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1. Introduction

Enhancing thermal conductivity and flame
resistance of carbon fiber composites using
CNT-infused multiphase graphene resins

Yogin Patel,*? Pei Huan Sun,® Bryan Llumiquinga,® Nandi Bao,? Jonathan Shi,?
Adrien Duran,® Charm O. Nicholas,? Rituparna Mohanty,® Nare Cho,? Iris You,®
Stephen D. Tse {22 and Jonathan P. Singer ) *&°

Carbon fiber composites (CFC) are distinguished by their remarkable strength-to-weight ratio, rendering
them exceptionally suitable for various applications. This study explores replacing the conventional
polymer epoxy matrix in CFCs with macropore-infused graphene nanocomposite emulsion thermosets
(MINETS) based on easily sourced materials. The explored MINETSs are formed from epoxy resin, graphene
particles, and different oils as working fluids. This approach allows CFCs to exhibit multifunctional pro-
perties, including enhanced thermal conductivity and flame resistance, making them ideal for fire-proof
drone enclosures, electronic casings, and thermal-energy-storage equipment applications. The thermal
conductivity was further increased by adding carbon nanotubes (CNT) to the MINET matrix. The rheologi-
cal properties of MINET allowed for CNT loading concurrently alongside graphene, without preventing
processing. Rheological evaluations and Vickers hardness assessments were conducted to optimize the
maximum CNT loading for efficient molding and robust mechanical properties. Thermal conductivity ana-
lysis demonstrated that CNT-reinforced MINET composites have a higher thermal conductivity when
compared to standard graphene-MINET formulations. Infrared thermal imaging confirmed that CFC
MINET composites have better dynamic heat transfer properties than CFC epoxy samples. Flammability
tests indicated an improved flame resistance, particularly for silicone oil CFC MINET CNT formulations.
The results indicate that CNT-infused CFC MINET exhibits exceptional thermal management and
enhanced fire resistance co-optimized with mechanical properties, thus rendering it ideal for high heat
dissipation, thermal stability, and flame retardancy.

against fatigue cracks and oxidation, and their malleability
allows for precise structural design.®” However, limitations

Carbon fiber (CF) is employed in composite fabrication,
applied in automotive, defense, and aeronautics industries
due to its superior strength-to-weight ratio, stiffness, and cor-
rosion resistance. Its extensive usage is attributed to its ability
to withstand significant mechanical loads while reducing
structural weight.' Polymers are integral as binders and pro-
tective agents, ensure uniform load distribution, and safe-
guard fibers from environmental factors.> Carbon fiber exhi-
bits a tensile strength of 3-7 GPa and a density of 1.6-2.2 g
em>,*® rendering it significantly lighter than steel or alumi-
num. These epoxy-reinforced composites enhance durability
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exist, notably the poor out-of-plane thermal conductivity and
high flammability of epoxy resins used in composites, which
are more prone to ignition at elevated temperatures, as evi-
denced by their high heat release rates (HRR).>'® In contrast,
non-composited metals such as aluminum and titanium do
not facilitate fire spread and do not emit toxic fumes, which is
advantageous for environmental safety. Furthermore, tra-
ditional materials exposed to high temperatures can form a
protective char layer that mitigates oxygen diffusion and heat
penetration, a quality not shared by CF-based polymer compo-
sites, which tend to decompose rapidly and release flammable
gases during combustion.®

These concerns can be mitigated to some extent through
the addition of flame retardants or by increasing the thermal
conductivity of the matrix by distributing the incident heat
sources. However, the current state of flame-resistant additives
faces several concerns. There is a push to replace traditional
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halogen-based retardants, which are highly effective but detri-
mental to the environment."* Phosphorous-based retardants,
which are more environmentally friendly and exhibit good
flame retardancy characteristics, face several processing
issues.'” Inorganic phosphates such as ammonium polypho-
sphate, melamine phosphate, and melamine pyrophosphate
tend to have poor compatibility with epoxy resins and will
settle after mixing, affecting the flammability of the
materials.”> More promising flame retardants such as the
derivatives of 9,10-dihydro-9-oxa-10-phosphaphenanthrene-10-
oxide (DOPO) have exhibited reduced mechanical properties
due to migration and leaching.'? Zhang et al. was able to incor-
porate DOPO into the epoxy resin backbone, however this
impeded complete cross-linking of the polymer.'*'®> Current
research into DOPO is focused on incorporating DOPO with
various other flame retardant materials.®

Past research studies have indicated that incorporating gra-
phene and carbon nanotubes (CNTs) into multiphase polymer
matrices can effectively mitigate these concerns due to their
superior thermal stability and reinforcement properties.'”"*®
Graphene-coated fabrics can achieve thermal conductivities as
high as 9.5 W (m K)~" when applied to substrates, demonstrat-
ing substantial improvements in heat dissipation capabili-
ties.'® Graphene facilitates the formation of an organized car-
bonaceous layer on the composite surface, serving as a barrier
to heat and oxygen diffusion, thereby lowering the HRR below
500 °C, indicative of significant flame retardancy.”® Graphene
has also been combined with flame retardant additives such
as melamine phosphate or DOPO to improve thermal,
mechanical, and flammability properties.>® CNTs exhibit
remarkable mechanical, electrical, and thermal characteristics,
rendering them effective for reinforcement. They establish a
protective network that decelerates flame propagation and
enhances the mechanical integrity of the polymer matrix while
augmenting flame resistance.’> CNTs modified with melamine
polyphosphate can double the thermal conductivity of compo-
sites from 0.21 to 0.42 W (m K)~' while simultaneously
improving flame retardancy.”® CNT performance is typically
limited by the dispersion of the particles within the polymer
matrix, but Chen et al. were able to modify CNTs into a well-
dispersed matrix with a reactive hyperbranched polyphosphor-
amide.** A study examined the synergistic effect of CNTs and
graphene on flame-retardant properties within a polypropylene
matrix, achieving a 31% oxygen index and an 83% reduction
in HRR, with an ignition delay of 40 seconds relative to pure
polypropylene.'® Thus, it is evident that building 3D thermally
conductive nanofiller networks in polymer composites is an
effective way to enhance their thermal conductivity. The
method of adding complex chemicals continues with CFCs,
incorporating reactive fire retardants such as DOPO or
branched polyethyleneimine and ammonium polyphosphate
within the polymer matrix while mechanically supported by
the carbon fibers.'®>> Although effective, these methods focus
on chemically intensive methods with highly specialized ingre-
dients, and conventional fabrication techniques, such as
chemical vapor deposition,*® freeze-drying,”” and self-assem-
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bly,>® are hampered by complex processes and the need for
sophisticated equipment. These factors reduce the likelihood
of integration into high output industrial processes for the
current state of the art in CFC flame retardant research.

Here, we explore macropore-infused nanocomposite emul-
sion thermosets (MINETs) as a CFC polymer matrix co-opti-
mized for thermal and mechanical properties.”® MINETs are
formed when two immiscible liquids, a surfactant, and par-
ticles are mixed at high shear to create a bi-continuous struc-
ture of the fluids. Here, epoxy and working fluid (oil) are used
as the two immiscible liquids, and a suitable surfactant is
identified. Fig. 1 provides a schematic illustration of the prepa-
ration and structure in which the surfactant plays a role in sta-
bilizing the emulsion along with enhancing the nanoparticle
dispersion, thereby ensuring a well-structured composite. With
the addition of microparticles and mixing at high shear, the
viscosity of the emulsion is increased, and macrophase separ-
ation is prevented during curing, maintaining structural integ-
rity without significant shrinkage.>®

MINET structure has (1) an epoxy phase that provides the
required mechanical strength and structural integrity, (2) an
oil phase that acts as a porogen, which introduces tunable
porosity, and (3) a particle phase that reinforces the material
and improves the functional properties.”® This engineered
porosity results in a lighter, more heat-resistant, and mechani-
cally tunable material, distinguishing it from conventional
dense polymer matrices. Here, higher particle loadings are
balanced by the working fluid to achieve desirable viscosity,
allowing a thermally conductive particle phase with a higher
flame-retardant oil phase. For thermal MINETS, graphene and
CNT are among the best particle options, which will be tested
further with canola oil and silicone oil to check their fire resis-
tance behavior. Combining these materials with CFCs will
allow the selection of the desired multifunctionality. This
study aims to identify the properties of MINET-based CFCs
compared with conventional CFCs while enhancing heat dissi-
pation, flame retardancy, and multifunctionality, thereby
addressing deficiencies in thermal management, thermal
shock resistance, and material adaptability.

2. Experiment section
2.1 Materials

All materials were used as received. Graphene platelet (6-8 nm
thickness and <2 pm long particles) powder was procured from
Skyspring Nanomaterials. A scanning electron microscopy
(SEM) image of the associated graphene particles is shown in
Fig. S1. 105 Epoxy Resin (major component propane, 2,2-bis[p-
phenyl]-, polymers) and 206 Slow Hardener (polyoxypropyl-
enediamine mostly) were procured from West System. The mix
ratio is five parts of the resin to one part of the hardener by
weight. Arkema Chemical and Plasthall provided epoxidized
soybean oil (Vikoflex 7170). Canola oil and silicone oil were
procured from Sigma-Aldrich. The silicone oil surfactant, di-
methylsiloxane block copolymer (DBP-732), was obtained from
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Fig. 1 Schematic of MINET preparation and concept. A non-MINET ternary liquid system (epoxy-surfactant-working fluid) forms an emulsion after
mixing due to phase separation (top). By contrast, in MINET, the ternary system becomes a bicontinuous gel where the morphology is arrested by
nanoparticle jamming but can still be processed. Schematic is modified with permission from Wiley.?°

Gelest. Carbon fiber fabrics (3 K, plain weave pattern, 0.012-
inch thick carbon fibers) were procured from Fibre Glast.
CNTs were acquired from Huntsman (Miralon powder).

2.2 MINET fabrication

The MINET fabrication process involved mixing 105 epoxy
resin, 206 cross-linker (hardener), ESO, canola oil, and par-
ticles for vegetable oil-based MINETs. Similarly, silicone oil-
based MINETSs were prepared using 105 epoxy resin, 206 hard-
ener, DBP-732 surfactant, silicone oil, and particles. The final
epoxy composite mixture was homogenized using a speed-
mixer (FlackTek DAC150.1 FVZ-K) at 3500 rpm for 2 min.
Depending on the compositions, the MINETs were cured at
ambient conditions for 16-24 hours. For porosity analysis, the
canola and silicone oil were removed by solvent hexane immer-
sion for >12 hours, followed by ambient drying for >24 hours.
This resulted in an interconnected porous network throughout
the epoxy-nanocomposite matrix. MINET was considered
optimal when the entire oil phase was removed without remov-
ing other components (as determined by mass loss). In ideal-
ized MINET, as shown in Fig. S2, a favorable solvent amount
removes the continuous oil phase generated by macrophase
separation.

2.3 MINET structure fabrication

Two types of templates were used for molding the different
MINET structures: (1) 3D printed PLA templates for the rec-
tangular samples (20 mm (L) x 6.75 mm (W) x 6.75 mm (H))
and (2) silicone rubber cylindrical shaped templates
(31.75 mm diameter x 10 mm) for measurement of thermal
properties. The uncured MINET or epoxy composite lump was
placed on a concave impression-shaped template. The tem-
plate (with MINET on top) was placed between two parallel
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plates and further placed within the platens of the vice.
Embossing pressure drove the soft MINET to flow and fill the
template cavities. The MINET template assembly was kept at
room temperature for 16-20 hours (depending on compo-
sition) to complete MINET curing. The rectangular mold
samples were cured (20 hours) uniformly in a vise press to
measure mass loss and porosimetry and perform flammability
testing.

2.4 Sample characterization

To characterize the porosity, SEM (Zeiss Sigma FESEM with
Oxford EDS), mercury intrusion porosimeter (Micrometrics
9610), and micro-CT (Bruker SkyScan 1272 CT) were used. The
same SEM was also used to characterize the silica phase after
burning via electron dispersive spectroscopy (EDS). A rhe-
ometer (Malvern Kinexus Ultra+) was used to measure the
rheological properties of MINET. The samples were loaded
quickly after shear mixing (typically <10 min). The high-resolu-
tion micro-CT was performed with a spatial resolution of
0.7 pm and an image size of 4904 x 3290 using a 5kX camera.
Vickers hardness value is calculated by measuring the indenta-
tion on the cylindrical composite samples using a Leica
optical microscope.

2.5 Sample preparation for thermal conductivity
measurement

For all epoxy composites, based on the viscosity, the uncured
material was poured into two flat-bottomed cylindrical silicone
molds and cured at room temperature for 20 hours. The cured
samples were further removed by detaching the silicone tem-
plates. Thermal conductivity measurements were taken using
a Hot Disk TPS 500 Thermal Constants Analyser at room temp-
erature (25 °C) under controlled environmental conditions to

This journal is © The Royal Society of Chemistry 2026
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minimize the external influence on the results. During the
measurement, the Hot Disk sensor is sandwiched between one
sample and one sample holder, ensuring optimal thermal
contact and reliable data collection. This measurement is used
to determine the thermal conductivity through an automated
curve fitting analysis. This fitting uses specific heat as a para-
meter, though not as robustly as the thermal conductivity, and
a physical range of heats (0.5-2 MJ m~> K) was ensured.

2.6 CFC MINET sample fabrication

Uniform MINET samples were prepared using a speed-mixer
to fabricate the CFC MINET samples. The resulting MINET
was incorporated homogeneously as a matrix material with a
single carbon fabric ply. This single sheet of carbon fiber
fabric was folded again in half to create two layers. MINET
material was also applied again, and this double-layered fabric
was folded in half again, resulting in a four-layer carbon fabric
composite structure (2 x 2 inch size). The resultant CFC
MINET composites were mounted between flattened plates of
vice. CFC samples were cured further for 24 hours at ambient
conditions under the assumption that the samples were
molded homogeneously without any entrapped air bubbles.
This methodology ensures that the MINET mixture is evenly
distributed between each layer, creating continuous intricate
networks throughout the composite. The CFC MINET sample
was used to measure the thermal conductivity using the same
procedure mentioned previously for the MINET sample.

2.7 CFC composite sample for temperature measurement
using a thermal camera

The thermal behavior of the composite samples was character-
ized using a Seek Shot Pro thermal camera, which provides
real-time temperature measurements and thermal imaging
capabilities. The experimental setup consisted of a hot plate as
the heat source, maintained at precise temperatures to ensure
consistent and controlled heating conditions. Each composite
sample was placed directly on a hot plate surface. The temp-
erature measurements were recorded spontaneously through
the reference point on the sample surface and hot plate(5
inches from the sample surface and camera front) at 5 minute
intervals and for 37 minutes. Square glass (1 x 1 cm and
0.1 mm thickness size, placed on the sample surface) was used
for its near-zero thermal expansion coefficient and dimen-
sional stability at high temperatures. It ensures consistent
temperature readings across samples of varying thicknesses by
creating a uniform contact surface for measurement and
uniform measurement emissivity. All measurements were per-
formed under ambient room air conditions (~25 °C).

2.8 Flammability test on epoxy and CFC composites

The flame test was performed on the epoxy and CFC compo-
sites using a modified ASTM D635 test, which quantifies a rate
at which a sample burns when exposed to a flame in a con-
trolled environment. All sample tests were conducted in a
fume hood (controlled laboratory environment) to ensure
proper ventilation and safety protocols. CFC samples were cut
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precisely into rectangular shapes (1.5 x 0.5 inches) and
mounted horizontally on a sturdy metal clamp in a vertical
orientation. A calibrated burner (Bernzomatic) was ignited to
generate a steady blue flame (~430 °C) for sample burning.
The burner was then positioned at a 45-degree angle to the
sample’s surface, with the flame tip touching the lower left
corner of the sample. The flame was exposed to the sample
surface for 30 seconds after ignition, and the flame spread rate
was observed. The flame was removed after 30 seconds, and
the time and extent of burning were recorded. The samples
were naturally cooled, and visual inspection was performed to
evaluate burning damage. The flame spread rate and extent of
damage were observed to evaluate the performance differences
between the various composite formulations.

2.9 Statistical analysis

The results in Fig. 3b, 4b and c are based on the mean and
standard deviation of n = 5 samples. Other results were from
individual samples, where data trends were identified by
testing multiple experimental conditions. The results in
Fig. 3c and 4a were normalized to the total component mass.

3. Results and discussion

3.1 Processability, hardness, and porosity of graphene
MINET and MINET CNT samples

The MINET formulation procedure was initially conducted
using silica and super-activated carbon particles. It was
observed that the characteristic size of the pores is directly cor-
related with the dimensions of the particles employed.*®
Similar trends are anticipated in other particles should be well
dispersed; however, the implications of incorporating aniso-
tropic flakes, such as graphene, remain unclear.?® The MINET
samples were further prepared with graphene particles
(measuring 6-8 nm thickness), epoxy, and working fluid
(canola and silicone oil) with surfactant. The right amount of
surfactant was selected by examining the phase properties of
the final composite through mass loss and porosimetry ana-
lysis (Fig. S2).

After mixing all the components with a high shear, this
MINET matrix exhibits putty-like rheological behavior and can
flow into narrow shapes (as illustrated in Fig. 2a) when
extruded through a needle. Additionally, it is amenable to
molding from larger macro shapes to centimeter-scale dimen-
sions (Fig. 2b). By leveraging this conventional resin-like vis-
cosity, it can be easily molded in conjunction with a CF struc-
ture (Fig. 3a). For the local pore structure evaluation, com-
puted tomography (CT) scan images were acquired from the
cross-sectional area of the CFC epoxy control sample and CFC
MINET structure, as depicted in Fig. 2d and e, respectively.
The objective is to uncover the differences in pore size and
structure resulting from forcing the MINET material into the
inter-fiber spacing. The preservation of the continuous pore
networks is further corroborated by the SEM image in Fig. 2f.
Mercury porosimetry will be employed for global assessment,

Nanoscale, 2026, 18, 384-395 | 387
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(a) Photograph of graphene MINET print through needle extrusion. (b) Photograph of the molded graphene MINET structure. (c) A photo-

graph of molded MINET-CF composite and a schematic inset of the presumed structure is drawn roughly to scale. CF (dark grey) was molded with
MINET resin from graphene nanoparticles (light grey), surfactant, epoxy, particles, and working fluid. Comparison of CT images of (d) conventional
CFC control and (e) CFC MINET sample (without oil phase), and (f) SEM image of CFC graphene MINET (without oil phase).

which will elucidate how the pore size distribution diverges
from that of the bulk MINET.

Graphene is an attractive particle for MINET formulation
due to its efficient heat transfer through phonon-driven lattice
vibrations.*"*> However, excessive graphene content increases
viscosity, affecting the rheological properties and structural
uniformity due to agglomeration, high surface area, and
strong van der Waals forces. High viscosity hinders processa-
bility, affects porous structures, and reduces compatibility with
carbon fabrics during molding. These results agree with pre-
vious studies that reported viscosity challenges in particle-
based composites at high optimal loadings.*®

One solution to this processability problem involves com-
bining CNTs with graphene to create hybrid structures that
leverage the properties of both materials. Incorporating CNTs
into MINET samples enhances their thermal conductivity and
electrical properties.*® Compared to graphene particles, CNTs
have a lower density, which allows improvement in material
properties upon small mass addition.>® This is particularly
helpful when used to mitigate viscosity problems at high gra-
phene particle concentrations. Therefore, minimal CNT load-
ings are necessary to optimize processing and subsequent
compatibility with CFC.>*

A relatively small amount of CNT (~2 wt%) was used to for-
mulate MINET samples. Further, this addition of CNTs did

388 | Nanoscale, 2026, 18, 384-395

not affect the viscosity of the MINETS to a degree that changed
the molding properties. By contrast, it was impossible to make
controls with the same loading of graphene and CNT without
forming a MINET (i.e., adding oil and surfactant). To quantify
this, rheological analyses were performed on the epoxy compo-
sites (Fig. 3a). The compositions of the different epoxy compo-
sites are listed in the SI (Table S1). MINET compositions were
selected based on preliminary electrical conductivity studies as
providing co-optimized conductivity and processability
(Fig. S3). All samples exhibited a higher shear viscosity than
the pure epoxy control sample at shear rates ranging from 0.1
to 100 s~'. Additionally, at high shear approaching 100 s™,
MINET composites had lower shear viscosity than the Epoxy
Graphene sample, which contained epoxy and graphene par-
ticles only. This is despite the fact that the control had less gra-
phene than the MINETs (13% vs. 21%), with higher control
loadings proving too viscous to be processed. In all other com-
posites, the viscosity reduced with increased shear rates (0.1 to
10 s7Y), and the viscosity curve decreased further (at a shear
rate beyond 50 s™*), which displayed a shear-thinning phenom-
enon. Similar composite systems exhibit this behavior primar-
ily because of the increased interparticle bonding at higher
particle concentrations.?® Notably, the addition of CNT does
not affect shear thinning, which allows for facile MINET
processing compared to other composites with higher CNT or

This journal is © The Royal Society of Chemistry 2026
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(a) Rheology and (b) Vickers hardness test results for different epoxy and Graphene MINET and Graphene MINET CNT composites. (c) Mass

loss for individual epoxy composite samples with canola and silicone oil as working fluids, as shown by component masses (left bar) and mass of
final composite after hexane rinsing (right bar). Both are normalized to the total component mass. (d) Mercury porosimetry results for the samples
are shown in (a). The curves represent the change in intruded pore volume, dv/d log(d), as a function of pore diameter, d.

graphene concentrations. Further, we were unable to identify
CNT bundles or agglomerates in electron micrographs of
polished cross-sections of the MINET CFCs, suggesting that
they were well-distributed in the matrix (Fig. S4).

As shown in the Vickers hardness test (Fig. 3b), MINET
samples are much softer than the other epoxy (control) and
epoxy particle samples due to the oil content in the MINET. A
similar trend (Table S2) was observed with the CFC-MINET
sample, which exhibited a lower tensile modulus compared to
the standard CFC control. However, a smaller addition of CNT
increased the hardness of the samples compared to those
without CNT, indicating that CNTs strengthen the matrix
without diminishing its processing properties. Further, these
new materials can be integrated with conventional CFCs as top
layers (as shown in Fig. S5), allowing for a thermally conduc-
tive (and thereby protective) skin. After removing the oil
content, the mass loss of the samples was further analyzed

This journal is © The Royal Society of Chemistry 2026

(Fig. 3c). The mass loss of the canola oil MINET sample (42%
oil content) was approximately 39%, and for the silicone oil
MINET (39% oil content) was about 35%. However, a lower
mass loss was observed for the MINET CNT samples after oil
removal process. Rinsed canola oil MINET CNT samples had
38%, and silicone MINET CNT samples had 34% mass loss
compared to their initial oil contents (around 41% and 38%,
respectively). These results suggest a stronger bonding inter-
action between the CNTs and adjacent particles to prevent the
removal of oil particles during the oil extraction process.>®

To validate the existing microporous network structure of
graphene MINET and MINET CNT, mercury porosimetry was
performed afterward on the same rinsed and porous
samples generated by the mass loss procedure (Fig. 3c). The
results show that although the average pore sizes of the two
composites were similar, the pore volume of the CNT-added
sample decreased. The observed reduction in the alignment

Nanoscale, 2026, 18, 384-395 | 389
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probability reinforces the distribution of CNTs into the larger
pores in the composite structure. This was further confirmed
by the improved bonding characteristics of CNTs in the com-
posite structure,’” along with the retention of oil particles
within the samples. Fig. 3d also indicates that silicone oil
MINET samples have smaller pore sizes than canola oil MINET
samples, which confirms improved small porous networks
generated using silicone oil-based MINET procedure.

3.2 Thermal conductivity measurements for different epoxy
composites

The thermal conductivity measurements demonstrate the sig-
nificant enhancement achieved by incorporating graphene
MINETs and CNTs into CFCs, as shown in Fig. 4a and b. The
Epoxy CNT sample had twice the thermal conductivity value
compared to the Epoxy control sample and 60% lower than
the Epoxy Graphene (13 wt% graphene) sample due to higher
graphene particle loading. Graphene MINET displays ~10%
greater thermal conductivity than the Epoxy Graphene control
due to its higher graphene content. The thermal conductivity
exhibited by the MINET CNT variant shows an increase of
~40% when contrasted with the conventional MINET sample
without CNT inclusion. This favorable enhancement of the
thermal management properties of the composite suggests the
considerable effectiveness of CNTs in improving the heat
transfer power of the composite. As in the case of the inclusion
of CNT in polymer matrices, similar enhancements in thermal
conductivity due to CNT inclusion have been reported in pre-
vious studies.*® Among the MINET CNT samples, silicone oil-
based samples had ~5% lower in-plane thermal conductivity
than canola oil samples.

Nevertheless, both samples showed thermal conductivity
values independent of the working fluid when rinsed, indicat-
ing that the oil phase is crucial in contributing to the thermal
properties. The thermal conductivity of rinsed samples was
also lower (~1.5 vs. ~1.7), resembling the properties of the
Epoxy Graphene sample, due to the reduced thermal conduc-
tivity of air-filled pores as opposed to oil-filled pores. The
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reduction in thermal conductivity is slightly greater than what
might be expected from removal of approximately 40% of 0.2
Wm™ k™' volume from the parallel model for continuous
composites (which would predict a reduction of 0.08 Wm™*
k™), but this is consistent with other porous materials due to
the effects of tortuosity and increased impedance of the
drained pores.*®

The samples were processed with CFC, further contributing
to heat transfer through their inherent conductive properties.
The thermal conductivities of the CFC samples (Fig. 4c) were
greater than those of the epoxy composites alone. Among all
the samples, the CFC MINET CNT samples have the highest
thermal conductivity. This outcome highlights the synergistic
effect of all components, where CNTs and graphene particles
aid in electron conduction, and carbon fibers enhance heat
propagation in the composite. Similarly, the thermal pro-
perties of hybrid composites with highly conductive fillers
(CNTs and graphene) have exhibited similar trends.*>*° One
notable aspect to consider is that the thermal measurement
approach used here (Hot Disk TPS) measures effects arising
from both in-plane and out-of-plane thermal conductivity.
Since the in-plane thermal conductivity of CFCs is much
higher due to conduction along the fiber,*" it is anticipated
that the enhancement is primarily coming from out-of-plane/
fiber-to-fiber conductivity.

3.3 Out-of-plane thermal performance of CFC samples

Thermal conductivity measurements provide valuable insight
into composite static heat transfer capabilities; however,
thermal camera measurements provide a dynamic, real-time
view of the heat distribution and temperature evolution across
the samples and, in this particular case, the out-of-plane
response. Fig. 5a illustrates the thermal camera analysis that
completes the static data of the thermal conductivity by
showing how fast and evenly heat distribution can extend in
the material.

Infrared imaging was used to characterize the steady-state
thermal conductivity and transient thermal response of the
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Comparison of temperature plots (at hot plate temperature 143 °C) generated using an infrared thermal camera for CFC control, CFC MINET, and
CFC MINET CNT samples with (a) canola oil and (b) silicone oil as working fluids. Temperature gradient over thickness (AT/L) for different CFC com-
posites at three different hot plate temperatures for (c) canola oil and (d) silicone oil-based CFC samples.

samples, allowing a more comprehensive exploration of their
thermal behavior. Thermal camera measurements revealed sig-
nificant differences in the heat transfer behavior among
different CFC samples. In particular, the temperature profiles
of CFC MINET and CFC MINET CNT are compared with CFC
control samples under steady heat at a hot plate temperature
of 143 °C. Fig. 5a and b display the thermal behavior of CFC
samples with canola oil and silicone oil as working fluids,
respectively.

The temperature profile illustrates that the CFC MINET
CNT demonstrates superior thermal conductivity in compari-
son to CFC MINET, which, in turn, exhibits greater thermal
conductivity than the CFC control sample. Among the oil-
based groups, CFC MINET with silicone oil samples (Fig. 5b)
consistently outperformed canola oil-based compositions
(Fig. 5a). The temperature curves of the silicone oil samples
are steeper and achieve higher final temperatures (indistin-
guishable from the hot plate). CNT combined with silicone oil
showed additional improvement in thermal performance,
which is even more impressive when considering the synergis-

This journal is © The Royal Society of Chemistry 2026

tic effect that emerged between the CNTs and silicone oil to
enhance the heat management performance of the composite.

To further investigate the thermal characteristics of the
CFC samples, they were subjected to three different elevated
temperatures on a hot plate, and the results for the tempera-
ture characteristics are shown in Fig. 5c and d. To reduce the
effects of sample thickness, the temperature difference was
normalized by the thickness (AT/L) after a 31 minute exposure
to the heat source. It should be noted that the thermal profiles
are not expected to be linear in a fixed-open thermal profile;
however, this allows for comparison. Again, the best heat con-
duction was observed in the CFC MINET CNT. The CFC
control sample exhibited higher temperature gradients, and its
value increased with the hot-plate temperature (8 to 13 °C
mm ™). The thermal gradients for canola oil CFC MINET and
CFC MINET CNT samples were lower (4-8 °C mm™ " and
1-5 °C mm™, respectively), implying better heat distribution
but lower efficiency than the silicone oil-based composites.
Rather than any effect of thermal conductivity, this demon-
strates the higher boiling point of the silicone oil, with canola
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samples observed to have “dried” surfaces after the prolonged
exposure approaching the smoke point of the oil (~200 °C).

3.4 Flammability test of different Epoxy and CFC samples

Burning tests were employed to evaluate the response of
MINET and MINET CFCs to extreme thermal spikes compared
with conventional epoxy (control) samples. Epoxy has poor
flame resistance, which makes conventional CFC samples
easily damaged by thermal spikes. Fig. 6a (also Movie S1)
shows that the epoxy control sample burns at a high rate and
the flame spreads uniformly across the entire sample. A
similar behavior was observed in the CFC control sample
(Fig. 6f and Movie S6), where the epoxy matrix material pro-
vided flame pathways and the post-burned CFC structure was
damaged and delaminated. However, the inclusion of carbon
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fibers plays a significant role in heat distribution and flame
resistance.

In contrast, Fig. 6b and c (also, Movies S2 and S3) show the
flammability tests on graphene MINET samples (with and
without canola oil) at different time intervals. It can be
observed that flame propagation is reduced in the MINET
structure with oil. This suggests that vegetable oil functions to
prevent oxygen infiltration and acts as a source of latent heat,
impeding the advancement of flame propagation until the
temperature reaches the ignition threshold of the oil.

Silicone oil has high boiling and burning points, primarily
due to its strong Si-O bonds and the formation of protective
layers during combustion. These properties make silicone oils
ideal for applications that require high thermal stability and
fire resistance.”"®* When exposed to fire, silicone-based coat-

MINET at =10 s

t=10s t=60s

-

t=35s

t=10s

Fig. 6 Flammability test for (a) epoxy control (b) graphene MINET sample (with canola oil) and (c) graphene MINET sample (rinsed-without canola
oil). Flammability test for (d) graphene MINET (silicone oil) sample without CNT, and (e) MINET CNT sample. The sample with CNT shows less radi-
ation at the heated point. Flammability test for (f) CFC Epoxy control, (g) CFC MINET (silicone oil) sample without CNT, and (h) CFC MINET CNT
sample. All burn test sample snapshots are shown at 10 s after heat source application, with the 60 s shown in the inset except in (g) and (h), where

inset figures are at t = 35 s.
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ings form a dense silica char layer that insulates the under-
lying material from heat and oxygen, thereby preventing
further combustion.***> This is apparent in the burning tests
of MINET and MINET CFC shown in Fig. 6d and g (Also,
Movies S4 and S7). The presence of silicone oil within the
porous structure serves as a reservoir of latent heat, similar to
canola oil, thereby impeding the progression of flame propa-
gation until the temperature reaches the ignition threshold of
the oil. The silicone oil underwent conversion into a white
silica skin layer observable at the sample’s forefront (Fig. 7a).
While this layer is highly fragile, it could be observed in iso-
lated fibers to not significantly change the fiber size and was
confirmed to be silica through X-ray and infrared spectroscopy
(Fig. 7b and Fig. S6). This further removes the fuel and
ignition pathways for the propagating flame.***® The trans-
formation of the material leads to additional thermal resis-
tance, which boosts its flame-retardant properties while pre-
venting complete combustion. In both MINET and MINET
CFC, the graphene particles also allowed heat transfer along

Fig. 7 (a) Silicone oil CFC MINET-CNT samples after burning experi-
ments showing scattering silica skins at the top burnt surface. (b) SEM
image with energy dispersive spectroscopy overlay of a fiber on the
outer surface of a burnt CFC MINET-CNT. While the fiber appears
uniform in the SEM scan, the portion closer to the top of the image
shows predominantly carbon elemental signature, while the rest shows
both silicon and oxygen. This is indicative of a region where the fragile
silica layer was removed during the SEM sample preparation.
Concurrently, the background composite uniformly shows silica from
the char. It should be noted that this sample is coated in gold-palladium,
leading to these residues in the spectra.

This journal is © The Royal Society of Chemistry 2026
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the composite, suppressing ignition and burning compared
with conventional epoxy (control) samples.

The thermal conductivity and heat distribution perform-
ance of the MINET composite material benefit significantly
from the inclusion of CNTs. Fig. 6e and h (Movies S5 and S8)
show that the CNT sample sustained better temperature spikes
and visibly removed hotspots from the region under the direct
flame. The distributed heat network formed by the CNTs regu-
lated the thermal distribution while ensuring that the compo-
sites remained free from ignition.

4. Conclusion

Combining graphene MINET with CNTs and silicone oil
achieved the maximum performance in both the base epoxy
resin and CFC. Silicone oil working fluid reduces combustibil-
ity through a silica conversion pathway, while the synergistic
behavior of CNTs and graphene improves thermal redistribu-
tion. The modified composite materials exhibited exceptional
fire resistance properties, making them promising candidates
for high-performance applications requiring thermal stability
with flame protection elements. While this comes at the cost
of a reduction in stiffness, MINET CFCs can be integrated with
conventional CFCs as a top protective layer with minimal
additional processing steps or exotic additives. This makes
MINET composites with CNTs and silicone oil promising can-
didates for large-scale use in electronics, aerospace, and other
applications that require advanced thermal management
systems with high thermal performance and flame retardancy.
Future studies will evaluate the long-term durability of these
combined MINET CFC-conventional CFC multilayers in appli-
cation-relevant environments, as well as incorporate additional
flame-retardant additives to the MINET system. Other appli-
cations may be possible by tuning the MINET system with
different working fluids and particles to control various
properties.
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Data availability

The data supporting the conclusions of this study are included
the article and the supplementary information (SI).
Supplementary information: the compositions of the different
epoxy composites and MINETSs are listed in Table S1. An SEM
image of the associated graphene particles is shown in Fig. S1.
The mass loss and pore size distribution of MINET samples
with different surfactant wt% are shown in Fig. S2. Mechanical
properties of CFC composites are listed in Table S2. Fig. S3
shows electrical conductivity and shear plate measurements
from a preliminary study of graphene-based MINETs. Fig. S4
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shows SEM images of polished cross-sections of silicone oil
CFC MINET-CNT. Fig. S5 shows a photograph of a CFC MINET
sample molded with commercial prepreg fibers. Fig. S6 shows
FTIR results for burned silicone oil MINET samples and silica
nanoparticles. Movies S2 and S3 show the burn testing of
MINET samples with and without canola oil, respectively.
Movies S1, S4 and S5 present the burn testing of the epoxy
control, MINET with silicone oil, and MINET-CNT with sili-
cone oil, respectively. Movies S6, S7 and S8 display the burn
testing of the CFC control, CFC MINET, and CFC MINET-CNT
samples, all infused with silicone oil. See DOI: https://doi.org/
10.1039/d5nr03659c.
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