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Carbon-carbon (C-C) composites are highly sought-after in aviation, automotive, and defense sectors

due to their outstanding thermal and thermo-mechanical properties. These composites are highly
valued for their exceptional thermal and thermo-mechanical properties, including remarkably low
density and coefficient of thermal expansion, which are expected to surpass those of many alloys and
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other composites in the production of high-grade components. However, the current manufacturing
methods for C-C composites are unable to meet market demands due to their high cost, low pro-
duction speed, and labor-intensive processes, limiting their broader applications. This study presents
an innovative approach by introducing a new extrusion-based 3D printing method using multiphase
direct ink writing (MDIW) for C-C composite fabrication. The primary matrix utilized is a phenol-
formaldehyde thermosetting resin, reinforced with silicon carbide (SiC) and graphite nanopowder
(Gnp), focusing on achieving simple, scalable, and environmentally sustainable production of green
parts with enhanced polymer matrix. This is followed by an inert carbonization process to obtain the
final C-C composites. The research emphasizes the careful optimization of curing and rheological
properties, including the use of suitable viscosity modifiers like carbon black (CB). Furthermore,
the MDIW process demonstrates its capability to pattern dual nanoparticles within the composite
structure in a well-ordered manner, leading to improved overall performance. Thermo-mechanical
and thermo-electrical properties were thoroughly tested, showcasing the multifunctionality of the
composite for diverse applications, from high-value industries like aerospace to broader uses such as
heatsinks and electronic packaging.

1 Introduction their exceptional physical, thermal, and electrical properties.

Carbon and its various allotropes, including diamonds, These properties have made carbon materials crucial components
graphite/graphene, and buckminsterfullerene, are renowned for in scientific, technological, and engineering fields. 72 Among
these carbon materials, carbon-carbon (C-C) composites stand
out as one of the most advanced forms due to their unique com-
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* Low Density: C-C composites have low density, making
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* High Thermal Conductivity: They possess high thermal
conductivity, facilitating efficient heat transfer and dissipa-
tion.

* Exceptional Thermal Shock Resistance: C-C composites
can withstand thermal shocks, making them suitable for ap-
plications involving rapid temperature changes.

* Heightened Erosion Resistance: They offer excellent ero-
sion resistance, making them durable in abrasive environ-
ments.

* Chemical Durability: C-C composites are chemically
durable, withstanding exposure to various corrosive sub-
stances.

* Robust Wear Resistance: They exhibit strong wear resis-
tance, ensuring longevity and reliability in high-wear envi-
ronments.

These exceptional properties make C-C composites highly
desirable for applications in extreme environmental conditions.
For instance, their mechanical strength remains prominent
even at extreme temperatures exceeding 1500°C.8 Moreover,
when provided with a suitable oxidative protective coating,
C-C composites exhibit even greater mechanical properties
compared to other composites such as carbon fiber reinforced
polymers (CFRP), ceramic matrix composites (CMC), and metal
matrix composites (MMCQ).2' The aerospace and automotive
industries are among the major sectors where C-C composites
find extensive use. These composites play a significant role in
influencing the design and performance of high-performance
vehicles, fighter jets, spacecraft, yachts, sports cars, and racing
cars, including Formula One vehicles. 19412 However, despite
their exceptional properties and wide-ranging applications,
the expensive manufacturing process of C-C composites limits
their use primarily to niche applications within these industries.’3

In the conventional production of C-C composites, prepregs
play a central role, typically comprising a carbon-rich matrix
and carbon-based reinforcements engineered to provide optimal
mechanical and thermal properties to the final composite.1#
These prepregs undergo a lamination process onto a preform,
followed by molding to achieve the desired shape. Subsequent
steps involve multiple cycles of carbonization and impregnation
until the desired dimensions and morphology are achieved.
Carbonization takes place in an inert atmosphere within a tem-
perature range of 1000 to 1500°C, leading to the denaturation
of organic compounds and the formation of a solid porous
carbon structure.l> Impregnation is carried out to densify the
structure, utilizing techniques such as chemical vapor infiltration
(CVI) or pack cementation with the same matrix under specific
pressure and temperature conditions.1®17 Qther processes
include liquid silicon infiltration (LSI), reactive melt infiltration
(RMI), or polymer infiltration and pyrolysis (PIP).18720 For
further enhancement of the modulus of elasticity and strength,
the process of graphitization comes into play. This involves heat
treatment at higher temperatures ranging from 2000 to 3000°C,
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resulting in the creation of an ordered crystalline structure.
Graphitization proves instrumental in refining atomic layouts,
bringing the crystal structure closer to graphite. This refinement
significantly improves lubrication, oxidation resistance, and ther-
mal properties.2ll Despite these advantages, the labor-intensive
and extended manufacturing duration, and limited availability of
raw materials have led to higher costs compared to other alloys
and composites. Additionally, the straightforward autoclave
process, molding, or forming processes have constrained the
diversification of applications into various engineering domains.

The emergence of additive manufacturing (AM) technologies
presents a promising avenue for revolutionizing C-C composites
production. AM technologies, leveraging advancements in
digital technologies like artificial intelligence and machine
learning, offer unparalleled flexibility in manufacturing complex
geometries with high reproducibility.22 This not only overcomes
the limitations of traditional manufacturing methods but also
has the potential to reduce costs and lead times significantly.
Moreover, AM enables sustainable manufacturing practices by
minimizing material wastage and energy consumption.%3 With
further advancements and integration of digital technologies,
AM holds the promise of making C-C composites more accessible
and affordable for a wide range of applications across various
engineering domains, ushering in a new era of innovation and
efficiency in composite material manufacturing.

Various AM techniques based on polymers, such as fused
filament fabrication (FFF), direct ink writing (DIW), and vat
polymerization, are increasingly employing carbon fiber or
nanoparticle-reinforced polymeric composites as raw materials
for part fabrication.2426 In these systems, the alignment of
nanoparticles, achieved through shear or external fields, has
shown significant improvements in the mechanical, electrical,
thermal, and other functional properties of the printed struc-
tures.2Z However, a primary limitation of these polymer-based
systems lies in their predominant use with thermoplastic poly-
mers, which restricts their application in extreme conditions,
particularly high temperatures.28 This limitation stems from the
lower decomposition temperatures and minimal carbon yield
associated with thermoplastics.2230

For instance, in a study conducted by Dickerson et al. UV-
assisted DIW was employed to 3D print lattice structures using a
combination of porous ceramic and a polymethyl methacrylate
(PMMA)-based triblock copolymer. While the structures exhib-
ited high thermal resistance and flexibility post UV curing and
pyrolysis, they experienced approximately a 64% shrinkage due
to the ink’s low carbon yield.2! In an effort to directly 3D print
continuous carbon fibers (CF), the Kun Fu group introduced
the rapid interlayer curing assisted (RICA) 3D printing method.
This method involves guiding dry CF through localized-in-plane
thermal assist (LITA) systems for epoxy impregnation, followed
by a two-stage UV curing process to bind successive CF layers.
Although the printed structures demonstrated commendable
mechanical properties such as stiffness and strength, they
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exhibited poor thermal resistance beyond 400°C due to the
rapid degradation of epoxy.2 Similarly, Yi et. al. demonstrated
C-C composites manufacturing through selective laser sintering
(SLS) using CF-coated phenolic resin.  This manufacturing
process involved a multistep approach of 3D printing, CVI, and
heat treatment to produce C-C composites. However, chal-
lenges such as inefficiency in fiber alignment and restrictions in
the aspect ratio of CF limited the attainable material properties.3

Furthermore, much of the existing research has primarily focused
on manufacturing conventional nanocomposites or C-C compos-
ites using a single matrix and nanoparticle. This approach may
potentially limit advancements in achieving enhanced material
properties and multifunctionality. Additionally, there has been
limited exploration into C-C composite manufacturing through
AM techniques, warranting further research and development
in this domain to unlock the full potential of AM for advanced
composite materials.

This study delves into exploring the realm of 3D printing for
C-C composites, leveraging a thermosetting resin and precisely
engineered nanoparticles to create a multifunctional composite
with exceptional thermal and electrical properties, especially at
high temperatures. The 3D printing process is conducted using
the innovative multiphase direct ink writing (MDIW) mechanism,
which boasts a unique nozzle design with intricate internal
features. This design allows for the creation of alternating layers
of two immiscible polymers or nanocomposite solutions within
each printing line, achieving a highly controlled and structured
deposition. Our previous studies, utilizing the in-house MDIW
3D printing mechanism, have shown significant improvements
in both the mechanical strength and functional properties of the
printed structures, as supported by the references.34%3¢ In this
specific investigation, a thermally curable thermosetting resin,
namely phenol formaldehyde (PF), is chosen as the primary
matrix due to its high carbon yield. This resin is combined with
dispersions of silicon carbide (SiC) nanoparticles and a mixture
of carbon black (CB) and graphite nanopowder (Gpp). Thorough
rheological analysis is conducted to determine the optimal
concentration of nanoparticles for the respective feedstocks.
Additionally, differential scanning calorimetry (DSC) is utilized
to pinpoint the ideal catalyst concentration for accelerated curing
upon deposition. These analyses aid in achieving a precise
layered patterning of nanoparticles, spanning 16 layers within
each printed line, and ensuring the confinement of individual
particles within each alternating layer. Following the 3D printing
process, a carefully designed heat treatment process is employed
to eliminate non-carbonic atoms, resulting in the fabrication
of pure C-C composites. The composites are then subjected to
comprehensive testing, including pore size analysis, machin-
ability assessment, and evaluation of thermo-mechanical and
thermo-electrical properties, to highlight their unique charac-
teristics and suitability for various high-performance applications.

2 Experimental Section

Materials: A resoles type phenolic resin (PF), specifically
Cellobond J2027L, was supplied by Bakelite Synthetics, USA.
This PF resin boasts a low free formaldehyde content of less than
1%, a phenol content ranging from 6.5% to 10.5%, and a water
content between 10% and 15%. The reduced formaldehyde
concentration renders the resin less toxic in comparison and is
primarily employed in the marine and construction industries for
impregnating fiber reinforcements. This impregnation process
enhances mechanical properties and imparts high-temperature
resistance to the materials.

For catalyzing the thermal curing process, solid p-Toluenesulfonic
acid (pTSA) with a molecular weight of 190.22 g/mol’! and an
assay purity > 98.5% were procured from Millipore Sigma, USA.
PTSA is a potent organic acid that is soluble in water and polar
organic solvents.

Reinforcement materials were also obtained: Silicon carbide
(SiC) B nanoparticles characterized by a cubic morphology, a
particle size falling within the range of 45-65 nm, and a purity
level of 99%. Additionally, graphite nanopowder (Gpp) was
acquired with a particle size spanning from 400 nm to 12 pum
and boasting a purity of 99.9%. SiC and Gpp were purchased
from US Research Nanomaterials Inc. Carbon black (CB), utilized
as a viscosity modifier, was purchased from Atlantic Equipment
Engineers, Inc., USA, with particle sizes ranging from 1 to 5 um.

Lastly, distilled water (DI-water) was generated in the laboratory
using the Thermo Scientific MicroPure standard water purifica-
tion system.

Particle dispersion and feedstock formulation: Three distinct
feedstock compositions were prepared, with a base of PF serving
as the primary matrix material. The control feedstock with no
nanoparticle dispersion was mixed with the pTSA catalyst. In
Feedstock A, SiC particles were incorporated as a dispersion.
Meanwhile, feedstock B included a mixture of Gnp and CB
particles. To achieve uniform dispersion, the nanoparticles were
initially mixed with the matrix using a planetary mixer, ranging
in speed from 1500 to 2500 rpm, with an increment of 250 rpm
every 10 seconds. The nanoparticles were introduced into their
respective feedstocks simultaneously, and the mixing process was
repeated twice to ensure thorough and consistent distribution.

Prior to their addition to each feedstock, pTSA was meticulously
dissolved in DI water until saturation was achieved. This satu-
rated pTSA solution was subsequently mixed into each feedstock
using the same planetary mixer. The formulation and naming
conventions for these feedstocks, as well as the sequence of
particle and catalyst addition, are concisely summarized in Table

il

MDIW 3D printing setup: The Multiphase Direct Ink Writing
(MDIW) 3D printing technique is a proprietary solution-based
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Table 1 Feedstock formulation with a concentration of nanoparticles and nomenclature

Matrix | Feedstock | Nanoparticle | Concentration | pTSA conc. | Nomenclature
(wt%) (wt%)
Benchmark n/a n/a PE-pTSA
PF A SiC 5 3 PF-SiC
B Gnp/CB 5/1 PF-Gpp-CB

Note: Carburized samples of PF-pTSA are denoted as PF. in text

additive manufacturing process developed by the group, specifi-
cally designed for creating XY-layered composite structures using
polymers or nanocomposites.®Z This printer was constructed
using a customizable open-source 3D printing platform, the
Hyrel Hydra 16A standard. In contrast to traditional DIW 3D
printing, which employs multiple nozzles for composite structure
fabrication, MDIW employs a single nozzle capable of accom-
modating two immiscible polymer or nanocomposite solutions.
This nozzle is subdivided into three sections: the spinneret, the
layer multiplier, and the reducer Figure The two immiscible
feedstocks can be introduced through the spinneret’s two inlets.
As these feedstocks navigate the intricate internal structure, they
are separated and reorganized into alternating layers of ABABAB
within the layer multipliers before being deposited onto the
substrate as they exit through the reducer. By increasing the
number of layer multipliers, the number of alternating layers
produced can be expanded exponentially by a factor of 2!,
The rationale behind segregating SiC and Gpp-CB into distinct
layers within carbon/carbon composites, as opposed to mixing
the particles together, serves to optimize the material’s properties
and achieve desired characteristics. By layering these materials
separately, precise control over their distribution is possible,
ensuring a uniform dispersion throughout the composite and
consistent properties. Furthermore, this approach allows for
tailoring the properties of each layer to specific requirements,
exploiting the distinct strengths of SiC and Gpp, such as high
strength and thermal conductivity for SiC and lubrication
and electrical conductivity for graphite. Additionally, layering
promotes enhanced interface bonding between the matrix and
reinforcement materials, improving load transfer and mechan-
ical properties. Moreover, it prevents particle agglomeration,
ensuring a homogeneous dispersion and controlled processing
parameters for each layer, leading to enhanced reproducibility
and consistency in the final product. Overall, layering SiC and
Gpp in C-C composites offers a systematic method for designing
materials with tailored properties, improved performance, and
controlled manufacturing processes.

One significant advantage of the MDIW mechanism, beyond
its ability to generate composite structures in a single step,
is its precise control over feature sizes. This control remains
independent of both the dimensions of the nozzle exit and the
translation step size of the motor in the XY direction. A more
comprehensive understanding of MDIW 3D printing, including its
construction, layer formation mechanism, and additional details,
can be found in our previous publications. 2430
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In this study, all the samples tested were manufactured utilizing
MDIW 3D printing with the use of three-layer multipliers (n =
3), resulting in the creation of 16 alternating layers (calculated
as 23*1). This study aims to showcase the capability of utilizing
MDIW 3D printing to manufacture C-C composites. Moreover
patterning of multiple particles can lead to higher interlayer
dispersions which require better chemistry which is not in focus
for this particular study. The increased number of layers allows
for a more intricate and complex structure to be fabricated,
which we will demonstrate with diverse particles in the future
for the versatility and precision of the printing process.

Heat Treatment: To produce the C-C composites, all the
manufactured samples underwent a heat treatment process. In
Stage I of the heat treatment process, the as-fabricated samples
were subjected to various temperatures in an oven. They were
subjected to temperatures of 90°C for 12 hours, followed by
120°C for 6 hours. This stage aimed to eliminate all residual
water content and achieve complete curing of the samples.

Moving on to Stage II of the heat treatment, the samples were
carburized in a tube furnace under an inert atmosphere using
argon. This process was designed to produce C-C composites
independently of any polymeric source. The use of argon was
crucial in this stage to prevent the oxidation of the composites,
particularly within the temperature range of 400-600°C. The
furnace was programmed to gradually increase the temperature
to 1250°C at a rate of 1°C/min, with a 30-minute isothermal hold
at the end. To safeguard the samples from thermal shock, the
furnace was allowed to cool down at a controlled rate of 5°C/min.

Characterization of each sample was performed after Stages II to
observe and analyze any changes in their properties.

Characterization: The rheological analysis was conducted using
the Discovery Hybrid Rheometer (DHR2) from TA Instruments. A
40 mm, 2°peltier steel cone-and-plate setup was employed with a
truncation gap of 100 um and a trim gap of 50 um, all at room
temperature. The analysis encompassed several tests:

* Flow sweep measurements were taken for all the feedstocks
at an increasing strain rate of 0.001 - 8000 /s to identify the
change in viscosity and shear thinning character with the
addition of nanoparticles. The test also served to identify
viscosity similarity between the feedstocks.

* Amplitude sweep measurements were conducted at a con-
stant frequency of 1 Hz and varying strain of 0.001 - 1000%
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to identify the linear viscoelastic region and common strain
for performing a frequency sweep.

* Frequency sweep measurements were taken to identify the
tan 0, storage (G"), and loss (G") modulus of the feedstocks
at a varying frequency of 0.01 - 100 Hz and a constant strain
of 0.5%.

* Finally, time-based flow sweep measurements were conducted
to identify the change in viscosity with the addition of pTSA
from 0 - 90 mins at an interval of 30 mins at an increasing
strain rate of 0.001 - 8000 /s.

Carbonization studies were conducted using a thermogravimetric
analyzer (TGA) using the Discovery TGA 550 from TA Instru-
ments to predict the carbon yield and temperature influence on
weight change. The test was conducted on various PF resins
from room temperature to 900 °C at a ramp rate of 5 °C/min
with an isothermal dwell time of 10 mins at every 100 °C in
a high-temperature platinum pan for accurate measurements
and observations. Sample degradation observations were also
performed using the TGA to demonstrate the oxidation effect
of the composite. Tests were conducted in an air and nitrogen
environment for comparison from room temperature to 900 °C
at a ramp rate of 10°C/min. The TA Trios software was used for
predicting the degradation temperatures and the final sample
residue.

Curing studies were conducted with a differential scanning
calorimeter (DSC) using the Discovery DSC 250 from TA
Instruments to identify the shift in the curing temperature
with the addition of pTSA on all the feedstocks. The studies
were conducted for the PF resin with varying concentrations
of pTSA (0 - 3 wt%) from 0 to 120 °C at a ramp rate of 10
°C/min. Similarly, the same procedure was followed to identify
the curing temperature of the feedstocks with nanoparticle
dispersion and 3 wt% pTSA concentration. The tests were
not conducted beyond 120 °C to prevent any damage to the
instrument. To identify the curing temperature of the PF resin
in its native state, a temperature sweep was conducted using
the DHR2 rheometer employing a 25 mm aluminum plate-plate
geometry from 25 - 160 °C at a ramp rate of 10 °C/min,
strain of 0.5%, and a frequency of 5 Hz. A Fourier-transform
infrared (FTIR) spectroscopy was performed on PF resin with and
without pTSA to identify any crosslinking of the resin post-curing.

The thermal characterizations were performed using different
instruments to obtain various data represented in the study. A
laser flash diffusivity meter, DLF 1200 from TA Instruments was
used for measuring the diffusivity value from room temperature
to 1200 °C at a ramp rate of 10 °C/min. The samples were ma-
chined into a disc of 8 mm in diameter and the thickness of the
samples was > 1.5 mm to maintain consistent measurement. The
program was performed for two consecutive measurements to
check for the sample’s performance improvement/degradation.
To calculate the thermal conductivity and diffusivity, the specific
heat capacity (Cp) was measured using a differential thermal

analyzer (DTA) (LABSYS EVO from Setaram), for all the samples.
A continuous Cp, measurement program was performed from
room temperature to 1100°C at a ramp rate of 10°C/min. The
program was performed for all the samples including a reference
sample of alumina and the C, was calculated using an internally
built function of the Setaram Calisto processing software.

A temperature-based dynamic mechanical analysis (DMA) was
performed with a three-point bending setup using the DHR2
rheometer. Measurements were taken from room temperature to
500 °C or until failure whichever comes first, since the maximum
operating temperature of the machine is 500 °C. The tests
were conducted at every 100°C for a duration of 5 mins with
an axial strain of 0.01% and a frequency of 1 Hz. To avoid
large temperature fluctuations during the measurements, the
samples were soaked at the target temperature for 3 minutes
as a prerequisite for the program to begin. The total sample
length was 50 mm while the span length was 25 mm to avoid the
sample slipping at the edges of the fixture. The test was repeated
twice to check for concurrence.

The electrical and thermo-electric measurements were taken
inside a glove box to avoid oxidation of the samples using a
laboratory-made setup. A hot plate with a maximum temperature
of 500°C was used as the heat source for electrical conductivity
measurements from room temperature to 500°C and the change
in conductivity was measured using the two-probe method
with a Keitheley DMM7510 digital multimeter.
measurements, the samples were enclosed in a small chamber
and soaked at the target temperature for 3 minutes before any
measurements were taken. Also, the temperature at the bottom
of the sample and the top of the samples were measured using a
probe-based digital thermometer. The Seebeck effect measure-
ments were also taken inside a glove box with a laboratory-built
setup. A soldering rod was modified to be a touch point-based
heat source with a max attainable temperature of up to 450°C.
The change in voltage and temperature were measured using a
digital multimeter and thermometer. All the measurements were
taken at a unit distance (1 cm) between the respective probes for
voltage and temperature.

For accurate

Flow simulation studies were performed using SolidWorks 2023
and thermal simulation studies were performed using ANSYS
Workbench 2023. Scanning electron microscopic (SEM) images
were taken using a Zeiss Auriga with a gold particle coating for
as-printed and carburized samples. Pore sizes were measured us-
ing a BET surface area and porosity analysis (Tristar II plus from
Micromeritics). A minimum weight of 0.3 g was measured using
a digital balance and dried at 100°C in an inert atmosphere for 24
hrs using a FlowPrep before beginning the program.

3 Results and Discussion

3.1 Manufacturing and Layered Particle Patterning

The production of C-C composites comprises the manufacturing
of green parts followed by high-temperature heat treatment
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Fig. 1 lllustration of carbon-carbon (C-C) composite manufacturing with four distinct green parts: (a) PF, PF/Gnp-CB, PF/SiC, and multilayer

(PF/Gnp-CB/SiC) sample fabrication followed by the carbonization process.

(b) The MDIW 3D printing platform consists of (by) ink formulation,

(b2) ink loading in the syringe attached to (b3) an air cooling system, (bs) a programmable dual syringe pump, and (bs) a heating system with a
heated bed and a heat gun for thermal curing. The nozzle exit (c) highlights the PF matrix encapsulating the dual particle patterning. The final C-C
composite sample (d) exhibits potential thermal, electrical, thermo-mechanical, and thermo-electrical properties.

in an inert environment. As illustrated in Figure [Th, four
distinct samples were manufactured, namely, (i) PF, (ii) PF
with a homogeneous dispersion of Gpp/CB (PF-Gyp-CB), (iii) PF
with a homogeneous dispersion of SiC (PF-SiC), and (iv) the
multilayered sample comprising of alternating layers of both
the nanocomposite feedstocks, PF-Gnp-CB and PF-SiC (PFy).
Following the manufacturing process, the 3D printed samples
underwent curing in an oven at 90°C and 120°C for 12 hours
each. Subsequently, the cured samples underwent carbonization
in an inert atmosphere of argon at 1250°C, resulting in the
formation of the C-C composite.

The composites were manufactured using the MDIW 3D printing
mechanism. This innovative technique enabled the production
of a layered composite structure within the XY plane using a
single nozzle. This allowed for the creation of micron-sized
features within each printed line. Our in-house MDIW 3D
printing process is known for its solution-based approach, where
different materials or phases can be integrated seamlessly. Flow
dynamics simulations illustrating the layer multiplication and
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microlayer formation mechanism through the MDIW nozzle, with
an example of 3 multipliers in the printhead, are shown in Figure
These simulations provided valuable insights into how the
XY plane layers were deposited and how the alternating layer
structure of the composite was achieved. Detailed information
regarding the operational platform, the nozzle, and the layer
formation mechanism is explained in the experimental section.

As illustrated in Figure , the MDIW platform was upgraded
with accessories, such as the air cooling setup for the syringes
and the overhead heat gun, for the efficient fabrication of the
green parts to produce the multifunctional C-C composites.
Alongside the 3D printing platform, the base matrix for the
feedstock was a variation of commercially available PF resin,
known for its high carbon yield, complemented by particle
dispersions of SiC and Gpp-CB, respectively. The feedstocks were
meticulously formulated through a high-speed planetary mixer
(Figure 1) followed by rheological tests for the printability
analysis. Subsequently, the prepared feedstocks were individually
loaded into plastic syringes (Figure [Ip,) that were connected
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to a syringe cooling system (Figure [Ib3). The syringe cooling
system was linked to a compressed air outlet while the air
was maintained at 10°C with a constant flow rate of 20 bar,
which was crucial for maintaining a stable temperature for the
feedstocks, prolonging their pot life. A simulation study was
conducted to predict the effect of the syringe cooling system
(Figure[S2). As demonstrated in (Figure[Ip4.s), it was measured
that the syringes can heat up to 30-35°C due to the heat from
the print bed, and the simulation predicted that the syringe can
be maintained at ~ 20°C using the cooling system (Figure [S2).
This helped to improve the pot life of the feedstocks to 45 mins
as opposed to less than 30 mins at higher temperatures.

The syringe setup was then integrated into a programmable
dual-head syringe pump connected to the MDIW nozzle (Figure
[Ib4). The printing platform featured a heated bed, which had the
capability to go up to 120°C and a heat gun alongside the MDIW
nozzle (Figure [Ips). The syringe cooling setup was effectively
used to counteract the potential rise in the syringe/feedstock
temperature due to the heat flux from the print bed.

The coordination between the printer and pumps was meticu-
lously programmed for seamless operation through G-code pro-
gramming, including specifying the dimensional characteristics of
the printed structures. Feedstocks were precisely extruded with
the syringe pumps at a rate of 0.02 mL/min, while the print head
transition speed was set at 600 mm/min. A layer height of 0.38
mm was maintained consistently for up to five layers along the Z-
axis. The printhead configuration comprised three multipliers as
an example, facilitating the production of 16 alternating layers in
the XY plane (i.e., PF-SiC and PF-Gpp-CB as the alternating layer
composition), as depicted in Figure The intricacies of the
MDIW process lay in the nozzle’s internal design, enabling the di-
vision, rearrangement, and stitching together of feedstocks in an
alternating manner. Traditionally, maintaining a laminar flow in
material processing has been crucial when dealing with incom-
patible feedstocks to achieve uniform layer formation, as estab-
lished in previous studies.24"3% However, this research introduced
a novel approach where the PF resin served as the common ma-
trix in both feedstocks, acting as a carrier medium for two distinct
nanoparticles, i.e., SiC and Gpp-CB. During extrusion and deposi-
tion, the PF resin encapsulated the nanoparticles, as illustrated in
Figure[Tk. Simultaneously, the nanoparticles are layered and pat-
terned in alternating sequences Figure Post-manufacturing,
the samples underwent curing and heat treatment, following the
processes elucidated earlier and depicted in Figure [Th. These
treated samples were subsequently subjected to comprehensive
testing for thermo-mechanical and electrical properties, as out-
lined in Figure |[1|d highlighting the multifunctionality of the com-
posite.

3.2 Material Processing and Curing Kinetics

Widely employed as a matrix material in composite applications,
PF resins are favored for their thermosetting characteristics
and elevated carbon concentrations. Comprising predominantly

phenol and formaldehyde molecules, the molar concentration
of these constituents significantly impacts the carbon yield after
carbonization. Illustrated in Figure [S3] a range of commercially
available PF resins, each characterized by distinct concentrations
of phenol and formaldehyde, underwent testing for their final
carbon yield through TGA, simulating the carbonization process
and assessing printability. Despite subtle differences, the majority
of the resins exhibited a final carbon yield surpassing 50%,
with J2027L emerging as the optimal resin, featuring the best
printability and a noteworthy carbon yield of 57%. Consequently,
all subsequent investigations and manufacturing processes were
executed utilizing the J2027L PF resin.

PF resin exhibits a linear structure characterized by a gradual
crosslinking rate at an elevated curing temperature determined
by the molar concentrations of phenol and formaldehyde.
Typically, when exposed to heat, the PF resin undergoes a
polycondensation process, where the ortho or para-positions
on the phenol are substituted by hydroxymethyl groups (see
Figure[S4). Sustained exposure to heat triggers the condensation
reaction, leading to an increase in molar mass. The phenolic
groups are interconnected by methylene chains and water (H,0)
is expelled as a byproduct.2832 Introducing an acidic catalyst
with a pH ranging from 0-3 expedites the crosslinking process,
facilitating a reduction in curing temperature.

As observed in Figure , from a temperature sweep study,
the J2027L PF resin utilized in this study presented a curing
temperature of approximately 140°C, necessitating a few minutes
for complete curing. This posed a challenge given the MDIW
printer’s maximum bed temperature limit of 120°C. At the
same time, a higher curing temperature would require a longer
curing time. To overcome this limitation, p-toluenesulfonic acid
(pTSA) was introduced as an acidic catalyst to expedite the
curing process at a lower temperature. The concentration and
curing temperature should be carefully analyzed and predicted
as lowering the curing temperature with a catalyst can result
in an unfavorable surface topology due to vigorous exothermic
reactions (Figure [S6)).

Different concentrations of pTSA were incorporated into the
resin, with concentrations of 2 wt% and 3 wt% notably reducing
the cure temperature, as indicated by DSC analysis in Figure
and Table It is noteworthy that the addition of the
catalyst accelerates the reaction but also triggers a vigorous
exothermic reaction resulting in a temperature change (Figure
[S6). As a result, print parameters would have to be adjusted
based on the reaction kinetics to ensure defect-free structures.
Therefore a pTSA concentration of 3 wt% was chosen for the
manufacturing of the green parts. A Fourier transform infrared
(FTIR) measurements demonstrated alterations in the crosslink
phenomenon due to the catalyst’s presence as seen in Figure
.

A transient thermal analysis was conducted to simulate the depo-
sition of PF resin on the print bed and study the propagation of
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Fig. 2 Rheological studies showing (a) the change in viscosity with the addition of acid catalyst (pTSA) and dispersions of SiC and G,,-CB nanoparticles.
The pink stars indicate the viscosity ratio around 1 between PF-SiC and PF-G,-CB, (b) flow sweep highlighting the storage and loss moduli of the
feedstocks, and (c) change in viscosity with the addition of pTSA as a function of time at the room temperature (RT).

heat and curing of the feedstock. Contour images of the simu-
lation are depicted in Figure While the maximum print bed
temperature is set at 120°C, the PF resin without any added cata-
lyst requires a curing temperature of 140°C. Therefore, the analy-
sis focused on resin with pTSA added. The analysis revealed that
with a print bed temperature of 90°C, the first layer of deposition
quickly reached the required curing temperature of 89.84°C, as
observed in Figure [S7h. However, with an increasing number of
layers, the heat conduction decreased, reaching only 85.48°C in
the final layer (Z = 5, as we had in this study). The curing of
PF resin leads to pore formation due to water being a byproduct
(Figure[S4). As seen in Figure[S7p, assuming a 50% porosity, the
first layers exhibited a heat conduction of 89.67°C, while the final
layers (Z = 5, as we had in this study) showed a lower heat con-
duction at 72.87°C, significantly below the required curing tem-
perature. Thus, the heat gun, attached adjacent to the MDIW
nozzle, was designed and assembled to raise the top layer resin
temperature, reducing the curing time and ensuring more precise
dimension control of the samples during the 3D printing process.

3.3 Rheological Conditions of Feedstocks

Other than the established fact that DIW-based printing processes
require shear thinning behavior of the inks/feedstocks,4% two
other critical criteria for achieving alternating layers in MDIW
3D printing are (i) the viscosity similarity of the feedstocks and
(i) the ability to maintain laminar flow, which are necessary to
ensure the continuity and consistency of layer dimensions and
compositions.24 Therefore, rheological analysis was conducted
on the PF resin and its corresponding nanoparticle dispersions to
determine nanoparticle concentration and its impact on curing
conditions. Before the testing, the feedstock samples were
prepared using the high-speed planetary mixer, following the
same programming conditions as outlined in the experimental
section.

Mlustrated in Figure , the PF resin without any catalyst (i.e.,
PTSA) had a viscosity of less than 1 Pa.s, rendering it unsuitable
for printing due to the inability to maintain continuous laminar
flow or to retain the after-printing structures. The addition
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of pTSA, along with a 30-minute waiting time, increased the
viscosity to & 3 Pa.s, enabling the production of smooth-printed
structures, as evidenced in Figure To understand the SiC
influence on rheological behaviors, the first feedstock was
dispersed with a constant 5 wt% SiC and 3 wt% pTSA (i.e., for
sample PF-SiC). Figure indicates no significant difference in
viscosity compared to the PF + 3 wt % pTSA resin without SiC.
The viscosity increasing at a lower shear rate (< 0.01 /s) fol-
lowed by a decreasing trend is attributed to the deagglomeration
and alignment of SiC particles along the rotating direction of the
plates. The resin attains stability at 1 /s before slipping at higher
shear rates.

The second feedstock, initially added with 5 wt% of Gy, did not
exhibit similar viscosity or flow behavior as the first feedstock in
the flow sweep test. Further addition of Gy, failed to provide
the necessary viscosity-matching conditions, causing challenges
for the 3D printability. However, an addition of 1 wt% CB
achieved a clear match in the flow sweep (i.e., composition as
indicated in Table [1)), meeting the viscosity and flow conditions
of the feedstocks, as observed in Figure The viscosity ratio
was consistently 1 between PE-SiC and PF-Gpp-CB, which was
represented with the pink star as n1/n1 in Figure [2h. This
ratio between feedstocks of SiC and Gyp-CB dispersions as seen
with the pink line in Figure [2a suggests a near-perfect viscosity
similarity essential for the MDIW printable microlayers.

The flow sweep facilitated the determination of feedstock con-
centrations, settling on 3 wt% pTSA in both feedstocks, 5 wt%
SiC in feedstock A, and 5 wt% Gy, in feedstock B, with 1 wt% CB
serving as a viscosity modifier. Utilizing a high-speed planetary
mixer, all feedstocks were meticulously prepared following the
procedures outlined in the experimental section. Subsequently,
the formulated feedstock underwent amplitude and frequency
sweeps to identify the linear viscoelastic region (LVER) and
moduli, crucial factors for determining structural integration in
solution-based 3D printing like MDIW.

In the amplitude sweep, depicted in Figure [S9h, the shaded
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Fig. 3 MDIW printed objects with the (a;) ladder structure (5 layers along the z-axis and partially cured upon removal from the build plate), (az2)
double mat structure (5 layers along the z-axis and fully cured after stage | curing); (b1) Cross-sectional photograph of the ladder structure removed
from the build plate with the (b2) cross-sectional SEM image showing controlled layer quality; (c1) cross-sectional photograph of carbonized ladder
structures and the (c) cross-sectional SEM image of carbonized ladder structures with an insert image highlighting the porosity. Various machined
geometries with red lines indicate the desired geometries of (d;) circular, (d2) chamfered rectangular, and (d3) diamond vs. dimensions after the

carbonization

region (i.e., black, blue, and purple region for different samples)
indicates the LVER for each feedstock. The shared region among
the three samples indicated the strain (i.e., in the overlapping
region up to 0.5%) to be considered for the subsequent frequency
sweep. The varying LVER can be attributed to the viscosity
difference and the nanoparticle effect. The frequency sweep in
Figure illustrates that in all three feedstocks, G’ > G”, and
the addition of nanoparticles substantially increased the moduli
by an order of magnitude. The tan(8) plot in Figure reveals
that the feedstocks with nanoparticles had a tan(d) closer to one
(usually treated as the gelation point), suggesting high shape
retention upon deposition.

The inclusion of pTSA not only contributed to the reduction in
cure time and temperature, as discussed in the preceding section,
but it also led to a shortened pot life of the feedstocks. Illustrated
in Figures 2k, Figure and [S9M, there was a notable increase
in the viscosity of the feedstocks, both with and without nanopar-
ticles, over time, even at room temperature. This is due to the

heat transfer between the surroundings and the resin. Exposure
to heat at any temperature would only further diminish the pot
life. Therefore, it was imperative to utilize the feedstock imme-
diately upon preparation except in the case of pure PF resin. An
intriguing observation was that the addition of pTSA in the feed-
stock with nanoparticle dispersion did not result in a difference
in their cure temperature, as observed through the DSC analysis
in Figure and Table [ST] The viscosity similarity, flow condi-
tion, and the simultaneous curing of the feedstocks would aid in
preventing layer disruption post-deposition in the XY plane.

3.4 Scalable Macro Structure: Porosity and Density Along
Z-Axis

The preliminary experiments and analyses paved the way for the
successful manufacturing of structurally integral and smoothly
printed parts utilizing the MDIW printing mechanism. It is note-
worthy to mention that the in-plane XY axis contained microscale
layers as demonstrated in our experiments and simulations;
however, the layer quality along the Z-axis needs examination
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regarding potential shrinkage or porosity formation during car-
bonization. Samples were machined to appropriate dimensions
to facilitate testing their physical and mechanical properties. The
high dynamic range (HDR) photographs and SEM images of the
3D printed, post-processed, and micro-machined samples are
depicted in Figure

Two distinct structures were programmed and printed using the
prepared feedstocks, as illustrated in Figure [3j; for a ladder
structure and Figure [3as for a double mat structure. In Figure
[Bhi, the light red color denotes partial curing on the print
bed, while the dark red color in Figure [3py indicates complete
curing following stage I curing. Moving on to the cross-sectional
analysis, Figures [3p; and [3p, depict images of a green part,
while Figure [Bfcjand [By showcase cross-sectional views of a
carbonized sample. In Figure [, the inset highlights the porous
cross-section of the sample due to the carbonization process. The
images vividly capture the layer formation along the Z-axis (Z
= 5), with darker shades representing the interphase between
each layer. It is important to note that the initial layer height
was manually set at the beginning of the printing process, with
the carbonization procedure resulting in a comparatively smaller
layer thickness. However, challenges arise with printing layers 4
to 5 along the Z-axis due to poor heat flux and longer cure times,
deviating from the desired linearity necessary for achieving a
perfect cuboidal geometry.

The carburized samples underwent BET porosity analysis to
determine the pore sizes. In the PF. sample, the average pore
size was found to be 3.52 nm. The pore size in PF-SiC and
PE-Gpp-CB, resulted in an average size of 4.83 nm and 3.24 nm,
respectively. The presence of nanoparticles can greatly influence
the pore size asserting to multiple factors, such as pore filling,
nucleation effect, packing factor, and surface effects due to the
high surface area of nanoparticles. Comparatively, the average
pore size in PFy; was lower at 2 nm. This reduction in pore
size in PFy; can be attributed to the high packing factor of the
nanoparticles within the respective layers. Additionally, it’s
important to consider that the gas absorption capacity of the
samples significantly influences the porosity measurement using
BET. The analysis of green parts revealed inconsistent results due
to their low gas molecule absorbency, impacting the accuracy of
the porosity measurements. The carburized samples were also
measured for their true density which is the ratio between the
mass of the sample to its true volume. The PF samples had a
density of ~ 0.86 g/cm?, while the reinforced samples of PE-SiC
measured ~ 0.88 g/cm?, PF-Gpp-CB measured ~ 0.80 g/cm?, and
the multilayer sample PFy; measured ~ 0.88 g/cm>.

redsa

3.5 Thermal Measurements and Analysis

Thermal properties are fundamental considerations in material
selection and engineering design, ensuring efficient functioning
and safety across various applications.*142 In the context of C-C
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composites, which are renowned for their superior thermal prop-
erties,® an array of thermal property analyses were conducted.
These analyses encompassed parameters such as thermal diffusiv-
ity, conductivity, and effusivity. Additionally, the study also delved
into investigating the influence of temperature on the mechan-
ical and electrical properties of the composites. Understanding
how mechanical properties such as strength, stiffness, and tough-
ness vary with temperature is essential for designing components
that can withstand thermal stresses and fluctuations. Likewise,
exploring the electrical properties, including conductivity and re-
sistivity, at different temperatures is vital for various applications.
This holistic approach ensures that C-C composites can meet the
requirements of diverse industries, ranging from aerospace and
automotive to electronics and energy sectors, where thermal per-
formance is paramount for operational efficiency, reliability, and
safety. 43145

3.5.1 Thermal Diffusivity, Conductivity, and Effusivity

Thermal diffusivity refers to the ability of a material to conduct
heat under transient conditions, providing insights into how
quickly heat propagates through the material. This plays a critical
role in the material’s performance at high temperatures. In this
study, the laser flash method was employed for the diffusivity
measurement.

As illustrated in Figure [4h, the method uses a thin disk specimen
heated in a closed environment to a desired temperature (from
room temperature to 1100°C). The internal sensors of the ma-
chine measure the furnace and specimen temperature separately,
and once the temperatures in both reach the specified tempera-
ture, the front face is exposed to a laser pulse. The energy from
the pulse is absorbed by the specimen and the detector above
it measures the temperature change with respect to time.4® The
machine calculates the diffusivity with respect to the specimen’s
thickness and the time taken for the rear face to reach a specific
percentage of the target temperature. The temperature rise in
the rear face is monitored as a function of time given by the equa-
tion, 47
L =142 i(,l)"e—(”z"zw/lz) D)
Tint n=1
Where T is the specimen temperature, T, is the max specimen
temperature, and 1 is the specimen thickness. The diffusivity
can be calculated from measuring half the maximum temperature
(t1/2) and it is given by, 47
lZ
a=0.139— 2)
1172

The above equation primarily only works for homogeneous
samples. Therefore, researchers performed an effective time-
dependent study to measure diffusivity at any given point and
any sample, given by, 47

alty) = F(x)— 3)

Where ty is the time to reach a fraction x of the maximum
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Fig. 4 (a) Illustration highlighting the measurement technique of laser flash thermal diffusivity, (b) measured values of diffusivity of carbonized samples
for two consecutive runs from room temperature to 1100°C, (c) calculated values of thermal conductivity, (d) calculated values of effusivity, (¢) DMA
analysis of carbonized samples from room temperature to 500°C or until failure in air, and (f) TGA analysis of carbonized sample showing the failure

due to oxidation in air and inert (nitrogen) environment.
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temperature and F(x) is Cowan’s modulus. This diffusivity
equation provides accurate readings considering there is no heat
loss and the finite pulse time effect is ignored.

Thermal conductivity measures the material’s ability to conduct
heat under steady-state conditions, crucial for understanding heat
transfer mechanisms within the composite structure. Once the
diffusivity is measured, the thermal conductivity of the specimen
can be calculated as,“®

k= apCp 4

Where p is the density of the specimen and G, is the specific
heat capacity. The specific heat capacity was measured using a
differential thermal analyst (DTA).

Thermal effusivity, on the other hand, quantifies the material’s
ability to exchange heat with its surroundings, offering valuable
information for applications involving heat dissipation or insula-
tion. Thermal effusivity has a direct relation with conductivity
and is given by the equation,4?

e=+/kpCp (5)
Diffusivity measurements were conducted in the out-of-plane
direction for each sample in two consecutive runs, as depicted in
Figure [p. In both runs, the PF. samples exhibited the highest
diffusivity across the measured temperature range. Among the
nanoparticle-reinforced samples, PF-Gpp-CB demonstrated the
highest diffusivity, whereas PF-SiC displayed the lowest diffu-
sivity, indicating lower heat mobility. An intriguing observation
was made with PF-SiC, which did not register any diffusivity
measurement from room temperature to 400°C during the
second run but normalized above 400°C. The lower diffusivity
values in the reinforced samples or other anomalous behaviors
can be attributed to factors, such as porosity (i.e., a lower
density in Gyp-CB-filled PF samples than the pure PF or PF-SiC
composites) and nanoparticle arrangement within the composite.
The PF)y; samples exhibited a diffusivity level between PF-SiC and
PE-Gpp-CB, showcasing the influence of the alternative layering
of nanoparticles. Moreover, the diffusivity of most samples did
not change much in all cases, though the diffusivity values were
higher at room temperature and 1100°C than the intermediate
temperatures. The diffusivity initially decreased up to a certain
temperature (around 500-700°C) and then increased thereafter
until reaching the final temperature. Most polymers or polymer
composite’s diffusivity may decrease at high temperatures due
to chain scission or other degradation mechanisms that disrupt
the polymer matrix and hinder molecular mobility.*? Our more
stable thermal diffusivity highlighted the high-temperature
performance characteristics of the carbon-carbon composites.
Note that the in-plane thermal measurements were challenging
as the thickness in the Z-direction did not satisfy the minimum
requirements of the machine.

Theoretical calculations for thermal conductivity and effusivity
were performed using equations 4 and 5, respectively, with graph-
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ical representations provided in Figures [ and [d for two con-
secutive runs. These calculations are directly dependent on the
specific heat capacity (Cp) of the samples. It’s important to note
that Cp measurements were conducted using a DTA measurement
system, which involves broken or powdered samples in an alu-
mina crucible, thereby minimizing potential influences from the
directional alignment of nanoparticles. In Figures [ and [4d, no
clear trend is observed in the respective measurements, and there
is no significant difference between the samples. Upon closer in-
spection, it appears that similar to diffusivity, PF. exhibits slightly
better conductivity and effusivity, followed by PF-Gpp-CB, PFy,
and PF-SiC.

3.5.2 Thermo-mechanical analysis

Thermo-mechanical analyses were performed to determine the
influence of temperature on mechanical properties. It involved
subjecting the samples to controlled temperature changes while
simultaneously measuring their change in modulus through
a 3-point bending measurement. The measurement can also
provide insights into the sample’s response to thermal stresses
and variation in temperature.

As depicted in Figure [4le, PF. samples had a modulus of 6.3 GPa
at room temperature but exhibited premature and rapid failure
at 200°C. This phenomenon can be attributed to the oxidation
susceptibility of C-C composites in the presence of oxygen. The
degradation and subsequent failure of PF. can also be linked to its
thermal degradation characteristics, as evidenced by the TGA re-
sults shown in Figure [4f and detailed in Table[2] Notably, PF. ex-
periences approximately 25% degradation between temperatures
of 122°C and 227°C in air, whereas no degradation is observed in
an inert nitrogen atmosphere. Despite PF-Gp-CB and PE-SiC dis-
playing nearly identical moduli of 4.6 GPa and 4.3 GPa at room
temperature respectively, PF-Gpp-CB exhibited the highest mod-
ulus in the elevated temperature range of 100°C (5.02 GPa) to
500°C (7.52 GPa) (Figure ). Importantly, PFy; demonstrated
a more consistent modulus throughout the tested temperature
range i.e., ~ 9-9.4 GPa between 100-500°C. Similar to PF., all
other samples exhibited failure corresponding to their respective
degradation temperatures in air, as indicated by Figure[df and Ta-
ble[2] In contrast, when subjected to an inert atmosphere devoid
of oxygen, the samples demonstrated less than approximately 7%
degradation even at 900°C. The mechanical performance of C-C
composites can be tailored to specific needs and applications. The
properties can also be tuned by varying the nanoparticle concen-
tration, orientation, and alignment.

3.6 Electric and Thermo-electric Characteristics

Similar to the mechanical properties, electrical measurements
were also conducted as a function of the temperature effects. In
conductive materials, such as metals, the increase in electrical
conductivity with temperature is attributed to the greater thermal
agitation of the electrons within the material. As temperature
rises, electrons gain more energy, leading to increased mobility
and conductivity. However, unlike C-C composites, most metals
can only withstand temperatures ranging from a few hundred
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Fig. 5 (a) Electrical conductivity measurements as a function of temperature with (a;) an illustration of the laboratory-made measurement setup and
(a2) graphical representation of the measured and calculated values of electrical conduction in S/mm from room temperature to 500°C. (b) Seeback
effect/thermo-electric measurements with (by) illustration of laboratory made measurement setup, (b2) graphical representation of seebeck effect (S)
measurement with the heating element temperature reaching up to 450°C, (b3) calculated values of figure of merit, and (bs) calculated values of
power factor. (PF)
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Table 2 Degradation temperatures and final residue of carburized samples in air and nitrogen (inert atmosphere)

Sample Air Nitrogen
Onset (°C) | Endset (°C) | Residue(%) | Onset (°C) | Residue (%)
PF. 122 227/900 77.82/3.93 569 97.27
PF-SiC 375 765 13.22 375 96.75
PF-Gpp-CB 455 819 4.08 483 94.14
Pum 494 900 15.22 402 93.21

Note: PF. displayed a two-set degradation with the first one ending at 227°C and the second at 900°C. The residue shown in nitrogen

are at 900°C.

to a few thousand degrees Celsius. Additionally, metals typ-
ically have a high density-to-weight ratio and are often expensive.

All samples in this study underwent testing for electrical con-
ductivity across a temperature range from room temperature
to 500°C, utilizing a custom laboratory setup depicted in Fig-
ure ;. The measurements were conducted using a digital
multimeter, which usually measures the resistance in Qmm and
the conductivity is the reciprocal of it. Figure [Shs showcases
the conductivity values of the samples in S/mm at different
temperatures. PF. exhibited a lower yet consistent conductivity
of approximately 0.17 S/mm, which decreased to 0.07 S/mm at
500°C. On the other hand, PF-Gp-CB displayed the highest elec-
trical conductivity among all samples, ranging from 0.5 S/mm at
room temperature to 0.43 S/mm at 500°C, showing consistent
electrical conductivity across the temperature ranges. While PF.
and PF-Gpp-CB maintained stable conductivity, PF-SiC demon-
strated a sinusoidal pattern in its measurements, with higher
conductivity at room temperature (0.35 S/mm), 200°C (0.41
S/mm), and 400°C (0.48 S/mm). As stated earlier, most metals
have an electrical conductivity that increases with temperature.
This phenomenon occurs because higher temperatures lead to
increased thermal agitation of the electrons within the material.
As the temperature rises, electrons gain more energy, which
allows them to move more freely through the material, resulting
in higher electrical conductivity. However, in semiconductors, the
electrical conductivity may decrease as temperature increases.
This behavior occurs due to the presence of energy bands in the
material’s atomic structure. As the temperature rises, electrons
are excited to higher energy levels, which can cause them to
move out of the conduction band, reducing conductivity. Thus,
the nonlinear relationship between electrical conductivity and
temperature may occur due to complex interactions between
temperature, electron mobility, and other factors within the
material’s structure. The electrical conductivity of PFy was
notably influenced by the presence of nanoparticles at various
temperatures. SiC had a significant impact on its properties at
room temperature, 200°C, and 400°C, while Gpp-CB influenced
its conductivity at other temperatures. These variations can
be attributed to the arrangements of nanoparticles within the
composite structures and their heat mobility.

Several studies have emphasized the potential of C-C composites
in thermo-electric characterization, which involves analyzing
materials or devices based on their thermoelectric properties.’

14 | Journal Name, [yeat], [vol.], 1

These properties encompass the material’s capacity to convert
heat energy into electrical energy and vice versa, which holds
significance for applications like energy harvesting, cooling
systems, and thermoelectric generators.?! The characterization
process typically includes measuring parameters such as the
Seebeck coefficient, electrical conductivity, power factor (PF),
and figure of merit (ZT value). For this study, a laboratory-made
setup equipped with necessary theoretical calculations was
employed to measure all these parameters, as depicted in Figure

5b;.

The Seebeck coefficient (S) is a measure of the magnitude of the
thermoelectric effect in a material. It is determined experimen-
tally by measuring the voltage produced across a material when
a temperature difference is applied, calculated by, 2

v
AT
Where V is the voltage generated, and AT is the temperature
difference between two points. Figure [5py illustrates the
Seebeck coefficient of each sample across the temperature range
from room temperature to 450°C of the heating element. Among

N 6

the samples, PFE-SiC exhibited the lowest performance, with
a coefficient ranging from 0.9 to 1.65 uV/°C. Despite SiC’s
semiconducting properties, without appropriate doping, its
performance remained modest. In contrast, PF-Gpp-CB demon-
strated the best performance, maintaining a stable coefficient
value between 12 and 13 uV/°C. The multilayered PF); sample
exhibited an increasing performance trend with rising heating
element temperatures, ranging from 6 to 8.5 uV/°C, comparable
to the PF, samples with a Seebeck coefficient of 5.5 to 6.8 uV °C.

Following this, the ZT value and PF of the samples were calcu-

lated using the respective formulas shown below, 2223
26T
ZT = @
K
PF =S¢ (8)

The ZT value is a dimensionless parameter that quantifies the
overall thermoelectric performance of a material. It provides a
comprehensive assessment of a material’s suitability for thermo-
electric applications. A higher ZT value indicates a more efficient
thermoelectric material. While PF is a measure of the efficiency
of a material in converting heat into electrical energy. A higher
power factor indicates a more efficient conversion of heat to
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electricity in thermoelectric materials.

Both the ZT and PF are dependent on the Seebeck coefficient and
electrical conductivity, as shown in equations 7 and 8. In Figure
3 and by, the samples displayed a similar trend, with PF-Gp,-
CB exhibiting high values of ZT and PF, while PF-SiC showed the
lowest values in both cases. Despite PF. having a good Seebeck
coefficient, its ZT and PF values were low due to its low electrical
conductivity. The increasing ZT values with temperature of PF-
Gnp-CB and PFy; show the potential of these samples to be used
in semiconducting applications with a proper dopant. Lastly, PFy;
samples performed between PF-Gyp-CB and PE-SiC, following this
trend because of its combination of SiC and Gpp-CB and layered
patterning.

4 Conclusion

This study emphasizes the utilization of innovative multi-material
multiphase direct ink writing (MDIW) 3D printing techniques
for manufacturing carbon-carbon (C-C) composites.
rating phenol formaldehyde (PF) resins as the primary matrix,
reinforced with silicon carbide (SiC) and graphite nanopowder
(Gnp-CB), has exhibited potential in crafting a multifunctional
composite boasting desirable thermal, mechanical, and elec-
trical properties, showcasing the versatility of C-C composites.
Thorough curing investigations aided in pinpointing the optimal
concentration of catalyst (pTSA) (3 wt%) for expedited resin
curing at lower temperatures (90°C), thereby accelerating the 3D
printing process. Extensive rheological analyses contributed to
determining the requisite nanoparticle concentrations to achieve
comparable viscosities between feedstocks (5 wt% of SiC in
feedstock A and 5 wt% of Gpp and 1 wt% of CB in feedstock
B). Despite challenges like suboptimal interlayer dispersion
of nanoparticles impacting layer formation, the characterized
properties underscored the layered nanoparticle patterning’s
influence.

Incorpo-

The study’s assessments extended to crucial parameters such as
thermal diffusivity, conductivity, effusivity, mechanical strength,
electrical conductivity, Seebeck coefficient, ZT value, and power
factor, particularly under elevated temperatures, showcasing C-C
composite’s high-temperature capabilities. Among all composites
and across all temperatures, PF-Gnp-CB exhibited the highest
thermal and electrical conductivity, while PF-SiC demonstrated
good mechanical reinforcement and thermomechanical stability.
PFy samples had intermediate properties between PF-Gp,-CB
and PF-SiC due to the layered architecture. While acknowledging
challenges like oxidation susceptibility at elevated temperatures
(400 - 600°C) and the necessity for further optimization in mate-
rial composition and processing, the study illuminates promising
avenues for C-C composite advancements, notably in energy
efficiency, high-temperature applications, and multifunctional
material design.

Although C-C composites may not yet rival state-of-the-art materi-
als across various applications, this study underscores their poten-
tial across industries, from aerospace to energy sectors, while also

paving the way for future research. Enhanced material chemistry,
possibly through increased reinforcement concentration, holds
promise for improving properties. Incorporating a graphitization
process can bolster carbon atom bonding strength, while suitable
pore infiltration and oxidative coatings can enhance the C-C com-
posite’s practicality, especially in stratospheric applications where
oxidation susceptibility is a concern.
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