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lyimide/graphene nanosheet
composite fibers via microwave-assisted
imidization strategy
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Hongqing Niu *a and Dezhen Wu*a

Here, a rapid and efficient strategy was introduced to prepare polyimide/graphene nanosheet (PI/GN) composite

fibers by microwave-assisted imidization. The mechanical properties of the PI/GNs (1 wt%) fibers treated by

microwave-assisted imidization were apparently improved with the tensile strength of 1.12 GPa at 350 �C,
which was approximately 1.7 times as much as those treated with traditional thermal imidization. The PI/GNs

(1 wt%) fibers heated by the microwave-assisted imidization method exhibited excellent thermal stabilities of

up to 570.3 �C in nitrogen for a 5% weight loss, and a glass transition temperature above 339 �C. The results

of the infrared spectrum and thermal properties indicated that the microwave-assisted treatment could

promote the imidization degree of the PI/GN fibers prominently. Meanwhile, as a microwave absorber,

graphene nanosheets (GNs) could also promote the imidization process by converting microwave energy into

thermal energy. The microwave-polyimide/graphene nanosheet (MW-PI/GN) fibers possessed an optimum

tensile strength of 1.38 GPa and modulus of 56.82 GPa at the GN content of 0.25 wt%. The 5% weight loss

temperature in nitrogen ranged from 520.9 �C to 570.3 �C, and the glass transition temperature was increased

from 305.7 �C to 339.1 �C with increasing the GN content.
1 Introduction

In recent years, polyimide (PI) bers have been widely used in
aerospace industries, microelectronic, and atomic energy
industries owing to their excellent mechanical properties, high-
temperature resistance, and superior chemical and irradiation
resistance together with good dielectric properties.1–4 With the
deepening of industrialization upgrading, PI materials, as an
“expert solution for solving material problems” have found an
increasing demand in aerospace, safety protection, remote
sensing mapping, photoelectric displays, and other elds.
Further, improving the performance and yield to meet the
needs of technological innovation and consumption growth in
various industries is becoming an important direction for the
study of PI materials.5–8 The two-step method is the most widely
used method to prepare PI materials, especially PI bers, PI
lms, and other molding materials; however, this method also
has its shortcomings: low utilization rate, large energy loss, and
internal structural defects. Therefore, it is of great signicance
to optimize the preparation method of PI materials and to
achieve the high-efficiency and energy-saving preparation of PI
Engineering, College of Materials Science

ical Technology, Beijing 100029, China.

il.buct.edu.cn; Fax: +86 10 6442 4654;

+86 10 6442 1693

y Co., Ltd, Changzhou, 213000, China

the Royal Society of Chemistry
materials while improving the performance.9–11 However, some
side effects, including oxidation and crosslinking, as well as
insufficient utilization of energy should be considered during
the high-temperature thermal imidization process.12,13 It has
been reported that microwave technology is an effective and
green approach to heat materials, since it offers some advan-
tages over conventional heating, such as non-contact and rapid
heating from the interior of the material body.14–20 Microwave-
assisted heating to prepare polymer materials has unique
advantages, including a faster reaction rate and higher
conversion rate, and especially the phenomenon of promoting
closed-loop polymerization. It provides a new idea for the
imidization of PI materials and the preparation technology of PI
bers.21–25 Li et al. synthesized the precursor polyamic acid
(PAA) solution by the microwave-assisted heating method, and
the yield was as high as 93% at 1.5 h.26 Wang et al. used
a microwave oven to cure the PI adhesive, and found that the
curing effect from microwave heating was better than from the
hot press and the electricity consumption cost was also greatly
reduced.27 Matsutani et al. used a temperature-controllable
frequency conversion microwave device to achieve the imid-
ization transformation of PAA lms, and successfully prepared
a complete imidized PI lm.28 Currently, there have been a few
studies on the microwave-assisted heating method used to
prepare PI materials, but there is a lack of discussion on the
heating mechanism and inuencing factors, while the changes
in the internal structure and performance of PI materials during
RSC Adv., 2021, 11, 32647–32653 | 32647
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the heating process have not been analyzed. This means the
preparation of microwave-assisted heating PI materials lacks
a sufficient theoretical basis and guidance. Consequently, use of the
microwave-assisted heating method to prepare PI materials—
especially the development of PI bers, lms and other materials
with molding—is restricted.29,30 In our previous work, a series of PI
lmswere prepared via themicrowave-assisted thermal imidization
method. PI lms obtained by this method possessed superior
mechanical properties and better thermal properties than those
obtained via thermal imidization, proving the microwave-assisted
heating method's potential as a rapid and efficient way to prepare
high-performance PI materials.31 In addition, some microwave
absorbers that interact withmicrowaves are used in themicrowave-
assisted process to producemore heat radiation, thereby promoting
the closed-loop reaction. These microwave absorbers include
carbon materials, such as carbon nanotube or graphene with
sufficient dielectric loss.32–34 Therefore, the addition of microwave
absorbers can provide a novel way to fabricate PI materials, solving
the problem of insufficient energy utilization. Most carbon mate-
rials, such as carbon nanotubes and graphene sheets, have a ow-
ablep-electron cloud, which can allow interface polarization to take
place under the action of a microwave eld and generate a large
amount of heat energy.35–37 Therefore, GNs can be selected as
a wave-absorbing ller, and the method of preparing polyimide/
graphene nanosheets (PI/GNs) bers via microwave-assisted imid-
ization had the dual functions of ller reinforcement and wave-
absorbing promotion of imidization. To the best of our knowl-
edge, there has been no report regarding the application of
microwave-assisted imidization and microwave absorbers in the
preparation of PI bers.

In this study, a series of PI/GNs bers were prepared by the
microwave-assisted imidization method to verify the effect of
microwave-assisted heating and the ability of GNs as absorbers
to convert microwave energy.
2 Experimental
2.1 Materials

The monomers p-phenylenediamine (PDA) and 4,40-oxydiani-
line (ODA) were purchased from Changzhou Sunlight Pharma-
ceutical Co., Ltd. The monomer 3,30,4,40-
biphenyltetracarboxylic dianhydride (BPDA) was purchased
from Shijiazhuang Haili Chemical Company and puried by
sublimation prior to use. The solvent dimethylacetamide
(DMAc) was purchased from Beijing Chemicals Re-agent
Factory and puried by distillation before use. Graphene
nanosheets (GNs) were purchased from Jiangnan Graphene
Research Institute. The deionized water used in the experiment
was prepared using the Laboratory Water Purication System.
Scheme 1 Synthetic process of BPDA/p-PDA/ODA co-PI.
2.2 Preparation of the PI/CNs bers

The PI/GNs bers were prepared via the in situ polymerization
and two-step method according to the following process. A
mixture of GNs (1% wt), p-PDA, and ODA (molar ratio: 7/3) was
dispersed in DMAc solvent by stirring in a dried atmosphere
rst, and then equimolar BPDA was added gradually to generate
32648 | RSC Adv., 2021, 11, 32647–32653
the polyamic acid/graphene nanosheets (PAA/GNs) solution.
The PAA/GNs precursor bers were produced by extruding the
viscous PAA/GNs solution through a spinneret, and then the
PAA/GNs bers were washed by deionized water to remove the
residual solvent DMAc and then dried in an oven at 150 �C. The
dried PAA/GNs bers were heated in the oven at 200 �C, 250 �C,
300 �C, and 350 �C, respectively, to obtain the PI/GNs bers,
which were denoted as T-PI/GNs. Besides, the dried PAA/GNs
bers were placed in a microwave muffle furnace with a micro-
wave magnetron and infrared temperature control system and
heated following the same temperature process to obtain PI/
GNs bers by microwave-assisted imidization, and were deno-
ted as MW-PI/GNs. Meanwhile, the pure PI bers were prepared
at 350 �C by microwave-assisted imidization, and were denoted
as MW-PI. The PI/GNs bers with different GNs content were
prepared at 350 �C by microwave-assisted imidization, with the
content of the GNs being 0.25, 0.5, 0.75, 1, and 2 wt%, denoting
these as MW-PI/GNs-0.25G, MW-PI/GNs-0.5G, MW-PI/GNs-
0.75G, MW-PI/GNs-1G, and MW-PI/GNs-2G, respectively.
Scheme 1 illustrates the synthetic process for the BPDA/p-PDA/
ODA copolymerization PI (co-PI). Fig. 1 illustrates the structure
and preparation process of the PI/GNs bers.
2.3 Characterization

Fourier transform infrared (FT-IR) spectra were obtained on
a Nexus 670 instrument with the scanning wavenumber ranging
from 4000 to 400 cm�1 for an average of 16 scans. The samples
were prepared by grinding the bers with KBr in a mortar, and
themeasurements were conducted in ambient atmosphere. The
imidization degree (ID) could be calculated using the
equation:11

ID ¼ ðS1353=S1509Þi
ðS1353=S1509Þc

� 100% (1)

where S is the area of the absorption band, and subscript i and c
represent the PI bers with incomplete imidization and
complete imidization, respectively.

The mechanical properties of the monolaments were tested
using a YG001A-1 instrument at an extension rate of 10
mm min�1. At least 15 samples of each group were tested and
the average value was achieved as a result.

Two-dimensional wide-angle X-ray diffraction (2D WAXD) was
performed on a Bruker D8 Discover diffractometer equipped with
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Structure and preparation process of PI/GNs fibers.
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GADDS as a 2D detector. X-ray diffraction measurements were
taken in transmission mode at room temperature. The instrument
employed Cu Ka radiation (l ¼ 0.154 nm) and operated at 40 kV
and 40 mA. A bundle of closely packed parallel bers were xed on
the specimen holder by double-sided tape, and the point-focused
X-ray beam was aligned perpendicular to the ber axis direction.
The crystal interlayer d-spacing was calculated using Bragg's
reection equation:

nl ¼ 2d sin q (2)

In addition, the degree of molecular orientation could be
calculated by integrating the corresponding intensities of the
azimuthal scans along the isolated and preferred crystal planes.
The degree of molecular orientation of the bers was calculated
based on the Herman's equation:38

f ¼ ��
3cos24� 1

���
2 (3)

where f is the degree of molecular orientation along the ber
axis direction and 4 represents the angle between the ber axis
and c-axis crystal unit cell. The numerical values of the mean
square cosines in the equation above were determined by cor-
rected intensity distribution I(4) diffracted from the crystalline
plane by Gaussian tting following the equation:39

�
cos24

� ¼
Ð p=2
0

Ið4Þsin4cos24d4
Ð p=2
0

Ið4Þsin4d4
(4)
Fig. 2 FT-IR spectra of the PI/GNs fibers ((a) T-PI/GNs; (b) MW-PI/GNs)

© 2021 The Author(s). Published by the Royal Society of Chemistry
Dynamic mechanical analysis (DMA) was performed on
a DMA Q800 system with a load frequency of 1 Hz and heating
rate of 5 �Cmin�1 at temperatures ranging from 50 �C to 450 �C.

Thermogravimetric analysis (TGA) measurements were
carried out on a TGA Q50 system with a heating rate of
10 �C min�1 from 50 �C to 800 �C under nitrogen.

Themorphologies of the fractured surfaces were captured on
a Hitachi S-4700 system.

3 Results and discussion
3.1 Chemical structure

Fig. 2 shows the FT-IR spectra of the PI/GNs bers prepared at
different temperatures. All the PI bers displayed four charac-
teristic absorption peaks at approximately 1778, 1715, 732, and
1353 cm�1, which were attributed to the C]O asymmetrical
stretching, symmetrical stretching and bending, and C–N
stretching of the cyclic imide, respectively. The absorption band
at 1850 cm�1, which was assigned to terminal anhydride
generated by the degradation of PAA chains, could be observed
in the spectra of the T-PI/GNs-200 and T-PI/GNs-250 bers.
Nevertheless, the absorption bands at 1850 cm�1 for theMW-PI/
GNs-200 bers became weaker and MW-PI/GNs-250 bers were
absent, indicating that microwave-assisted imidization treat-
ment could inhibit the dissociation of PAA molecular chains
effectively. Furthermore, the intensities of C–N (1353 cm�1) of
the MW-PI/GNs bers were always stronger than those of the T-
PI/GNs bers, implying that microwave-assisted treatment
could promote the conversion to cycloimide rings. Table 1 lists
the IDs of the MW-PI/GNs and T-PI/GNs bers with different
temperatures. The ID of MW-PI/GNs-350 was set as 100%. It is
obvious that the IDs of the MW-PI/GNs bers were higher than
those of the T-PI/GNs bers.

The ID values of the T-PI/GNs-350 andMW-PI/GNs-300 bers
were calculated as 85.8% and 93.2%, indicating that the
microwave-assisted heating method could accelerate the imid-
ization process and reduce the cyclization temperature signi-
cantly. Table 2 lists the variation of the IDs with the different
GNs content. The IDs increased gradually for the MW-PI/GNs
bers with a higher GN content, indicating that the GNs
could promote the imidization degree of the PI bers by
.

RSC Adv., 2021, 11, 32647–32653 | 32649
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Table 1 ID values of the PI/GNs fibers at different temperatures

T/�C ID (T-PI/GNs, %) ID (MW-PI/GNs, %)

200 24.7 41.3
250 31.1 68.9
300 54.9 93.2
350 85.8 100.0

Table 2 ID values of the MW-PI/GNs fibers with different GNs content

Sample ID (%)

MW-PI/GNs-0G 89.2
MW-PI/GNs-0.25G 92.9
MW-PI/GNs-0.5G 96.5
MW-PI/GNs-0.75G 96.8
MW-PI/GNs-1G 100.0
MW-PI/GNs-2G 97.1

Table 4 Mechanical properties of MW-PI/GNs fibers with different
GNs content

Sample
Tensile strength
(MPa)

Elongation
(%)

Initial modulus
(GPa)

MW-PI/GNs-0.25G 1386.0 3.24 56.82
MW-PI/GNs-0.5G 1323.8 4.54 54.01
MW-PI/GNs-0.75G 1160.2 4.67 53.52
MW-PI/GNs-1G 1122.6 4.95 53.53
MW-PI/GNs-2G 838.9 2.10 44.46
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converting microwave energy into thermal energy. At the same
time, GNs are good microwave absorbing carriers and are
dispersed in the PI ber matrix, thus promoting synchronous
heating from inside to outside of the ber and avoiding the
occurrence of an “imination gradient”. However, too high a GN
content caused local overheating, thus the imidization degree of
MW-PI/GNs-2G bers dropped to 97.1%.
3.2 Mechanical properties

The tensile strength, initial modulus, and elongation at break of
the MW-PI/GNs and T-PI/GNs bers with different treatment
temperatures are listed in Table 3. The mechanical properties of
both the T-PI/GNs and MW-PI/GNs bers were improved with
increasing the temperature, reaching the optimum at 350 �C.

Obviously, the tensile strength and initial modulus of the
MW-PI/GNs bers were higher than those of the T-PI/GNs bers,
proving the promotion of microwave irradiation upon the
imidization process. The MW-PI/GNs-350 bers possessed the
optimal modulus of 53.53 GP and tensile strength of
1122.56 MPa. Moreover, the tensile strength of the MW-PI/GNs-
Table 3 Mechanical properties of the T-PI/GNs and MW-PI/GNs
fibers

Sample
Tensile strength
(MPa)

Elongation
(%)

Initial modulus
(GPa)

T-PI/GNs-200 147.13 1.45 21.47
MW-PI/GNs-200 348.05 6.20 27.18
T-PI/GNs-250 227.28 3.30 12.63
MW-PI/GNs-250 708.19 4.35 32.12
T-PI/GNs-300 447.05 7.11 19.70
MW-PI/GNs-300 964.35 7.00 37.88
T-PI/GNs-350 656.43 8.80 26.35
MW-PI/GNs-350 1122.56 4.95 53.53
MW-PI-350 1053.00 4.91 46.93

32650 | RSC Adv., 2021, 11, 32647–32653
350 bers was 6.6% higher than that of the MW-PI-350 bers
due to the incorporation of GNs, thus conrming the positive
effect of GNs as microwave absorbers upon the imidization
process of the PI bers. In addition, the GNs were inclined to lay
at and orient along the direction of the molecular chains at
high drawing ratios during the wet-spinning process, thus
enhancing the mechanical properties of the MW-PI/GNs bers.
Given the excellent fracture strength and Young's modulus of
the GNs, it could be expected that the mechanical properties of
PI/GNs bers would be enhanced by the uniform dispersion of
GNs in the polymer matrix. Table 4 lists the variation of the
mechanical properties with the GNs content. The tensile
strength ranged from 838.9 MPa to 1386 MPa, initial modulus
ranged from 44.46 GPa to 56.82 GPa, and the elongation at
break ranged from 2.10% to 4.95%, respectively. The tensile
strength and modulus reached peak values of 1386 MPa and
56.82 GPa at 0.25 wt% GNs loading, which were 31.6% and
21.1% higher than those of MW-PI bers, indicating that the
addition of GNs signicantly improved the mechanical prop-
erties of the bers. This promotion arises from two aspects. On
the one hand, GNs dispersed in the PI ber matrix are good
microwave absorbing carriers, which achieves the simultaneous
heating inside and outside of the ber with the help of micro-
wave and avoids the occurrence of an “imination gradient”. On
the other hand, in the process of preparing PI primary bers by
wet-spinning, the spinning solution is highly stretched and
xed in the coagulation bath when it is sprayed through the
spinneret. The CNs alignment can be improved by drawing out
the processing, and most of the CNs can then be well aligned
along the drawing direction, which, together with the help of its
high specic surface area and strength, improves the mechan-
ical properties of the MW-PI/GNs bers. However, due to the
GNs not having surface modication, it is easy to for them to
agglomerate when adding more GNs, which destroys the
structure between the molecular chains and leads to a decrease
in the mechanical properties. Therefore, the tensile strength
and initial modulus of MW-PI/GNs-0.25G to MW-PI/GNs-1G
gradually decreased, and the elongation at break increased. In
particular, the continuous increase in loading of GNs to 2 wt%
caused an apparent decrease in the mechanical properties.
3.3 Aggregation structure

The aggregation structure of PI bers, including the molecular
packing and orientation, plays an important role in their nal
© 2021 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra05044c


Table 5 The d-spacing and orientation degree of the PI fibers

Sample
d-spacing
(nm)

Orientation
degree (%)

MW-PI-350 0.796 85.1
T-PI/GNs-350 0.776 78.1
MW-PI/GNs-350 0.790 89.2

Fig. 4 2D WAXD patterns and WAXD intensity profiles of the MW-PI/
GNs fibers with different GNs content (A: 0.25G; B: 0.5G; C: 0.75G; D:
1G; E: 2G; F: meridional directions; G: equatorial directions).
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performance. There was no evidence of diffraction in the
quadrants, implying the absence of a well-dened 3D crystalline
structure of the PI bers prepared in the present work. Fig. 3
shows the 2D WAXD patterns of the PI bers. In the meridian
direction, all the bers exhibited clear diffraction streaks, pre-
senting a high orientation in the ber axial direction. Two Bragg
diffraction streaks at 11.4� (d ¼ 0.776 nm) and 17.1� (d ¼ 0.518
nm) could be observed, which were assigned to be the (002) and
(003) planes, respectively. In comparison with the T-PI/GNs-350
bers, the MW-PI/GNs-350 and MW-PI-350 bers exhibited
narrower and clearer diffraction streaks in the meridional
direction, indicating a higher orientation degree along the ber
axial direction. At the same time, the microwave-assisted heat-
ing method made the bers more homogeneous in structure
and the molecular packing more compact. Therefore, the
molecules were adequately aligned along the axis, resulting in
a larger orientation factor. The (002) d-spacing of the MW-PI/
GNs-350 bers was calculated as 0.790 nm according to
Bragg's Law, which was 0.014 nm higher than that of the T-PI/
GNs-350 ones, revealing that microwave-assisted treatment
could improve the ordered arrangement of the PI macromole-
cule chains (Table 5). Compared with the MW-PI-350 bers, the
MW-PI/GNs-350 bers exhibited broader diffraction streaks in
the meridional direction and more diffuse halos in the equa-
torial direction, indicating an increase in the crystallinity,
which was due to the incorporated GNs being able to promote
an adequate movement of the inner and outer molecular chains
by converting microwaves into heat energy and promoting
a closer accumulation of molecular chains. Under the action of
Fig. 3 2DWAXD patterns ((A) MW-PI-350, (B) T-PI/GNs-350, (C) MW-
PI/GNs-350) and WAXD intensity profiles of the PI fibers ((D) meridi-
onal direction; (E) equatorial direction).

© 2021 The Author(s). Published by the Royal Society of Chemistry
heat, the molecular chains could adequately move and stretch,
which helps promote the regular and orderly arrangement of
the molecular chain structure, thereby increasing the degree of
orientation.

Fig. 4 presents the WAXD diffraction spectra and intensity
proles of the MW-PI/GNs bers with different GNs content in
the meridian and equatorial directions. In the equator direc-
tion, the diffraction pattern varied with the different GNs
content, indicating that the incorporation of GNs had
a tremendous effect on the microstructure of the bers. In the
meridian direction, two diffraction peaks at 2q ¼ 11.25� (d ¼
0.786 nm) and 16.94� (d ¼ 0.523 nm) could be observed for the
MW-PI/GNs bers, which were, respectively, set to be the (002)
and (003) planes according to our previous work. Additionally,
the degree of molecular orientation of the (002) plane of the
MW-PI/GNs bers was calculated, as listed in Table 6. All the
bers exhibited a high degree of orientation over 80%, which
implied the presence of a highly oriented structure along the
ber axial direction. The molecular chains were arranged
axially, and the orientation factor of the MW-PI/GNs bers
ranged from 83.4% to 92.7%. Such variety is consistent with the
mechanical properties. With the further increase in the GNs
content, the agglomeration phenomenon gradually became
obvious, and the orderly arrangement of the molecular chains
was destroyed to a certain extent, resulting in a decrease in the
orientation factor.
3.4 Thermal properties

The 5% weight loss temperature (Td5) and Tg of the PI/GNs-350
bers are shown in Fig. 5. The data demonstrate the excellent
thermal stability of the MW-PI/GNs-350 bers with a Td5 of up to
570.3 �C, which was highly superior to that of the T-PI/GNs-350
bers (512.8 �C), indicating that the microwave heating had
a positive effect on improving the thermal stabilities of the PI
RSC Adv., 2021, 11, 32647–32653 | 32651
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Table 6 The d-spacing (nm) and orientation degree of the MW-PI/
GNs fibers

Sample
d-Spacing
(nm)

Orientation
degree (%)

MW-PI/GNs-0.25G 0.799 92.7
MW-PI/GNs-0.5G 0.795 90.3
MW-PI/GNs-0.75G 0.789 90.7
MW-PI/GNs-1G 0.790 89.2
MW-PI/GNs-2G 0.789 83.4

Fig. 5 The TGA curves and DMA curves of the PI/GNs fibers.

Fig. 6 The TGA curves and DMA curves of MW-PI/GNs fibers with
different GNs content.

Fig. 7 The fracture morphologies of the PI fibers. (A) T-PI/GNs-350;
(B) MW-PI/GNs-350; (C) MW-PI-350.
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bers. The Tg of the MW-PI/GNs-350 bers was also higher than
that of the T-PI/GNs-350 bers, which is suggested to be caused
by its higher degree of molecular orientation, thus inhibiting
the segments mobility. The tand value of the MW-PI-350 bers
was lower than that of the T-PI/GNs bers, and this phenom-
enon can be explained by the following contributions. On the
one hand, the degree of imidization was improved by
microwave-assisted heating, while on the other hand, the
perfect molecular chain structure improved the storage
modulus. As shown in Fig. 6, the thermal stability of the MW-PI/
GNs bers increased rst and then decreased with increasing
the GNs content. The Td5 of MW-PI/GNs-1G reached
a maximum of 570.3 �C, while MW-PI/GNs-2G dropped to
529.7 �C. This phenomenon may be due to the poor dis-
persibility of the agglomerated GNs particles, which not only
destroys the close arrangement of molecular chains, but also
causes partial overheating during absorbing heating, resulting
in the degree of imidization and thermal stability decreasing.
The addition of GNs improved the thermal stability of the MW-
PI/GNs bers, which may arise from two aspects: on the one
hand, the addition of GNs improved the ordering of the PI bers
and played a part in the crosslinking. This promoted the close
arrangement of molecular chains, so that the imide ring could
not be easily attacked by free radicals under high-temperature
conditions; while on the other hand, the absorbing effect of
GNs converted microwave energy into heat energy, promoted
the cyclization of molecular chains, and improved the thermal
stability of the PI bers. This phenomenon could be further
analyzed by the dynamic thermomechanical performance. The
DMA curves of the PI bers were evaluated at a heating rate of
5 �C min�1 from 50 �C to 450 �C in a nitrogen atmosphere, as
shown in Fig. 6. The peaks identied in the curves reect the
a relaxation of the molecular chains. The temperature corre-
sponding to the a relaxation is identied as the glass transition
32652 | RSC Adv., 2021, 11, 32647–32653
temperature (Tg) of the bers. Their Tg values were 305.7 �C,
310.2 �C, 339.1 �C, and 311.2 �C, which corresponded to GNs
contents of 0, 0.5, 1.0, and 2.0, respectively. In addition, the Td5
of the MW-PI/GNs-350 bers was also signicantly higher than
that of the MW-PI-350 bers, indicating that the conversion of
microwave energy into heat energy by GNs improved the degree
of imidization. Moreover, GNs have excellent temperature
resistance, so the thermal stability of the composite bers was
improved by combining the two factors. Also, the GNs hinder
the segmental motion of polymer chains to some extent,
resulting in an increase in Tg. Therefore, it could be observed
that the Tg of the MW-PI/GNs-350 bers (339 �C) was higher
than that of the MW-PI-350 bers (305.7 �C).
3.5 Morphologies

SEM was used to characterize the morphology of the composite
bers. The fracture morphologies of the PI bers are shown in
Fig. 7. The fracture morphologies of the MW-PI/GNs-350 bers
and MW-PI-350 bers were more dense, while the T-PI/GNs-350
bers formed a relatively neat fracture, resulting from the
decreased mechanical properties. Compared with the MW-PI-
350 bers, a certain degree of microbrils appeared on the
external skin of the MW-PI/GNs-350 bers, revealing that the
MW-PI/GNs-350 bers possessed a higher oriented molecular
chain structure with the supplement of the GNs, which was
consistent with the result of mechanical properties. The results
show that microwave-assisted imidization can signicantly
improve the structure and properties of the bers without
causing a rapid evaporation of the residual solvents and water
to produce pores in the bers.
4 Conclusions

In summary, PI/GNs bers were successfully prepared via
a thermal imidization method and microwave-assisted
© 2021 The Author(s). Published by the Royal Society of Chemistry
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imidization method at 200–350 �C, respectively. The results
from FT-IR and 2D WAXD analyses revealed that microwave
irradiation had a positive effect on reducing the imidization
temperature, and improving the imidization degree, as well as
the macromolecular order degree, thus enhancing the
mechanical properties and thermal stability of the PI bers. The
tensile strength of the MW-PI/GNs-350 bers was 1122.56 MPa,
which was about 1.7 times that of the T-PI/GNs-350 bers, and
its thermal stability was as high as 570.3 �C of Td5 in nitrogen.
As conrmed by the 2D WAXD data results, the MW-PI/GNs
ber chains preferred an ordered molecular alignment, but
due to the agglomeration phenomenon, the molecular orien-
tation decreased gradually with the increased GNs content. The
GNs played an important role in absorbing the microwave
energy, hence the mechanical properties and thermal stabilities
of the MW-PI/GNs-350 bers were higher than those of the MW-
PI-350 bers. In addition, the incorporation of GNs restricted
the macromolecular segments movement, thus enhancing the
Tg of the MW-PI/GNs-350 bers prominently. In a nutshell, the
combination of the microwave-assisted imidization method
and microwave absorbers opens up a broader avenue for the
manufacturing and processing of PI bers.

Conflicts of interest

There are no conicts to declare.

Acknowledgements

The authors gratefully acknowledge the nancial support from
the National Key Research and Development Program of China
(No. 2017YFB0307600) and the National Natural Science Foun-
dation of China (51790501).

Notes and references

1 M. Hasegawa and K. Horie, Prog. Polym. Sci., 2001, 26, 259–
335.

2 J. Dong, C. Yin, Y. Zhang and Q. zhang, J. Polym. Sci., 2014,
52, 450–459.

3 D. J. Liaw, K. L. Wang, Y. C. Huang, K. R. Lee, J. Y. Lai and
C. S. Ha, Prog. Polym. Sci., 2012, 37, 907–974.

4 G. A. Bernier and D. E. Kline, J. Appl. Polym. Sci., 1968, 12,
593–604.

5 M. Katz and R. J. Theis, IEEE Electron. Ind. Mag., 1997, 13, 24–30.
6 S. Duo, L. I. Mei-Shuan and Y. C. Zhou, Trans. Nonferrous
Metals Soc. China, 2006, 16, 661–664.

7 W. Jang, S. Sundar, S. Choi, Y. Shul and H. Han, J. Mem. Sci.,
2006, 280, 321–329.

8 M. T. Bogert and R. R. Renshaw, J. Am. Chem. Soc., 1908, 30,
1135–1144.

9 H. Niu, M. Huang, S. Qi, E. Han, G. Tian, X. Wang and D. Wu,
Polymer, 2013, 54, 1700–1708.

10 K. Vanherck, G. Koeckelberghs and I. F. J. Vankelecom, Prog.
Polym. Sci., 2013, 38, 874–896.
© 2021 The Author(s). Published by the Royal Society of Chemistry
11 Y. Zhai, Q. Yang, R. Zhu and Y. Gu, J. Mater. Sci., 2008, 43,
338–344.

12 J. Tierney, B. Wathey and J. Westman, Tetra, 2001, 57, 9225–
9283.

13 E. James, Phys. Today, 1985, 38, 60–67.
14 R. Gedye, F. Smith, K. Westaway, H. Ail, L. Baldisera, L. Laberge

and J. Rousell, Tetrahedron Lett., 1986, 27, 279–282.
15 C. O. Kappe and D. Dallinger, Mol. Diversity, 2009, 13, 71–193.
16 J. A. Menéndez, A. Arenillas, B. Fidalgo, Y. Fernández,

L. Zubizarreta, E. G. Calvo and J. M. Bermúdez, Fuel
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