage supplies chain flexibil-
ity and good melt flow characteristics, whereas the
imide units provide thermal resistance and mechani-
cal properties. Although PEI has good melt process-
ability, its relatively poor solvent resistance, size sta-
bility (high coefficient of thermal expansion), and ther-
mal stability limit its application in aerospace and
microelectronics. In this report, we continue our study
on PEI/MMT nanocomposites by investigating the
mechanical, thermal properties, size stability, and sol-
vent resistance. We used a thermally stable aromatic
amine to pretreat MMT. The amine contains the ther-
mally stable phenyl structure and imide moiety and,
unlike aliphatic amines, has a very rigid chemical
structure (Scheme 1). The treated MMT may possess
better compatibility with PEI because of the structural
similarity between the treatment agent and PEI.

EXPERIMENTAL
Materials

Sodium montmorillonite (Na-MMT) with a cation ex-
change capacity (CEC) of 100 meq/100 g was supplied
by the Institute of Chemical Metallurgy, Chinese Acad-
emy of Sciences. The average particle size was 50 um.
N-[4-(4’-Aminophenyl)]phenyl phthalimide (OM-I) was
synthesized in our lab.! The thermoplastic PEI was pro-
vided by the Shanghai Research Institute of Synthetic
Resin, whose chemical structure is shown in Scheme 2.
Other common reagents such as ethanol and xylene
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were purchased from Shanghai Reagent Company and
used without further purification.

Preparation of organically modified MMT (MMT-])

MMT was organically modified with OM-I by an ion-
exchange reaction in water. The mixture of 10.8 g
OM-/, 1 mL concentrated hydrochloric acid (37%), and
150 mL distilled water was heated at 80°C, and to this
mixture was added a dispersion of 25 g Na-MMT in
1000 mL distilled water. The mixture was stirred vig-
orously for 1 h at 80°C. The white precipitate was
filtered and washed repeatedly with hot water (80°C),
to remove both the superfluous ammonium salts and
the Cl™, and was subsequently collected and dried in
vacuum at 80°C for 24 h.

Preparation of PEI/MMT nanocomposites

PEI and MMT-I were dried at 120 and 40°C for 2 h,
respectively, in vacuum before use. PEI and various
amounts of MMT-/ were dry-mixed and melt-blended
at 370°C for 30 min by using the internal mixer of a
Haake Rheocord System. The mixture was pressed in
a hot press at 370°C and then in a cold press at room
temperature, and PEI/MMT nanocomposite films of
about 0.2 mm thickness were obtained.

Characterization

The wide-angle X-ray diffraction patterns of MMT and
PEI/MMT composites were recorded on a Rigaku (Ja-
pan) Geiger Flex D/max-RB diffractometer using
Cu-K,, radiation (40 kV, 100 mA, A = 0.154 nm) fil-
tered by Cr in a range of 26 = 1.0-35° with a scan rate
of 4°/min. The basal interlayer spacing of MMT was
estimated from the position of the (001) plane peak in
the X-ray diffraction (XRD) intensity profile using
Bragg’s equation, d = A/2 sin 0,,,,. Samples for trans-
mission electron microscopic (TEM) analysis were
prepared by placing small strips of sample films in
epoxy resin and then cut using an ultratome and
placed on a 200-mesh copper grid for analysis. The
TEM investigations were performed on a JEM-100CXII
TEM operating at an acceleration voltage of 100 kV.
The glass-transition temperatures (T,’s) were deter-
mined by differential scanning calorimetric (DSC)
curves, which were measured on a Perkin-Elmer Pyris
I DSC (Perkin Elmer Cetus Instruments, Norwalk, CT)

Scheme 2 Chemical structure of PEIL
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under the protection of N, at a heating rate of 20°C/
min. The thermal stability of PEI/MMT nanocompos-
ites was determined by thermal gravimetric analysis,
which was conducted on a Perkin—Elmer TGA 7 under
N, flow. The temperature range was 100 to 800°C with
a heating rate of 20°C/min. The dynamic thermal
analysis (DMA) of the PEI and PEI/MMT nanocom-
posite films was conducted on a TA 2980 DMA (TA
Instruments, New Castle, DE) at a heating rate of
5°C/min. The coefficient of thermal expansion (CTE)
of the PEI and the PEI/MMT nanocomposite films
was also measured on a TA 2980 DMA with a TMA
mode. The film was pretreated at 150°C for 20 min to
eliminate the internal stress. The load on the film was
100 mN and the heating rate was 5°C/min. A temper-
ature range of 60-150°C was selected to calculate the
CTE.

The stress—strain curves of PEI and PEI/MMT nano-
composite films were recorded on an Instron-4465
Universal Tester (Instron, Canton, MA) at room tem-
perature at a drawing rate of 5 mm/min. The sorption
experiments were carried out by the following proce-
dure. The sample films were dried in an oven at 105°C
for 8 h, then kept in the solvents at different temper-
atures for a given period of time, and blotted to re-
move the excessive solvent. The amount of absorbed
solvent was calculated from the increase in the weight
of the samples.

RESULTS AND DISCUSSION
Organo-modification of MMT

The organo-modification of MMT is an important step
in the preparation of polymer/MMT nanocomposites
and the quaternary ammonium salts of primary ali-
phatic amines such as 1-hexadecylamine have been
commonly used as such organic modifiers. It has been
accepted that the polar cationic head group of the
modifier molecule would preferentially reside at the
polar layer surface and the nonpolar aliphatic tail

MMT-/
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PEEMMT (5w t%)
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PEEMMT (3wt
PEIDMMT (Twtt)
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.
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Figure 1 XRD patterns of Na-MMT, MMT-/, and PEI/
MMT nanocomposites.
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TABLE 1
d-Value of MMT Modified with OM-I and Mean Value
of Percentage Recovery of Sodium Ions Measured by

Icp
Sodium ions  Ion exchange
Sample 26 (°) d (nm) (wt %) ratio
Na-MMT 7.12 1.24 2.3860 —
MMT-/ 3.04 2.90 0.0417 98.25

6.30 002 Peak

would radiate away from the surface of clay layers.”
Quaternary ammonium salts could undergo an ion-
exchange reaction with inorganic cations in the galler-
ies of MMT to lead to a more hydrophobic MMT. The
long aliphatic groups could also increase the MMT
layer-to-layer spacing. The result of these two changes
facilitates the intercalation of polymer or monomer
molecules into interlayers of MMT. In this study, we
used an aromatic amine (OM-/) as the modifier. Figure
1 shows the XRD patterns of Na-MMT, MMT-/, and
PEI/MMT nanocomposites. Table I lists the basal
spacing of Na-MMT and MMT-I calculated from
Bragg’s equation. The interlayer spacing of MMT was
obviously increased after the treatment with chloride
salt of OM-I from d = 1.24 nm for pure Na-MMT to 4
= 290 nm for MMT-. It was found that this basal
spacing of MMT-I was greater than that for MMT
treated by the commonly used 1-hexadecylamine.*®
Measurement by inductively coupled plasma (emis-
sion spectroscopy) also revealed a very high ion-ex-
change ratio in the OM-I/-treated MMT (Table I). All
these results suggested that OM-/ was very effective in
modifying MMT.

Dispersion of MMT in PEI matrix

The diffraction peaks of MMT were not observed in
XRD patterns of PEI/MMT nanocomposites up to 10
wt % MMT content (Fig. 1), probably indicating that
layered MMT was exfoliated. The “exfoliation mor-
phology” of the PEI/MMT nanocomposites was also
confirmed by TEM analysis (Fig. 2). In the TEM pho-

Figure 2 TEM photograph of PEI/MMT nanocomposite
containing 5 wt % MMT
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Figure 3 XRD patterns of MMT-I/ and PEI/MMT nanocom-
posites.

tographs, the dark lines represent the intersections of
MMT layers, whereas the gray areas represent the PEI
matrix. It was observed that the MMT layers were
dissociated and dispersed homogeneously in the PEI
matrix. In our previous studies,>® we prepared a series
of PI/MMT nanocomposites containing various
amounts of MMT using the monomer intercalation in
situ polymerization procedure at room temperature, in
which only “intercalation morphology” could be
achieved when the MMT content was higher than 3 wt
%. The formation of the “exfoliation morphology” in
this study may be attributed to the high temperature
and strong shear field in the internal mixer, the high
viscosity of molten PEI, and the strong interactions
between MMT and PEI Figure 3 shows the XRD pat-
terns of PEI/MMT nanocomposites containing 5 wt %
MMT blended for different periods of time. With in-
creasing blending time, the diffraction peak of MMT-I
shifted gradually to a lower angle, indicating in-
creased layer-to-layer spacing. The diffraction inten-
sity also weakened gradually and finally completely
disappeared. The change in the morphological struc-
ture of the composites can be further clearly studied
by TEM analysis. Figure 4(a,b) shows TEM photo-
graphs of the PEI/MMT nanocomposites containing 5
wt % MMT blended for 2 and 10 min in the internal
mixer. When MMT and PEI were blended for 2 min
[Fig. 4(a)], the face-to-face associated MMT layers
were dominant. When they were blended for 10 min
[Fig. 4(b)], the spacing of the silicate layers increased
to 67 nm and the face-to-face associated layers were
oriented in the shear field and slipped in a staircase-
like fashion. As the blending time was further in-
creased to 30 min (Fig. 2), the MMT layers were com-
pletely dissociated. Thus it is clear that the intercala-
tion capability of the polymer and the strong shear
field played important roles in the preparation of ex-
foliated polymer/MMT nanocomposites by the melt
intercalation method.

LIANG AND YIN
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Figure 4 TEM photographs of PEI/MMT nanocomposite
containing 5 wt % MMT at different blending times: (a) 2
min; (b) 10 min.

Mechanical properties of PEI/MMT
nanocomposites

Figure 5 shows the relationship between MMT content
and the Young’s modulus of the PEI/MMT nanocom-
posite films: the modulus increased with the MMT
content, reaching a maximum at 3 wt %. This increase
in modulus may be caused by the strong interaction
between the MMT layers and PEI, and the MMT
sheets acted as “crosslinking point,” which limited the
PEI chain movement. When the MMT content was
further increased, the Young’s modulus of the nano-
composite films decreased drastically. Because an “ex-
foliation morphology was still obtained at a MMT
content greater than 3 wt %, this decrease in the
Young’s modulus could not be attributed to the
change in morphological structure. Gilman and co-

workers?®?? studied the number-average molecular
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Figure 5 Young’s modulus of the PEI/MMT nanocompos-
ites.
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Figure 6 Tensile strength and elongation at break of PEI
and PEI/MMT nanocomposites.

weight (M,)) of PS/MMT nanocomposites and found
that the presence of the quaternary alkylammonium in
the MMT somehow contributed to the degradation of
PS. The decrease in M,, had a direct negative impact on
the flame-retardant performance by reducing the melt
viscosity and could also limit the improvements in
other physical properties observed for PS/MMT nano-
composites. For PEI/MMT nanocomposites, the con-
centration of organo-modifier was increased when the
MMT content was increased, which might cause deg-
radation of PEI and the decrease in Young’s modulus.

The tensile strength and the elongation at break of
PEI and PEI/MMT nanocomposite films with various
MMT contents are shown in Figure 6. When the MMT
content was less than 3 wt %, both the tensile strength
and the elongation at break of PEI/MMT films were
increased with the increase of MMT content. The ten-
sile strength was increased from 90.06 MPa for PEI to
99.21 MPa for PEI/MMT (a 10.2% increase), whereas
the elongation at break was increased from 8.0% for
PEI to 13.1% for PEI/MMT (a 63.8% increase) nano-
composites containing 3 wt % MMT. Combining the
foregoing results, when the MMT content was below 3
wt %, with the help of the strong shear field, an
exfoliated dispersion of MMT in PEI could be ob-
tained, indicating that PEI could be strengthened and
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Figure 7 DMA curves of PEI and PEI/MMT nanocompos-
ites containing 3 wt % MMT.
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TABLE 1I
Dynamic Storage Modulus of PEI and PE/MMT
Nanocomposites Containing 3 wt % MMT and Their
Glass-Transition Temperatures Obtained from tan 6

Storage modulus (Gpa)
Sample 60 120 180 240

Glass-transition
temperature® (C)

PEI 399 371 333 247
PEI/MMT 422 386 346 279

224.8
230.0

@ The glass-transition temperatures were measured at the
peak tops of tan 6.

toughened simultaneously by the introduction of ex-
foliated MMT. The strong interfacial interaction be-
tween PEI and MMT, and the existence of the large
shear zone, increased the tensile strength of the nano-
composite. Moreover, the large amount of interface
between the exfoliated MMT sheets and PEI could
effectively and simultaneously reduce the formation
of the shear zone to cracks. When the MMT content
exceeded 3 wt %, both the tensile strength and the
elongation at break were decreased, probably for the
same reason as for the Young’s modulus.

Figure 7 shows the DMA curves of the PEI and
PEI/MMT nanocomposite films containing 3 wt %
MMT. The tan & peak of PEI/MMT nanocomposites
gradually shifted to a slightly higher temperature and
broadened in comparison to PEI This could be also
explained by the existence of a strong interaction be-
tween MMT and the PEI matrix, which limited the
movement of PEI chain segments. Table II shows the
dynamic storage moduli of PEI and PEI/MMT nano-
composite films containing 3 wt % MMT at various
temperatures and their glass-transition temperatures
obtained from tan 8. It was found that the storage
modulus of PEI below and above its T, was increased

g
when a small amount of MMT was introduced.

TABLE III
Onset Thermal Decomposition Temperature and 5 and
10% Weight Loss Temperatures of PEI and PEI/MMT
Nanocomposites

MMT content (wt %)

Temperature
parameter 0 1 3 5 10
T,(°C)? 522 526 527 531 534
TS("C)b 520 524 525 526 528
T,(°C)¢ 542 543 546 548 550
Tg(°C)Cl 207 208 209 205 199

@ Thermal decomposition temperature (onset) from TGA
measurement. Scan rate: 20°C/min, N, protection.

® Temperature at 5% weight loss from TGA measurement.
Scan rate: 20°C/min, N, protection.

¢ Temperature at 10% weight loss from TGA measure-
ment. Scan rate: 20°C/min, N, protection.

4 Glass-transition temperature obtained from DSC mea-
surements. Scan rate: 20°C/min, N, protection.
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Thermal properties of PEI/MMT nanocomposites

The data of Table III show the onset thermal decom-
position temperatures, and the temperatures for 5 and
10% weight loss of PEI and PEI/MMT nanocompos-
ites determined by TGA. They were slightly increased
with the increase of MMT content. The onset thermal
decomposition temperature was increased from 522°C
for PEI to 534°C for PEI/MMT nanocomposite con-
taining 10 wt % MMT. MMT possessed higher thermal
stability and its layer structure exhibited a greater
barrier effect to hinder the evaporation of the small
molecules generated in the thermal decomposition to
limit the continuous decomposition of the PEI matrix.

Figure 8 shows DSC traces of PEI and PEI/MMT
nanocomposites with various MMT contents. For
MMT content below 3 wt %, the T, of the nanocom-
posites was slightly increased as the MMT content was
increased: the T, was increased from 207°C for PEI to
209°C for the nanocomposite containing 3 wt % MMT.
When the MMT content was greater than 3 wt %, the
T, of the nanocomposites was slightly decreased as the
MMT content was increased. At the 370°C processing
temperature, the organo-modifier decomposed and
was released from the nanocomposites, although
some small organic molecules might still have been
trapped in the PEI matrix. With increased MMT con-
tents, the existence of more organic molecules may
lead to plasticization and thus to the slight decrease in
T, of the nanocomposites.

The reduced segmental movement of the PEI matrix
by the introduction of “exfoliated” MMT sheets would
also lead to a decrease in the CTE. Figure 9 represents the
relationship between the MMT content and the CTE of
the PEI/MMT nanocomposite films. The CTE decreased
from 2.37 X 107 ° K ! for PEI to 1.33 X 10 ° K ! (a 44%
decrease) for PEI/MMT nanocomposite containing 10
wt % MMT. The decrease in CTE (or increase in size-
stability) is extremely desirable when PEI is applied in
microelectronic and optoelectronic fields.

a PEI

b PEYMMT(1%)

¢ PEVMMT(3%)

d PEVMMT(5%)

¢ PE/MMT(10%)
T

80 1200 160 200 240 280
Temperature (C)

Heat Flow Endo Up (mW)

Figure 8 DSC curves of PEI and PEI/MMT nanocompos-
ites.
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Figure 9 Coefficient of thermal expansion of PEI/MMT
nanocomposites.

Solvent resistance of PEI/MMT nanocomposites

Table IV lists the results of solvent-uptake measure-
ments of PEI and PEI/MMT nanocomposites with
various MMT contents. First, the samples were im-
mersed in solvents at 25°C for 24 h, although it was
observed that the solvent uptake had not reached
equilibrium. So, the samples were immersed for an-
other 2 days, and heated to 100°C for 1 h, with the aim
of investigating the solvent resistance at a relatively
high temperature and the saturated solvent uptake of
the PEI/MMT nanocomposites. It was observed that
the introduction of MMT led to an obvious decrease in
the solvent uptake in both processes. For example, the
water-uptake ratios decreased, from 0.90% (25°C) and
1.29% (100°C) for PEI, to 0.38% (25°C) and 0.54%
(100°C) for PEI/MMT nanocomposites containing 10
wt % MMT. The decrease in solvent uptake of the
PEI/MMT nanocomposites may be attributed to the
following reasons. First, the strong interaction be-
tween MMT and PEI matrix led to the formation of
“bound polymer,” polymer in close proximity to the
reinforcing filler (MMT), which was either phy-
sisorbed or chemisorbed and therefore restricted the
solvent uptake.” Second, the large aspect ratio of
MMT layers possessed excellent barrier properties,
and the exfoliated structure of MMT layers especially
could maximize the available surface area of the rein-
forcing phase. The reduction in water uptake is ex-
tremely desirable when PEI is to be applied in micro-
electronic fields because high water uptake of poly-
mers used in microelectronic devices (polyimide and
epoxy) is one of the major causes affecting their long-
term stability.

CONCLUSIONS

PEI/MMT nanocomposites were successfully pre-
pared by the melt intercalation approach. From XRD
and TEM results, the MMT layers were basically ex-
foliated in the nanocomposites even when the MMT
content was 10 wt %. The MMT content significantly
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TABLE IV
Solvent Uptake Ratios of PEI and PEI/MMT Nanocomposites

Solvent uptake Water Ethanol Xylene

ratio (%)? 25°CP 100°C*¢ 25°C 100°C 25°C 100°C
PEI 0.90 1.29 0.52 0.56 0.78 1.52
PEI/MMT-1% 0.83 0.95 0.08 0.21 0.72 1.32
PEI/MMT-3% 0.71 0.87 0.06 0.20 0.49 1.08
PEI/MMT-5% 0.55 0.77 0 0.18 0.42 0.90
PEI/MMT-10% 0.38 0.54 0 0.03 0.28 0.50

@ The calculation formula of the solvent uptake ratio: (W,,,

® The sample was soaked in solvent at 25°C for 24 h.

= W)/ Wayy X 100%.

¢ The sample was soaked in solvent at 25°C for 3 days, 100°C for 1 h.

influenced the properties of PI/MMT nanocompos-
ites. When the MMT content was below 3 wt %, the
PI/MMT nanocomposites were strengthened and
toughened at the same time. The introduction of MMT
also led to improvement in thermal stability and
marked decreases in coefficient of thermal expansion
and solvent uptake. Overall, the nanocomposites pos-
sessed excellent mechanical and thermal properties
when the MMT content was 3 wt %.

The authors thank the Ministry of Education of China
(Kuashiji Scholars” Project) and the Science and Technology
Commission of Shanghai Municipal Government (Nano-
Project 0214NM019) for their financial support.
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