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Abstract

In response to thermal failure risks in ultra-high voltage (UHV) bushing online monitor-
ing devices and maintenance equipment—caused by high heat generation of electronic
components and the intrinsically low thermal conductivity of conventional resin encapsu-
lation materials—this study proposes a novel modification strategy based on flash Joule
heating (FJH). Distinct from conventional interface modification methods, the proposed
approach enables cross-scale, in situ microsoldering between multi-walled carbon nan-
otubes (MWCNTs) and carbon fibers (CFs), constructing a multiscale reinforcement network
with integrated thermal transport and mechanical load transfer pathways. The transient
ultra-high-temperature thermal shock generated by FJH not only effectively removes in-
ert impurities on CF surfaces but also drives carbon structural reconstruction, enabling
graphitic-level welding of MWCNTs onto the fiber surface. This micro-welded architec-
ture fundamentally differs from traditional filler dispersion or interface coating strategies,
which often suffer from the trade-off between interfacial thermal transport and mechanical
bonding. By contrast, the FJH-induced carbon–carbon bonded nodes form a continu-
ous conductive and load-bearing network at the micro–nano scale. Characterizations
using scanning electron microscopy (SEM), Raman spectroscopy, and X-ray photoelectron
spectroscopy (XPS) confirm successful in situ welding of MWCNTs onto CF surfaces. Mean-
while, FJH treatment effectively removes oxygen-containing functional groups and surface
impurities. Analysis of carbon bonding evolution indicates that the welding efficiency
reaches its maximum at 90 V. Macroscopic performance tests demonstrate that, compared
with epoxy resin, the thermal conductivity of the multiscale reinforced system increases
by approximately 168%, while the mechanical strength improves by 62.72%. This study
provides new theoretical insights and technical pathways for the development of next-
generation polymer composite materials with both high thermal conductivity and high
mechanical strength.

Keywords: ultra-high voltage bushing; resin; thermal conductivity; mechanical properties

1. Introduction
With the rapid development of ultra-high voltage (UHV) power transmission technol-

ogy and the continuous advancement of smart grid construction, the reliability of online
monitoring devices and maintenance equipment for UHV bushings and key nodes has
become a core factor in ensuring the safe operation of power grids. However, as such
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electronic devices evolve toward high integration, miniaturization, and high power, the
power density of internal electronic components increases sharply, leading to increasingly
prominent thermal management challenges. If heat cannot be dissipated in a timely man-
ner, it will directly result in accelerated device aging or even thermal failure [1,2]. At
present, polymer materials such as epoxy resins, which are widely used in power equip-
ment encapsulation and housing manufacturing, possess excellent corrosion resistance
and processability, but they are inherently poor thermal conductors and can no longer meet
the heat dissipation requirements under high-load operating conditions [3,4]. Therefore,
there is an urgent need for novel materials that can exhibit superior thermal conductivity
while maintaining good mechanical properties [5].

A typical approach is to incorporate high-thermal-conductivity fillers into polymer
matrices [6–10]. Carbon fiber, as a high-quality material, has been widely used in resin
modification due to its unparalleled advantages of high strength, high modulus, and low
density [11,12]. However, the limited number of active functional groups on the CF surface
and its poor interfacial bonding with resin matrices lead to easy damage and failure of CF
composites, preventing full utilization of the intrinsic properties of carbon fibers [13–15].
Improving fiber surface properties is a common method to enhance interfacial bonding
between fibers and resin matrices. Carbon nanotubes (CNTs), owing to their outstanding
mechanical properties, anisotropic structure, and high aspect ratio, have inspired extensive
research on interfacial reinforcement in composite materials [16,17]. The hybridization of
CNTs and carbon fibers is a common strategy that can enhance fiber tensile strength [18],
increase radial stiffness [19], and strengthen the composite interface [20,21].

To reduce interfacial thermal resistance and improve interfacial bonding strength, con-
ventional methods mainly include chemical grafting [22], electrodeposition [23], and chem-
ical vapor deposition [24]. However, most of these methods suffer from certain limitations.
For instance, the high growth temperature required for chemical deposition may cause
oxidation and damage to the fiber surface, thereby reducing the bulk strength. Mean-
while, catalysts mainly composed of metal compounds may diffuse into carbon fibers at
high temperatures, destroying the graphitic microcrystalline structure on the fiber surface
and causing secondary damage [25]. Although wet chemical treatments are relatively mild,
they involve complex procedures and significant solvent pollution, which are unfavorable
for industrial development [26,27].

In recent years, flash Joule heating (FJH) technology has emerged as a highly energy-
efficient processing method for carbon materials and has demonstrated great potential.
This technique utilizes the intrinsic electrical resistance of carbon materials and applies
high-current pulses on the millisecond-to-second timescale, instantly heating the material
to 2000–3000 K [28–30]. Tour and co-workers used this method to synthesize gram-scale
graphene from various feedstocks (e.g., carbon black, plastics, and coal) within less than
one second, enabling rapid and low-cost graphene production [31,32]. Subsequently, Tour’s
group employed FJH to convert conductive carbon black into graphene doped with various
heteroatoms, featuring turbostratic structures and expanded interlayer spacing.

In this work, flash Joule heating (FJH) is introduced as a new interface engineer-
ing strategy for carbon-based composites. By applying transient pulsed voltages, local-
ized transient temperatures of 2000–3000 K are generated at CNT/CF interfaces within
millisecond-to-second timescales. This extreme localized thermal field drives carbon atom
rearrangement, diffusion, and structural reconstruction, enabling cross-scale atomic-level
welding between nano- and micro-carbon reinforcements. Unlike conventional approaches
based on surface functionalization, filler dispersion, or interfacial coupling agents, this
method directly constructs a micro-welded carbon skeleton network with intrinsically low
interfacial thermal resistance and efficient load transfer capability. This study therefore
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establishes FJH-enabled carbon welding as a new paradigm for simultaneously optimizing
thermal transport and mechanical reinforcement in polymer composites, providing a scal-
able pathway for next-generation lightweight materials requiring high strength and high
thermal conductivity.

2. Materials and Methods
2.1. Materials

Multi-walled carbon nanotubes (TNMP1, outer diameter 5–15 nm, purity > 99 wt%)
were purchased from Chengdu Organic Chemicals Co., Ltd., Chengdu, China. Carbon
fibers (TYG-1, average diameter 12 µm, density 2.2 g/cm3) were supplied by Hunan
Dongying Carbon Materials Technology Co., Ltd. Epoxy resin (E-51) and curing agent DDM
(4,4′-diaminodiphenylmethane, molecular weight 198.27) were obtained from Guangdong
Runjiang Chemical Co., Ltd., Guangzhou, Guangdong, China. Acetone was supplied by
Chengdu Kelong Chemical Co., Ltd., Chengdu, China, and deionized water was used
throughout the experiments. Unless otherwise specified, all reagents and materials were
used as received without further purification.

2.2. Flash Joule Heating Treatment

The flash Joule heating experiments were conducted in a quartz tube chamber. Copper
electrodes were used to establish electrical connections, and the system consisted of a
relay switch, signal generator, capacitor bank, charging resistor, and DC power supply.
Approximately 80 mg of MWCNT-coated carbon fibers were placed in-side the quartz
tube, with copper wires covering both ends to enhance electrical con-tact during the FJH
process. By adjusting the clamping pressure, the sample resistance was fine-tuned to a
stable value of 0.5 Ω prior to FJH. Turn on the charging switch to charge the capacitor bank,
and monitor its voltage with a multimeter until the predetermined voltage value is reached,
then stop charging. Next, adjust the signal generator’s output waveform to a pulse signal,
setting the pulse time duration as the discharge time. After turning off the discharge switch,
initiate the pulsed plasma discharge. During the process, the pulse duration was extremely
short, and the instantaneous high current generated temperatures up to 3000 K. The specific
circuit diagram can be found in Figure 1.

Figure 1. Schematic illustration of the fabrication process of epoxy composites reinforced with
MWCNT/CF treated by flash Joule heating.
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2.3. Composite Fabrication

Epoxy resin and curing agent were mixed in a beaker according to the prescribed
weight ratio. The mixture was subsequently degassed at 70 ◦C under vacuum to remove
residual solvent and air bubbles generated during mixing. The degassed mixture was
then poured into molds containing the carbon fibers. Finally, the composites were cured at
120 ◦C for 2 h, followed by post-curing at 130 ◦C for 2 h under atmospheric pressure.

2.4. Structural Characterization and Performance Testing

Before and after treatment, Raman spectra were acquired using a laser confocal Ra-
man spectrometer (HORIBA LabRAM HR Evolution, Paris, France) with an excitation
wavelength of 532 nm to evaluate graphite order and defect density. X-ray photoelectron
spectroscopy (XPS) analysis was performed using a Thermo Scientific K-Alpha instru-
ment (Waltham, MA, USA) with monochromatic aluminum Kα radiation (1486.6 eV) to
investigate surface chemical composition before and after modification, analyzing sur-
face chemistry and bonding evolution. Data were processed using Avantage software
(5.99). Field emission scanning electron microscopy (SEM, ZEISS Sigma 300, Oberkochen,
Germany) was employed to evaluate microstructural changes induced by FJH, enabling
observation of the interfacial bonding morphology between multi-walled carbon nanotubes
and carbon fibers. Mechanical property testing was performed using a universal testing
machine (TY-9000D1, Yangzhou Tianyou Instrument Equipment Co., Yangzhou, China).
Flexural strength was determined via three-point bending tests on specimens measuring
40 × 20 × 3.5 mm with a span of 25 mm and a displacement rate of 1 mm/min. Three spec-
imens per group were tested, and the average value was used to evaluate interfacial load
transfer. The thermal conductivity of the composite material was measured using a Netzsch
LFA467 laser flash analyzer (Selb, Germany). Specimens measuring 10 × 10 × 3.5 mm were
tested independently three times, and the average value was taken.

3. Results and Discussion
3.1. Microstructural Analysis
3.1.1. Raman Spectroscopy Analysis

Figure 2a,b present the Raman spectra of the MWCNT/CF composite interfaces
under different Joule heating welding parameters. All samples exhibit characteristic D, G,
and 2D peaks located at approximately 1350 cm−1, 1580 cm−1, and 2700 cm−1, respectively,
corresponding to defect-induced disordered carbon structures, in-plane vibrational modes
of sp2 carbon atoms, and second-order scattering peaks. These features confirm that all
samples retain the typical characteristics of carbon materials [33–35].

As shown in Figure 2a, the Raman spectra differ significantly under different applied
voltages. Without voltage application (0 V), the ID/IG ratio of the sample is 1.18. When the
voltage is increased to 60 V and 90 V, the ID/IG ratios decrease to 1.02 and 0.98, respectively,
indicating that the transient high temperature generated by flash Joule heating helps
reduce defects and improve the structural order of carbon. Among these conditions, the
sample treated at 90 V exhibits the lowest ID/IG ratio and a relatively higher I2D/IG value
(0.30), suggesting better integrity of the interfacial carbon structure under this parameter.
However, when the voltage is further increased to 120 V, the ID/IG ratio rises again to
1.02, accompanied by a decrease in the relative intensity of the 2D peak, indicating that
excessive thermal input may introduce new structural defects or damage the original
ordered carbon structure.
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Figure 2. Raman spectra of MWCNTs/CF before and after FJH treatment: (a) Raman spectra of
MWCNTs/CF under different pulse discharge voltages; (b) Raman spectra of MWCNTs/CF under
different pulse durations.

Figure 2b shows the effect of different pulse durations on the Raman spectra at a fixed
voltage of 90 V. When the pulse durations are 100 ms and 500 ms, the ID/IG ratios remain
at approximately 0.98, and the I2D/IG values are 0.30 and 0.35, respectively, indicating
that Joule heat welding within this time range can optimize the interfacial carbon structure
without significantly introducing defects. In contrast, when the pulse duration is extended
to 900 ms, the ID/IG ratio increases to 1.05 and the 2D peak intensity weakens, suggesting
that prolonged high-temperature exposure leads to degradation of the carbon structure.
Overall, Raman analysis demonstrates that flash Joule heat welding plays a significant role
in regulating the interfacial carbon structure of MWCNT/CF. Moderate voltage and pulse
duration reduce interfacial defect density and enhance structural order, whereas excessive
voltage or overly long pulse duration causes structural damage.

3.1.2. XPS Analysis

Figure 3a,b present the XPS survey spectra of the MWCNT/CF interfaces under
different flash Joule heat welding parameters. All samples show a prominent C 1 s peak
(~285 eV), accompanied by O 1 s (~532 eV) and N 1 s (~400 eV) signals [36,37], indicating
that the sample surfaces are mainly composed of carbon with certain amounts of oxygen-
and nitrogen-containing functional groups.

Figure 3. XPS survey spectra of MWCNTs/CF before and after FJH treatment: (a) XPS survey spectra
under different pulse discharge voltages; (b) XPS survey spectra under different pulse durations.
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Under different applied voltages, the elemental composition of the MWCNT/CF
interface changes to some extent. As shown in Table 1, without voltage application (0 V),
the O 1 s and N 1 s peaks are relatively prominent. As the voltage increases, the relative
intensity of the C 1 s peak increases, while the O 1 s and N 1 s signals gradually weaken,
indicating that the transient high temperature generated by flash Joule heating effectively
removes impurities from the raw materials. Overall, the XPS survey spectra demonstrate
that flash Joule heating significantly regulates the interfacial chemical composition. Appro-
priate voltage and pulse duration can remove excess functional groups while maintaining
interfacial stability.

Table 1. Percentage Table of Carbon and Oxygen Atoms.

Sample Carbon Content (%) Oxygen Content (%)

0 V–0 ms 91.03 8.97
60 V–100 ms 95.33 4.67
90 V–100 ms 98.19 1.81

120 V–100 ms 95.23 4.77
90 V–500 ms 98.27 1.73
90 V–900 ms 97.9 2.1

Figure 4a–d show the high-resolution C 1 s XPS fitting results of the MWCNT/CF
interfaces under different Joule heat welding voltages. All C 1 s spectra can be deconvoluted
into five characteristic peaks corresponding to C–C/C=C (~284.6 eV), C–O (~286.0 eV),
C=O (~287.0 eV), O–C=O (~288.8 eV), and π–π (~291.0 eV) [38–40].

Figure 4. High-resolution C 1 s spectra of MWCNTs/CF before and after FJH treatment: (a) pristine
MWCNTs/CF; (b) 60 V pulse voltage; (c) 90 V pulse voltage; (d) 120 V pulse voltage.

Under the 0 V condition (Figure 4a), the proportion of the C–C/C=C peak is 69.10%,
while the total proportion of oxygen-containing functional group peaks (C–O, C=O, and O–
C=O) is approximately 28.20%, indicating that the MWCNT/CF surface retains a consider-
able amount of oxidized structures and surface defects in the initial state. When the voltage
is increased to 60 V (Figure 4b), the proportion of the C–C/C=C peak increases to 72.12%,
accompanied by a clear reduction in the C–O and C=O peak intensities, suggesting that the
transient high temperature generated by flash Joule heating begins to decompose surface
oxygen-containing functional groups and gradually enrich the interface in carbon.
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At 90 V (Figure 4c), the proportion of the C–C/C=C peak further increases to 75.26%,
reaching the highest value among all samples, while the proportion of oxygen-containing
functional groups decreases to the lowest level. This result further confirms that appropriate
Joule heat conditions favor interfacial carbon structural rearrangement and welding.

When the voltage was further increased to 120 volts (Figure 4d), the ratio of C–C/C=C
peaks decreased to 70.86%, while the ratios of C–O, C=O and O–C=O peaks increased again.
This indicates that excessive heat input may cause damage to the fiber structure or the
formation of microcracks, thereby creating new defect sites and leading to damage to the
carbon lattice. This process generates highly reactive unsaturated carbon sites. During the
rapid cooling stage after the pulse, these high-energy sites react with the trace amounts of
oxygen or water vapor remaining in the quartz tube, triggering partial oxidation reactions.

Figure 5a–c show the effects of different pulse durations (100, 500, and 900 ms) on the
C 1 s chemical bonding structure of the MWCNT/CF interface at a fixed voltage of 90 V.
At a pulse duration of 100 ms (Figure 5a), the proportion of the C–C/C=C peak is 75.26%,
while the total proportion of oxygen-containing functional groups (C–O, C=O, and O–C=O)
is approximately 20.23%, indicating that even within a short electrification time, flash Joule
heating effectively promotes decomposition of some oxygen-containing functional groups
and increases the interfacial sp2 carbon content. When the pulse duration is extended to
500 ms (Figure 5b), the proportion of the C–C/C=C peak significantly increases to 81.06%,
reaching the highest value among all samples, while the C–O and C=O peak proportions
further decrease. This suggests that under this condition, the transient high temperature
induced by Joule heating is most favorable for interfacial carbon structural rearrangement
and graphitization. This result is consistent with the lower defect level observed in Raman
analysis at 500 ms.

Figure 5. High-resolution C 1 s spectra of MWCNTs/CF before and after FJH treatment: (a) 100 ms
pulse duration; (b) 500 ms pulse duration; (c) 900 ms pulse duration; (d) variation of carbon–carbon
bonding under different discharge parameters.

However, when the pulse duration is further extended to 900 ms (Figure 5c), the
proportion of the C–C/C=C peak decreases to 73.62%, accompanied by a significant in-
crease in oxygen-containing functional groups, indicating that prolonged high-temperature
exposure may cause carbon structure damage or secondary interfacial reactions, thereby
reducing structural order.
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Figure 5d quantitatively summarizes the variation in the proportion of C–C/C=C
bonds in the C 1 s spectra. At a fixed voltage of 90 V, the C–C/C=C content first increases
and then decreases with increasing pulse duration, reaching a maximum at 500 ms. Sim-
ilarly, at a fixed pulse duration, the C–C/C=C content reaches a peak near 90 V as the
voltage increases and subsequently decreases. These results indicate that both voltage
and pulse duration jointly determine interfacial carbon structural evolution during flash
Joule heat welding, with an optimal parameter combination of 90 V and 500 ms.

3.1.3. Microstructural Morphology Analysis

Figure 6a–f show the changes in the connection state of MWCNTs on the CF surface
under different voltages and discharge durations. Without voltage application (Figure 6a),
only a small amount of scattered MWCNT residues remains on the CF surface, indicating
that the initial MWCNT–CF interaction mainly relies on physical adsorption with weak
interfacial bonding. When the voltage is increased to 60 V (Figure 6b), some MWCNTs are
observed to form preliminary connections with the CF surface, but the overall distribution
is discontinuous and the welded regions are limited. This indicates that although the Joule
heating effect is triggered at this voltage, the transient temperature is insufficient to achieve
large-scale effective welding.

Figure 6. SEM images of samples before and after FJH treatment: (a) pristine MWCNTs/CF;
(b) 60 V–100 ms; (c) 90 V–100 ms; (d) 120 V–100 ms; (e) 90 V–500 ms; (f) 90 V–900 ms; (g) Electron
image of MWCNTs/CF treated at 120 V–100 ms; (h) EDS layered image of MWCNTs/CF treated
at 120 V–100 ms; (I1–I4) EDS elemental analysis image of MWCNTs/CF treated at 120 V–100 ms.

When the voltage is further increased to 90 V (Figure 6c), most MWCNTs are success-
fully connected to the CF surface, with a significantly increased interfacial bonding area.
This demonstrates that under relatively high voltage and short pulse conditions, flash Joule
heating can achieve effective welding between MWCNTs and CFs within an extremely
short time. However, when the voltage is increased to 120 V (Figure 6d), a large number of
irregular foreign particles or granular deposits appear on the CF surface.
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These structures do not correspond to the typical morphology of MWCNTs. Therefore,
EDS analysis was conducted (Figure 6(I1–I4)), revealing that these particles consist of copper
elements. It is speculated that they originate from the sublimation of copper wires under
high-temperature conditions, followed by deposition onto the CF surface during cooling.
This result indicates that excessive voltage induces uncontrollable side reactions, reducing
the purity and reliability of the welded interface. At a constant voltage of 90 V, extending the
pulse duration to 500 ms (Figure 6e) further increases the number of MWCNT connections
on the CF surface, forming a more continuous and dense network structure. This indicates
that moderately extending the pulse duration enhances welding success by involving more
MWCNTs in interfacial connections. However, when the pulse duration is further extended
to 900 ms (Figure 6f), obvious morphological damage and structural degradation appear on
the CF surface, with localized erosion or fracture features. This demonstrates that prolonged
high-temperature exposure damages the CF substrate, shifting the welding process from
interfacial reinforcement to matrix degradation, which is unfavorable for improving the
overall composite performance. Therefore, rational control of voltage and pulse duration
ensures high welding efficiency while avoiding interfacial contamination and substrate
damage, providing an effective approach for constructing high-performance MWCNT/CF
composite interfaces.

3.2. Mechanical Properties

Figure 7a,b show the flexural mechanical properties of MWCNT/CF composites
under different flash Joule heat welding parameters. The flexural strength of the untreated
MWCNT/CF specimen is 66.77 MPa, exhibiting relatively limited load-bearing capacity.
After introducing flash Joule heat welding at a fixed voltage, the flexural strength of
the composites increases significantly. As shown in Figure 7a, when the pulse duration is
100 ms, the flexural strength increases to 88.90 MPa. When the pulse duration is extended to
500 ms, the flexural strength further increases to 108.65 MPa, representing an improvement
of approximately 62.72% compared with the pristine MWCNT/CF specimen and achieving
the highest value among all samples. This indicates that under appropriate Joule heat
conditions, the MWCNT/CF interfacial bonding is significantly enhanced, effectively
improving load transfer efficiency.

Figure 7. Mechanical properties of composites: (a) flexural strength of composites; (b) flexural
stress–strain curves; (c) comparison of mechanical performance of epoxy composites reported in
different studies [41–45].
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However, when the pulse duration is further extended to 900 ms, the flexural strength
decreases to 80.01 MPa. Although this value remains higher than that of the untreated
sample, it is significantly lower than that obtained under the 500 ms condition. This trend
indicates that excessive high-temperature exposure weakens interfacial structural stability,
thereby limiting further improvement in mechanical performance. Figure 7b presents the
flexural stress–strain curves of different samples. The 500-MWCNT/CF specimen sustains
higher stress at lower strain levels and exhibits a steeper initial slope, indicating significantly
enhanced flexural modulus and interfacial load-bearing capacity. In contrast, the untreated
MWCNT/CF specimen shows a slower stress increase, reflecting weak interfacial bonding
and inefficient load transfer.

In addition, the 900-MWCNT/CF specimen fails at larger strain ranges with noticeably
lower stress levels compared with the 500 ms sample, indicating that the interface may
undergo localized damage or degradation after prolonged Joule heating. This observation
is consistent with the interfacial degradation trends observed in SEM and XPS analyses.
Overall, flexural performance results demonstrate that flash Joule heat welding significantly
enhances the mechanical properties of composites by improving MWCNT/CF interfacial
bonding quality. However, this enhancement depends strongly on appropriate welding
parameters. A moderate pulse duration (~500 ms) achieves an optimal balance between
interfacial reinforcement and structural stability, whereas excessively short or long pulse
durations are unfavorable for achieving optimal mechanical performance. Figure 7c com-
pares the mechanical performance of the optimal 500-MWCNT/CF composite in this work
with various epoxy resin composites reported in the literature [41–45].

3.3. Thermal Conductivity

Figure 8a shows the variation in thermal conductivity of composites under different
flash Joule heat welding parameters. The thermal conductivity of pure epoxy resin is only
0.19 W·m−1·K−1, while those of CFRP and MWCNT/CF composites are 0.23 W·m−1·K−1

and 0.30 W·m−1·K−1, respectively, indicating that the introduction of MWCNTs helps
establish preliminary thermal conduction pathways. After flash Joule heating, the ther-
mal conductivity of the composites is further significantly enhanced. As shown in
Figure 8a, when the pulse duration is 100 ms, the thermal conductivity increases to
0.43 W·m−1·K−1. When the pulse duration is extended to 500 ms, the thermal conduc-
tivity reaches 0.51 W·m−1·K−1, representing an enhancement of approximately 168%
compared with pure epoxy resin and achieving the highest value among all samples. This
result indicates that under appropriate Joule heat conditions, MWCNT/CF interfacial
connections are significantly improved, effectively constructing continuous, low-thermal-
resistance heat conduction networks.

Figure 8. Thermal conductivity of composites: (a) thermal conductivity under different conditions;
(b) comparison of thermal conductivity of epoxy composites reported in different studies [46–51].
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When the pulse duration is further extended to 900 ms, the thermal conductivity de-
creases to 0.39 W·m−1·K−1, indicating that excessive high-temperature exposure damages
the established thermal conduction pathways or introduces interfacial thermal resistance,
thereby limiting further enhancement in thermal conductivity. Figure 8b compares the
thermal conductivity of the optimal 500-MWCNT/CF composite in this work with various
fiber-reinforced epoxy resin composites reported in the literature. The thermal conductivity
of 500-MWCNT/CF reaches 0.51 W·m−1·K−1, which is significantly higher than reported
values for BN nanofillers, CNT fillers, FG/Fe2O3, HNT/CF, and some graphite-based
composites [46–51]. These results further verify the effectiveness of flash Joule heat welding
in synergistically enhancing multiple performance metrics.

4. Conclusions
This study proposes an interfacial modification strategy based on flash Joule heating.

By generating transient high temperatures at the MWCNT/CF contact interface through
millisecond-scale pulses, carbon atom rearrangement and carbon–carbon welding are
induced, enabling the construction of continuous multiscale thermal conduction networks
while effectively reducing interfacial impurities and oxygen-containing functional groups.
During parameter optimization, pulse voltage and duration jointly determine carbon
structural evolution, with an optimal combination identified at 90 V and 500 ms. Under
this condition, the proportion of carbon–carbon bonds reaches the highest value (81.06%),
indicating the highest degree of interfacial graphitization and structural ordering, which is
favorable for reducing interfacial thermal resistance and enhancing load transfer efficiency.

In terms of macroscopic performance, the flexural strength of the optimal composite
increases from 66.77 MPa to 108.65 MPa, representing an improvement of 62.72%. Mean-
while, the thermal conductivity of the composite increases from 0.19 W·m−1·K−1 for pure
epoxy resin to 0.51 W·m−1·K−1, corresponding to an enhancement of approximately 168%,
confirming the effectiveness of FJH in synergistically improving thermal and mechanical
properties. It should be noted that excessively high voltage (e.g., 120 V) may induce copper
wire sublimation and subsequent deposition on the fiber surface, reducing interfacial purity,
while excessively long pulse duration (e.g., 900 ms) causes fiber morphological damage
and performance degradation. Therefore, rational control of voltage and pulse duration is
critical for obtaining stable, high-performance composite interfaces.

Overall, this work provides a rapid, efficient, and environmentally friendly approach
for fabricating carbon-reinforced epoxy composites with both high thermal conductivity
and high mechanical strength, offering a viable technical pathway and theoretical basis for
applications with stringent requirements on thermal management and structural reliability.
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Abbreviations
The following abbreviations are used in this manuscript:

MWCNT/CF Carbon fibers coated with carbon nanotubes
100-MWCNT/CF MWCNT/CF treated by rapid Joule heating at 90 V and 100 ms parameters
500-MWCNT/CF MWCNT/CF treated by rapid Joule heating at 90 V and 500 ms parameters
900-MWCNT/CF MWCNT/CF treated by rapid Joule heating at 90 V and 900 ms parameters
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