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ABSTRACT

The polyimide (PI) composites reinforced with silanized nanosilica (SNS) and/
or quartz fabrics had been fabricated. Influences of the SNS dispersion on
morphology, Vickers hardness, thermal stability and mechanical properties of
these composites were studied. The uniform dispersion of SNS in PI resulted
from the crosslink of silane pretreated on the surface of nanosilica and PI chains.
The measurement results indicated that density, Vickers hardness and flexural
strength were enhanced due to the addition of SNS into the PI matrix and the
optimum content of SNS was 2 wt%. The thermal stability of the SNS reinforced
PI composites increased with an increase in weight fraction of SNS, compared
with the neat PI resin. The effects of quartz fabric on the mechanical properties
of quartz fabric-reinforced PI composites with different volume fractions and
effects of post-curing on the flexural strength were also investigated. Results
also showed that better mechanical properties of quartz fabric-reinforced PI
composites were obtained when the volume fraction of quartz fabric was 50%.
The quartz fabric-reinforced PI composites containing 2 wt% SNS after post-
curing exhibited the highest flexural strength and elasticity modulus by virtue of
good fiber-matrix interface, and flexural strength was almost 500 MPa at 300 °C.
It is pointed that the composites have a great application prospect as one of
engineering materials with high strength and high temperature resistance.
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Introduction dominated and mechanical properties often suscep-

tible to various harsh and hostile environments [5-7].

In recent years, the study on conventional fiber
reinforced polymer-matrix (FRP) composites with
various types of nanofillers has drawn significant
attention from both academia and industry [1-4].
Laminated composites exhibit poor matrix
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Few studies have suggested that the mechanical
response of these potential materials is significantly
altered when they are exposed to elevated tempera-
ture environment [8, 9]. Incorporation of nanofiller
such as aluminum oxide (Al,Os), titanium dioxide
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(TiO,), silicon dioxide (S5i0O;), zirconium dioxide
(ZrO;) nanoparticles [10-14] has been successfully
used to improve the matrix dominated and
mechanical properties. Nanosilica fillers with the
attractive characteristics of extremely large surface
area can not only improve the mechanical and tri-
bological properties but also have additional func-
tional properties such as atomic oxygen (AO)
resistance, electrical and thermal conductivity
[13-15], which can enrich the functions of the
nanocomposites to achieve the desirable characteris-
tic for low earth orbit space applications [16]. How-
ever, adding nanosilica to the FRP composites has its
own challenges. The main challenge is to disperse
them uniformly in the polymer matrix in order to
obtain high interfacial area where stress can be
transferred from the weak matrix to the strong
nanoparticles [17, 18]. Effective stress which transfers
through the nanosilica/polymer interface is the key
factor to obtain superior mechanical properties in the
nanosilica modified laminated composites [19]. Var-
ious methods have been demonstrated in the litera-
ture to disperse the nanosilica in polymer resin such
as silanization, striring and sonication [13-18]. The
silanization is an often used method that serves a
bridging unit for the nanoparticles. It forms inter-
phase links through the hydrolysis and condensation
reactions of alkoxysilane groups, and the simultane-
ous polymerization of resin groups [16].

Owing to outstanding combination performance of
thermal, mechanical, chemical resistance and dielec-
tric properties [20, 21], PI materials not only is
applied in electric industries, especially in high
electric field and high temperature application, but
also is applied to aerospace industries [22-24]. Thus,
PI material is a promising matrix candidate for FRP
composites due to the dramatic mechanical property
improvements by introducing only a small fraction of
inorganic additives [25, 26]. However, the recent
researches were mainly focused on the preparations
of polyimide-silica hybrid films [27, 28] and silica/
polyimide nanofiber membranes [29, 30], also tribo-
logical, optical, tensile properties and fracture
toughness of fiber reinforced polyimide with
nanosilica composites [25, 26]. John Montesano et al.
[8] investigated the failure mechanism in a triaxially
braided polyimide composite at room and elevated
temperature. In addition, few reports attempt to
characterize the flexural strength of fiber/polyimide
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with nanosilica composites at elevated temperature.
The objective of this study is to investigate the
mechanical behavior and fracture mechanism for
quartz fiber reinforced polyimide with nanosilica
composites. Particular emphasis is placed on deter-
mining the influences of the volume fraction of fiber
and content of nanosilica on mechanical properties.
Data of physical, thermal properties and Vicker
hardness is also included to provide an understand-
ing of how the matrix performances are affected by
addition of nanosilica.

Experimental
Materials

Poly (amic acid) solution (PAA) (solids concentration
40%) was supplied by Changchun Institute of
Applied Chemistry, Jilin, China. This high tempera-
ture PI resin was prepared by the modified poly-
merization monomeric reactants method (MPMR)
endcapped with phenylethynyl. The quartz fabrics
were provided by Hubei Feilihua Quartz Glass Co.
Ltd. China. The specific details of quartz fabrics are
described in our previous literature [31]. The SiO,
NPs were provided by Hangzhou Wan Jing New
Material Co., Ltd. China. General characteristics of
S5i0, NPs were described in Table 1. Anhydrous
ethanol and 3-glycidoxypropyl trimethoxysilane
(GPTMS, 98%) were received from Sinopharm
Chemical Reagent Co., Ltd, Shanghai, China. N,N'-
dimethylacetamide (DMAc) was provided by Tianjin
Fu Chen Chemical Reagents Factory.

Silanized treatment of SiO, NPs

First, ultrasonic waves and a high-speed homoge-
nizer were used to disperse 10 g of silica nanoparti-
cles homogeneously in 50 ml of ethanol solution.
And then 12.0 ml of GPTMS and 3.8 ml of deionized
water were added to the mixture under magnetic
stirring for 2 h and hydrochloric acid was added
dropwise until the value of PH was equal to 2. Next,
the mixture was stirred reversely for 48 h. Silanized
nanosilica (SNS) were then collected by centrifuga-
tion with ethanol for three times and deionized water
for twice and vacuum-dried at 60 °C for 16 h. The
preparation was illustrated in Fig. 1.
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Table 1 Properties of the SiO, NPs
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Name Type SiO, Content (%) Diameter (nm) Surface area (m*/g) The value of PH Conduction (W/mK)
SiO, NPs ~ VK-SP50  99.5 50+ 5 200 + 30 5-7 1.46
Figure 1 Representative OH
schemes of the preparation of HO, oH

phemes o e preparall GPTMS PAA Q9@ -7
silanized silica nanoparticles HO o . ‘
and nanocomposites. R is the 60°C Curing . ‘

HO H

organic functional group.
HO

Silica nanoparticles

Sample preparation
Quartz fabrics reinforced PI composites

The fabrication of quartz fabric reinforced PI com-
posite (QFRP) specimens was done in two stages. In
the first stage, the fabrics were dipped into PAA
solution for 30 min in vacuum in order to achieve
better penetration of matrix into the openings of the
fabrics. After infiltration, the fabrics were dried in a
vacuum oven at 150 °C for 4 h, which was condutive
to the solvent evaporation and thermal imidization of
PAA. In the second stage, the mixtures were placed
into a square metal die and a pressure of 8 MPa was
applied when the temperature reached 270 °C with a
heating rate of 4 °C/min. After that, the temperature
increased to 370 °C for 1 h with applied pressure for
the formation of the composites. QFRP composites
untreated and treated with post-curing were termed
as UQFRP and TQFRP. QFRP composites were fab-
ricated with different volume fraction of quartz fab-
rics of 45% (16 layers of fabrics), 50% (18 layers of
fabrics) and 55% (20 layers of fabrics), which were
termed as 16UQFRP, 18UQFRP and 20UQFRP.
Finally, only 18 layers of fabrics reinforced PI com-
posites (18TQFRP) were removed in the oven at
370 °C for 3 h for post-curing, because it exhibited
the best performance among all quartz fabric layers.

Nanocomposites

The weight fraction ranging from 1, 2 and 3 wt% of
the silanized SiO, NPs were dispersed in DMAc
solvent using an ultrasonic bath at room temperature
for 2 h. Then the DMAc-based solution was dis-
persed with the PAA solution, followed by the soni-
cation and accompanied by mechanical stirring for
5 h. In order to evaporate the solvent and fulfill the

Silanized silica nanoparticles

nanocomposites

imidization, the mixtures were placed in vacuum
oven at 120 °C for 1 h and 240 °C for 2 h. Next, the
mixtures were grounded into fine powder after heat
treatment. At last, the powders were cured with a
pressure of 5 MPa for the formation of insoluble and
cross-linked polyimide/hybrid fillers composites
with a thickness of 3 mm. The nanocomposites con-
taining 1, 2 and 3 wt% silanized SiO, NPs were ter-
med as PSNS1, PSNS2 and PSNS3, respectively. The
PI without SiO, NPs was considered as a control.

Quartz fabric reinforced nanocomposites

Eighteen layers of woven quartz fabric were used for
composite laminate preparation, with the volume
fraction of 50% quartz fiber and 50% resin matrix. The
fabrication steps are similar to that of TQFRP
described before. The quartz fabric reinforced
nanocomposites containing 1, 2 and 3 wt% silanized
Si0, NPs were termed as TQFR- PSNS1, TQFR-
PSNS2 and TQFR- PSNS3, respectively. The mix
proportions are shown in Table 2.

Characterization
Scanning electron microscopy (SEM)

Scanning electron microscopy imaging was obtained
using a JEOL JSM-5800 LV SKANNING. The SEM
investigation was carried out in detail on
microstructures and fracture surfaces of samples after
three-point bending and impact strength tests.

Thermogravimetric analysis (TGA)

The thermal stability of samples was studied by
thermogravimetry analysis (TGA). A Q-600 analyser
(TA instruments-Waters LLC) was used for all
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Table 2 Mix proportions of specimens
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Sample Quartz fabric (QF) Mix proportions (wt%) Whether treated with post-curing
Volume fraction (%) Fabric layers Polyimide SNS

PI 0 0 100 0 Untreated
16UQFRP 45 16 100 0 Untreated
18UQFRP 50 18 100 0 Untreated
20UQFRP 55 20 100 0 Untreated
18TQFRP 50 18 100 0 Treated
PSNSI1 0 0 99 1 Untreated
PSNS2 0 0 98 2 Untreated
PSNS3 0 0 97 3 Untreated
18TQFR-PSNS1 50 18 99 1 Treated
18TQFR-PSNS2 50 18 98 2 Treated
18TQFR-PSNS3 50 18 97 3 Treated

measurements. Samples with 10 mg were placed in
an alumina crucible and were heated from 20 to
1000 °C with a heating rate of 10 °C/min. All
experiments were carried out in nitrogen
atmosphere.

Physical properties

The Vickers hardness measurements were performed
using a FV-1000 device (Shanghai Caikon optical
instrument Co,. Ltd). The hardness values were
measured immediately after the indentation with a
0.1 kg load for 10s. Archimedes principle was
employed to measure the open porosity and bulk
density, which were conducted to determine the
quality of nanocomposites.

Mechanical properties

Three-point bending test (specimen size of
60 I mm x 10w mm x 3t mm) was carried out at
ambient temperature with a cross-head speed of
1.5 mm/min and support span length of 48 mm
using a universal testing machine (Haida Qualitative
Analysis, HD-609B). Each sample was short not
suitably in 5. The flexural strength () was calculated
by the following equations:

3FL
o=—

2bh
where F is the load on the force-displacement curve,

L is the support span length, b is the specimen width,
and h is the specimen thickness.

(1)
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Results and discussion

Effect of SNS weight fraction on physical
properties of nanocomposites

Morphologies

Generally, morphology and distribution of the load-
ing particles in polymeric matrices have an important
effect on the overall performance of nanocomposites
[32]. Therefore, the SEM was used to examine the
morphologies of the prepared composites. Figure 2a—
d show the fractured surfaces images of representa-
tive composites. Figure 1a depicts morphology of the
neat PI, which shows that the PI is uniform. The SEM
images of the fractured surface of PSNS1 and PSNS2
in Fig. 2b and c show almost perfect nanoparticle
dispersion. Meanwhile, the SNS on the surface (par-
tially marked by arrows in Fig. 2b and c can be
detected and the dispersed SNS have a greater mean
size i.e. 80 nm if the particle size is compared with
nanoparticles (average 50 nm), due to the core-shell
of particles were coated with layer of polymer chains
[33]. It is interesting to note that numerous
nanoparticles are embedded in the PI matrix and a
good interface adhesion between PI matrix and nano-
sized particles is obtained. Moreover, the distance
between particles seems to become short and space
between particles becomes narrow with the increase
in SNS content, which implies that the interaction
between PI chains and particles became strong [28].
As the SNS was added with 3 wt%, a proper dis-
persion cannot be observed due to the aggregations
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Figure 2 SEM micrographs of a PI, b PSNS1, ¢ PSNS2 and
d PSNS3 from the cross-section of fracture surface.
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of SNS and a lot of larger particles (up to 120 nm) in
composites clearly appeared in Fig. 2d, which has a
negative effect on the sample properties. This may be
attributed to the strong interaction of silica—silica
spheres. It infers that sonication and mechanical
stirring mixing method does not provide enough
energy so that it can break up all strong inter-con-
nected 5i0,-SiO, NPs. Basically, the SEM images
suggest that the SNS with a proper content are dis-
persed uniformly in the PI matrix.

Porosity, density and Vickers hardness of nanocomposites

The porosity and density of nanocomposites are
shown in Table 3. As expected for all PSNS
nanocomposites, the porosity decreases and the
density increases with increasing SNS content as
compared to PI bulk. It indicates that the SNS has
filling effect in the porosity resulting from the
escaped gas during the period of matrix curing.
Typical Vickers indented in PI and PSNS2 composites
under a 0.1 kg load are presented in Fig. 3. It is clear
that the indents in the pure PI resin are consistently
larger than those in the PSNS2 under the same
loading conditions. In addition, a star-shaped Vickers
impression is observed in the PSNS2, whereas the PI
exhibits a pyramidal impression. The measured val-
ues of the Vickers hardness (H,) of PI and PSNS are
listed in Table 3. Here, ten measurements were per-
formed on different spots all over each sample and
used for the determination of average values of H,.
The evaluated hardness of PI is 0.37 GPa. With SNS
loading, the hardness increased significantly at dif-
ferent concentrations, the highest value for hardness
being attained by the PSNS2. Further, we observe a
decrease in the Vickers hardness of PSNS3. The poor
dispersion of SNS in the matrix is the main reason for
this decrease in hardness and with a higher SNS
loading (3 wt%) evidenced by morphology studies
[34].

Table 3 Measured Vickers hardness of nanocomposites

Samples  Density (10° kg/m®)  Porosity (%)  H, (GPa)
PI 1.34 £ 0.02 192 £0.04 037
PSNSI 135 + 0.01 1.81 £0.02 041
PSNS2 136 + 0.02 1.61 £0.03  0.46
PSNS3 136 + 0.01 175 £0.06  0.44
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Figure 3 Scanning electron micrographs revealing the typical
morphology of 0.1 kg Vickers indent for a PI and b PSNS2.

Thermal analysis

Thermal stability is an essential property for engi-
neering materials, and the limiting factor of both
processing and applications. The thermal properties
of PI and PSNS nanocomposites were analyzed by
TGA analysis as listed in Table 4. Meanwhile, the
thermal stability behavior was illustrated in Fig. 4.

Table 4 Thermal properties of nanocomposites and neat PT*

Samples T (°C) T (°C)  CR® (%)  TMRE (°C)
SNS / / 97.9 /

PI 533.0 597.1 69.2 582.7
PSNSI 531.9 601.4 69.6 584.5
PSNS2 539.6 606.5 70.3 585.9
PSNS3 537.8 606.0 71.3 585.1

* Temperature at which 5 and 20% weight loss recorded by TGA
at a heating rate of 10 °C/min in a nitrogen atmosphere

® Percentage weight of material left undecomposed after TGA
analysis at temperature 800 °C in a nitrogen atmosphere

¢ Temperature at maximum rate of weight loss recorded by TGA
at a heating rate of 10 °C/min in a nitrogen atmosphere
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Figure 4 TGA curve of the SNS powders, PI and PSNS
composites.

The SNS decomposes slowly from 200 °C and show
less than 3 percent loss in weight before 800 °C under
nitrogen, probably due to the loss of silane on the
surface of the SNS. All samples with different con-
tents of SNS exhibit excellent thermal stability and
pristine PI prevent itself from thermal decomposition
until 533 °C. The 5 wt% of decomposition tempera-
ture (Tgs) of the PSNS nanocomposites, increases
with increasing SNS content, and shift from 533.0 °C
(PI) to 539.6 °C (PSNS2), as shown in Table 3. This
may be related to the higher thermal conductivity of
SiO, that facilitate heat dissipation within the com-
posites, hence preventing the accumulation of heat at
certain points for degradation [35]. However, the Tys
increases with the increase of SNS content up to 2
wt% and is followed by a slight decrease for 3 wt% of
SNS. A slight decrease in T4s of PSNS3 compared to
PSNS2 may be due to the non-homogeneous disper-
sion of SNS in PI matrix for high content of particles.
Mostly, the incorporation of foreign particles in PI
reduces its cross-linking density to some extent
especially when the particle content is high and the
reduction in cross-linking density results in lower
decomposition temperature [36]. The 20 wt% of
decomposition temperatures (T420) were also listed in
Table 4. The highest thermal decomposition temper-
ature of 606.5 °C can be achieved with 2 wt% of SNS.

It indicates that SNS reduces the degradation of PI at

high temperature as clearly seen in the curves. Since

SNS are not decomposed at 800 °C, the char residue

(CR) are retarded with increasing SNS content while

the stoichiometry of the PI matrix is maintained [36].

Therefore, it could be verified that a small amount of
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SNS acted as effective thermal degradation resistant
reinforcement in the PI matrix, increasing the thermal
stability of PSNS nanocomposites.

Three-point bending test at room
temperature

The three-point bending test is used to determine the
flexural strength and modulus of elasticity for the PI,
UQFRP composites, 18TQFRP composites, PSNS
nanocomposites and 18TQFR-PSNS composites. The
results are shown in Table 5. It can be seen that
flexural strength increases with the increase of SNS
content up to the optimum SNS content, and then
decreases after this limit. The optimum SNS content
is 2 wt%, in which the averaged flexural strength and
modulus of elasticity increases from 25.6 to 78.6 MPa
and from 5.7 to 8.2 GPa, about 207 and 44% increase
respectively compared to the neat PI. Figure 5 shows
typical strength-deflection curves of the samples
under investigation. All the specimens show a linear
response until the brittle fracture occurring as illus-
trated in Fig. 5. This Figure shows clearly that besides
the increase of stiffness and strength the elastic
behavior (flexure extension) of nanocomposites is not
suffering the existence of hard and brittle particles
and can even increase significantly. The SNS loading
in the PI matrix form the interfaces with the polymer
chain and the polymer chain mobility at the
nanoparticles surface interaction enhance the tough-
ness of the PI matrix [13]. This effect separates
nanocomposites from composites based on micro-
scale particle fillers [37]. However, beyond this opti-
mum content of SNS, the flexural strength of the
composites decreases as the material becomes brittle
and loses its ability to absorb the crack energy. At low

Table 5 The flexural strength
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magnifications, the fracture surfaces of the samples in
Fig. 6 show the presence of brittle fracture paths
respectively specific step structure. As shown in
Fig. 6a, the fracture surface of pure PI is flat and
smooth, where a few cracks on. The number of cracks
increases unexpectedly with 1 wt% SNS loading and
the fracture surface is also observed to be flat in
Fig. 6b. However, in PSNS2 (Fig. 6¢), riverlines are
observed on the fracture surface of PSNS2. Increasing
number of river line markings roughly represents the
number of isolated well dispersed SNS [1]. Further-
more, it can be seen that there is a SNS particle at the
crack deflection. Crack deflection process at SNS
particles in a matrix is proposed to play a significant
role in resulting composite [38]. This theory assumes
that a crack can be deflected at an obstacle and then
can be forced to move out of initial crack propagation
plane by tilting as well as twisting. This process leads
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Figure 5 Strength-extension curves of PSNS nanocomposites and
neat PL.

and modulus of elasticity Samples

Flexural strength (MPa) Elasticity modulus (GPa)

E) of 1
(E) of samples PI

16UQFRP
18UQFRP
20UQFRP
18TQFRP
PSNSI

PSNS2

PSNS3
18TQFR-PSNSI
18TQFR-PSNS2
18TQFR-PSNS3

25.61 £ 6.02 5.71 £ 0.40
761.11 £ 40.85 2436 + 0.89
796.35 + 38.21 25.19 £ 0.69
729.78 £+ 37.06 25.01 £ 0.68
848.21 £ 30.05 25.78 £ 0.47

57.92 £ 4.87 7.72 £ 0.34

78.64 £ 8.06 8.25 £ 0.31

66.14 £ 8.53 9.17 £ 042
886.36 = 41.23 25.98 £+ 0.56
986.63 £+ 59.60 26.85 £ 0.38
816.58 £ 48.86 25.20 £ 0.63
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Figure 6 Fracture surface of a PI, b PSNS1, ¢ PSNS2 and
d PSNS3 by three-point bending test.
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to an enhancement in total fracture surface area and
thus absorbs extra energy compared to neat polymer
matrices. In Fig. 6d, it can be observed that the
material becomes brittle which causes multiple frac-
tured rupture zones in it [34].

A similar trend is observed in the effect of quartz
fabrics and SiO, NPs on the flexural strength of the
composites. The optimum volume faction of quartz
fabric was found to be 50%, in which the flexural
strength is up to 796.3 MPa. However, beyond this
optimum volume faction, the flexural strength of the
composites decreases due to the poor adhesion
between the fibers and the matrix [18]. In addition,
Table 5 also shows the effect of the post-curing of
composites on the flexural strength of 18TQFRP
composites. It is clearly seen that the flexural strength
and modulus of elasticity of 18TQFRP composites
increase from 796.3 to 848.2 MPa and from 25.2 to
25.8 GPa, about 6.5 and 2.4% increase respectively
compared to 18UQFRP composites. Since the mag-
nitude of modulus is related to the molecular weight,
it is believed that additional cross-linking occurs at
the period of post-curing due to further inorganic
condensation reactions and covalent bonding with
the polyimide [39]. The fracture surface morpholo-
gies for the three-point bending test of 18UQFRP and
18TQFRP samples are shown in Fig. 8a and b. The
SEM micrograph of 18UQFRP sample (Fig. 8a) shows
that the fibers are torn out or debonded from the
matrix because of poor interaction between the
matrix and fibers and micro-gaps are present
between the fibers during the three-point bending
test [34]. After the post-curing, the interaction
between the matrix and the fibers is improved but the
fibers are still debonded from the matrix marked by
yellow arrows in Fig. 8b.

Overall, the incorporation of SNS into the 18TQFRP
composites lead to a significant enhancement in the
flexural strength of all quartz fabrics reinforced
nanocomposites. The flexural strength of 18TQFR-
PSNS2 increases from 848.2 to 986.6 MPa, about
16.3% increase compared to 18TQFRP composites.
Table 5 shows that the 18TQFR-PSNS3 obtained a
lower flexural strength and modulus of elasticity than
the other PSNS, evidencing the previous comment on
the thermal analysis. The Strength-extension curves
of 18TQFR-PSNS composites show a more ductile
behavior as compared to 18TQFRP samples, as
depicted in Fig. 7. The stiffness and flexural strength
follows an ascending trend until the 18TQFR-PSNS2
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Figure 7 Strength-extension curves of 18UQFRP, 18TQFRP and
18TQFR-PSNS composites.

then it declines for the 18TQFR-PSNS3. Figure 8c and
d show the SEM micrographs of the fiber-matrix
interface of 18TQFR-PSNS2 and 18TQFR-PSNS3
composites after three-point bending test. The
examination of fracture surface of 18TQFR-PSNS2
composites shows good fiber-matrix interfacial
bonding (in Fig. 8c), which reveales that good fiber-
nanomatrix interface is achieved. However, the SEM
image of 18TQFR-PSNS3 composites (Fig. 8d) shows
relatively poor adhesion between the fiber and the
matrix as well as debonding. The interaction between
PI and SNS as well as on the fiber-matrix interface is
characterized in more details as shown in Fig. 9. The
SEM images of 10 thousand times magnification in
Fig. 9a and b show the good PI-SNS interfacial
bonding on the fiber-matrix interface, indicating the
energy can be transferred effectively between SNS
and matrix [38]. Figure 9a shows the SNS of 18TQFR-
PSNS2 are dispersed uniformly on the fiber-matrix
interface, and it is clear that there are regions with
poor dispersion and presence of aggregates in
Fig. 9b. This result indicates that the nanomatrix of
18TQFR-PSNS3 becomes brittle and loses its ability to
hold the fibers together [40, 41].

Three-point bending test at elevated
temperature

The three-point bending test at elevated temperature
is used to determine the behavior and ultimate
loading capacity of the PSNS2 and 18TQFR-PSNS2
composites at a relatively high temperature. The
results of flexural strength and modulus are shown in

12215

18UQFRP, b
¢ 18TQFR-PSNS2 and d 18TQFR-PSNS3 by three-point bending
test.

Figure 8 Fracture surface of a 18TQFRP,

@ Springer
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Figure 9 SEM  micrographs of a 18TQFR-PSNS2 and
b 18TQFR-PSNS3 on the fiber-matrix interface.

Table 6. It can be seen that flexural strength decreases
with increasing testing temperature. The average
flexural strength of PSNS2 is decreased from 78 MPa
to 41 MPa at 300 °C, about a 47% decrease compared
to the strength at room temperature. Furthermore,
the average elasticity modulus decreases with
increasing temperature and only 44.6% retentated at
300 °C. Figure 10 shows a typical strength-deflection
curve of PSNS2 at elevated temperature. As illus-
trated in Fig. 10, all the specimens show a linear
response until the brittle fracture occurring and the
flexural extension increases with increasing testing

J Mater Sci (2017) 52:12207-12220
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Figure 10 Strength-extension curves of PSNS2 nanocomposites
at elevated temperature.

temperature. The fracture surface morphologies for
the three-point bending test of PSNS2 samples at
elevated temperature are shown in Fig. 11. Fig-
ure 11a and b show a corrugated appearance of
PSNS2 surface at the room temperature and 200 °C.
The ripples are closely spaced in PSNS2 at room
temperature as compared to 200 °C, indicating more
energy dissipation. The micrographs of PSNS2 at 250
and 300 °C are close agreement with failure behavior
of resin at elevated temperature, and it can be seen
from the Fig. 11c and d, showing extensive plastic
deformation of the matrix. This is due to the resin
softening at elevated temperature [8].

The average flexural strength of 18TQFR-PSNS2
decreased from 986 MPa to 499 MPa at 300 °C, about
49% decrease compared to the strength at room
temperature. Figure 12 shows a typical strength-de-
flection curve of the samples. As illustrated in Fig. 12,
all the specimens show a linear response until the
ductile fracture occur and the flexural extension
increased at high temperature. Furthermore, the

Table 6 The flexural strength

and modulus of elasticity Samples

Temperature (°C)

Flexural strength (MPa) Elasticity modulus (GPa)

(E) of PSNS2 and 18TQFR-

PSNS2 2
PSNS?2 at elevated temperature SNS >

200
250
300
18TQFR-PSNS2 25
200
250
300

78.64 £ 8.06 8.25 £ 0.31
65.05 &+ 6.29 591 £0.28
50.48 + 4.81 433 +£0.22
41.34 £+ 4.19 3.68 £ 0.19
986.63 + 59.60 26.85 + 0.38
662.13 £ 36.44 2437 £ 0.58
588.91 & 36.64 23.26 &£ 0.77
499.38 + 28.07 2227 £ 1.21
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Figure 11 Fracture surface of PSNS2 nanocomposites at a room
temperature, b 200 °C, ¢ 250 °C and d 300 °C.
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Figure 12 Strength-extension curves of 18TQFR-PSNS2compos-
ites at elevated temperature.

average elasticity modulus decreases with increasing
testing temperature, which results from resin soft-
ening at elevated temperature [8]. The fracture sur-
face morphologies for the three-point bending test of
18TQFR-PSNS2 samples at elevated temperature are
shown in Fig. 13. Figure 13a represents the fracture
surfaces of the sample tested at room temperature.
The irregular appearance reveals the presence of
pulling out fibers, and the fibers are debonded with
limited matrix coating. The separation of the fiber
yarns due to splitting cracks reveals that cracking in
these yarns occur just prior to fracture [7]. The pres-
ence of pulling out fiber is revealed by the brushy
appearance of the fracture surface and is confirmed
by the bare fibers in Fig. 13b, which is a characteristic
of brittle fracture. Furthermore, there is little indica-
tion of large-scale debonding and evidence of local-
ized matrix fall-out in the fracture region, as soften
matrix at high temperature hardly serve to blunt the
cracks and make them deflect effectively. There is less
splitting in the bundles and more matrix fragment on
the bundles compared to the specimens at 200 °C, as
seen in Fig. 13c. The matrix looks peeled or teared off
indicating a more ductile behavior at 300 °C. Similar
fracture events occur and ultimately lead to failure.
As shown in Fig. 13d, very smooth fiber imprints
were observed on the front where fibers pull out at
room temperature. The elevated temperature speci-
mens contain fiber imprints accompanied with
matrix deformation on the delaminated surface as
seen from Fig. 13e and f. Also in-plane matrix cracks
are observed, which may contribute to the loss of
mechanical properties at elevated temperature.
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Figure 13 Fracture surface of 18TQFR-PSNS2 composites at a, d: room temperature; b, e 200 °C; ¢, f 300 °C.

Conclusion

The PI composites reinforced with quartz fabrics and
silanized nanosilica with enhanced mechanical
properties were achieved at room and elevated tem-
perature. The silanization serves a bridging unit for
the nanoparticles, which facilitates a uniform dis-
persion of SNS in PI matrix. The optimum volume
fraction of quartz fabric is 50% and the optimum
content of SNS is 2 wt%. The mechanical properties of

@ Springer

quartz fabric reinforced PI composites are noticeably
improved after post-curing compared to the
untreated counterparts. The flexural strength, elas-
ticity modulus and impact strength of 18TQFR-
PSNS2 improve 16.3, 4.2 and 15.8%, respectively,
compared to the 18TQFRP composite. Furthermore,
the flexural strength of 18TQFR-PSNS2 remains
almost 500 MPa at 300 °C. The PI composites rein-
forced with quartz fabrics and silanized nanosilica
has a great application prospect as one of engineering



J Mater Sci (2017) 52:12207-12220

materials with high strength and high temperature
resistance.
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