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Abstract—In this study, a two-phase silicon carbide (SiC)
ceramic cold plate, incorporating evaporator wicks for the
thermal management of high-heat-flux electronics, was 3D
printed. The cold plate featured two heaters, one located on the
top and the other on the bottom, with each heater assigned to a
separate evaporator wick positioned on the opposite side. The cold
plate was tested using the refrigerant R245fa as the working fluid,
and its performance was compared to two baseline cold plates of
identical dimensions: a 3D-printed plain SiC cold plate (without
evaporator wicks) and a 3D-printed aluminum alloy (AISi10Mg)
cold plate. Due to its high thermal conductivity, the aluminum cold
plate operated above 526 W/cm? and achieved a highly uniform
thermal resistance as low as 0.08 K-cm?/W. Because of the lower
thermal conductivity of SiC compared to aluminum, the plain SiC
cold plate operated at lower heat fluxes and exhibited greater non-
uniformity in thermal resistance across the cold plate. However,
the performance of the wicked SiC cold plate was significantly
enhanced due to the increased number of menisci, and the
capillary pressure generated by the wicks. The wicked SiC cold
plate operated above 445 W/cm? without any signs of partial
dryout and achieved excellent uniformity in thermal resistance, as
low as 0.12 K-cm?W, while operating with a low pumping power
below 0.1 W. The fact that the thermal performance of the wicked
SiC cold plate is comparable to that of a highly thermally
conductive metal cold plate makes the wicked SiC cold plate an
attractive thermal management solution for high-heat-flux power
electronics applications that require ceramic cold plates,
particularly those made of SiC. Additionally, the streamlined 3D
printing process for fabricating wicked SiC cold plates enables the
commercialization of this technology for power electronics.

Keywords— SiC ceramic cold plate; Evaporator wick; CTE-
match cold plate; Two-phase heat transfer; Additive manufacturing.

I.  INTRODUCTION

As a key component of electronic packaging, a thermal
management solution plays a crucial role to maintain the
temperature of electronic devices below their maximum allowed
operating temperature, thereby increasing their lifespan and
reliability [1-3]. However, the rapid miniaturization of
electronic components corresponds to intensely high heat flux
and local hot spots, continuously posing challenges to the
thermal management of these high-heat-flux devices [4,5].
Power electronics play important role in broad industrial sectors
such as electrical power transmission, energy storage systems,
transportation systems, custom power devices, etc. [6,7]. Power
modules are comprised of multiple components made from
different materials, each with its own coefficient of thermal
expansion (CTE). One of the primary failure mechanisms in
power electronic packaging is thermal stress, which arises from

the mismatch in CTE of materials, with higher junction
temperatures leading to increased stress and faster failure [§]. As
a result, electronic packaging materials should ideally possess a
low CTE and high thermal conductivity, alongside maintaining
strong mechanical properties [9,10]. In a typical power
electronics module, a semiconductor chip or die is placed onto a
substrate, commonly a Direct Bonded Copper (DBC) substrate
comprising a ceramic material, such as Aluminum Nitride
(AIN), sandwiched between two copper layers. Subsequently,
the substrate is mounted either onto a baseplate or directly onto
a cold plate (i.e., a heat exchanger) using another bonded
interface material [11-13].

Dissipating a large amount of concentrated heat from an
electronic device exceeds the capabilities of air-cooled systems
due to the poor thermal properties of air, as well as those of
single-phase liquid cooling due to their requirement for large
pumping power [14]. To address these issues, attention have
been shifted towards phase-change cooling techniques that
capitalize both sensible and latent heat of the working fluid
[15]. Two-phase cold plates used for electronics cooling, such
as micro/minichannel heat sinks and vapor chambers, have
typically been fabricated using highly thermally conductive
materials like copper and aluminum. To couple electronic chips
to the cold plate surface, thermal interface materials (TIMs) are
used to accommodate the CTE mismatch between the chips and
the cold plate. However, as device heat flux increases, most
current TIMs become less effective due to their relatively low
thermal conductivity. While metallurgical bonds offer superior
thermal resistance, the significant differences in CTE often lead
to thermally induced fatigue failure of the joint [16,17]. A
thermally superior design would allow the chip to be directly
metallurgically bonded to the cold plate surface, requiring the
cold plate material to have a CTE matched to typical chip
materials, falling within the 3 to 6 ppm/°C range [16,17]. There
are several related works, including the use of two-phase cold
plates made of DBC AIN substrates [16-18]. AIN is
characterized by its exceptional properties, including high
thermal conductivity ~150 to 200 W/m.K, excellent stability at
high temperatures, and a low CTE of ~ 4.5 ppm/°C [18]. The
thin copper layers enable the use of conventional sintered wick
structures and envelope sealing techniques, as well as direct
circuit etching onto the surface of the cold plate [16]. Dussinger
et al. [16] developed a low-CTE vapor chamber for thermal
management of high-heat-flux microelectronic chips utilizing
AIN ceramic with DBC layer as the envelope material. They
removed over 700 W/cm? from a 1 cm? heat source area,
achieving a measured evaporator thermal resistance ranging
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between 0.05 to 0.1 K-cm?*W. In a similar works, Ju et al. [17]
developed a low-CTE vapor chamber made of DBC AIN,
demonstrating the removal of over 1500 W with a heat input
size of 4 cm?, and achieving an evaporator thermal resistance
as low as 0.075 K-cm?/W. Shaeri et al. [18] fabricated a low-
CTE two-phase minichannel heat sink using DBC AIN and
demonstrated the removal of over 180 W/cm?, with measured
thermal resistances ~ 0.32 K-cm?*W. In the works referenced in
[16,17], the evaporators featured sintered wick structures
developed on the copper layer of the DBC AIN plate. The
porous wick structures enhance boiling and evaporation by
increasing the number of nucleation sites and menisci, thus
reducing thermal resistance. Moreover, the capillary pressure
generated by wicks enhances the evaporator’s ability to rewet,
thereby increasing the upper limit of operation. However, the
mismatch in CTE between ceramic and copper is the primary
cause of substrate failure during thermal cycling tests, with over
fifty percent of failures in DBC substrates attributed to
delamination after forty cycles ranging from —55°C to +150°C
[19,20]. Besides, the fabrication of complex-shaped ceramic
pieces from AIN remains challenging due to their high hardness
and brittleness. Conventional ceramic shaping methods, such as
tape casting, injection molding, dry pressing, isostatic pressing,
and gel casting, are inadequate for producing AIN ceramic
components with intricate geometric shapes and interconnected
channels [21]. Additionally, these methods necessitate the use
of molds, which increases manufacturing expenses and
consequently restricts the utility of AIN-based components
[21,22].

Silicon carbide (SiC) ceramic exhibits excellent thermal
conductivity, low density, excellent chemical stability, low
CTE, high-temperature tolerance, high mechanical strength,
wide band gap, etc., [23-25]. The outstanding properties of SiC
have established it as an excellent material for fabricating heat
exchangers, as detailed in previous research [23,26,27]. Due to
the similar CTE of SiC to that of silicon, integrating the SiC cold
plate closely with the chip enables the reduction of thermal
resistance by eliminating several layers of substrates and TIMs
between the chip and the cold plate.

In this study, a SiC cold plate, including evaporator wicks
for the thermal management of high-heat-flux electronics, is
fabricated through additive manufacturing (AM), and its
performance is investigated across a wide range of heat fluxes.
To demonstrate the performance of the wicked SiC cold plate,
its thermal characteristics are compared with those of baseline
cold plates, which are (i) a 3D-printed SiC cold plate without
wicks, and (ii) a metal 3D-printed cold plate. Compared to
traditional manufacturing techniques, AM, also known as 3D
printing, reduces the multiple labor-intensive steps required for
the fabrication of cold plates with complex features into a single
or a few fabrication processes [28], which is a crucial step
towards the commercialization of cold plates. This study is
aligned with our ongoing research in the development of 3D-
printed cold plates integrated with evaporator wicks [28-31].

II. EXPERIMENT
The schematic of the pumped two-phase loop is illustrated
in Fig. 1. The loop consisted of a cold plate, several heat

exchangers that operated as condensers, a reservoir, and a
positive displacement pump. The heat rejected from the
condensers was exchanged with lower-temperature water
provided by a chiller. At various locations in the loop, T-type
thermocouples, pressure transducers, and flowmeters were
integrated. All components of the loop were interconnected by
stainless steel tubes.
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Fig. 1. Schematic of the pumped two-phase loop. F and DPT represent the
flowmeter and differential pressure transducer, respectively.

Fig. 2 illustrates the CAD model of the cold plate, which
includes one pedestal on each side of the cold plate. The
pedestals were designed to position the heaters.

a) Healer location (b)

Fig. 2. CAD model of the (a) cold plate, (b) pedestal, (c) interior of the
wicked SiC cold plate, (d) evaporator wick.

Initially, the cold plate was designed for thermal
management of electronics with a footprint area identical to the
small area of the pedestal, L, X W,, as shown in Fig. 2(b).
However, due to the unavailability of off-the-shelf high-power
heaters with the same footprint size, converging pedestals were
designed to locate the heaters on the larger area of the pedestal.
On each pedestal, a resistive heater was soldered to apply
electrical heat. Current and voltage to each individual heater
were supplied using a variable transformer. A heater holder unit
was designed to press the heaters into the pedestal, ensuring
continuous contact between each heater and its corresponding
pedestal. Fig. 3 illustrates the heater holder unit. Additionally,
the heater holder unit was used to connect the inlet and outlet
tubes to their corresponding manifolds using gaskets. Brazing a
tube made from a material that matches the CTE of SiC is
challenging and is an ongoing area of research in our group.
Corresponding diameters for the inlet and outlet of the cold



plate are 6.4 mm. The hermeticity of cold plate was assessed
using a helium mass spectrometer, revealing a measured leak
rate lower than 9 x 10710 std. cc/s [32,33].
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Fig. 3. The heater holder unit to connect the inlet and outlet tubes to the cold
plate and to hold the heaters on the cold plate.

The cold plates and wicks were 3D printed through a process
that uses a combination of binder jet printing and chemical vapor
infiltration. The printing process creates a low density preform
of the desired shape from SiC carbide powder. The preform is
then densified by depositing high purity SiC, filling the internal
porosity and sealing the surface. The process provides near net
shape and high purity SiC components of complex geometry.
The purity of SiC ceramic after final densification is greater than
99%.
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Fig. 4. Image showing: (a) the 3D-printed SiC cold plate, (b) the
Al cold plate.
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Fig. 5. (a) Image of the interior of the W-SiC cold plate with the evaporator
wick, (b) the CAD model of the interior of the P-SiC cold plate.

As baselines for comparison, two additional cold plates with
the same dimensions as the wicked SiC cold plate were
fabricated using one single 3D printing process. One cold plate
was made from AISilOMg and will be referred to as the
aluminum cold plate. The other cold plate was made from SiC
ceramic but without evaporator wicks; this will be referred to as
the plain SiC cold plate. Throughout the rest of the paper, the
wicked SiC cold plate, plain SiC cold plate, and aluminum cold
plate will be designated as W-SiC, P-SiC, and Al cold plates,

respectively. The 3D printing process for the P-SiC cold plate
was similar to that used for the W-SiC cold plate. The Al cold
plate was fabricated through Direct Metal Laser Sintering
(DMLS) process. The 3D-printed SiC cold plate and Al cold
plate are presented in Fig. 4. Additionally, Fig. 5 displays the
interior of the W-SiC cold plate and the CAD model of the
interior of the P-SiC cold plate. Geometrical information for the
cold plates is described in Table 1. The corresponding
dimensions described in Table 1 are schematically illustrated in
Fig. 2.

TABLE 1. Geometrical information of the cold plate.

Le, We, He 38.1 mm, 28.7 mm, 10.4 mm
L,, W,,t, 15.2 mm, 5.6 mm, 2.0 mm
H,, W, Ly, 1.5 mm, 3.0 mm, 3.8 mm

The entire loop was checked to detect any leaks prior to
charging the loop with the refrigerant R245fa. The pump speed
and the control valve were adjusted to supply the cold plate with
the desired flow rate of 1.0 LPM (liter per minute). The chiller
temperature was set to keep the inlet temperature to the cold
plate at 18.7 °C. Electrical heat input to each heater was
increased by adjusting the voltage of the variable transformer.
The outflow from the cold plate was directed to a heat
exchanger, which acted as a condenser, and then directed to a
liquid reservoir. Another heat exchanger, serving as a condenser,
was placed after the reservoir and before the pump to ensure that
the pump’s inlet flow was a single-phase liquid. The subcooled
liquid was then pumped into the cold plate, completing the loop.
During steady-state conditions, signals from thermocouples,
pressure transducers, flowmeters, and heaters were recorded by
a data acquisition system. Steady-state conditions were
determined when temperature variations remained minimal over
an extended period of system operation.

The entire heater unit was covered with insulation layers to
minimize heat dissipation to the surroundings. To calculate heat
loss, single-phase cooling tests were conducted and the heat
transfer ratio (¢), corresponding to the proportion of effective
heat absorbed by the working fluid to the electrical heat input
was calculated as follows:

_ pVCp(Tout B Tin) D
12=1 V; X I;

where V; and I; are the voltage and current applied to the i-th
heater, respectively. p, V, and ¢, are the liquid density, volume
flow rate, and specific heat, respectively. T;, and T, are the
fluid temperature at the inlet and outlet of the heat sink,
respectively. Then, the heat flux to the i-th pedestal, i.e., q;, was
calculated as follows:

Vi X I; 2
T=PL W,
p 14

where L, and W, are the length and width of the pedestal

attached to the cold plate, as shown in Fig. 2(b). In this study,
the thermal characteristic of the cold plate is described by the



specific thermal resistance of the i-th heater (R;), calculated as
follows:

Ri _ Ts,i _ (Tin +2Tout) (3)

qi

where Ty ; is the source temperature of the i-th heater, measured
using a T-type thermocouple inserted into the hole of the i-th
pedestal, as shown in Fig. 2(a). Also, Tj, and T,,, are the
temperatures at the inlet and outlet of the cold plate,
respectively.

The uncertainties of the T-type thermocouples, dimensions,
and resistive heaters were +0.5°C, +2.54 X 1072 mm, and
+5% of the electrical resistance, respectively. Using
propagation of uncertainty analysis, the uncertainty in thermal
resistance was below 8.2%.

III. RESULTS
The cold plates were tested in a horizontal orientation, with
one heater positioned on the top surface and another on the
bottom surface of each cold plate. Fig. 6 illustrates the thermal
resistances of the different cold plates at various heat fluxes.
Letters B and T in parentheses represent the bottom and top
heaters, respectively, located on each cold plate.
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Fig. 6. Thermal resistance of different cold plates at various heat fluxes.
Letters B and T in parentheses represent the bottom and top heaters,
respectively, located on each cold plate.

An increase in heat load enhances evaporation/boiling,
leading to a decrease in thermal resistance. This trend continues
until reaching a global minimum thermal resistance associated
with partial dryout. Partial dryout occurs when the rate of liquid
depletion due to evaporation/boiling balances with the
evaporator’s rewetting capability [34]. Beyond this point,
further increases in heat load result in a rise in thermal
resistance, which accelerates the critical heat flux (CHF). In this
study, CHF was identified by a sharp rise in the temperature of
any of the heaters.

The Al cold plate operated at over 565 W/cm? for the bottom
heater and 526 W/cm? for the top heater, without any signs of
partial dryout. At this heat flux range, the cold plate achieved an

excellent uniformity of thermal resistance as low as 0.08 K-
cm?W. This low thermal resistance in the Al cold plate is
attributed to the high thermal conductivity of aluminum.
However, due to the lower thermal conductivity of SiC ceramic
compared to aluminum, a lower performance is expected for the
P-SiC cold plate. The P-SiC cold plate encountered partial
dryout at heat fluxes around 245 W/cm?, which essentially
dictates the upper operational limit of the cold plate. The CHF
occurred almost immediately in the P-SiC cold plate with a
slight increase in heat load beyond partial dryout. Additionally,
compared to the Al cold plate, the P-SiC cold plate showed a
relatively wide gap in thermal resistance. In the heat flux range
of ~ 245 W/cm?, the measured thermal resistances of the P-SiC
cold plate ranged from 0.31 to 0.37 K-cm?%W for the bottom and
top heaters, respectively.

However, implementing the evaporator wicks on the W-SiC
cold plate substantially improved its thermal performance. The
porous nature of wick structures in the W-SiC cold plate
provided more nucleation sites for boiling and menisci for
evaporation, leading to lower thermal resistance compared to the
P-SiC cold plate. Additionally, the wicks generated capillary
pressure, which improved the evaporator’s rewetting capability;
as a result, the W-SiC cold plate operated at a higher upper limit
than the P-SiC cold plate. The thermal resistances of both
heaters in the W-SiC cold plate continuously decreased as the
heat load increased, without any indication of partial dryout.
The upper operational limit for the heaters ranged from 445 to
450 W/cm?, with excellent thermal resistance uniformity of ~
0.12 K-cm?/W. The fact that partial dryout did not occur in the
Al and W-SiC cold plates indicates that these cold plates could
potentially operate above their reported upper limits. However,
to avoid excessively high source temperatures, the experiments
were not extended beyond the maximum heat fluxes tested for
each individual cold plate in this study.

Pumping power is a crucial factor in designing active
thermal management solutions, as higher pumping power can
limit the practicality of a cooling system, regardless of its
thermal performance improvements [35]. Pumping power is
calculated by multiplying the pressure drop across the system by
the volume flow rate. In this study, the W-SiC cold plate
operated within a low pumping power range, below 0.1 W.

The wicked SiC cold plate demonstrated a reasonably low
thermal resistance and exhibited excellent uniformity of thermal
resistance while operating at high heat fluxes without any signs
of partial dryout, all while maintaining low pumping power.
These merits position the cold plate as an attractive thermal
management solution for applications that require ceramic cold
plates for the thermal management of multiple high-heat-flux
sources. Additionally, the use of additive manufacturing process
for fabricating the entire cold plate significantly reduces
production complexity and time compared to conventional
manufacturing methods for similar cold plates. These important
advantages represent crucial steps toward the commercialization
of the wicked SiC cold plate developed in this study.

IV. CONCLUSION
A wicked SiC cold plate, fabricated through additive
manufacturing, was tested using a pumped two-phase loop. The



cold plate featured two heaters located at the top and bottom. For
comparison, two additional cold plates without evaporator wicks
were 3D printed, one made from aluminum alloy and the other
from SiC. Experiments were conducted across various heat
fluxes, using R245fa as the working fluid. Although the Al cold
plate demonstrated the best performance, the hydrothermal
performance of the wicked SiC cold plate was also notable. The
wicked SiC cold plate operated at heat fluxes above 445 W/cm?,
achieving thermal resistance of ~ 0.12 K-cm*W with excellent
uniformity. Compared to the wicked SiC cold plate, the plain
SiC cold plate exhibited lower thermal performances. The high
thermal performance of the wicked SiC cold plate was achieved
with pumping power below 0.1 W. Additionally, the full
fabrication of the wicked SiC cold plate via 3D printing
enhances the technology’s potential for commercialization,
making it attractive for thermal management of multiple high-
heat-flux electronics.
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