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Abstract

Due to their exceptional mechanical and thermal properties under high temperature conditions,
for the first time, a novel vascular (embedded channels) Carbon/Carbon (C/C) composite was
developed for use as a modular concentrated solar power (CSP) gas receiver. The fabrication
process involves the combination of the vaporization of sacrificial component (VaSC) technique
with conventional methods to produce C/C composites with well preserved channels. Different
heat treatments were evaluated together with X-ray diffraction (XRD) analysis to determine
optimal fabrication conditions that maintains the material and channel’s integrity. Mechanical
testing confirms that structural integrity is maintained, with statistical analyses indicating no
compromise in flexural strength or modulus. This research introduces an innovative pathway for
efficient CSP gas receivers, which can bridge the gap towards improved energy generation
efficiency in next-gen CSP plants through higher operating temperatures with the use of C/C
composites.
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1. Introduction

Concentrated solar power (CSP) systems work by focusing sunlight into a receiver, which in turn
heats a working fluid that is later used with power cycles to generate electricity [1]. A major
advantage of CSP over photovoltaic cells is the implementation of thermal storage systems,
usually in the form of molten salt tanks, which are used as a source of heat during the night and

provide CSP with on-demand energy generation capabilities [2]. The receiver operating
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temperature is a major contributor to the plant’s overall efficiency. The U.S. DoE (United States
Department of Energy) GEN3 road map [3] has identified the use of sCO5 (super-critical carbon
dioxide) Brayton-cycles and receiver operating temperatures of above 800 °C as integral parts of
the next generation of CSP plants. Recent research has shown that the use of receiver modules
with channels fabricated from nickel alloys has the potential of achieving nearly 90% global
receiver efficiency based on simulated solar testing [4]. Although these results are impressive,
some technical challenges still need to be overcome before adoption. At the GEN3 temperatures
(> 800 °C), mechanical performance is critical as creep within the modules becomes a significant
issue when considering the use of high-performance metal alloys, such as Inconel 718 [4]. Here we
present the fabrication and characterization of a novel, vascular C/C composite, intended for use
as central receiver modules. By taking advantage of their low CTE (coefficient of thermal
expansion), C/C composites as the material of construction for CSP receivers allows for higher
operating temperatures. When compared to Inconel 718, C/C composites offer comparable
thermal conductivity (11 to 17 W m~* K~! for Inconel 718 [5]) while having a CTE of 0.1 to 0.6
%1078 K [6], which is two orders of magnitude lower than the CTE of Inconel 718 (13.2 to 14.6
x107% K [5]). In addition, when compared to Inconel and its alloys, C/C composites are
lightweight (1.5 to 2.5 g/cm?[7]), potentially leading to decreased installation costs. As
illustrated in Figure 1(a), a concentrated solar power gas receiver in a modular configuration is
proposed, where each module (Figure 1(b)) will be made with a novel C/C composite with an
embedded channel network through which super-critical carbon dioxide (sCOz) will flow and be
heated by the concentrated solar light. This approach has been previously proposed by our
research group [8], where we demonstrated through computational fluid dynamics simulations
that the new material (vascular C/C composites) are able to handle higher solar fluxes, taking
into consideration material properties, heat transfer fluids, and different vascular designs. Results
showed that a receiver fabricated with the proposed novel material can achieve thermal
efficiencies above 90%, and up to 85% when considering realistic constrain limits, with regards to
strain and heat flux.

Due to their exceptional properties and specialized fabrication method, C/C composites find
niche applications in the aerospace industry (heat shield of re-entry vehicles and rocket nozzles)
and in aviation (disk brakes of airplanes) [9, 7]. These composites are made of carbon fibers

(CF), usually either pitch-based or PAN (polyacrylonitrile) based, that are surrounded by a



continuous carbonaceous matrix, hence the name ”carbon/carbon” composites [10]. Pitch-based
carbon fibers provide the highest modulus and thermal conductivity when compared to
PAN-based CF, with the main drawback being a significant increase in cost. As the carbon
source for the matrix, pitch or mesophase pitch [11, 12] are sometimes used due to their high
carbon yields and ease of graphitization, but their high melting points (around 300 °C[12]) makes
processing more challenging. On the other hand, the use of phenolic resins [13] provide
comparable carbon yields while being much easier to process since they are available in the liquid
state at room temperature. Heat treatments above 1000 °C convert the carbon source into the
carbonaceous matrix [14, 15] that forms the C/C composite, in a process referred to as
carbonization, that increases porosity and decreases density due to mass loss. As shown by Li et
al. [16], using PAN-based CF and phenolic resin, prepared C/C composites had a final density of
1.54 g/cm® with an open porosity of 9.9%. Although, to achieve higher densities, the same resin
precursor (such as a phenolic resin) can be used to re-infiltrate the carbonized material followed
by re-carbonization, this would inevitably clog the channels of the proposed C/C composites. An
alternative is to use chemical vapor infiltration (CVI), where a gaseous carbon source (e.g.
methane) is cracked at high temperatures to deposit carbon on the surface of the pores

[17, 12, 18, 19, 20, 21, 22, 23]. As reported by Ren et al. [23], C/C composites prepared using
PAN-based CF achieved a density of 1.84 g/cm® when densifying with methane for 120 hours,
showing that this approach can be used to produce high-density C/C composites. Zhang et al.
[24] used highly graphitic pitch-based CF with a phenolic resin, followed by densification through
CVT using propene, to produce highly heat conductive (maximum heat conductivity of 890 W
m~1K~1) C/C composites with density of 1.72 g/cm?® and open porosity of 16%. As a last step in
the fabrication of C/C composites, graphitization above 2000 °C converts the matrix into a more
crystalline graphite matrix, greatly improving thermal conductivity and tensile strength [25, 26].
The VaSC (vaporization of sacrificial components) technique [27] has been shown to be effective
in the implementation of channels and vascular networks in composites and resin materials

[28, 29]. These channels allow for intrinsic thermal management for batteries [30] and radiators of
spacecraft components [31]. The use of PLA (polylactic acid) in VaSC allows for 3D printing to
be used to obtain a desired channel network. PLA can be depolymerized above 295 °C under
vacuum, or above 200 °C when catalyzed with tin(II) oxalate [27, 32] to leave a cleared channel

network in its place. In this work, a prepreg with channels is first fabricated using the VaSC



technique, followed by multiple heat treatments to produce, for the first time, a C/C composite
with an embedded channel network. The use of both PAN-based and pitch-based carbon fibers
are evaluated, where a prepreg is first made using a resorcinol-added phenolic resin [33]. Because
of their high carbon yield and aromatic nature, phenolic resins offer great advantages as a carbon
matrix precursor for the fabrication of C/C composites. Acid and basic catalysts are commonly
used to decrease curing times of resole phenolic resins. The addition of resorcinol instead is
known to also be able to reduce curing times without potential contaminants from catalysts. In
our previous work [33], it was demonstrated for the first time that the addition of resorcinol was
able to reduce curing times by 71% without a detrimental effect to its carbon yield, which is an
important factor for the fabrication of C/C composites. The 10 wt% resorcinol system has shown
to be a transition between the phenol-formaldehyde and the more reactive
resorcinol-formaldehyde curing reactions [33]. This approach maintained the embedded channels
integrity without collapsing by allowing the resin to quickly B-stage cure (gel), greatly increasing
its viscosity and providing more resistance to the compaction forces from the autoclave. To
prevent clogging of the channels during densification, CVI with methane was used. The
specimens are characterized with SEM (scanning electron microscopy), XRD (X-ray diffraction)

analysis and three-point bending test.

2. Experimental

2.1. Materials

A commercially available phenolic resin was provided by Bakelite Chemicals. Resorcinol (> 99
%) was acquired from BeanTown Chemical, and acetone (ACS grade) from VWR Chemicals.
Nitrogen (99.999 %), argon (99.999 %), and methane (99.9 %) were obtained from Linde.
Pitch-based carbon fibers were purchased from Mitsubishi Carbon, with twill weaving (K13C2U,
3K tow size, thermal conductivity of 620 W m~'K~!, fiber diameter of 9.6 yum, tensile strength
of 3,800 MPa, and tensile modulus of 900 GPa) and unidirectional (K63712, 12K tow size,
thermal conductivity of 140 W m~!K~!, fiber diameter of 11 pum, tensile strength of 2,600 MPa,
and tensile modulus of 640 GPa). PAN-based carbon fibers were acquired from Toray (T700S
with 12K tow size, thermal conductivity of 9.6 W m~'K~1!, fiber diameter of 7 um, tensile
strength of 4,900 MPa, and tensile modulus of 230 GPa). A commercial C/C composite plate
(FS240, with a flexural strength of 180 MPa and a flexural modulus of 45 GPA) was purchased
4



from Across USA, Inc. It is made up of bi-directional long fibers in a 0°/90°orientation. Samples
from this plate were used as control.

The procedures and processing parameters for the fabrication of C/C composites with channels
are summarized in Figure 2 and further described in sections 2.2 to 2.5. A detailed schematic

diagram for the fabrication procedure is available in the supplementary information (Figure S1).

2.2. Prepreg with channels

The first step is to produce a cured prepreg (step 1 in Figure 2) using carbon fibers (either pitch
or PAN-based) and a 10 wt% resorcinol-added phenolic resin as per our previous work [33].
Indeed, it was observed that curing of this resin with 10 wt% resorcinol involves multiple
reactions that do not maintain a constant activation energy. Our published study [33] also
demonstrated that among all models tested, the Vyazovkin method (VO) has proven to provide
accurate isothermal curing predictions for this resorcinol-added phenolic resin system. Its
algorithm friendly form allows for precise and fine calculations of activation energy as a function
of conversion, allowing for very small isoconversional steps to be used, which also contributed to
increase the precision of the method [33]. A sacrificial 3D printed PLA (polylactic acid) template
for the desired channel network is placed in between the layers of carbon fibers, as shown in
Figure 3. The PLA used has a 2.5 wt% added tin-oxide to act as a catalyst, facilitating and
allowing the polymerization to be performed at 210 °C. The fiber layup, with the PLA channels
(500 pm in diameter) in between, is then soaked with a resorcinol-added phenolic resin and
placed inside a vacuum bag assembly. This assembly is illustrated by Figure 4(a), consisting of
an outer vacuum bag, followed by a breather cloth and perforated peel ply. Sealant tapes are
used to fix and seal the bag on top of an aluminum plate. The vacuum-bag assembly is then
placed inside a stainless steel autoclave, as shown in Figure 4(b). The autoclave was designed
and built in-house, rated for operation at 160 psi. A nitrogen line is used to pressurize the
autoclave, which is also connected to a spring valve that automatically relieves gas to keep a
constant pressure of 160 psi. A vacuum line with a controller is connected to the interior of the
bag and aids in removing bubbles, while the nitrogen pressure provided by the autoclave acts on
the exterior of the outer bag. The autoclave/vacuum-bag assembly is placed inside a
temperature-controlled oven, rated for up to 150 °C. A thermocouple placed inside the autoclave
measures the temperature throughout the experiment. For comparison purposes, prepregs were

also prepared in a conventional out-of-autoclave fashion, where the vacuum bag assembly was
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directly placed inside the temperature-controlled oven, without an autoclave.

In this work, curing of the prepregs was divided into two isothermal heating steps: (i) 50 °C for
12 hours to B-stage cure; and (ii) 130 °C for 12 hours to finalize C-stage curing. The prepreg is
then sectioned using a diamond saw for further processing. Using a quartz tube furnace, the
prepreg is heat treated at 290 °C for 24 hours under full vacuum (step 2 in Figure 2) to complete
the VaSC process, depolymerizing the PLA and leaving behind a prepreg with the desired cleared

channel network.

2.3. Carbonization and residual stress relief

The prepreg, now with the cleared channel network, is then carbonized at 1000 °C for 1 hour
(step 3 in Figure 2) under argon atmosphere. With a carbon yield of 62.3 wt% [33], gas evolution
during carbonization of the resin needs to be slow enough to prevent damage to the specimen,
thus a heating rate of 1 °C/min was used. Due to matrix shrinkage, residual stresses develop
between the carbon matrix and the carbon fibers. To relieve these stresses, an intermediate
graphitization heat treatment at 2200 °C for 1 hour is performed (step 4 in Figure 2). A furnace
with a graphite heating element (Carbolite Gero / LHT-200) under argon atmosphere is used,

with a heating rate of 20 °C/min.

2.4. Densification through chemical vapor infiltration

Due to gas evolution during carbonization, the sample’s porosity increases and its density
decreases. Density is then increased by filling the pores with carbon, done in this work through
CVI. Using a quartz tube furnace, methane is flowed at 200 mbar and 1000 °C to promote carbon
deposition. The process is done through isothermal CVI, where the specimen is heated from the
outside, creating a hotter sample surface where carbon usually tends to deposit faster. The
vacuum assists in methane infiltration from the hotter outside surface into the composite before
the deposition reaction occurs, providing a more homogeneous densification. The densification
was done in 20 hour cycles (for a total of 60 hours), where the samples were then taken out after
each cycle and ground to remove the carbon crust that forms from excessive carbon deposition at

the surface, allowing for methane to better infiltrate the sample in the subsequent cycles.

2.5. Graphitization
Similar to the intermediate graphitization step performed in section 2.3, the densified specimen is

heat treated at 2200 °C with a rate of 20 °C/min under an argon atmosphere (step 6 in Figure
6



2). Dwell times from 1 to 6 hours were used to evaluate the effect on graphitization degree and
crystallinity. After this final heat treatment, a C/C composite with embedded channels is

obtained.

2.6. Characterization and analysis

SEM (Helios 660 SEM) was extensively used to evaluate the morphology of the specimens during
different stages of the fabrication process. NanoCT imaging was done to evaluate the integrity of
the channels. Porosity and density were measured using the water absorption method, with
standard deviation (SD) corresponding to three measurements on the same sample. Thermal
conductivity was calculated based on measured thermal diffusivity with laser flash analysis
(Linseis LFA1000) [8], and specific heat measured with DSC (differential scanning calorimetry,
DSC 2500 TA-Instruments) analysis. XRD analysis was done to study heat treatment effects on
the graphitization of the matrix. To investigate the effect of carbonization and graphitization on
the matrix and on the carbon fibers, XRD analysis (Rigaku MiniFlex) was also done separately
on powdered pitch and PAN-based carbon fibers, as well as powdered bulk samples of pure and
resorcinol-added phenolic resins. Bulk matrix samples were prepared by adding the resin into
silicone cylindrical mold and cured inside the autoclave at 50 °C for 12 hours, followed by 130 °C
for 12 hours. The resin was then carbonized at 1000 °C for 1 hour, and graphitized at 2200 °C
for 1h, and later for an additional 3h and 6h. The same carbonization and graphitization heat
treatments were done to the carbon fibers. The d-spacing (d) was calculated by using the Bragg’s

law shown in Equation 1:

nA=2dsinf (1)

where n is diffraction order (n = 1), A is the radiation wavelength (A = 1.5406 A), 6 is the Bragg

angle. The crystallite size (L) was calculated with the Scherrer’s equation shown in Equation 2:

K A
L:
B cosf

(2)

where K is the shape constant (K = 0.94) and § is the width of the diffraction peak at half
maximum intensity.
To evaluate the uniformity of the final channels’ diameter, an imaging processing software was

used to measure the perimeter and area, which were subsequently used to calculate the channel’s
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roundness using Equation 3:

4A
Roundness = %. (3)
Perimeter

2.7. Mechanical testing
A three-point bending test was chosen for the manufactured and commercial samples due to its
simplicity and ability to evaluate multiple tests in a short period of time. Tests were performed
on an apparatus from Wyoming Fixtures™ and done according to the ASTM D790 [34]
standard. The loading nose and supports have a radii of 6 mm. The channel was perpendicular
to the loading nose. Two Pike™ F-505B cameras were used for 3D Stereo DIC (Digital Image
Correlation) at a stereo-angle of 15°, and two AmScope™ HL250-A were used for lighting the
region of interest on the sample. A test figure is included in the supplementary information
(Figure S2).
C/C composite commercial samples without channels (C/C-commercial), and C/C composite
samples fabricated in this work without (C/C-no channel) and with channels (C/C-with channel)
were cut into rectangular coupons on a Buehler™ Isomet™ 1000 precision saw. The dimensions
of tested samples are given in Table 1.
A recommended support span-to-depth ratio of 16:1 was used to calculate the crosshead rate R,
using Equation 4 [34]

ZL?

R==2 4
where R is the crosshead rate in mm/min, Z is the rate of straining of the outer fiber in
mm,/mm/min which is equal to 0.01, L is the support span in mm, and d is the depth of the
sample in mm. The crosshead motion ranged from 1.28 to 1.64 mm/min. Flexural stress oy was

calculated using Equation 5 [34]

3PL
AT (5)

where P is the load in N, L is the support span in mm, b is the width of the sample in mm, and d

is the depth of the sample in mm. Flexural strain ¢y was calculated using Equation 6 [34]



where D is the maximum deflection of the center of the sample in mm which was recorded from
the loading nose and DIC, d is the thickness of the sample in mm, and L is the support span in
mm. Flexural modulus E, was calculated using Equation 7 [34]

L3m
T 4bd3 (™)

E,

where L is the support span in mm, m is the slope of the tangent to the initial straight-line
portion of the load-deflection curve of deflection in N/mm, b is the width of the sample in mm,
and d is the depth of the sample in mm.

A paired t-test was used to evaluate the flexural modulus and flexural strength data using the

SciPy® library in Python® at a 95% confidence level.

3. Results and discussion

8.1. Cured prepregs with channels

To develop the procedure to fabricate prepregs with channels, PAN-based or pitch-based carbon
fibers combined with pure and 10 wt% resorcinol-added phenolic resins were used. With an
out-of-autoclave approach, the prepregs have a high void content, as shown in Figure 5(a). This
behavior is attributed mostly to the formation of water vapor from the resin curing reactions. To
obtain a prepreg with lower void content, an in-house designed autoclave was used in combination
with a vacuum bag as described in section 2.2. The autoclave provides an external pressure (160
psi) to the vacuum bag that collapses and removes bubbles that are formed during the curing
reactions, obtaining a void-free prepreg as shown in Figure 5(b). However, because curing of pure
phenolic resins starts at around 80 °C, which is above the T, (glass transition temperature) of
PLA (52.4 °C), the compaction forces from the high pressure provided by the autoclave causes
the channels to collapse and thus none are visible in the cured prepreg (Figure 5(b)).

Following our previous study on the curing kinetics of resorcinol-added phenolic resins[33], the
addition of resorcinol can be used to allow B-stage curing to occur below the T, (glass transition
temperature) of PLA, as illustrated in Figure 6(a). The higher viscosity of the B-stage cured
resin matrix provides enough resistance to the layup, preventing channel compaction while still
taking advantage of the low void content provided by the use of an autoclave. As shown in

Figure 6(b), 10 wt% resorcinol-added phenolic resin cured with the autoclave yields a prepreg



with very low void content and an intact channel. Next, the 3D printed PLA channels are
removed by performing a heat treatment under vacuum at 290 °C for 24h, leaving a cleared
channel network. In this work, channels of 500 ym in diameter, such as the one shown in Figure
3, were used to develop the fabrication procedure. It is to be noted that the same process can be
followed for channels of smaller diameters and different design configurations, such as the

feeder-header approach discussed in our previous work [8].

8.2. Carbonization and stress relief through graphitization

Prepregs with a cleared channel network were then carbonized at 1000 °C, following the
procedure described in section 2.3. This process converts the resin into a continuous carbonaceous
matrix, which at this point is mostly amorphous. Due to gas evolution, the specimen’s density
decreases and porosity increases. During the development of the fabrication procedure, it was
observed that when graphitization was done only as a final step (i.e. skipping step 4 in Figure 2),
delamination of the sample was a common occurrence, especially when PAN-based CF was used
to produce the composite. It is hypothesized that, because the carbon matrix comes from two
different sources (from phenolic resin and from CVI methane), residual stresses develop due to
the mismatch of these carbon structures, which is supported by the XRD analysis to be discussed
in section 3.4. PAN-based CF are also likely to undergo structural changes at 2200°C that further
contribute to delamination, which is not the case when using the highly graphitic pitch-based
CF. Thus, by performing an intermediate graphitization step (step 4 in Figure 2), these stresses
are relieved by graphitizing the carbon matrix from the resin, preventing delamination to occur
in the subsequent fabrication steps (steps 5 and 6 in Figure 2). This intermediate graphitization
step is also characterized by a slight increase in density and open porosity due to the changes in
the matrix from an amorphous type of carbon into a more crystalline graphitic structure.

SEM was used to evaluate the morphology of the fibers and carbon matrix of carbonized samples
before (step 3 in Figure 2) and after (step 4 in Figure 2) the intermediate graphitization step,
done at 2200 °C for 1 hour. As shown in Figure 7, the specimen shows a change in morphology
from carbonization (a) to being graphitized (b), which can also be a contributing factor to the

previously observed delamination issues.
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8.3. Densification through CVI

To fill the pores of the composite, CVI was done using methane at 1000 °C and 200 mbar, as
described in section 2.4. Densities were taken after 20-hour cycles to evaluate the increase in
weight. Through cracking of methane at 1000 °C, carbon is slowly deposited into the interior
pores of the composite. The density of the composite is increased as a direct results of the CVI
procedure, which fills the pores with carbon. This phenomenon can be observed through SEM
imaging, as shown in Figure 8. The different carbon sources can be differentiated, where the
carbon matrix from the resin surrounds the fibers as the matrix shrinks towards the fibers during
carbonization, causing the formation of pores, and the carbon from CVI tends to accumulate at
the surface of the pores. The increase in density is a direct effect of the pores of the material
being filled with deposited carbon from CVI. As shown in Figure 8, the pore-filling effect from
CVI can be observed through SEM imaging, where the different sources of carbon can be
differentiated, where the resin carbon presents itself in a stacked morphology due to the
graphitization heat treatment, while the CVI carbon is slowly deposited at 1000 °C.

Figure 9 shows the changes in density and porosity, measured using the water absorption
method. These results show the progression for the fabrication steps from 3 through 6, as
indicated in Figure 2. The intermediate graphitization step (from 3 to 4) shows an increase in
porosity for the sample prepared using PAN-based CF. These carbon fibers have a lower carbon
content compared to pitch-based CF (93 and 99 wt%, respectively), as well as a lower
graphitization degree, which likely contribute to opening isolated closed pores when heat treated
at 2200 °C, thus increasing porosity. For C/C composites prepared using PAN or pitch-based
CF, there is a clear increase in density and decrease in porosity due to the densification
procedure, achieving a final density and porosity of 1.64 g/cm?® and 4.9% for PAN-based, and
1.66 g/cm® and 10% for pitch-based, respectively, which are comparable to results reported in the
literature [23, 24] as shown in Figure 9. As discussed in section 3.5, the CVI densification method

does not clog the channels, while the overall density of the C/C composite increased.

8.4. XRD analysis for each fabrication step

To evaluate the effect of the different heat treatments on the composite, XRD analysis was done
on the cross-section of samples for five different fabrication stages. Figure 10 summarizes the

results for C/C composites fabricated using PAN-based carbon fibers. In addition to the steps
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shown in Figure 2, an extra graphitization step for 6 hours was performed to evaluate the effect
of a longer heat treatment on the graphitization degree of the composite. When evaluating the
XRD results, the (002) peak is used since it is the most prominent and sensitive to changes in the
crystalline structures, as opposed to the (101) and (004) reflections. In Figure 10(a), a clear
difference between the carbonized and the first graphitization step is observed, where the (002)
peak goes from being wider and lower to higher and sharper, suggesting a transition from an
amorphous carbon structure to a crystalline graphitic one [35]. Isolating the (002) peak detail
(Figure 10(b)), this difference is clearer. However, for all the subsequent steps after the first
graphitization, the peaks do not show a significant change. During the CVI densification,
deposited carbon should be mostly amorphous and the slightly lower and wider peak observed
(Figure 10(b)) likely confirms this assumption. But since most of the carbonaceous matrix comes
from the resin, which at this point (in step 5) is already graphitized, this change in the peak
width and height is expected to be small.

XRD analysis was also done using isolated PAN-based carbon fibers and isolated matrix in a
powdered form, to study the potential changes for each component. Figure 11(a) shows the XRD
progression as each heat treatment was performed, with the exception of the CVI densification
step. The carbonized (i.e. heat treated at 1000 °C in nitrogen atmosphere) PAN-based CF
displayed a significant amorphous nature, with its (002) peak being wide and shallow. In Figure
11(b), after 1 hour of graphitization, the peak becomes more crystalline, reaching peak sharpness
after 3 hours of graphitization. This behaviour suggests that the fibers undergo structural
changes during graphitization, which can be another reason why delamination of the composite is
sometimes present when the intermediate graphitization step (step 4 in Figure 2) is skipped.
Figure 12(a) shows the same heat treatment results but for the matrix, which was prepared from
resorcinol-added phenolic resin cured at 160 °C and powdered after carbonization at 1000 °C
under nitrogen. Similar to the PAN-based CF, the carbonized matrix displays an amorphous
nature with increased crystallinity after 1 hour of graphitization, shown by the (002) peak
becoming sharper in Figure 12(b). The subsequent graphitization heat treatment steps (3h and
the additional 6h at 2200 °C) do not seem to contribute to an increase in crystallinity. The XRD
of the PAN-based CF and the matrix suggests that the additional 6 hours of graphitization at
2200 °C is not necessary to achieve the maximum graphitization degree possible at this

temperature. Although the 3 hours of graphitization (step 6 in Figure 2) does not appear to
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change the crystallinity of the matrix as shown in Figure 12, it does increase the graphitization
degree of the PAN-based CF, and thus is a recommended step.

Carbon/carbon composite samples were also prepared using pitch-based CF, using the same
fabrication procedure described in sections 2.2 to 2.5 and shown in Figure 2. These samples were
then cross sectioned and analysed with XRD, as well as the isolated pitch-based CF. Unlike the
PAN-based CF, there was no significant difference in the XRD results for each heat treatment
step, as shown in Figure 13(a). Figure 13(b) shows that the pitch-based CF are highly graphitic,
which suggests that the graphitic (002) peak from the fibers are so prominent that it masks the
amorphous contribution from the matrix (Figure 12). Thus, similar to the PAN-based C/C
composites, the composites prepared with pitch-based CF do not require the extra 6h of
graphitization. These results may also suggest that the 3 hours of graphitization is not necessary,
however they do not account for the presence of the amorphous carbon from the CVI
densification. Thus, the final 3 hours of graphitization is required in order to ensure the
graphitization of the carbon from the CVI procedure.

To obtain an approximation of graphitization degree, it was assumed that the amorphous carbon
does not contribute to the (002) peak height, but rather only to the background pattern [36, 37].
The crystalline percentage can thus be calculated by using the ratio between the peak height
from the baseline, and the baseline height at the 20 peak, as illustrated in Figure 14 and shown
in Equation 8, where I indicates the intensity at the (002) peak’s position. In addition, the
crystallite size can also be calculated using the Scherrer’s equation (Equation 2), where an
increase in L will indicate the presence of larger graphitic crystals and thus a higher degree of

graphitization.

](002) - IAmorphous

Crystallinity[%] = x 100. (8)

T(002)
For each sample analyzed by XRD, crystallite size and crystallinity degree were calculated and
results are summarized in Figure 15, where the ”fabrication step n” refers to the steps shown in
Figure 2, with the exception of step 7 which refers to the additional graphitization of 6h done to
evaluate the effect of longer heat treatment at the end. A table containing the calculated values,
as well as the d-spacing, is available as supplementary information. Figure 15(a) shows that for
the matrix and the PAN-based CF and C/C composites, the carbonization step has the smallest
crystallite size which progressively increases with each heat treatment. The pitch-based CF has a

13



significantly larger crystallite size, while the C/C composites prepared using these fibers show a
decrease in crystallite size in comparison. This confirms that the matrix is indeed not as
crystalline as the pitch-based carbon fibers, but the composite still benefits from the high
graphitization degree of the pitch-based CF. The graphitization progression becomes more
evident and easier to understand when evaluating the crystallinity percentage, as shown in Figure
15 (b). For the matrix, C/C composites prepared with PAN-based CF, and the PAN-based CF,
the crystallinity jumps from around 55% after carbonization, to above 80 % after the first
graphitization step (step 4 in Figure 2). As expected, the isolated pitch-based CF and the C/C
composites prepared with these fibers exhibit the highest crystallinity percentage, all staying
above 99%. Although these crystalline percentages are an approximation, they do give important
insight into the effect of the high-temperature treatment to achieve graphitization, allowing this
step to be optimized for the necessary number of times and duration of heat treatments.

The through-plane thermal conductivity of C/C composites fabricated in this work using
PAN-based carbon fibers and a commercial sample (Across Inc.) was reported in our previous
work, with values of 0.6 W m~! K= and 15 0.6 W m~* K~! respectively [8]. In this work, a
measurement of thermal conductivity was performed for samples prepared with pitch-based CF
(not previously reported), with a recorded value of 13.0 W m~! K=!. The through-plane thermal
conductivity is notably influenced by the matrix properties; however, the incorporation of highly
graphitic pitch-based carbon fibers greatly increases thermal conductivity, being very close to the
values measured for the commercial sample, shown here as a baseline for comparison. This shows
that the fabrication procedure developed in this work can maintain the high thermal conductivity

characteristic of C/C composites.

3.5. Channels of C/C composite samples

The finalized carbon/carbon composites with channels were sectioned and analyzed using SEM.
When using woven layers of PAN-based carbon fibers to produce C/C composites, the channels
tend to be squished (0.61 roundness), showing a more oblong shape rather than the original
circular one, as shown in Figure 16(a). Channel fidelity was improved by using a mixed-layered
approach to fabricate the composites, increasing the final roundness of the channel diameter to
0.77. In this case, the PLA channels were placed in between 4 layers of unidirectional carbon
fibers running in the same direction. As the fibers run parallel to the PLA channel, they can

maintain their shape by better redistributing the compaction forces. To provide extra support
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and strength to the final material, 3 woven layers were placed on top and at the bottom of the
unidirectional fibers. As shown in Figure 16(b), this approach produces channels that have better
channel fidelity to the original PLA template. A similar behaviour is observed when using
pitch-based carbon fibers to produce the composites, as shown in 16(c) for woven fibers
(roundness of 0.56), and in 16(d) for mixed-layered with unidirectional fibers running parallel to
the channels (roundness of 0.72).

To evaluate the condition of the channels, NanoCT analysis was done in a sample with one single
straight channel. Figure 17 shows the NanoCT images, where the channels are completely
cleared, confirming that the fabrication approach developed in this work is able to deliver

unobstructed channels.

3.6. Mechanical testing

Flexural modulus was calculated using Equation 7 and deflection from the loading nose and from
the DIC region of interest. A representative load-displacement curve from the load frame and
DIC that was used to calculate the mechanical properties is included in the supplementary
information (Figures S3 and S4). The results, in Figure 18(a), show a clear difference in flexural
modulus calculated using deflection values from the crosshead and from the DIC region of
interest. The difference is 25.74%, 20.38% and 16.67% for C/C-commercial, C/C-no channel and
C/C-with channel respectively. Given this disparity, the properties derived from the displacement
recorded by the DIC system are reported, as recommended by ASTM D790 [34].

The flexural strength was calculated using Equation 5. The results are shown in Figure 18(b).
The C/C composite samples fabricated in this work had a higher flexural strength than the
commercial samples, which can be attributed to the differences in CF type, layup configuration,
and fabrication method.

Table 3 summarises the mechanical properties of the samples prepared in this study. The flexural
strength and flexural modulus for the C/C-commercial compares to the 180 MPa and 45 GPa
reported by the manufacturer Across USA, Inc. This result provides confidence in the
experimental setup and data obtained for the C/C composite samples fabricated in this work
with and without a channel. To better quantify the influence of a straight channel on the
mechanical properties of a C/C composite sample, a paired t-test of the flexural strength and
flexural modulus of C/C-no channel and C/C-with channel was applied. A p-value of 0.6219 and

0.2798 at a 95% confidence level indicate that there is no statistically significant difference in the
15



flexural strength and flexural modulus C/C composite samples fabricated either with or without
channels. This result is somewhat unsurprising, as the channels are located along the midplane of
the specimen, where the stresses are low. The results are presented for longitudinal orientation of
the channel in the composite. Transverse orientation will likely result in reductions in ultimate
bending strengths. The complete mechanical performance of the vascular composite will be

reported in a forthcoming paper.

4. Conclusions

An experimental procedure to produce a novel C/C composite with channels was developed.
Since the use of only vacuum bag for curing was not effective, an in-house designed autoclave was
used to produce prepregs with very low void content. Due to the high compaction forces provided
by the high pressure autoclave, the PLA channel on these samples were flattened. This problem
was solved by using resorcinol-added phenolic resin, which allows for the resin to be B-stage
cured below the glass transition temperature of the PLA channel, maintaining the channel’s
integrity during the curing procedure. Depolymerization of the prepregs removes the PLA
channel mold, leaving behind the desired cleared channel network. Carbonization was done at
1000 °C to convert the resin matrix into a continuous carbonaceous matrix. It was also shown
that an intermediate graphitization step right after carbonization helped in relieving residual
stresses, preventing delamination issues during the subsequent heat treatments. Specimens were
CVI densified and subsequently graphitized at 2200 °C. The XRD study showed that there is no
significant increase in crystallinity for samples graphitized for an additional 6 hours, thus 3 hours
of heat treatment was deemed sufficient. The mechanical testing revealed that the presence of
channels has little detrimental effect on the flexural strength and flexural modulus of the C/C

composite for this configuration.
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Figure 1: Proposed (a) concentrated solar power gas receiver with a (b) novel C/C composite with micro-channels
in a modular configuration.
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Figure 2: Steps and processing parameters for the fabrication of the novel C/C composites with embedded micro-
channels.
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Figure 3: Example of a 3D printed PLA micro-channel template placed in between layers of woven carbon fiber.
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Figure 4: (a) Front view schematic of prepreg curing and (b) in-house designed autoclave.

21



(b) In autoclave

Figure 5: Comparison between (a) out-of-autoclave and (b) autoclave curing procedures.
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Figure 6: (a) Resorcinol addition to decrease the B-stage curing temperature of phenolic resins, and (b) cured
prepreg produced with 10 wt% resorcinol-added phenolic resin.
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Figure 9: Porosity (SD < 0.2 %) and density (SD < 0.02 g/cm?) results for C/C composites prepared with PAN
and pitch-based CF and compared with literature data. The fabrication step n corresponds to the steps in Figure

2.
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Figure 10: XRD results (a) for each fabrication step for C/C composites prepared using PAN-based carbon fibers,
with (b) details on the (002) peak.

24



Intensity (a.u.)

(002) (100) (004)
PAN CF - Graphitized 6h
PAN CF - Graphitized 3h
PAN CF - Graphitized 1h
PAN CF - Carbonized
20 30 40 50 60 70
20
()

Intensity (a.u.)

Graphitized 3h+6h

Graphitized 3h

Carbonized + Graph. 1h

Carbonized

15 20

35

Figure 11: XRD results (a) for each fabrication step for PAN-based carbon fibers only, with (b) details on the (002)

peak.
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details on the (002) peak.
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Figure 13: XRD results for each fabrication step for (a) C/C composites prepared with pitch-based carbon fibers
and (b) pitch-based carbon fibers only.
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baseline. The example shown is for the matrix carbonized and graphitized for 1 hour.
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Figure 17: NanoCT images of a C/C composite sample prepared in this work, detailing the micro-channel from the
(a) front, (b) side, and (c) top of the sample. The arrow indicates the cleared micro-channel.
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Figure 18: (a) Flexural modulus of C/C composite samples under three-point bending loads using crosshead and
DIC, and (b) flexural strength of C/C composite samples using DIC.
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Table 1: Test sample dimensions.

C/C-commercial C/C-no channel C/C-with channel

Tested 6 6 6
Thickness (mm) 3.01 £0.01 3.53 +0.32 3.52 +0.26
Width (mm) 13.00 +0.34 12.91 £0.17 13.23 +0.44
Length (mm) 101 +1 101 +1 101 +1
Layers 7 14 14

Table 2: Mechanical properties of C/C samples from the flexural tests.

C/C-commercial C/C-no channel C/C-with channel

Flexural strength (MPa) 193.64+17.51 274.78+15.11 267.944+25.73
Flexural modulus (GPa) 39.88+4.12 74.48412.36 67.3949.39
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