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Abstract

With the rapid development of high-power integrated electronic devices, many polymer-based
thermal management devices have been developed to address the problem of overheating and to
improve the reliability and lifetime of electronic devices. Here we demonstrate the material
extrusion 3D printing of carbon nanotube (CNT)/silicone heatsinks directly onto electronic
devices. CNTs were used as a conductive nanofiller and a rheological modifier to improve thermal
and electrical conductivities and the printability of the silicone inks, respectively. Additionally,
CNTs are also a radio frequency (RF) susceptor, so the integration of CNTs into the silicone matrix
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allowed for rapid out-of-oven curing by applying RF heating. Specifically, at a CNT loading of 14
wt.%, the CNT/silicone heatsinks could be printed and RF cured with shape retention; the
heatsinks’ performance was comparable to that of commercial heatsinks. More importantly, the
CNT/silicone heatsinks could be printed and cured directly onto a chip attached to a circuit board.
This printing approach can eliminate the use of thermal interface materials and the step of heatsink
assembly while reducing the number of thermal interfaces between the chip and the heatsink. The
results suggest that material extrusion 3D printing combined with RF-assisted curing can be an
effective approach to fabricate high-performance polymer-based heatsinks with reduced

production time and energy requirements.
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1. Introduction

Electronic devices have become more miniaturized and highly-integrated while having
better capability to serve several functions with high performance [1, 2]. However, as these devices
are miniaturized, the required power density of the electronic devices also increases, leading to
overheating, which can lower the device performance, reliability, and lifetime [1, 3]. To address
this issue, many thermal management materials (TMMs) have been developed to effectively
dissipate the excess heat [1, 3-5]. They are used to fabricate heat exchangers (such as heatsinks,
heat spreaders, and heat pipes) or thermal interface materials (TIMs) (such as thermal greases,
thermal pastes, and thermal tapes) which are widely used in sectors such as aerospace, healthcare,

and automotive [5-8].

TMMs can be categorized into metals, polymers, ceramics, and composite materials [5, 6,
9]. Despite the high thermal conductivity, metal- and ceramic-based TMMs have constrained
processability, high density, and high cost [2]. The polymer-based TMMs, however, have great
potential to replace their metal and ceramic counterparts in several thermal management
applications; their advantages include light weight, excellent corrosion and chemical resistance,
low cost, and ease of processing [2, 10]. It has been reported that some thermal management
devices made of polymer-based and metal-based TMMs exhibited comparable thermal
performance [11, 12]. Due to the low thermal conductivity of the neat polymers, thermally
conductive nanofillers such as ceramic (e.g., boron nitride or aluminum oxide) and metal (e.g.,
aluminum, copper) particles are usually added to the polymer matrices to enhance their thermal
performance [3-5]. Moreover, the addition of nanofillers can alter the rheological behaviors of the
resulting nanocomposite solutions, which can offer better processability for several advanced

manufacturing methods [13, 14].



Additive manufacturing (AM) or 3D printing is an advanced production method that allows
new capabilities in material processing [13, 15, 16]. AM can fabricate highly complex parts with
low cost, minimized material waste, and good customization [13, 15-17]. The advantages of AM
methods can be employed to fabricate TMM devices with intricate geometries and high surface
area for improved heat dissipation efficiency [1, 3, 4, 6]. In fact, many studies have reported the
use of different AM methods to process polymer-based TMMs for thermal management
applications [1, 3, 4, 11, 18-22]. In these studies, the polymer feedstocks of the AM printers are
usually modified by adding different thermal conductive nanofillers such as carbon fibers [19, 20],
copper nanoparticles [18, 23], and graphene nanoplatelets [3, 24]. Among these AM processes,
direct ink writing (DIW) is one of the most widely used material extrusion AM techniques to
fabricate thermoset-based TMM devices because DIW can be used to process a wide range of
commercial thermoset matrices and nanofillers [13, 19, 20]. Moreover, this method can process
highly viscous TMM inks at low printing temperature, offering the ability to print the TM devices

on a wide range of substrate materials [13, 19, 20].

One major issue for DIW 3D printing of thermoset-based TMMs is the time-consuming
curing process of the printed products [14, 25]. At room temperature, thermoset-based TMMs
require several days to be fully cured [26, 27]. Although high curing temperature can shorten the
curing time, the printed thermoset-based structures usually need to be cured at low temperatures
for many hours to avoid structural collapse [14, 26]. Moreover, most research on DIW of
thermoset-based TMMs reported the use of conventional heating ovens with low heating rate and
long heating time [20, 26]. Moreover, the oven heating process usually requires high energy
consumption (several hundreds Watts) and does not offer targeted heating which is crucial for

some manufacturing processes and applications [14, 25].



Recently, our group has successfully applied radio frequency (RF) heating to improve the
DIW process of carbon nanotubes (CNTs)/epoxy composites [13, 20]. Since CNTSs are an excellent
RF susceptor, the printed CNT/epoxy composites can be rapidly heated and cured by RF heating
during the printing process, allowing reduced processing time and energy requirements [13, 20].
Compared to conventional heating methods, RF heating offers several benefits such
as volumetric and targeted heating, faster heating rate, lower infrastructure requirements, and
better energy efficiency [14]. More importantly, RF heating can offer out-of-oven processing of
polymers. We have successfully applied this advanced heating technology to process
thermosetting prepregs [28], fabricate carbon fiber composites [29, 30], cure pre-ceramic polymer
composites [31], improve the inter-layer strength of 3D printed thermoplastics [32], weld
thermoplastic surfaces together [33, 34], heat conductive fabrics [35], and reduce graphene oxide
[36]. Therefore, RF heating technology has great potential to reduce the curing time of thermoset-

based TMMs processed by DIW 3D printing.

3D printing of TMM heatsinks are usually conducted on a printbed, and the printed
heatsinks are subsequently attached to electronic components by using TIMs such as thermal tape
or thermal paste [5]. 3D printing heatsinks directly onto a chip would be highly advantageous:
This approach would eliminate the use of TIMs, resulting in reduced material cost while improving
the thermal performance of the heatsinks by reducing the number of thermal interfaces [5].
Moreover, because the heatsink would be formed directly on the electronic devices, the heatsink-
device assembly process can also be eliminated, leading to improved process automation. Very
few studies have reported the successful 3D printing of metal-based heatsinks on a bare chip [37],
and 3D printing of polymer-based heatsinks on a chip attached to a circuit board has yet to be

investigated.



In this paper, we aim to apply RF heating to speed up the curing process of CNT/silicone
heatsinks printed by DIW 3D printing. Here, CNTs are used as a thermally conductive nanofiller
and a rheological modifier to improve thermal conductivity and printability of the CNT/silicone
composite ink. The heatsinks are printed both on a printbed and directly on a chip attached to a
circuit board. As CNTSs are RF susceptors, the integration of CNTs into the silicone matrix allows
fast out-of-oven curing of the printed CNT/silicone heatsinks by applying RF heating. The
performance of the printed heatsink is evaluated by using single-board computers and compared
with a commercial Al heatsink. The results suggest that the DIW combined with RF-assisted curing
process can an effective approach to fabricate high-performance polymer-based heatsinks with

reduced production time and energy requirements.
2. Materials and Methods
2.1 Materials and formulation

The Sylgard™184 silicone elastomer was provided by VWR International (USA). It is a two-
component system with a mixing ratio of 10 (base):1 (curing agent) by weight. The multi-walled
carbon nanotubes (CNTs) were obtained from Cheap Tubes Inc. (USA). The CNT/silicone ink
formulations were prepared by mixing silicone base, curing agent, and different amounts of CNTs

at 2000 rpm in 2 mins using a planetary mixer (Thinky coporation, AR-100).
2.2 3D printing

Once formulated, the ink was manually loaded into a 15cc dual-gasket stainless steel cartridge of
a DIW print head (Hyrel 3D, EMO-XT) by using a spatula. Filled cartridge was centrifuged at
5000 rpm for 30 min using a centrifuge (Thermo Fisher Scientific, Sorvall ST1 Plus) to remove

air bubbles introduced during the ink loading process. Loaded cartridges were then attached to the



print head mounted in a DIW printer (HyRel 3D, Engine SR) for printing experiments. The amount
of extruded material is governed by the piston displacement [38]. Two nozzle sizes (0.41 and 0.84
mm) were used to dictate filament diameter for printing of small and large heatsinks. The CAD
models of the printed specimens were sliced by Hyrel's Repetrel software to generate G-code files
for printing. Important printing parameters are presented in Table 1. After the printing process is

completed, the printed samples were transferred to the RF applicator for curing.

Table 1. Important printing parameters used for the printing process of CNT/silicone heatsinks

Parameters Small print Large print
Printing speed 1 mm/s 2 mm/s
Layer height 0.2 mm 0.4 mm
Extrusion width 0.41 mm 0.84 mm
Shell number 2 2
Infill Density 100% 100%
Infill overlap 5% 5%

Fill pattern Rectilinear Rectilinear
Infill angle [45°/—45°] [45°/—45°]

2.3 RF-assisted curing

An RF signal generator (Rigol inc, DSG815) and a 500 W amplifier (Prana R&D, GN500D) were
employed to supply RF waves to a stationary, co-planar RF applicator for the curing process. The
printed CNT/silicone samples were placed approximately 1 mm below the applicator and were
heated to the curing temperatures by the electric field generated by the applicator. During the RF
heating process, the RF power was varied between 0 to 30 W to control the heating temperature.
Maximum temperature was recorded by using a thermal imaging infrared camera (FLIR Systems,

Inc., A655sc).



2.4 Characterization

The rheological behavior of the CNT/silicone inks was characterized at ambient lab temperature
(~25 °C) by using a stress-controlled rheometer (Anton Paar, MCR 301) fitted with a disposable
plate—plate system (PP25, 25 mm diameter, 0.1 mm gap). The viscosity of the composite inks was
measured as a function of shear rate (y) (from 0.01 to 100 1/s), whereas their storage modulus (G')
and loss modulus (G") were measured as a function of the shear stress (from 0.0001 to 10000 Pa)

in oscillatory mode at a frequency of 1 Hz.

The cross-sectional morphologies of the printed CNT/silicone samples were investigated with a
field emission scanning electron microscope (FE-SEM, Model Quanta 600 FEG, FEI Company).
Samples for SEM observation were prepared by cutting the printed CNT/silicone samples with a

sharp razor blade.

The through-plane AC conductivities of printed samples were measured by using a dielectric
spectrometer (Novocontrol Technologies GmbH) at room temperature within the frequency range

of 1 MHz to 10 MHz.

Thermal conductivity of the printed CNT/silicone samples was characterized by using a Thermal
Conductivity Analyzer (Hot disk, TPS 2500S) which is based on transient plane source thermal
characterization technique [40]. In this method, a 5465 Kapton-insulated sensor was used as a heat
source and temperature sensor for all measurements. The sample being tested was cylindrical in
shape, with diameter 12.7 mm and thickness 3.2 mm. To perform the measurement, the Kapton-
insulated sensor was sandwiched between two pieces of CNT/silicone sample. An electrical

current was then applied to the sensor to increase its temperature. The temperature increase as a



function of time was recorded and then was used to determine the thermal conductivity of the

tested samples.

To qualitatively evaluate the heat dissipation ability of the CNT/silicone samples, the thermal
camera was employed to capture the surface temperature response of the samples heated by a

hotplate at 80 °C.

Differential scanning calorimetry (DSC, TA Instrument DSC2000) was conducted in Nitrogen

from 25 °C to 350 °C at a heating rate of 10 °C/min.
2.5 Heatsink performance

Heatsink performance was characterized by measuring temperature of a CPU chip attached to a
single-board computer (Raspberry Pi 4 model B, 2 GB) purchased from McMaster-carr. A thermal
tape of 250 um thickness and thermal conductivity of 1.1 W/m.K (McMaster-carr) was used to
attach the on-printbed printed CNT/silicone heatsinks and commercial Al heatsink to the top of
the CPU chip. Under natural convection, the CPU chip temperature was measured as a function of

time by using a Python script.
3. Results and discussion
3.1 Printability of CNT/silicone ink

In this study, CNTSs are used as a viscosifier to modify the rheology and improve the printability
of the silicone-based ink formulation. Figs. 1a and b show rheological properties of CNT/silicone
inks at varying CNT loading. The viscosity of the neat silicone ink (0 wt.% CNT) is nearly
independent of shear rate, indicating a Newtonian behavior (Fig. 1a). With the addition of CNTs,

the viscosity of the inks increased across all tested shear rates. Specifically, the ink viscosity at the



shear rate of 2x107 1/s increased significantly from 0.5 Pa.s for 0 wt.% CNT to 10> Pa.s for 8
wt.% CNT and 1.1x10° Pa.s for 12 wt.% CNT. However, when CNT loading increased from 14
to 16 wt.%, the effect of CNT loading on the viscosity of the inks was less significant with an
increase in viscosity to only 2.2x10° Pa.s for 16 wt.% CNT at the shear rate of 2x102 1/s. The
CNT loading of more than 16 wt.% does not form a homogeneous CNT/silicone mixture and,
therefore, it was not employed for DIW printing in this study. Notably, the inks with CNT loading
from 8 wt.% to 16 wt.% exhibited shear thinning behavior with the viscosity reducing at increasing
shear rate. This non-Newtonian behavior is critical for DIW 3D printing because it allows the
viscous inks to flow through the printer nozzles under high shear stress without requiring excessive

applied pressure [14, 26].
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Fig. 1. Log-log plots of (a) apparent viscosity as a function of shear rate and (b) shear storage
and loss moduli as a function of shear stress for CNT/silicone inks at varying CNT loadings. (c)

CNT/silicone coins printed at different CNT loadings.
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Once the ink is extruded from the printing nozzle, the shear stress is removed and the ink must
return to solid-like behavior to maintain its shape retention. This property can be characterized by
measuring the storage modulus (G’) and loss modulus (G") of the inks [26]. As shown in Fig. 1b,
the shear storage modulus of the neat silicone ink was lower than its loss modulus, indicating that
neat silicone ink exhibited liquid-like behavior throughout the tested range of shear stress. For
CNT loadings from 8 wt.% to 16 wt.%, the inks exhibited a shear yield stress at the crossover point
between the two modulus curves. Specifically, the shear yield stress of the 8 wt.% CNT/silicone
inks was only 7.5 Pa. When the CNT loading increased to 14 wt.%, the shear yield stress of the
inks increased significantly to 3000 Pa. Moreover, the storage and loss moduli below the yield
stress also increased from 4x10% Pa and 2x102 Pa for 8 wt.% CNT to 2x10° Pa and 5x10* Pa for
14 wt.% CNT, respectively. Similar to the viscosity, the increase of CNT loading from 14 wt.% to
16 wt.% had insignificant effects on the yield stress and moduli of the inks. For good shape
retention after deposition, the composite inks must have sufficient yield stress for rapid recovery
of high viscosity and elastic behavior [14, 26].

Fig. 1c show coins printed by DIW using CNT/silicone inks at different CNT loading. Due to the
low viscosity, the neat silicone ink could readily flow through the printer nozzles under low driving
pressure. However, the printed ink could not support itself and immediately spread on the printbed
upon exiting the nozzle as it possessed liquid-like behavior. At 8 wt.% CNT, the printed structure
could maintain its shape with less spreading of the lower layers. However, filaments still can flow
and coalesce during deposition, resulting in printed parts with a smooth surface and geometric
distortion. These results might be due to the low yield stress of the 8 wt.% CNT/silicone ink, which
was still insufficient for good shape retention [14, 26]. As CNT loading increases from 10 to 16

wt.%, the inks have much higher shear yield stress (>1600 Pa) and, therefore, the printed coins
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possess good shape retention with consistent dimension [26]. Additionally, the surface features of
the printed coins became sharper, and all layers and filaments are more defined and visible on the
exterior surface. However, excessive applied pressure was required to process the 16 wt.% CNT
formulation due to its significantly high shear yield stress [40]. Moreover, the extrudates of the ink
formulation could not be deformed easily during the printing process to achieve good coalescence
between adjacent filaments. Consequently, several excessive extrudates were accumulated at the
surface of the printed part, resulting in their low surface quality.

3.2 Cross-sections of the printed CNT/silicone samples

To investigate the structure of printed CNT/silicone composites, the cross-sections of the printed
composites were characterized with SEM. Fig. 2 shows the cross-sections of printed CNT/silicone
samples with a CNT loading from 10wt.% to 16 wt.%. CNTs are uniformly embedded in the
silicone matrix with no CNT agglomerates observed in any samples. As the CNT loading
increased, the amount of CNTs observed at the cross section also increased, whereas excellent
dispersion property of CNTSs in the silicone matrix still could be maintained. The result suggests
that the dispersion process used in this work can successfully generate CNT/silicone inks with
good dispersion quality. Notably, there were no voids/gaps observed in the cross-sections of the
inks with CNT loading from 10 to 14 wt.%, as shown in Figs. 2a, d, and g. The result suggests
that the degassing process was efficient, and no voids/gaps were introduced into the printed
structure during the printing process of these inks. Additionally, the ink viscosities are still
sufficiently low to allow the extruded materials to flow and completely fill the void space between
the adjacent filaments. However, several internal voids can be observed at the cross-section of the
structure printed with 16 wt.% CNT formulation. This can be explained by the fact that the

significantly high viscosity of the inks reduces the efficiency of the degassing process and
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coalescence between the adjacent filaments [40]. This result is consistent with formation of voids

in silicon nitride structures printed by DIW using high viscosity inks [40].

Fig. 2. Cross-sections of the printed CNT/silicone samples at 10wt.% CNT (a, b, ¢), 12wt.% CNT

(d, e, f), 14wt.% CNT (g, h, k), and 16wt.% CNT (j, k, I).
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3.3 Electrical and thermal properties of printed CNT/silicone samples

To explore the reinforcement effects of CNT filler on the performance of the printed CNT/silicone
structures, thermal and electrical properties of the printed composite structures were investigated.
Due to the low viscosity, neat silicone (0 wt.% CNT) were cast into a printed molds to fabricate
samples for the characterization. Fig. 3a shows the AC electrical properties of the CNT/silicone
samples from 1 to 10 MHz. Silicone possesses an electrical conductivity of below 5.5x10 S/cm
in the tested frequency range and the frequency has insignificant effects on the electrical
performance. With the addition of CNT fillers, the electrical conductivity of the samples
significantly improved with higher CNT loading offering better electrical conductivity. The results
are expected because electrical conductivity of CNTs is significantly higher than that of the
silicone and CNTs have been widely used as electrical conductive reinforcement nanofiller to
improve the electrical conductivity of the insulating matrix [5]. Additionally, the electrical
conductivity of the CNT/silicone samples exhibited frequency dependent behavior. Specifically,
when the applied frequency increased from 1 to 10 MHz, the electrical conductivity of samples
with 10 and 12 wt.% CNT increased by 160% and 133%, reaching 0.13x10® S/cm and 0.28x10°
3 S/cm, respectively. The effects of the frequency on the electrical performance of the composite
samples were more significant at higher CNT loading with an increase of approximately 5 times
and 12 times for 14 wt.% and 16 wt.% CNT samples in the tested frequency range, respectively.
The increase of AC electrical conductivity with increasing frequency is well-known response for
polymer and polymer composite and was explained by an increase of the electron mobility with

applied field frequency [41].
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Fig. 3. AC conductivity (a), thermal conductivity (b), and (c) infrared thermal images of the printed
CNT/silicone samples with increasing heating time when the samples were employed as a heat
transfer medium. Maximum temperature of each sample at 270 s is presented in the corresponding
IR thermal image. Neat silicone samples were casted in a mold while the other samples were

printed.

Fig. 3b shows the effects of CNT loading on the thermal conductivity of the silicone-based samples
at different CNT loading. Neat silicone possessed a low thermal conductivity of approximately
0.164 W/m.K. The addition of 10 wt.% CNT could increase the thermal conductivity of the sample
to 0.392 W/m.K, corresponding to an increase of 139%. Further increase of CNT loading results
in the gradual increase of the thermal conductivity to 0.428 W/m.K for 12 wt.% CNT, 0.526

W/m.K for 14 wt.% CNT, and 0.568 W/m.K for 16 wt.% CNT.
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The difference in the surface thermal responses of the CNT/silicone samples with heating time is
presented in Fig. 3c. The surface temperature of the composites samples with higher CNT loading
exhibited faster response due to better thermal conductivity. Specifically, the surface temperature
of the 16 wt.% CNT/silicone samples can reach 83 °C after 270 s, whereas neat silicone samples
only can achieve a temperature of 71 °C. The results suggest CNTs can significantly improve the
heat transfer capacity and the heat dissipation performance of the silicone matrix. Notably, despite
pores and voids in the sample structures (Fig. 3j), the 16 wt.% CNT/silicone samples still have the
highest electrical and thermal conductivity. The finding suggests that the effects of voids and pores
on the electrical and thermal performance of the samples are less significant compared to the
reinforcement effects of the CNT fillers. However, due to required excessive applied pressure for
printing and the poor surface quality of the printed sample, 16 wt.% CNT/silicone inks were not
used for the 3D printing of heatsink in this study. The 14 wt.% CNT/silicone inks, however, have
better printability and surface quality with good thermal and electrical conductivity. Therefore, 14

wt.% CNT composites were used to print heatsinks for RF curing study in the next sections.

3.4 RF-assisted curing of printed CNT/silicone heatsinks

3.4.1 Heating response and RF curing of 14 wt.% CNT/silicone samples

Since the 14 wt.% CNT formulations have good electrical conductivity, we hypothesized that these
samples can be heated rapidly in response to RF fields. Fig. 4 presents the heating response of 14
wt.% CNT/silicone samples exposed to RF field at frequency of 160 MHz. The samples can be
heated rapidly to targeted temperatures of 65, 100, and 150 °C by using a heating power of 0.35,
0.75, and 1.25 W, respectively. Higher power can achieve not only higher targeted temperature
but also faster heating rate [42]. Specifically, the power of 1.5 W can heat the samples at the highest
heating rate with a value of up to 17 °C/s. The volumetric heating (inside-to-outside) and faster
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heating rate of the RF heating, therefore, can accelerate the curing procedure of the printed

CNT/silicone samples significantly compared to the oven heating [14, 25, 28, 29].
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Fig. 4. a) Heating response of 14 wt.% CNT/silicone samples at different heating power. b) DSC
thermographs of uncured 14 wt.% CNT/silicone samples and samples cured at 150 °C in 10 mins

by using heating oven and RF heating.

To confirm curing, we compared the DSC curves of uncured samples and sample cured by oven
and RF heating at 150 °C in 10 mins (Fig. 4b). The targeted temperature can be achieved by RF
heating after 10-15 mins by using a single power value. Notably, this heating time can be shortened
further to a few seconds by using high heating power (>1.5 W) at the beginning and then lowering
the power to the desired value (1.5 W) to achieve the targeted temperature. The commercial heating
oven used for the curing process, however, could require a longer time (~ 30—45 mins) and much
higher power (1500 W) to achieve the same targeted temperature. The DSC curve of the uncured
silicone composite samples presents one exothermic peak in the range between 80 and 100 °C.
This peak is associated with the curing reactions of the silicone polymer [27]. However, no

exothermic peaks were observed in their DSC curves of the samples cured by oven and RF heating,
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indicating that the composite samples have been cured completely. The results suggest that RF
heating is as effective as oven heating in curing the CNT/silicone composite. Therefore, this

method will be used to cure the silicone heatsink printed by DIW in the next section.

3.4.2 On-printbed 3D printing and RF curing of 14 wt.% CNT/silicone heatsink

To demonstrate the potential of the 14 wt.% CNT/silicone inks for TM applications, different
heatsinks were printed by DIW method and RF heating was applied to cure the printed structure
at approximately 150 °C in 10 mins (Figs. 5 a and b). As shown in Figs. 5c-f, heatsinks with
different designs and sizes could be fabricated, including conventional plate fin heatsink and
nonconventional porous heatsink, and plate fin heatsink with TAMU logo shape and porous
heatsink with A*STAR logo shape. The small size heatsinks can be used to dissipate heat from
small electronic components such as CPU chips and power transistors. Overheating issues for large
components such as light emitting diode (LED) lights and computer random-access memory

(RAM) can be addressed by using the large printed heatsinks.
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Fig. 5. a) 3D printing and b) RF curing of 14 wt.% CNT/silicone heatsink. 14 wt.% CNT/silicone
heatsink with different designs and shapes: ¢) Conventional plate fin heatsink, d) nonconventional
porous heatsink, e) plate fin heatsink with TAMU logo shape, and f) porous heatsink with

A*STAR logo shape.
3.4.3 On-chip 3D printing and RF curing of 14 wt.% CNT/silicone heatsink

DIW 3D printing can be employed to print the heatsink directly on the surface of electronic
devices. Fig. 6 presents the printing process of a 14 wt.% CNT/silicone heatsink directly on a CPU
chip of a Raspberry pi board. Although the CPU chip has a maximum size of up to 15x15 mm?,
its top surface is smaller (11x11 mm?). Therefore, a smaller heatsink with a size of 10x10x3 mm?®
was printed on the chip to ensure that it can fit on the chip surface. The fin size and fin spacing of
the on-chip printed heatsink were kept similar to the Al heatsink but the fin number and the fin
length reduced to 5 and 10 mm, respectively, due to its smaller base size. The extruded filaments
can attach properly to the chip surface with consistent flow and uniform filament shape. The

viscosity of the 14 wt.% CNT/silicone ink was still sufficiently low so that the uncured filaments
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could be deformed under the pressure generated by the nozzle tip and the chip surface. Therefore,
good contact can be achieved between the first printed layer and the chip surface for efficient heat

transfer between the chip and the heatsink with no TIM.
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Fig. 6. a) Direct printing of 14 wt.% CNT/silicone heatsink on the CPU chip of a Raspberry pi
board, b) Installation of copper mesh on the Raspberry pi board, and ¢) RF curing of the on-chip

printed heatsink.
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The printing process was quite consistent and reliable with no excessive extrudates observed on
the circuit board. While the conventional fabricated heatsink are fabricated and installed on the
chip separately, the on-chip printing of heatsink combined the two processes together and no
further installation steps are required. Therefore, this printing approach can offer advantages in
term of process automation. Comparing to the conventional installation method, this advanced
printing approach can reduce the number of thermal interfaces formed between the heatsink and
the chip surface, enhancing their heat transfer efficiency. The result suggests that 3D printing of

CNT/silicone heatsink directly on a chip is feasible.

Most electronic components are designed to work in a temperature range of 40 °C to 50 °C [43].
If oven heating is employed for the curing process, the whole circuit board needs to be heated to
the curing temperature and, therefore, only temperature below 50 °C can be used. This low curing
temperature could increase the curing time to several hours, and a large amount of energy is
required for the long oven curing process [44]. In RF curing process, a fringe electric field was
generated by the RF applicator and mainly occurred within the 20 cm wide region between the
copper traces. By targeting the RF field on the printed heatsink, local heating can be achieved to
only heat the printed heatsink to the curing temperature with a low power [14]. A mask made of
copper mesh was used to protect the circuit board and expose the heatsink to the RF field, as
presented in Fig. 6b. Since most CPU chips can withstand a temperature of up to 85 °C [45], a
heating temperature of 75—80 °C was used to cure the on-chip printed heatsink. As can be seen in
Fig. 6¢, only printed heatsink were heated to ~ 75—80 °C under RF field at a frequency of 160
MHz and a power of 10 W. Compared to the curing temperature offered by the oven curing
process, this higher curing temperature of the RF heating can shorten the curing time to ~ 45

minutes [44].
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Figs. 7 a-d show an on-chip printed heatsink, a small on-printbed printed heatsink, a large on-
printbed printed heatsink, and a commercial Al heatsink attached to the surface of the CPU chip
of the Raspberry pi board. While the on-chip printed heatsink was attached directly to the chip
during the printing process, a 250-um-thick thermal tape was used to install the on-printbed printed
heatsinks, and Al heatsink. Notably, both large on-printbed printed heatsink and Al heatsink have
similar design (6 fins) and dimension (13x13x3 mm), whereas the on-chip printed heatsink has
less fin number (5 fins) and smaller size (10x10x3 mm) due to the size constraint of the chip
surface. To investigate effect of the reduced thermal interface achieved by the on-chip printing
process, a small on-printbed printed heatsink with a similar size was also fabricated.

Figs. 7 e and f present the temperature of the chip recorded at 2 conditions: 5% and 97% CPU
usage. The chip temperature in Fig. 7f was the averaged temperature in the last 100 s of the testing
period when the chip temperature was stabilized. All heatsinks can reduce the temperature of the
CPU chip in both working conditions. Specifically, the chip without heatsink has a temperature of
~44.9 °C at 5% CPU usage and its temperature increased to 66.9 °C at 97% CPU usage. The
installation of the small on-printbed printed heatsink can reduce the chip temperature to 43.9 and
63.9 °C for 5% and 97% CPU usage, respectively. The average temperatures of the on-chip printed
heatsink are slightly lower than those of the small on-printbed printed counterparts, showing the
advantage of the reduced thermal interface offered by the on-chip printing process. The on-
printbed printed heatsink could even reduce the chip temperature further to 40.9 °C for 5% CPU
usage and 60.8 °C for 97% CPU usage. The better performance of the on-printbed printed heatsink

is expected as it had larger size and more fin number [46, 47].
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Fig. 7. Heatsinks installed on the CPU chip of a Raspberry pi board: a) On-chip printed
CNT/silicone heatsink, b) small on-printbed printed CNT/silicone heatsink, c) large on-printbed
printed CNT/silicone heatsink, and d) commercial Al heatsink. Temperature of the CPU chip at
5% and 97% CPU usage: e) temperature as a function of time and f) average temperature and

maximum temperature in the last 100 s of the tested period.

Interestingly, there are no significant differences in the temperature of the chip installed with the
on-printbed heatsink and the Al heatsink. Specifically, the temperature of the chip with Al heatsink
was 40.3 and 60.6 °C for 5% and 97% CPU usage. Notably, the convection coefficient between
the Al and on-printbed printed heatsinks should be very similar as they have the same shape, size,
and gap between the fins [11, 12]. While the thermal conductivity of the CNT/silicone heatsink is
much lower than that of the Al heatsink, their performance is comparable due to the limited role

of conduction in heat removal under natural conduction [11, 12]. The result is in good agreement
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with the results reported by Smith et al. [11] and Guo et al. [12] when polymer heatsink printed
by Fused Filament and a commercial Al heatsink with the same design and size exhibited similar

performance under national convection.

4. Conclusion

In summary, we fabricated CNT/silicone heatsinks by using DIW 3D printing and RF-assisted
curing processes. CNTs were employed as nanofiller to improve the electrical and thermal
conductivities as well as the printability of the CNT/silicone composite inks and their printed
structures, respectively. Among different CNT formulations used in the study, it was found that
14 wt. % CNT/silicone inks can be used to fabricate printed structure with good print quality and
high thermal and electrical performance. Moreover, since CNTs are also a RF susceptor, the
printed CNT/silicone heatsinks can be rapidly heated when exposure to RF fields, allowing them
to be cured by the rapid out-of-oven RF heating process. Under natural convection, the printed
CNT/silicone heatsinks exhibited similar performance to that of commercial heatsinks. More
importantly, we have demonstrated that CNT/silicone heatsinks can be printed and cured directly
on a chip attached to a circuit board. By applying this advanced approach, the installation step of
the heatsinks with the use of TIMs can be eliminated while the thermal interfaces between the
heatsink and the chip can be reduced. This work demonstrates that the DIW combined with RF-
assisted curing process has the potential to produce high-performance polymer-based heatsinks for

modern electronic applications.
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