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Abstract Thermoplastic polyimide serves as a promising high-performance polymer matrix for fiber-reinforced composites, yet its high melt vis-
cosity severely impairs fiber wetting and filler dispersion, limiting the high-temperature service performance. In this work, we propose and vali-
date a universal and controllable fabrication strategy using quartz fibers and a pyromellitic dianhydride/4,4"-oxydianiline (PMDA/ODA)-type poly-
imide as a model system. Our approachinvolves significantly diluting the poly(amic acid) (PAA) solution to reduce viscosity and improve fiber
wetting, combined with the intercalation of PAA films to enhance laminar interlaminar adhesion within prepreg. Cross-sectional scanning elec-
tron microscopy (SEM) reveals a dense, defect-free microstructure with no evidence of voids or delamination. Following thermal aging at 300 °C
for 504 h, the composite exhibit no macroscopic damage and retain 70%-75% of their initial mechanical properties. To achieve high filler loading,
multi-walled carbon nanotube (MWCNT)/Fe;0, (at a weight ratio of polyimide (PI):MWCNT:Fe;0,=10:1:5) are pre-dispersed in pure solvent, re-
sulting in excellent microwave absorption (RL;,= -55.07 dB, EAB=1.9 GHz at 1.5 mm) alongside high thermal stability. The process method al-
lows precise control over composite thickness and resin distribution by adjusting the number of prepreg layers and the amount and placement
of PAA film. This study demonstrates that thermoplastic polyimide can act as a high-performance polymer matrix, enabling advanced fiber-rein-
forced composites with exceptional long-term thermo-oxidative stability for harsh high-temperature polymer composite applications.
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INTRODUCTION

Fiber-reinforced polymer composites (FRPC) have drawn exten-
sive attention owing to their low density and superior mechani-
cal performance, which endow them with great potential for
advanced high-temperature service scenarios.'~>) Nevertheless,
severe thermo-oxidative aging and structural failure easily oc-
cur in common resin matrices at long-term temperatures above
300 °C, greatly restricting their high-temperature application in
harsh thermal environments. Therefore, it is essential to devel-
op high-performance polymer matrices with intrinsic high-tem-

* Corresponding authors, E-mail: ye.zhang@kuang-chi.com (Y.Z.)

E-mail: beirunxin1@shunxnm.cn (R.X.B.)

E-mail: ceszy@mail.sysu.edu.cn (Y.Z)
Received May 18, 2026; Accepted June 9, 2026; Published online
October 10, 2026

© Chinese Chemical Society
Institute of Chemistry, Chinese Academy of Sciences

perature resistance and structural stability for next-generation
fiber-reinforced composite systems.°~!

Polyimides (Pl) are a class of high-performance engineer-
ing polymers with rigid molecular chain backbones, excellent
thermal  stability, and inherent thermo-oxidative
resistance.®1% When reinforced with quartz fibers (QF), which
offer inherent high-temperature resistance and load-bearing
capacity, quartz fiber-reinforced thermosetting Pl compos-
ites (QFRTSC) have become ubiquitous in critical aerospace
structures.'-151 A common manufacturing technique is
prepreg technology, which involves uniformly impregnating
fibers or fabrics with a varnish containing prepolymers dis-
solved in a solvent, followed by hot pressing.['6-18] Despite
these advances, the aerospace industry, led by giants such as
Boeing and Airbus, is accelerating its transition toward ther-
moplastic composites. This shift is driven by their superior
manufacturing efficiency, structural performance, opera-
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tional maintainability, and sustainability compared with tradi-
tional thermosets.['9-221 However, translating these advan-
tages to fiber-reinforced thermoplastic Pl composites (FR-TPI)
remains challenging due to inherent processing limitations.
The rigid chain structure of high-performance thermoplastic
polyimides inevitably leads to extremely high melt viscosity
and poor solution solubility, creating a fundamental polymer-
derived processing dilemma for fabricating high-perfor-
mance FRPC. Intensive efforts have been devoted to develop-
ing novel polyimide materials, including commercial TPIs,
such as amorphous LARC-TPI (Ty = 250 °C), ULTEM® (T =217
°C), and semi-crystalline Aurum® (T, =250 °C), which are
achieved, however, at the expense of the intrinsic high-tem-
perature stability of polyimides.[23-251 Therefore, the develop-
ment of fiber-reinforced thermoplastic polyimide composites,
particularly a universal processing route suitable for high-T
thermoplastic polyimides, is urgently required.

The synthesis of thermoplastic polyimides typically follows
a two-step process: polymerization of diamine and dianhy-
dride monomers to form a viscous poly(amic acid) (PAA) solu-
tion, followed by thermal imidization after solvent
removal.l26-28] Compared with conventional prepreg resin
systems that exhibit low viscosity (100-1000 mPa-s), PAA so-
lutions display extremely high viscosity (e.g., 5x10%-8x10*
mPa:s for commercial grades) because of their ultrahigh
molecular weight (typically tens to hundreds of thousands)
and rigid molecular chains. This high viscosity presents two
critical hurdles for the fabrication of prepregs. First, it im-
pedes uniform resin impregnation into the fiber bed and the
homogeneous dispersion of functional fillers, leading to poor
batch consistency and compromised performance.'* Sec-
ond, the low solid content of the PAA solution (typically
about 15 wt%) results in insufficient resin coverage on the
fibers, hindering the direct bonding between the prepreg lay-
ers during hot pressing. Consequently, there is an urgent
need to develop a novel FR-TPI prepreg and associated fabri-
cation technology that ensures complete fiber impregnation,
uniform filler dispersion, precise resin content control, and ro-
bust interlaminar bonding.

Herein, we propose an innovative fabrication strategy in-
volving solvent dilution, filler prewetting, and film insertion
to address these challenges. Specifically, (1) the viscosity of
the PAA solution was significantly reduced by solvent dilu-
tion to overcome poor fiber wetting. (2) To reduce the viscosi-
ty, functional fillers were pre-wetted with a solvent prior to
addition to the PAA solution, ensuring uniform dispersion. (3)
To compensate for the reduced solid content (which other-
wise hinders bonding) and to control the resin distribution, a
neat PAA film was inserted between the prepreg layers. This
design enhances the interlaminar adhesion while preventing
delamination, as the film and prepreg share identical chemi-
cal compositions, ensuring excellent interfacial compatibility
after hot pressing. Furthermore, the film insertion approach
effectively addresses the problem of extremely high melt vis-
cosity of polyimide.

In this study, QFR-TPI composites were fabricated using a
classic Kapton-type PMDA/ODA polyimide matrix, a well-es-
tablished benchmark in the polyimide family, along with QF
and common microwave-absorbing fillers (MWCNT and

Fe;0,). A significantly diluted PAA solution was employed for
two purposes: thoroughly impregnating QF to produce QF/PI
prepregs with uniform resin distribution and casting PAA
films. The prepregs and films were alternately stacked and
subsequently vacuum hot-pressed to obtain QF/PI compos-
ites with a controllable resin content and distribution. The
composite materials were thermally aged for 5, 20, 168, or
504 h. After aging, the morphology and mechanical perfor-
mance of the composites were comprehensively character-
ized and analyzed at different aging intervals. The same pro-
cedure was followed for the QF/PI@MWCNT+Fe;0, compos-
ites; the only difference was the addition of pre-wetted fillers
to the diluted PAA solution to form the PAA@MWCNT+ Fe;0,
solutions. Similarly, the morphology, mechanical properties,
dielectric properties, and microwave absorption characteris-
tics of these composites were systematically evaluated and
discussed as a function of thermal aging duration. Notably,
this proposed fabrication strategy has also been successfully
extended to other polyimide systems, further verifying its ver-
satility and robustness.

EXPERIMENTAL

The experimental details are included in the electronic supple-
mentery information (ESI).

RESULTS AND DISCUSSION

Preparation of QF/Pl Composites

Fig. 1(a) illustrates the preparation process of the QF/Pl compos-
ite. Initially, a highly viscous PAA solution with a solid content of
20 wt% was prepared to ensure the formation of a high-molec-
ular-weight PI. Gel permeation chromatography (GPC) was em-
ployed to verify successful polymerization, revealing a number-
average molecular weight (M,,) of approximately 108 kg/mol
(Table S1 in ESI) for the resulting PAA. To optimize the process-
ability for fiber impregnation and film casting, the PAA solution
was diluted with DMF to achieve a dynamic viscosity (1) of 946.4
cP.?! Using the blade coating technique, the diluted PAA solu-
tion was cast into a freestanding film. Concurrently, the QF was
thoroughly impregnated with the same PAA solution via a
prepreg preparation process, yielding a QF/PAA prepreg with
exceptional uniformity, flexibility, and processability. Notably,
the prepreg exhibited self-adhesive properties and could be
peeled without damage at room temperature, allowing for er-
ror correction during the layup process. In contrast to commer-
cial PAA solutions, which typically possess high viscosity (n =
6x10%-7x10% mPa-s), the diluted PAA solution offers lower vis-
cosity and improved flowability, thereby facilitating fiber wet-
ting and impregnation. Furthermore, the residual solvent con-
tent was controlled at approximately 3 wt% in the prepreg and
15 wt% in the PAA film, which effectively guaranteed a favor-
able resin flow during the hot-pressing stage (Fig. S2 in ESI). For
the prepreg, an excessively low residual solvent would impair
resin fluidity, while an overly high solvent content could not be
fully removed during hot pressing and eventually carbonized,
deteriorating the mechanical properties of the final composite
plate. As for the PAA film, further reduction of the solvent con-
tent requires prolonged high-temperature treatment, which
makes the film overly brittle and difficult for subsequent pro-
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Fig. 1 QP composites: (a) schematic illustration of the preparation process, (b) schematic diagram of conventional processing routes, (c, d) SEM
and EDS image, (e, f) mechanical properties.
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cessing. Finally, the prepregs and films were stacked and ther-
mally cured under the conditions shown in Fig. 1(a) and Fig. S1
(in ESI) to fabricate composites with controllable resin contents.

The density of the QF/PI composite, measured via the
Archimedes method, was approximately 1.49 g/cm3, which is
comparable to typical values reported for similar high-perfor-
mance composites.l'l In contrast, conventional processing
routes applied to fiber-reinforced thermoplastic polyimide
composites often lead to insufficient densification and poor
interlayer adhesion, highlighting the advantages of the
present approach (Fig. 1b). The cross-sectional SEM and EDS
images (Fig. 1c) revealed a dense, defect-free microstructure
with no voids or delamination. High-magnification analysis
(Fig. 1d) further indicated that, while the resin fully infiltrated
the interstitial spaces between the quartz fiber bundles, mini-
mal resin adhered to the individual fiber surfaces. This phe-
nomenon is primarily attributed to the inherent surface iner-
tia of both the PMDA/ODA matrix and the QF.3%-34 Conse-
quently, this specific microstructure impedes efficient stress
transfer across the fiber-resin-fiber interface, leading to re-
duced mechanical properties.

QF/PI composites with varying resin content were success-
fully prepared by inserting different numbers of PAA films,
and their mechanical properties were systematically charac-
terized. As shown in the Figs. 1(e), 1(f) and Fig. S3 (in ESI), with
a gradual increase in the resin content (RC) within the lami-
nates, the interlaminar shear strength (ILSS) and flexural
strength showed a trend of first increased and then de-
creased. Specifically, when one layer of the PAA film was in-
serted, the low RC led to the easy formation of pores within
the composite, resulting in an ILSS of only 3.0 MPa (Fig. S4 in
ESI). As the number of inserted PAA films increased, the resin
content of the laminates also increased. When three layers of
PAA film were inserted, the internal structure of the compos-
ite reached a dense state, and a maximum ILSS of 13.7 MPa
was achieved. When the number of inserted PAA films was
further increased, the resin content increased and the ILSS
became dominated by the Pl matrix. Because the shear
strength of the Pl matrix itself is much lower than that of QF,
the excessive resin promotes interlayer sliding, causing a
slight decrease in the ILSS. The flexural strength exhibited the
same trend as that of ILSS.

The flexural strength followed the same trend as that of the
ILSS, and the underlying reasons were consistent. At a low
resin content, the QF could not be effectively coated or fixed
by the PI matrix, making the fibers prone to dislocation under
the applied load, which resulted in low flexural strength. As
the resin content increased, the QF was gradually and uni-
formly coated, the interface bonding improved, and the flex-
ural strength increased accordingly. When the resin content
increased, the overall rigidity of the composite material de-
creased, leading to a slight reduction in the flexural strength.
In contrast, the flexural modulus is governed primarily by the
fibers, and the modulus of the QF is much higher than that of
the Pl matrix. Therefore, a higher resin content leads to a low-
er flexural modulus in the QF/PI composite. In addition, ow-
ing to the inherent brittleness of the Pl matrix, the impact
strength of the composite gradually decreased with increas-
ing resin content. This is likely because the excessive resin

tends to fracture in a brittle manner and cannot dissipate en-
ergy efficiently under impact.3>-37 Taking all these factors in-
to consideration, a sample with three layers of inserted PAA
films was selected as the representative case for further ex-
periments.

Thermal Aging of QF/Pl Composites

The surface morphology of the composite after thermal aging at
300 °C for different time intervals is shown in Fig. 2(a). Even af-
ter 504 h of aging, no significant degradation or morphological
damage is observed. These results demonstrated the robust
thermal stability of the composites at elevated temperatures.

FTIR spectroscopy was used to characterize the chemical
structural evolution of the QF/Pl composites during thermal
aging at 300 °C. The successful synthesis of the Pl matrix was
confirmed by the characteristic absorption bands observed in
Fig. 2(b) and Fig. S5 (in ESI), including the imide carbonyl
(—C=0) stretching vibrations at 1777 and 1713 cm~" and the
C—N stretching mode at 1364 cm~'. Additionally, the bands
at 1500 and 1245 cm~' were assigned to the benzene ring
(—Ph) and ether bond (C—0—C) from ODA, respectively.l38!
Notably, the FTIR spectra of the composites remained largely
unchanged throughout the aging process, with no new char-
acteristic peaks emerging. This indicates the absence of sig-
nificant chemical degradation or the formation of new chemi-
cal species, demonstrating the exceptional chemical stability
of the Pl matrix under the investigated thermal conditions.
This finding was consistent with the TGA results, in which
Tys% and Tyq09, remained essentially unchanged during aging,
further confirming the thermal stability of the material (Fig.
20).

To further elucidate the subtle structural changes, the peak
intensities at 1713, 1500, 1364, and 1245 cm~! were selected
for quantitative comparative analysis, as summarized in
Table 1. First, the C—N bond peak intensity in the QP504
sample exhibits an overall upward trend, reaching 1.61 times
that of the QPO sample. This increase was primarily attributed
to secondary imidization reactions involving trace residual
PAA chains within the PI film. Notably, the DSC analysis (Fig.
2d) corroborates this mechanism, as it demonstrates a gradu-
al increase in the glass transition temperature (Tg) of the com-
posite with prolonged aging time, which is consistent with
the enhanced chain rigidity and reduced chain mobility re-
sulting from secondary imidization. Previous studies have
shown that even commercially available PI films with a high
degree of imidization may retain small amounts of uncy-
clized PAA because of factors such as the film thickness or
rapid thermal processing.3%4% Under high-temperature ag-
ing conditions (300 °C), these residual PAA chains likely un-
dergo further dehydration and cyclization, forming addition-
al imide rings, thereby enhancing the FTIR signals of both
C—Nand C=0 bonds.*!

Interestingly, the C=0 peak intensity showed a slightly
more pronounced increase, reaching 1.65 of that of the QPO
sample. While part of this increase can be explained by the
same secondary imidization mechanism, the higher magni-
tude suggests an additional contribution from the surface ox-
idation. Specifically, the composite surface may react with
oxygen in air, forming new carbonyl-containing groups such
as carboxylic acids, ketones, and aldehydes.[*'42! In contrast,
the intensity of the C—0O—C peak showed a minimal change
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Fig. 2 QP composites after thermal aging: (a) digital photos, (b) FTIR spectra, (c) TGA thermograms, (d) DSC thermograms, (e€) XRD patterns, (f)
mechanical properties.

Table 1 FTIR peak area and mechanical properties variations of QP composites during thermal aging.

-1 -1 -1 Flexural Flexural
Aizizem™ Atsooem ' Auzsaem’ Ar2asem | ’/441713cm_/ ',441364“—/ '3\1245 em_{ IL5S strength  modulus
1500 cm 1500 cm 1500 cm (MPa) (MP3) (GPa)
QPO 5.49 4.18 3.02 3.82 1.31 0.72 0.70 13.7 145.8 79
QP5 15.02 9.46 8.33 10.59 1.59 0.88 0.70 129 126.7 7.2
QP20 12.67 8.33 7.06 8.76 1.52 0.85 0.69 12.2 120.0 7.7
QP168 1543 7.98 8.49 7.07 1.93 1.06 0.46 11.6 177 7.2
QP504 6.23 2.89 335 2.72 2.16 1.16 0.44 9.6 108.6 7.7
during the initial 20 h, decreased significantly between 20 QP504 sample was only 63% of that in the QPO. This trend in-
and 168 h, and then plateaued. Ultimately, the intensity in the dicates that the thermal oxidation of ether bonds was most
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active between 20 and 168 h, as the composite surface initial-
ly exhibited high reactivity toward oxygen. After 168 h, the
formation of a dense surface oxide layer creates a barrier that
impedes further oxygen diffusion, thereby stabilizing the con-
centration of ether bonds.

Fig. S6 (in ESI) shows the XPS spectra of the QP composite
after different thermal aging times. The deconvoluted C 1s
spectrum revealed four distinct peaks, assigned to the C—C
(284.8 eV), C—N (285.9 eV), C—0 (286.6 eV), and C=0 (288.8
eV) bonds.[*344 In good agreement with the ATR-FTIR results,
XPS analysis confirmed that no new characteristic peaks
emerged during the thermal aging process.

XRD analysis was conducted to further elucidate the mi-
crostructural evolution. As shown in Fig. 2(e), annealing the
QP composite at 400 °C (near its Ty) induced crystallization, as
evidenced by the emergence of three new diffraction peaks
at 14°, 22°, and 26°. These peaks correspond to the monoclin-
ic pseudo-orthorhombic PMDA-ODA lattice with (101), (010),
and (111) crystal planes, respectively.*>461 Throughout the
aging process, the positions of these crystalline peaks re-
mained unchanged, indicating the absence of a new phase
formation. This finding is consistent with the conclusions
drawn from FTIR and XPS analyses.

Fig. 2(f), Fig. S7 (in ESI) and Table 1 present the ILSS and
flexural properties of the QP composites after exposure to
300 °C. Before aging, the QP composites exhibited an ILSS of
13.7 MPa, flexural strength of 145.8 MPa, and flexural modu-
lus of 7.9 GPa. These values are relatively low compared to
those of other fiber-reinforced thermoset polyimide compos-
ites. Because the ILSS and flexural properties are primarily
matrix-dependent, they are significantly influenced by the in-
terfacial adhesion between the fibers and matrix. Both QF and
the PMDA/ODA matrix possess low surface energy which hin-
ders effective interfacial bonding.B%-34 This impedes efficient
stress transfer at the fiber-matrix interface, leading to dimin-
ished mechanical performance and rendering laminates
prone to shear failure under relatively low applied loads.

Thermal aging significantly affected the mechanical prop-
erties of the composites (Fig. 3a). As shown in Fig. 2(f), the
material degradation progressed with an extended aging du-
ration. After 504 h of aging, the ILSS and flexural strength of
the QP composites decreased by 29.9% and 25.5%, respec-
tively, whereas the flexural modulus remained nearly un-
changed. This indicates that the material retained satisfacto-
ry mechanical integrity even after thermal aging at 300 °C for
504 h. During prolonged thermal aging, the matrix under-
went oxidative decomposition upon exposure to oxygen (Fig.
3), leading to the formation of voids within the composite.
This exacerbates the interfacial defects between the fiber re-
inforcement and the matrix, compromising the overall perfor-
mance of the composite and ultimately degrading its me-
chanical properties.*”] Concurrently, mechanical stresses ac-
cumulate at the interface during thermal ageing. As the ag-
ing time increased, these stresses built up continuously, ulti-
mately triggering interfacial failure and subsequent compos-
ite failure.

In summary, prolonged thermal aging induces molecular
chain scission and structural damage within the material,
which manifests as a decline in macroscopic mechanical

properties. However, the flexural modulus remained virtually
unchanged, because the overall structure of the composite
remained intact during aging. Specifically, the matrix re-
tained its glassy state, with the molecular segments frozen
and unable to slip. Even though microcracks may form within
the matrix, they are typically discrete and insufficient in num-
ber to significantly reduce the overall density or continuity of
the material.

Preparation of QF/PI@MWCNT+Fe;0, Composites

To demonstrate the viability of this process even with the incor-
poration of fillers, particularly at high loading levels, multi-
walled carbon nanotubes (MWCNTSs) and Fe;0, were selected as
functional additives, as both are commonly used in microwave-
absorbing materials. To this end, the filler loading was signifi-
cantly increased (Pl:MWCNT:Fe;0,=10:1:5) compared to con-
ventional microwave-absorbing materials used to prepare
QPMF composite materials.**=>% The preparation method is
largely identical to that of the QP composites, with the key dif-
ference being that the fillers are first dispersed in a pure solvent
(Fig. 4a). This filler dispersion was then added to the high-vis-
cosity PAA solution, which not only diluted the PAA, but also
ensured better compatibility and processability. Cross-sectional
SEM and EDS images of the QPMF composite (Fig. 4b) confirm a
dense, defect-free structure without any visible voids or delami-
nation, validating the effectiveness of the proposed dispersion
strategy.

Fig. S8 (in ESI) presents the relative complex permittivity
and permeability of the QP and QPMF composites within the
2-18 GHz frequency range. Compared to the QP composite,
the incorporation of MWCNTs and Fe;0, significantly en-
hanced both the relative complex permittivity and permeabil-
ity of the QPMF, which in turn contributed to a substantial im-
provement in its microwave absorption performance. To eval-
uate the microwave absorption capability of the composites,
the reflection loss (RL) values were calculated based on trans-
mission line theory as Egs. (1) and (2) :

_ Zin _ZO
RL = 20lg | 72> (1)
1
Ue\2 [2mfd 1
Zo = 2o ) tanh [J(T)(Hrfr)z] @

Here, Z, and Z;, represent the characteristic impedance of
free space and the normalized input impedance of the sam-
ples, respectively; fis the microwave frequency; c is the speed
of light in free space; ¢, is the relative complex permittivity
(€, = €' — je"); y, is the relative complex permeability (u, = u' —
ju"); and d is the sample thickness. In practical applications,
microwave-absorbing materials are generally required to ab-
sorb 90% of the incident microwaves, which corresponds to
an RL value of less than -10 dB.

The electromagnetic wave absorption performance of the
reference QP sample (Figs. 4c1-4e1) was found to be negligi-
ble, confirming its poor microwave absorption capability. For
the QPMF composite (Fig. 4c2), at a thickness of 1.5 mm, the
minimum reflection loss (RL,,;,) reaches -55.07 dB, with an ef-
fective absorption bandwidth (EAB) of 1.9 GHz. The Z;, value
approached 1 (Fig. 4d2), indicating that the QPMF composite
exhibited outstanding microwave-absorption characteristics.
Additionally, when the absorber layer has an appropriate
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Fig.3 (a) Fracture morphologies and (b) morphologies of QP composites after thermal aging: (a;, b;) 0 h; (a5, b,) 5 h; (a3, bs) 20 h; (a4, b,) 168 h; (a5,

bs) 504 h.

thickness, specifically one-quarter of the incident wavelength,
the phase difference between the incident wave at the air-ab-
sorber interface and the reflected wave at the absorber-met-
al interface is precisely 180° at the same frequency. Conse-
quently, the electromagnetic wave (EMW) energies of the two
components cancel each other out; this phenomenon is
widely known as the quarter-wavelength cancellation model.
This model enables an absorber layer with a specific thick-
ness (t,,) to achieve minimal reflection at a specific EMW fre-
quency (f,,). The mathematical relationship between t,, and
f is described by the Eq. (3):

nc
t, = — ——
" ol
where f, is the frequency corresponding to the RL,. Further-
more, the model reveals an inverse relationship between the
peak frequency and absorber thickness. As shown in Fig. 4(e2),
the 1.5 mm thick QPMF material precisely satisfied the quarter-

n=1,35) 3)

wave cancellation model. Additionally, after prolonged thermal
aging at 300 °C, the surface morphology of the QPMF compos-
ite remained well preserved (Fig. 4f), with no significant degra-
dation or structural damage observed. These findings demon-
strated the excellent thermal stability of the composite under
high-temperature conditions. For further details on the testing
and characterization of the QPMF composite during thermal ag-
ing, please refer to Figs. S9-511 (in ESI).

Universality

To verify the applicability of this preparation process to other
polyimide systems, several common polyimide systems
(BTDA/ODA, BPDA/MDA, and BPADA/TPE-Q) were selected, and
their corresponding composites were fabricated using the
aforementioned process. The curing temperature was adjusted
based on the characteristics of each system. Specifically,
BTDA/ODA and BPDA/MDA were cured at 350 °C for 60 min,
while BPADA/TPE-Q was cured at 250 °C for 60 min. The cross-
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sectional SEM images (Fig. 5) of these composites exhibited a
dense, defect-free microstructure without visible voids or de-
lamination, validating the suitability of this process for fabricat-
ing most thermoplastic polyimide composites. For the
BTDA/ODA composite (Fig. 5a), the lay-up configuration was
consistent with the PMDA/ODA system described in this work,

)
ke
|
=
d
. o
Casting Q:
N

QF/PI
composites
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consisting of 12 prepreg layers and 39 adhesive film layers with
a uniform distribution of both components. For the BPDA/MDA
system (Fig. 5b), the composite was prepared with 9 prepreg
layers and 30 adhesive film layers, which were also uniformly
distributed. These results confirm that the preparation process
proposed herein enables tailored control of the composite
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Fig. 4 (a) Schematic illustration of the preparation process of the QPMF composites; (b) SEM and EDS images of the QPMF composites; RL curves
with different thicknesses of QP composites (c;) and QPMF composites (c,); Impedance matching characteristics values of QP composites (d;) and

QPMF composites (d,); 1/4 Wavelength matching conditions of QP
composites after thermal aging.

composites (e;) and QPMF composites (e,); (f) Digital photos of QPMF
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Fig.5 Cross-sectional SEM images of quartz fiber-reinforced different polyimide composites: (a) BTDA/ODA, (b) BPDA/MDA, (c) BPADA/TPE-Q.

thickness by adjusting the number of prepregs and adhesive
film layers as required. For the BPADA/TPE-Q system (Fig. 5c),
the composite was constructed with three prepreg layers and
26 adhesive film layers in a non-uniform distribution, demon-
strating that the process can also regulate the resin distribution
within the composite by adjusting the distribution of adhesive
film layers on demand. Owing to thickness limitations, only the
ILSS of the BTDA/ODA composite was characterized, yielding a
value of 41.44 MPa (Fig. S12 in ESI). This result further confirms
that the inferior mechanical properties of the PMDA/ODA sys-
tem originate from the low surface energy of its components,
which impedes the interfacial adhesion.

CONCLUSIONS

This study proposed and validated a feasible preparation pro-
cess for fiber-reinforced thermoplastic polyimide composites
using quartz fibers and PMDA/ODA polyimide as model sys-
tems. The key design of this process is to significantly reduce the
viscosity of the PAA solution, which inherently has a low solid
content that hinders the prepreg preparation, thereby enhanc-
ing the fiber wetting efficiency. Subsequently, a PAA film inter-
calation method was employed to increase the resin content on
both sides of the fibers, which in turn improved the interlami-
nar adhesion between the adjacent prepreg layers. Cross-sec-
tional scanning electron microscopy (SEM) revealed a dense, de-
fect-free microstructure devoid of voids or delamination. The
thermal aging performance of QP composites was systematical-
ly investigated. After thermal aging at 300 °C for 504 h, the com-
posites retained 70%-75% of their initial mechanical properties,
with no macroscopic degradation or cracking observed. To vali-
date the applicability of the process in fabricating functional
composites, common microwave-absorbing fillers, MWCNT and
Fe;0,4 were selected for incorporation. Another key design fea-
ture of this process involves dispersing the fillers in a pure sol-
vent before adding them to a high-viscosity PAA solution, which
ensures excellent compatibility and processability even at high
filler loadings (P:MWCNT:Fe;0,=10:1:5). The resulting mi-

crowave-absorbing composite exhibited a dense, defect-free
microstructure and outstanding microwave absorption perfor-
mance (RL,»=-55.07 dB and EAB=1.9 GHz at a thickness of 1.5
mm), which is consistent with the quarter-wavelength absorber
model, as well as high thermal stability. Furthermore, this
preparation process yielded favorable results when extended to
other thermoplastic polyimide systems, including BTDA/ODA,
BPDA/MDA, and BPADA/TPE-Q. Notably, controllable compos-
ite thickness and resin distribution can be achieved by adjust-
ing the number and distribution of the prepreg layers and ad-
hesive film layers. Overall, this versatile preparation process pro-
vides a reliable technical pathway for the practical application of
fiber-reinforced thermoplastic polyimides, facilitating their ex-
pansion into both structural and functional material fields.
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