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cial and mechanical properties of
glass fabric/polyphenylene sulfide composites via
grafting multi-walled carbon nanotubes

Junfeng Li, Yunyun Qiao, Dazhe Li, Shengchang Zhang and Pengqing Liu *

The interfacial strength between reinforced fiber and a polymeric matrix is a critical factor for determining

the mechanical properties of composites. Here, grafting multi-walled carbon nanotubes (MWCNTs) onto

plain weave glass fabric (PWGF) is introduced to improve the interfacial strength of PWGF reinforced

polyphenylene sulfide (PPS) composites. Firstly, MWCNTs-g-PWGF is prepared by grafting oxidized

MWCNTs onto functionalized PWGF, and then the MWCNTs-g-PWGF/PPS composite laminates are

fabricated by an opening hot pressing process. Fourier transform infrared (FTIR) spectroscopy and X-ray

photoelectron spectroscopy (XPS) confirm that the MWCNTs are successfully grafted onto PWGF by

chemical linkage. The interfacial morphologies are characterized by scanning electron microscopy (SEM),

which reveals a good interfacial compatibility in MWCNTs-g-PWGF/PPS composites. The mechanical

properties of MWCNTs-g-PWGF/PPS composites are also characterized by dynamic mechanical analysis

(DMA) and universal tensile or bending testing. According to the results, the present method of

manufacturing MWCNTs-g-PWGF/PPS composites produces an increase of almost 126% in tensile

strength and a significant enhancement of nearly 155% in the bending strength compared with PWGF/

PPS composites. The notable increase in the glass transition temperature of MWCNTs-g-PWGF/PPS

composites also reflects the remarkable improvement in interfacial strength of the composites.
1. Introduction

Polyphenylene sulde (PPS), as a typical high temperature semi-
crystalline engineering thermoplastic polymer, is well-known
owing to its excellent performance in dimensional stability,
thermal resistance, ame retardancy, solvent resistance and low
toxicity.1–3 It is applied in a wide range of industries including
electronics, ame retardant materials, mechanical and chem-
ical engineering, motor industry, etc.4–7 However, the applica-
tion of pure PPS have been somewhat limited by its relative low
mechanical properties. To improve the mechanical properties,
PPS composites formed using polymer blending, ber rein-
forcing and/or llers are usually used in industry.8–11 As far as we
know, short ber or nanoparticles reinforced thermoplastic
polymer composites have been reported widely, but the
continuous ber-reinforced thermoplastic composites are still
lacking of research.12–16 In contrast, continuous ber can
provide better dimensional stability and overall mechanical
properties to the composites than short bers or nano-
particles.17 Therefore, the continuous ber-reinforced thermo-
plastic composites are more suitable for manufacturing the
large-size aircras and other composite components, which is
leading to considerable prospect in industrial application.
g, Sichuan University, Chengdu 610065,

43
Among the group of reinforcing bers, glass bers are the most
common of all for polymeric matrix composites which have
been used over 50 years. The principal advantages of glass bers
are high tensile strength, high chemical resistance, good insu-
lating properties and low cost.18 Therefore glass ber-reinforced
PPS composites are thought to be a promising composite for
high performance engineering application. However, the
mechanical properties of the glass ber-reinforced PPS
composites are not as excellent as expected.

It is well known that the mechanical performance of
composite materials mainly depends on several factors such as
the characteristics of its ber and matrix, the efficiency of the
bonds, and the interaction between bers and matrix.19 Espe-
cially, the compatibility between bers and the matrix, as a key
factor to the composite which transfers the load from thematrix
to the bers, acts an important part in the mechanical perfor-
mance of composites.11 However, due to the lack of active
groups in the PPS chains, the interfacial adhesion between glass
ber and the PPS matrix is very weak. Therefore, it is of great
importance to improve the interfacial mechanical behavior of
glass ber-reinforced PPS. So far, quite a large number of
various strategies have been applied to strengthen the interfa-
cial adhesion between glass ber and polymer matrix such as
acid-base etching, coupling agent treatment, plasma surface
treatment, electrochemically oxidation, and adding compati-
bilizer and so forth.20–23 The primary and disadvantages of these
This journal is © The Royal Society of Chemistry 2019
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existing methods are the damage to ber and complicated
manufacturing process.

Alternatively, various nanoscale materials have been used for
enhancing the interfacial properties of composites.24 Especially,
carbon nanotubes (CNTs) are one of the most promising nano-
scale particles for enhancing the interfacial strength of compos-
ites, because of their nanoscale diameter and exceptionally high
mechanical properties with tensile strength (200 GPa), elastic
modulus (200–5000 GPa) and fracture strain (10–30%).25–29 The
presence of CNTs is expected to enhance the interfacial interac-
tion according to different mechanisms such as CNTs debonding
and pull-out, crack deection and pinning, crack tip deformation
and particle/ber deformation.30–34 Some enhancements of
interfacial properties have been achieved with nanoscale rein-
forcement of the interfacial region by means of sizing CNTs on
the surface of bers, growing CNTs onto the ber surface by
electro-deposition or chemical vapor deposition.35–38 Yet, on the
one hand, these methods are mainly applied to modication of
carbon bers but rarely glass bers. On the other hand, there are
still some difficulties to be adopt in large-scale applications
because the high costs and low efficiency.

This work demonstrated a novel chemically method for
preparing MWCNTs graing silanized plain weave glass fabrics
(MWCNTs-g-PWGF) which aimed at reinforcing the interface
between PWGF and PPS matrix. The prepared MWCNTs-g-
PWGF sheets were successfully inltrated with PPS resin by
an open hot pressing molding process. The following material
parameters were studied: storage modulus (G00), glass transition
temperature (Tg), and mechanical properties such as tensile
strength and modulus, bending strength and modulus. In
addition, the mechanism of MWCNTs graing PWGF was dis-
cussed and veried by FTIR, XPS, and SEM.
2. Experimental
2.1. Materials

Commercially available plain weave glass fabric (PWGF) (c021)
was obtained from Sichuan Glass Fiber Group Co., Ltd. (Chengdu,
China). PPS laments (340dtex/18F) were spun from our labora-
tory. High purity multi-walled CNTs (MWCNTs) powder was ob-
tained from Chengdu Organic Chemistry Co., Ltd (Chengdu,
China) with the diameter less than 8 nm, length from 10 to 30 mm
and purity over 95 wt%. 3-Aminopropyl-triethoxysilane (APTES)
was purchased from Macklin Biochemical Co., Ltd. (Shanghai,
China). Dicyclohexylcarbodiimide (DCC) was obtained from
Adama-beta Reagent Co., Ltd (Shanghai, China). Glacial acetic
acid, acetone, ethanol, toluene, sulfuric acid 98% (H2SO4), sodium
nitrate (NaNO3), potassiumpermanganate (KMnO4) and hydrogen
peroxide 30% (H2O2) were all analytical regent purchased from
Chronchem Reagent Co., Ltd. (Chengdu, China).
2.2. Preparation of MWCNTs-graed PWGFs

2.2.1. Surface modication of PWGFs. Firstly, tailored
PWGF (20 cm � 20 cm) sheets were soaked in acetone solution
to remove any organic matters, such as sizing agents or other
impurities. Then, the PWGF sheets were exposed to UV/O3
This journal is © The Royal Society of Chemistry 2019
cleaner (Hwotech, BZS250GF-TC) for 1 h to generate more
functional groups on the surface.39 Next, these de-sizing PWGF
were stored in desiccators for later use. At the same time, APTES
were hydrolyzed by ethanol solution and acetic acid, which was
shown in eqn (1). Firstly, 180 mL ethanol and 20 mL deionized
water were mixed. And then, 4 wt% APTES with respect to the
mass of PWGFs were added into the ethanol/deionized water
mixture. Aer that, glacial acetic acid was added dropwise into
the APTES/ethanol/deionized water mixture to adjust pH to 4–5
simultaneously. Subsequently, the solution was treated by
ultrasonic for 30 min. Finally, de-sizing PWGF sheets were
immersed in this mixture for 30 min, and then dried at 60 �C for
2 h.

NH2ðCH2Þ3SiðOCH2CH3Þ3 �����!Hydrolyzation
NH2ðCH2Þ3SiðOHÞ3

þ CH3CH2OH (1)

2.2.2. Oxidization of MWCNTs. According to modied
Hummer's method,40 2.0 g of MWCNTs powder and 125 mL
H2SO4 were added into a round bottom ask in turn with stir-
ring and kept cool around 20 �C. Aer completely mixing, 1.0 g
of NaNO3 was added to the ask. Next, 6.0 g of KMnO4 was
added slowly at 35 �C. Aer adding KMnO4, the reaction
temperature was increased around 95 �C and kept 30 min.
Besides, the mixture was dispersed well using ultrasonic treat-
ment. Next, 150 mL of deionized water and 20 mL 30% H2O2

were added in the reaction mixture, continuing to react for the
next 60 min. Aer cooling to room temperature, 500 mL of
deionized water was added to the mixture. Then, the oxidized
MWCNTs (O-MWCNTs) were obtained by ltration and washing
with plenty of deionized water until the pH of supernatant equal
to 7.0. Finally, the O-MWCNTs were dried under 60 �C and
grinded to powder again.

2.2.3. Graing reaction between MWCNTs and PWGFs.
0.3 g of O-MWCNTs was mixed with 300 mL of ethanol. And
a homogenous suspension was obtained aer ultrasonication
for 2 hours. Then, the silanized PWGF sheets were immersed
into this suspension, and 5 mg of N,N0-dicyclohex-
ylcarbodiimide (DCC) was added by dropping. When the
temperature of reaction systems was heated to 50 �C, the ami-
dation between amine groups linked on PWGF sheets and
carboxyl group linked on MWCNTs was triggered. Aer 4 h
reaction, the modied PWGF sheets were washed several times
using ethanol and hot toluene (50 �C) to remove the by-
products. Finally, the MWCNTs-g-PWGF sheets were dried
and stored in desiccators for later use.

2.3. Preparation of composite laminates

The opening hot pressing process was used to produce the PPS
composite laminates which were reinforced by six plies of PWGF
sheets. PPS laments were evenly laid between PWGF mats by
hand-laying. According to our previous investigations, the optimal
conditions to obtain composite laminates with best mechanical
properties were as follows: 60% wt of PWGF with respect to the
mass of composite laminates, 290 �C of hot-pressing temperature,
8 MPa of hot-pressing pressure and 20 min of processing time.
RSC Adv., 2019, 9, 32634–32643 | 32635
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Fig. 1 Schematics of (a and b) pathway for preparation of MWCNTs grafted PWGF sheets; and (c) the structural diagram of MWCNTs-g-PWGF/
PPS composites.
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2.4. Characterization

Fourier transform infrared spectroscopy (FTIR) analysis was
carried out using a Nexus-560 spectrometer (Nicolet, USA) based
on KBr pellets method. The spectra were recorded from 500 to
4000 cm�1 with a resolution of 2 cm�1.

The changes in surface groups of MWCNTs, PWGF, O-
MWCNTs, APTES-PWGF, and MWCNTs-g-PWGF were investi-
gated using an X-ray photoelectron spectrometer (XPS)
(XSAM800, Kratos Co., Ltd., England) with resolution 0.2 eV.

In order to measure the glass transition temperature and
storagemodulus of PWGF/PPS, APTES-PWGF/PPS andMWCNTs-g-
PWGF/PPS composite laminates, dynamic mechanical analysis
(DMA) were employed using a DMA Q800 (TA Instruments Inc.,
USA). The test conditions were as follows: alternation bending
conguration, 0–250 �C of temperature range, 1 Hz of frequency,
10 �C min�1 of heating rate. The dimension of specimen was
20.00mm in length, 10.00mm inwidth, and 1.44mm in thickness.
32636 | RSC Adv., 2019, 9, 32634–32643
Scanning electron microscope (SEM) (JEOL Model JSM-5900,
Japan) was used to observe surface morphology of composite
laminates. The specimens were coated with gold before obser-
vation. And the acceleration voltage was set from 5 to 20 kV
according to different specimens.

The mechanical properties of MWCNTs-g-PWGF/PPS
composite were measured using a universal tensile testing
machine (INSTRON 5565, Instron Limited, UK) at room
temperature. The displacement rate was 2 mm min�1 with
a gauge length of 100 mm. The load cell capacity was of 10 kN.
The bending test was also performed with this machine by
three-point bending mode. The loading rate was 2 mm min�1

with the distance between bearing points of 64 mm. The
dimensions of the specimens used were 150.00 mm in length,
10.00 mm in width, and 1.44 mm in thickness for both tension
and bending test.
This journal is © The Royal Society of Chemistry 2019
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Fig. 2 FTIR spectra of PWGF, APTES-PWGF, and APTES.
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3. Results and discussion

The proposed methodology for realizing chemical graing
modication of PWGF was depicted as a processing ow
Fig. 3 XPS spectra of (a) PWGF and (b) APTES-PWGF.

Fig. 4 XPS spectra of MWCNTs (a) before and (b) after oxidation.

This journal is © The Royal Society of Chemistry 2019
diagram in Fig. 1. The process included: (a) PWGF was activated
by UV treatment and functionalized by APTES on the ber
surface; (b) MWCNTs-g-PWGF were obtained by oxidation of
MWCNTs by improved Hummer's method and graing
MWCNTs onto APTES-PWGF by amidation reaction. In addi-
tion, (c) the structural diagram of MWCNTs-g-PWGF/PPS
composites was also displayed.
3.1. Modifying PWGF by APTES

At the interface between the glass ber and the silane coupling
agent, the hydroxyl groups of the silanes and those of the glass
ber surface can react with each other through siloxane bonding
or hydrogen bonding.41 The FTIR spectra of PWGF, APTES and
APTES-PWGF were shown in Fig. 2. The peaks at 762 and
1030 cm�1 on the spectrum of APTES-PWGF were attributed to the
vibration of Si–O–Si bond, while the band in the region of 2950–
2850 cm�1 of the APTES could be attributed to the stretching
vibration of C–H in methylene groups of APTES. In addition, C–H
peaks were also observed in the spectrum of APTES-PWGF, but
which did not appear in the FTIR spectrum of PWGF, indicating
the possibility that APTES were chemically linked onto PWGF.
RSC Adv., 2019, 9, 32634–32643 | 32637
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Table 1 C element types and content of MWCNT and O-MWCNTs

Type

Content (at%)
Binding energy
(eV)MWCNT O-MWCNT

C]C (sp2) 65.42 60.81 284.6
C–C (sp3) 18.22 15.81 285.8
C–O 7.49 10.36 287.0
C]O 3.53 6.59 288.3
–COO– 3.31 5.04 289.5
p–p* transitions 2.03 2.00 291.1
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Additionally, XPS analysis was performed to conrm the
surface modication of the PWGF using APTES as shown in
Fig. 3. The Si 2p peak around 102.6 eV was attributed to Si–O–Si,
which is in agreement with Barr and Seal.42 Aer graing, a new
peak belonged to Si–C appeared at 101.8 eV, which supporting
the conclusion that the APTES groups have been chemically
graed onto the PWGF surface.

3.2. Oxidation of MWCNTs

In order to evaluate the oxidization process of MWCNTs quan-
titatively, MWCNTs and O-MWCNTs samples were
Fig. 5 FTIR spectra of APTES-PWGF and MWCNTs-g-PWGF.

Fig. 6 XPS spectra of APTES-PWGF (a) and MWCNTs-g-PWGF (b).

32638 | RSC Adv., 2019, 9, 32634–32643
characterized by XPS as shown in Fig. 4. These C 1s peaks
located at 284.6 eV, 285.8 eV, 287.0 eV, 288.6 eV, 289.9 eV and
291.4 eV, were corresponded to C]C (sp2), C–C (sp3), C–O, C]
O, –COO– and p–p* transitions, respectively.43 The content of
the carbon element in different chemical environments for
MWCNTs and O-MWCNTs were listed in Table 1. Aer oxida-
tion, the contents of C–O, C]O and –COO– groups increased
from 7.49 at%, 3.53 at% and 3.31 at% for MWCNTs sample to
10.36 at%, 6.59 at% and 5.04 at% for O-MWCNTs sample
respectively, suggesting the surface oxygen-containing groups
of O-MWCNTs were increased signicantly. In the view of these
results, one could conclude that MWCNTs was oxidized
successfully.
3.3. Surface characteristics of MWCNTs graed PWGF

To conrm whether MWCNTs were graed onto PWGF
successfully, the FTIR spectra of APTES-PWGF and MWCNTs-g-
PWGF were measured as shown in Fig. 5. The peaks at 762 and
1030 cm�1 for the stretching vibrations of Si–O–Si bonds shied
to 744 and 881 cm�1 which might be caused by the changes of
chemical interaction betweenMWCNTs and APTES. The peak at
3437 cm�1 which was assigned to the –OH group on the APTES
shied to 3432 cm�1 aer graing the MWCNTs. This shi
could be attributed to the changing of chemical environment
and proved that MWCNTs were chemically linked on PWGF. In
addition, the strong peak of C–N stretching vibration of primary
amine group at 1439 cm�1 transformed to a weak peak at
1278 cm�1. This result indicated that the amide groups were
formed by reaction between the primary amino groups of APTES
and the carboxyl group of MWCNTs.44 Meanwhile, the peak at
1618 cm�1 assigned to N–H wagging vibration transformed into
a strong peak at 1459 cm�1 as seen in the spectrum aer
graing. This result also proved the possible reactions showing
in Fig. 2(b).

XPS was employed to illustrate the truth of chemical linkage
between MWCNTs and PWGF. As shown in Fig. 6(a), the peak at
399.6 eV was related to C–N group of APTES, which meant that
the nitrogen atoms were in a single chemical environment. In
contrast, the binding energy of N 1s at 399.8 eV and 401.4 eV
This journal is © The Royal Society of Chemistry 2019
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Table 2 The content of C/N/O/Si on the surface of PWGF, APTES-
PWGF and MWCNTs-g-PWGF

Samples

Content of elements (at%)

C N O Si

PWGF 32.42 2.33 52.61 12.64
APTES-PWGF 60.55 6.57 26.81 6.07
MWCNTs-g-PWGF 62.43 6.42 26.21 4.94

Fig. 8 The storage modulus of PWGF/PPS, APTES-PWGF/PPS, and
MWCNTs-g-PWGF/PPS.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

4 
O

ct
ob

er
 2

01
9.

 D
ow

nl
oa

de
d 

on
 4

/2
/2

02
6 

6:
12

:4
9 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
were corresponded to C–N and O]C–N group of MWCNTs-g-
PWGF as shown in Fig. 6(b), suggesting the chemical environ-
ments for nitrogen atoms were changed aer graing.45 The
component for the O]C–N group at 401.4 eV illustrated the
presence of amide groups, which generated by amidation
reaction between the MWCNTs and APTEs-PWGF. Thus, the
results of XPS conrmed that the MWCNTs were graed on
PWGF chemically.

In order to understand the effect of modication of PWGF in
detail, we investigated the content change of elements of C/N/O/
Si in different samples. As we can see from Table 2, compared
with APTES-PWGF and MWCNTs-g-PWGF, the contents of O
and Si on the surface of PWGF are highest, while the C and N are
lowest. Aer the treatment by APTES, the content of C and N on
the surface of APTES-PWGF increased substantially, which the
content of O and Si decreased signicantly, which proved the
surface of PWGF modied by APTES successfully. Aer further
graing of MWCNTs, the content of C increased slightly, but the
Fig. 7 SEM images of the surface of (a) APTES-PWGF and (b) MWCNTs-

This journal is © The Royal Society of Chemistry 2019
content of N, O and Si also decreased moderately. According to
the process of chemical reaction, the change of element content
proved that each step of modifying and graing reaction were
successful.

Furthermore, the dispersions of APTES and MWCNTs on
the surface of glass ber were investigated by SEM as shown in
Fig. 7. Modifying of APTES did not alter signicantly the
appearance of the PWGF surface. Compared with APTES-
PWGF, the graed MWCNTs presented randomly dispersion
on the surface but part of the MWCNTs also clumped
together.
g-PWGF.

RSC Adv., 2019, 9, 32634–32643 | 32639
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Fig. 9 The tan d of PWGF/PPS, APTEs-PWGF/PPS, and CNTs-g-
PWGF/PPS.
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3.4. Interfacial properties of composite laminates

The strong interfacial interaction between PWGF sheets and
PPS matrix was essential to improve the mechanical properties
of composite laminates. In order to further illustrate the effect
of APTES treatment as well as MWCNTs gra on the interfacial
interaction, DMA was employed to investigate the storage
modulus and glass transition temperature of composites with
different treatment conditions of PWGF. The storage modulus
can be used to characterize the information about the load
bearing capacity of material and interfacial compatibility of
Fig. 10 SEM images of (a) PWGF/PPS, (b) APTES-PWGF/PPS, and (c and

32640 | RSC Adv., 2019, 9, 32634–32643
composites. Higher storage modulus attributed to a higher
rigidity of material, and the storage modulus is sensitive to the
entanglement of resinmolecules. As shown in Fig. 8, the storage
modulus of PWGF/PPS, APTES-PWGF/PPS, MWCNTs-g-PWGF/
PPS presents gradually rising trend, which indicated that the
surface treatments of PWGF improved the interfacial adhesion
of composites. More active groups such as amino and carboxyl
groups were exposed to the surface of PWGF aer APTES
treatments, and these active groups generated interaction with
PPS resin. As for MWCNTs-g-PWGF/PPS, the active groups on
the surface of MWCNTs acted as cross-linking points with PPS
resin, which gave rise to entanglements of PPS resin and
increases the rigidity of molecular chains.

The glass transition temperature (Tg) of PPS resin in the
composite can be used to indicate the extent of entanglement of
PPS chains. Furthermore, the degree of entanglement of
molecular chains is closely related to the interfacial interaction.
Stronger interaction force indicates more entanglement of
molecular chains and results in a higher Tg. The tan d-temper-
ature curves for the PWGF/PPS, APTES-PWGF/PPS, and
MWCNTs-g-PWGF/PPS were shown in Fig. 9. The appearance of
loss peak of DMA was caused by the movement of the PPS chain
segment while the temperature was increasing. The more
difficult the chain segment was to move, the higher temperature
(or activation energy) was required for its movement. Aer
graing APTES and MWCNTs, the interfacial adhesion between
PPS matrix and PWGF was enhanced, and the ability of move-
ment of PPS chain segment was further inhibited by the PWGF,
d) MWCNTs-g-PWGF/PPS.

This journal is © The Royal Society of Chemistry 2019
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Fig. 11 Mechanical properties of PWGF/PPS, APTES-PWGF/PPS and MWCNTs-g-PWGF/PPS.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

4 
O

ct
ob

er
 2

01
9.

 D
ow

nl
oa

de
d 

on
 4

/2
/2

02
6 

6:
12

:4
9 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
which induced that the Tg of the composite increased. Due to
the difficulty of the chain segment motion corresponded to
different temperature, the wide peak (temperature range)
meant that there were varying PPS chain segments with
different motion capabilities. The different could be interpreted
as the different adhesion between PPS and PWGF: the adhesion
in the point of interface defect or far from the ber is weak.
Therefore, the narrowing of the loss peak could also indicate
that the defects at the interface of the composite material were
reduced and the interfacial adhesion was enhanced aer
graing.

In order to further conrm the existence of the interactions
between MWCNTs-g-PWGF and PPS matrix, SEM was applied
to observe the interlamination surface of CNTs-g-PWGF/PPS
composites aer separated in single layers. As shown in
Fig. 10, the arrows indicated the crevice between PWGF and
PPS. The detachment of phases was shown obviously in PWGF/
PPS (a) and the surface of PWGF was smooth with no PPS resin
Fig. 12 Schematic illustration of microstructure of the interface betwee

This journal is © The Royal Society of Chemistry 2019
adhered, which meant poor interfacial compatibility and low
interfacial interaction. Aer APTES treatment, although cracks
can be seen in APTES-PWGF/PPS (b), PPS resin was attached
on PWGF which improve the interfacial properties. As for
MWCNTs-g-PWGF/PPS (c and d), PWGF and PPS were joined
tightly with none gaps, evincing good compatibility and strong
interfacial interactions. It was because that the MWCNTs
improve the contact area and compatibility between rein-
forcements and matrix. Besides, the strong interfacial inter-
actions could be achieved by the functional groups between
the oxidizing groups on MWCNTs and PPS chains.
3.5. Mechanical properties

The strength and Young's modulus of the three different
composites were given in Fig. 11. Compared with PWGF/PPS,
APTES-PWGF/PPS and MWCNTs-g-PWGF/PPS displayed a higher
value in tensile strength, bending strength, tensile modulus, and
bending modulus. A remarkable increase was attributed to the
n PPS matrix and MWCNTs-g-PWGF.

RSC Adv., 2019, 9, 32634–32643 | 32641
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enhancement of interfacial interaction between reinforced bers
and PPS matrix. For example, with APTES treatment, the tensile
strength increased by 54% from 115 MPa to 178 MPa, while the
bending strength raised by 27% from 67 MPa to 85 MPa. Besides,
aer MWCNTs graed, the tensile strength increased by 127%
from 115MPa to 261MPawhereas the bending strength improved
by 155% from 67MPa to 171MPa. Therefore, the APTES treatment
and MWCNTs graing resulted in enormous improvements in
mechanical properties.

The obvious improvement in the mechanical properties of
MWCNTs-g-PWGF/PPS composites can be attributed to several
factors: (a) better compatibility between MWCNTs-g-PWGF and
PPS matrix, which resulted in more effective mechanical load
transfer from thematrix to the reinforcement; (b) bigger specic
surface area of PWGF aer graing, which provided more load
transfer area between ber surface and matrix; (c) fewer inter-
face defects, which reduced the crack caused by stress concen-
tration during loading process. As shown in Fig. 12, the graed
MWCNTs on the surface of PWGF were pierced into PPS matrix,
which provided a rm path to improve the efficiency of load
transfer from PPS matrix to PWGF.
4. Conclusions

In conclusion, the MWCNTs-g-PWGF/PPS composites with
a well-distributed dispersion of MWCNTs were prepared
successfully via novel chemical modication method and hot-
pressing process. According to the results, the MWCNTs-g-
PWGF not only showed good adhesion between MWCNTs
and PWGF, but also formed strong interfacial interactions
with the PPS chain of the matrix. MWCNTs just like ‘anchors’
which were inserted in the matrix, and these ‘anchors’
enhance the contact area between the glass ber and PPS
matrix. On account of these remarkable structures, a signi-
cant improvement on the mechanical properties of MWCNTs-
g-PWGF/PPS composite was obtained due to effective load
transfer from PPS matrix to MWCNTs-g-PWGF. Furthermore,
the Tg of MWCNTs-g-PWGF/PPS composites showed to be
higher than that of PWGF/PPS composites. Consequently,
oxidation of MWCNTs with chemical graing modication to
prepare MWCNTs-g-PWGF/PPS composites provided a novel
and concise method to develop glass ber reinforced PPS
composites with excellent interfacial interaction and showed
a further potential for improvement of the composite
performance.
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