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ABSTRACT
With the ever-decreasing size of portable electronics to achieve greater versatility, the power density of electronic devices has increased
substantially, to the point where efficient cooling has become a major concern for achieving stable device operation. Herein, we introduce a
heat-dissipating film coated with carbon nanotubes (CNTs) entangled with silver nanowires (AgNWs), prepared by supersonic spraying.
Low thermal resistance was obtained from the strong adhesion between the deposited nanomaterials and the substrate. The optimal hybrid
film for achieving maximal cooling was identified by varying the number of spraying sweeps and the composition of the nanomaterials. The
hybrid film, comprising both CNTs and AgNWs, afforded superior cooling owing to its improved thermal conductivity. Surface-texturing
of the film also significantly impacted the convective-cooling performance. In addition, the superior heat-spreading capability of the hybrid
film was demonstrated by comparing infrared images of the bare substrate, pure CNTs, and hybrid CNT/AgNW films. The wettability of
these films was also studied to identify the wetting condition that would provide the maximum heat transfer. The hybrid CNT/AgNW film
possessed the most hydrophilic surface, providing the most efficient spray-cooling scenario. The hydrophilic surface captured and held the
sprayed droplets firmly throughout the process. Hence, these CNT/AgNW hybrid films represent a commercially viable solution for addressing hotspots in portable electronic devices.
Published under license by AIP Publishing. https://doi.org/10.1063/1.5144167

I. INTRODUCTION
The demand for miniaturization of portable electronics with
versatile features inevitably requires high-power-density or highflux microprocessors, which eventually leads to heat-induced
malfunctions in devices.1–5 Such device-heating concerns are often
initiated by local hotspots or fireballs, wherein the power density
can reach up to 103 W cm−2.6–9
Traditional cooling methods require the introduction of fans,
heat pipes, heatsinks, and thermoelectric coolers into electronic
devices .6,8,10–19 These inclusions lead to other issues, such as additional weight, volume, noise, extra power sources, complexities in
installation, and reliability issues. Therefore, the development of
light, small, attachable, fan-free, and heatsink-free cooling films is
necessary to facilitate the production of more commercially viable
and practical cooling films.
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One practical way to achieve this goal is to increase the total
surface area of the film by introducing nanotextured surfaces on
the film, without using fans or heatsinks. This approach may afford
an enhancement in the total surface area per unit volume and
hence would increase the convective-heat-transfer coefficient.20
Furthermore, the textured surface can be decorated with nanomaterials having high thermal conductivity, which would lower the
thermal resistance of the film. In general, there are two ways of alleviating hotspots. First, the heat generated at the hotspot can be
directly removed via convective cooling. Second, the heat can be
spread via conduction. The latter approach is the only way to alleviate hotspot formation in electronics that are completely sealed for
waterproofing. In this scenario, inflow or outflow is not permitted,
and thus, direct convective cooling is not possible. Heat-spreading
via conduction is the only alternative for alleviating the thermal
stress due to hotspots. Therefore, cooling films having high thermal
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conductivity and diffusivity are desired. Recently, theoretical studies
on thermal conduction through amorphous solids, graphene, and
glassy diamond via phonon scattering have been documented.21–23
Herein, we aim to increase the convective-heat-transfer coefficient by introducing a textured surface created using carbon nanotubes (CNTs). These CNTs can be decorated with silver nanowires
(AgNWs) to ensure that the cooling film can efficiently spread heat
via conduction.24 The inclusion of CNTs facilitates efficient convection, while the incorporation of AgNWs affords efficient conduction.
Moreover, the CNT itself, by virtue of its high thermal conductivity,
lowers the thermal resistance of the film.25–31 To the best of our
knowledge, CNT/AgNW composites have never been used as heatspreading materials. Similar carbon-encased nanomaterials have been
utilized as thermal-interface materials to cool electronic devices.26,32–37
However, incorporating these nanomaterials on the surface of electronics often requires additives, which are another source of thermal
insulation, hindering efficient heat transfer. Therefore, the development of a coating method that facilitates the deposition of these nanomaterials without the use of additives is imperative.
Supersonic cold-spraying is an efficient method of depositing
nanomaterials without the use of additives.38–41 Nanomaterials are
enclosed inside atomized droplets and transported at supersonic
speeds, during which the liquid in the droplet evaporates. Thus, only
the remaining dry nanomaterials are deposited on the substrate, to
which they are strongly adhered and bonded. This method precludes
the introduction of impurities, which might adversely affect the
cooling performance of the film. Furthermore, this method does not
require any post-annealing processes that allow the use of flexible
substrates. In addition, cold-spraying is scalable and is, therefore,
suitable for mass production on a commercial scale.
In this study, cold-spraying is used to first deposit CNTs with
various film thicknesses on an alumina substrate. Thereafter, the
optimal film thickness affording the lowest thermal resistance and
best convective cooling is identified. The optimal CNT composite
is further combined with AgNWs to achieve a further reduction in
the thermal resistance.
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II. EXPERIMENTAL
A. Supersonic spraying
The supersonic cold-spraying system consists of a gas compressor, a gas heater, and a converging–diverging nozzle (De Laval
nozzle) from which a supersonic flow is generated. The atomizer
produces droplets enclosing the nanomaterials, which are entrained
into the supersonic stream.38–40,42–44 In general, air is used as the
working gas; the air is compressed to 0.4 MPa by the gas compressor, heated to 250 °C upon passing through the gas heater, and
then supplied to the nozzle to create a supersonic flow.
The CNT solution was prepared by adding 0.1 g of CNT
(XNM-HP15000, XinNano Materials Inc.) to a precursor solution
comprising 40 ml of N,N-dimethylformamide (DMF, Sigma-Aldrich)
and 0.3 ml of 8 wt. % polyacrylonitrile (PAN; Sigma-Aldrich, average
Mw = 150 000). The precursor solution was injected into an atomizer (VCS 40 kHz, Sonics & Materials) by a syringe pump (Legato
210, KDS) at a flow rate of 1.5 ml min−1. The AgNWs (average
diameter = 20 nm; length = 15 μm) were dispersed in 30 ml of isopropyl alcohol (IPA, Duksan, Korea) at a concentration of
0.15 wt. %. This CNT/AgNW mixture ratio was selected to sufficiently cover the film surface with AgNWs, as visually confirmed
using scanning electron microscopy (SEM); this optimal mixture
ratio was determined by trial-and-error. The supersonically
sprayed CNT/AgNWs adhered firmly to various types of substrates, without the need for additives.
B. Fabrication of heat spreader
Figure 1 illustrates the procedure for fabricating the cooling
films. A nickel–chrome (Ni–Cr) heating wire was inserted and
sandwiched between two Al2O3 substrates, as shown in Fig. 1(a).
The Ni–Cr wire was supplied with 9 ≤ q ≤ 18 W of power.
Figure 1(b) shows the feed of the CNT solution through the
atomizer toward the supersonic nozzle. The atomized droplets
were sprayed in the direction of the Al2O3 substrate. Figure 1(b)
also shows a similar fabrication process, except that in this case,

FIG. 1. Detailed schematic of the cooling test module. (a) Heating wire sandwiched between Al2O3 substrates, (b) CNT-coated Al2O3 substrates, and (c) CNT/
AgNW-coated Al2O3 substrates.
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the precursor was mixed with AgNWs, and, therefore, CNT/AgNWs
were coated onto the Al2O3 substrate. The corresponding infrared
images are included in Fig. 1 as an inset, showing the temperature
distribution of the films subjected to a power of q = 18 W. The CNT/
AgNWs provided the most uniform temperature distribution.
C. Heat-transfer experiment
Figure 2 shows the series of setups for the heat-transfer experiments. A direct current (DC) power supply (E3644A, Agilent Tech,
USA) with a maximum output power of 60 W was used to supply
heat in the range of 9 ≤ q ≤ 18 W. The error margin of the applied
voltage and current were confirmed to be 0.1% ± 150 mV and
±15 mA, respectively. Using a DC power supply, a voltage was
applied to each end of the heating wire located between the Al2O3
substrates. The resistance of the wire was approximately 5.73 Ω m−1
and the diameter was approximately 0.5 mm. The temperatures at
all points (T1 and T2) were recorded using a temperature data
logger (GL-240, Graphtech, USA) and K-type thermocouples
( probe size of 1 × 150 mm2, uncertainty of ±0.5 °C). The total level
of uncertainty in the amount of heat transferred to the wire was
estimated to be 1.6%, using the error-propagation method.45 To
minimize the heat loss, heat was transferred only to the top layer,
while the bottom substrate was well-insulated. The conductive heat
loss through the bottom substrate, estimated from the temperature
difference between the bottom substrate and the insulation, was
less than 1%. The surface area and the surrounding environment at
the top surface of the heat spreader promoted convective cooling.
As shown in Fig. 2(b), the heat spreader was also covered with aluminum foil to minimize radiative heat loss.
The thermal conductivity of the fabricated cooling films was
measured using the standard ASTM E1461 (ASTM International,
thru-plane) method. In this method, the thermal conductivity is
calculated by measuring the thermal diffusivity, which can be estimated using the following equation: k ≈ λρCp, where λ is the
thermal conductivity, ρ is the density, and Cp is the specific heat
capacity. The measurable range is 0.1–2000 W m−1 K−1.
D. Characterization
High-resolution SEM (HR-SEM at 15 kV, XL30 SFEG, Phillips
Co., Netherlands), a non-contacting 3D optical profiler (OP) (NT,
Veeco, USA), and transmission electron microscopy (TEM, JEM
2100F, JEOL, Inc.) were used to evaluate the morphology and
roughness of the surface of the multilayer heat spreader.
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An infrared (IR) camera (FLIR-E63900, FLIR System, Inc.) was
also used to visualize the transfer of heat over time. The IR camera
had a thermal sensitivity of 30 mK at room temperature
(T∞ = 25 °C), with an uncertainty level of approximately ±1%. The
IR camera was initially calibrated by measuring the temperature of
an object at 25 °C, where the temperature was confirmed against
that measured using a thermocouple. The temperature from the
thermocouple measurement was synchronized with that from the
IR image by adjusting the emissivity, ε. The emissivity of the IR
camera was adjusted to ε = 1 to avoid residual heat from other
surrounding sources.

III. RESULTS AND DISCUSSION
Figure 3 presents a comparison of the temperatures of the
Ni–Cr heating wire (T1) in the various films: N = 0, 5, 10, and 20.
The N = 0 label refers to the bare substrate, while the N > 0 cases
refer to the substrate coated with CNTs using different numbers of
spray passes (without AgNWs). The supplied heat was increased
from q = 9 W to 18 W [Figs. 3(a)–3(d)]. The wire temperature (T1)
increased over the time span of 1200 s. Higher temperatures were
observed when the substrate was subjected to greater heat (q),
reaching the highest temperature of ΔT = T1 – T∞ ≈ 95 °C at
t = 1200 for q = 18 W.
T1 was the highest at N = 0, as shown in Fig. 3(a). The highest
wire temperature, T1, was observed for the sample without nanotexturing, owing to the superior cooling effect in the nanotextured
samples (N > 0). For example, T1 was the lowest at N = 10 for all q
values, implying that the nanotexturing was optimal at N = 10.
However, at N = 20, T1 again increased owing to thickening of the
CNT layer. In general, when the film thickness increases at a steady
state, the bottom-film temperature (T1) inevitably increases to
maintain a constant heat flux (q). This thickness factor, which
invariably increases T1, becomes more prominent as q increases.
Figures 3(b)–3(d) show that T1 was the greatest when N = 20. This
pattern indicates that cooling via nanotexturing was no longer
effective when the film thickness exceeded N > 10. When the film is
sufficiently thick, the thickness effect dominates the cooling effect,
which is undesirable. Therefore, the film thickness must be minimized while maximizing the texturing effect, by finding the
optimal film thickness to achieve a suitable balance. In this study,
the optimal film thickness was achieved at N = 10, which was consistently the case for all values of q.

FIG. 2. Detailed schematics of (a) heat spreader comprising multiple layers of CNTs and AgNWs, (b) insulated
heat spreader used in the heat-transfer experiment.
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FIG. 3. Heating-wire temperature (T1) vs time. Effect of the number of spray passes (N) with the variation of the heating power: (a) q = 9 W, (b) 12 W, (c) 15 W,
and (d) 18 W.

Figure 4 presents a qualitative comparison of the IR images of
the fabricated films that were subjected to the same heat at
q = 18 W. The Ni–Cr heating wire was visible at the centerline of
the films at t = 10 s. Initially, there was no significant difference

FIG. 4. IR images of heated CNT films for (a) N = 0 (bare), (b) N = 10 (CNT
only), and (c) N = 10 (CNT/AgNW) films at q = 18 W.

J. Appl. Phys. 127, 105105 (2020); doi: 10.1063/1.5144167
Published under license by AIP Publishing.

between the temperature distributions of various films. However,
the temperature gradient was the most pronounced for N = 0 (bare)
as the heat spread. For N = 0, a bright centerline hotspot was apparent, confirming inefficient heat spread. In contrast, for N = 10
(CNT) [Fig. 4(b)], the overall temperature gradient was relatively
uniform, unlike for the N = 0 case [Fig. 4(a)], this is attributed to
improved convective cooling due to the CNT coating layers.
Figure 4(c) confirms that the CNT/AgNW hybrid film produced
the most uniform temperature distribution, demonstrating the
most effective heat spread.
Figure 5 presents the SEM and optical profiler (OP) images
for the samples synthesized with N = 5, 10, and 20 spray passes.
The film thickness increased from d = 6.57 to 13.78 μm as the
number of spray passes increased from N = 5 to 20. The surface
roughness of the film also increased from Ra = 0.9 to 2.8 μm with
increasing N. This increased roughness enhanced the convection
cooling by increasing the heat-transfer activity owing to the increased
total surface area. However, as depicted in Fig. 3, convection cooling
and thermal insulation present competing effects when the surface
area and film thickness are, respectively, changed. Increasing the film
thickness by increasing N inherently increases the Ni–Cr wire temperature (T1) via thermal insulation, while convective cooling is
enhanced by the increased surface area. Therefore, a compromise
regarding the film thickness must be made to achieve optimal
cooling. The magnified SEM images in Fig. 5 (first column) show
that the CNTs were agglomerated into slabs, the collection of which
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FIG. 5. SEM (left: surface; middle: cross section) and
optical profiler (OP) images of CNT films for (a) N = 5, (b)
N = 10, and (c) N = 20.

led to differences in the surface roughness with the variation of N.
Although N did not appear to alter the distribution of the CNTs
over the surface area, changing N altered the surface roughness, as
shown in the OP images in Fig. 5 (third column).
Figure 6(a) presents an outline of the electrical circuit model
for the CNT-coated films. The heat flux, q, moves through the
CNT-coated layer (R1) and eventually flows to the open air (R2) in
the normal (or axial) direction. The heat-transfer phenomena for
R1 and R2 are modeled using Fourier’s law and Newton’s cooling
law for a quasi-1D analysis, respectively. These models are

represented as follows:
q¼

q¼

T1  T2
,
R1

T2  T1
,
R2

Δx
,
kAp

(1)

1
,
heff Ap

(2)

R1 ¼

R2 ¼

where Δx (in m) is the thickness of the CNT layer, k is the thermal
conductivity (in W m−1 K−1), Ap is the projected substrate area

FIG. 6. (a) Electrical circuits depicting the average
thermal resistance across the solid layer (from T1 to T2)
and convective air cooling (from T2 to T∞) in the normal
direction. (b) Relative thermal resistance across the solid
layers, R1. (c) Relative thermal resistance through open
air, R2, (d) Sum of R1 and R2. The thermal resistance
was averaged over all values; q = 9, 12, 15, and 18 W.
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(in m2), and heff (in W m−2 K−1) is the effective convective-heattransfer coefficient. The thermal resistances, R1 and R2, both have
units of (°C W−1) or (K W−1) R1 and R2 from Eqs. (1) and (2) indicate that they are determined by material properties and are independent of the amount of the supplied power (q). However, in
reality, R1 and R2 may vary depending on q because ΔT and q are
nonlinear due to a three dimensional nature of the heating wire
over a flat plane. This nonlinearity between ΔT and q causes a shift
in thermal resistance as R ∼ ΔT/q. By equating Eqs. (1) and (2),
the following expression is obtained:
T1  T1 T1  T1
¼
:
q¼ P
Ri
R1 þ R2

(3)

Equations (1) and (2) can be rearranged as shown below,
R1 ¼ (T1  T2 )  q1 ,

(4)

R2 ¼ (T2  T1 )  q1 :

(5)

Equations (4) and (5) are used to estimate R1 and R2 using the
measured T1, T2, and q values. It should be noted that q is a relative
value from the power reading, as q = I⋅V, wherein the electrical
current (I) and applied voltage (V) are measured. The actual heat
flux (qactual ) that the heating wire releases may be considerably
smaller, considering the power loss through the heating system.
The method of estimating qactual is discussed hereinafter. At
present, the value of q from the power reading is used for relative
comparison.
The quasi-1D analysis based on Fourier’s law and Newton’s
cooling law indicated that heat from the linear wire source spread
not only in the “normal” (axial) direction, but also in the
“in-plane” (radial) and azimuthal directions, presenting a threedimensional phenomenon. However, to simplify the model, heat
transfer in the normal direction was assumed to be dominant. In
addition, the substrate bottom was well-insulated, and, therefore, it
was assumed that heat flowed only in the normal direction. The
heat loss through radiation was assumed to be negligible because
the temperature of the film surface remained below 120 °C.
Figure 6(b) presents a comparison of the thermal resistances,
R1, for the films of various thicknesses: N = 0, 5, 10, and 20. The
thermal resistances from all values of q (9, 12, 15, and 18) were
averaged to represent R1 in Fig. 6(b). When N = 0, corresponding
to the bare alumina substrate without any CNTs, R1 was relatively
high. With thicker CNT layers (N = 5 and 10), R1 declined, confirming that adding the CNTs increases the ability of the coated
layer to increase the overall thermal conductivity. When N = 20, R1
again increased substantially because the excessively thick coating
layer behaved more like a thermal insulator. Figure 6(c) presents a
comparison of the R2 values for all cases of N, R2 represents the
effectiveness of the thermal resistance from the upper surface of the
film to the open air and R2 is related to the effectiveness of convection. Convection cooling became more effective with increasing N
because of the enhanced texturing effect. The resistance in the convection, R2, decreased from N = 0 to N = 5 owing to the surface texturing. Greater texturing by depositing more CNTs (moving from
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N = 5 to N = 10) induced a greater reduction in R2. However, at
N = 20, the thermal-insulation effect became dominant, thereby
increasing both T1 and T2, which, in turn, increased R1 and R2; see
Eqs. (4) and (5). Overall, adding the CNTs increased both the
thermal conductivity and the effective convection cooling, up to a
reasonable thickness; herein N = 10 was found to be the optimal
thickness, as shown in Fig. 6(d). When the coating layer was excessively thick, the thermal resistance again increased, leading to an
adverse effect.
Figure 7(a) presents a comparison of the thermal resistances
(R1 and R2) of the bare substrate (N = 0), CNTs (N = 10), and
CNT/AgNW (N = 10) films. Addition of the CNTs certainly
enhanced the thermal conductivity and thus reduced R1, as opposed
to the case for the bare substrate. Further addition of the AgNWs to
the CNTs yielded no significant improvement in R1, suggesting that
the overall thermal conductivity did not change with addition of the
AgNWs. However, adding the AgNWs visibly improved R2, as
shown in Fig. 7(a). Because R2 is a measure of convection, a lower R2
value indicates that convection cooling became more effective with
the enhanced texturing. The length scale of the AgNWs is comparable to that of the CNTs at approximately 10 nm, where the thickness
of the resulting hybrid films was in the range of 5–15 μm. The nanoscale texturing derived from the introduction of the AgNWs indeed

FIG. 7. (a) Thermal resistance (R1 and R2) of the hybrid film consisting of
CNTs and AgNWs (N = 10) shown in the multi-scaled SEM images in (b)–(d),
and (e) elemental mapping images of C (left; red) and Ag (right; yellow), and
low-magnification TEM image (inset).
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TABLE I. Comparison of effective heat-transfer-coefficients (heff ) of CNT and CNT/
AgNW films when q = I⋅V = 18 W. The actual power (qactual ) was estimated to be
0.87 W.

Material
CNT (N = 0)
CNT (N = 5)
CNT (N = 10)
CNT (N = 20)
CNT/AgNW (N = 10)

heff
(W m−2 K−1)

heff−1 or R2⋅Ap
(m2 K W−1)

R2
(K W−1)

1.83
1.89
2.18
2.02
2.45

0.55
0.53
0.46
0.50
0.41

55
53
46
50
41

reduced R2. The morphological distinction between the CNTs and
AgNWs is difficult to observe because both species are cylindrical
and have a similar length scale [Fig. 7(b)]. The morphology of the
CNT/AgNW mixture in multi-scales is shown in Figs. 7(c) and 7(d).
The structure and morphology of the CNT/AgNW film were also
investigated by TEM. The EDS elemental mapping data for carbon
and silver in the fabricated film are shown in Fig. 7(e). These images
confirm that both C and Ag were uniformly distributed over the film
surface and were readily discernable. The inset image in Fig. 7(e)
shows the low-magnification TEM image of the AgNWs, demonstrating the inclusion of AgNW in the hybrid film.

scitation.org/journal/jap

Table I presents a comparison of the effective heat-transfercoefficients (heff ) in units of (W m−2 K−1), and the reciprocal,
1/heff, in units of (m2 K W−1), which is also known as the specific
thermal resistance, (R2⋅Ap). The convective thermal resistance, R2,
values listed in Table I should not be compared with the values
reported in Fig. 6(c) because herein, the actual heat, qactual (0.87 W)
was used instead of the electrical power reading of q = I⋅V = 18 W.
To estimate heff, the actual heat released by the heating power must
be used,
heff ¼

qactual
,
Ap (T2  T1 )

(6)

where qactual, the actual heat released by the Ni-Cr wire, can be estimated using the equation below,
qactual ¼ hb Aw (T1  T1 ):

(7)

Here, the surface area of the cylindrical wire, Aw, can be calculated
as Aw = πdL, where d and L are the diameter (d = 1 mm) and length
of the wire (L = 0.12 m), respectively, and hb is the heat-transfer
coefficient of the bare alumina substrate at T1 = 92.2 °C and
T∞ = 28 °C. Moreover, hb was obtained using the Nusselt number,
Nu, as follows: hb = Nuk/d, where k is the thermal conductivity of air.
Furthermore, k was determined to be k = 0.02 881 W m−1 K−1 using

FIG. 8. (a) Changes in surface temperature (T2) during spray-cooling for various films; initially, the heater temperature was Th = 130 °C. Water contact angles for (b) N = 0
(bare), N = 10 (CNT only), and N = 10 (CNT/AgNW) films at T2 = T∞ = 28 °C. (c) Drop impact on N = 0 (bare), N = 10 (CNT only), and N = 10 (CNT/AgNW) films (in order
from top to bottom) at Th = 130 °C.
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the film temperature, Tf, where Tf = (T1 + T∞)/2 = 60.1 °C = 333.1 K.
For the natural convection of air from a horizontal cylinder (heating
wire), Nu can be calculated using the Grashof (Gr) and Prandtl (Pr)
numbers, as follows:
Gr Pr ¼ gβ(Ts  T1 )d3 Pr/ν 2

(8)

and
Nu ¼ 1:02(Gr  Pr)0:148 ,

(9)
−2

where g is the gravitational acceleration (g = 9.81 m s ); β is
the thermal-expansion coefficient of air, which is defined as
−1
β = T−1
f = 0.003 K ; and v is the kinematic viscosity of air at Tf.
Here, Pr = 0.7202 and v = 0.00 001 896 m2 s−1 at Tf = 60.1 °C. When
hb, Aw, and (T1–T∞) are known, qactual can be calculated using
Eq. (7), and in the present case, qactual = 0.87 W. The actual values of
heff, which were subsequently calculated using Eq. (6), are listed
in Table I.
The data in Table I indicate that the CNT/AgNW film produced an approximately 34% improvement in heff, compared with
that of the bare substrate (N = 0). Compared with the bare substrate, heff was 19% higher for the pure CNTs (N = 10 without
AgNWs). This improvement allowed us to reduce the wire temperature (T1) by 7–15 °C, which provided significant flexibility in
addressing the thermal stress induced by hotspots. Table II compares the thermal conductivity of hybrid heat spreaders comprising
materials similar to the CNT-AgNW synthesized in the present
study. The film thermal resistance in the in-plane direction is in

scitation.org/journal/jap

the order of ∼10−6 m2 × K × W−1 while that in the normal direction is in the order of ∼10−3 m2 × K × W−1. Among them, our
CNT-AgNW composite has the lowest normal thermal resistance,
which demonstrates its superior heat spreading capability.
Figure 8(a) illustrates the spray-cooling phenomenon for
the fabricated N = 0 (bare), N = 10 (CNT only), and N = 10
(CNT/AgNW) films. These three films were simultaneously
sprayed with liquid droplets. The surface temperature (T2) of the
films declined sharply as the liquid droplets evaporated, during
which latent heat was extracted from the heated surface. T2 again
increased as soon as all of the liquid droplets evaporated with the
continuous supply of heat to the surface. This spray-cooling cycle
was performed 11 times over a duration of 360 s, during which T2
gradually declined. Among the tested cases, the CNT/AgNW
hybrid film exhibited the best cooling performance because of its
superior wettability. Figure 8(b) shows the static wettability of the
various films, wherein the CNT/AgNW composite was confirmed
to be the most hydrophilic. In this case, the sprayed liquid droplets
adhered strongly to the surface, which promoted strong contact
between the droplets and the surface, resulting in efficient heat
transfer. Figure 8(c) shows the time-series snapshots illustrating the
dynamic wettability of an impacted droplet having a diameter of
D0 = 3 mm and a released height of H = 18 cm. These time-series
snapshots also suggest that the CNT/AgNW film exhibited the
highest wettability during the dynamic impact test. Figure 8(c)
shows the occurrence of droplet spreading and recoiling. In
general, a droplet spreads upon impact and reaches the maximum
diameter and then recoils owing to surface tension. The snapshots
for the N = 0 (bare) film in Fig. 8(c) demonstrate the typical

TABLE II. Comparison of the thermal conductivity (k) of hybrid heat spreaders comprising materials similar to the CNT-AgNW synthesized in the present study.

Materials

k
(W m−1 K−1)

Δx (m)
−4

Film thermal resistance
(m2 K W−1)

Testing method

Reference

0.9 × 10

ASTM E1461

Present study
(normal)
47
(normal)
48
(normal)
49
(normal)
50
(in-plane)
51
(in-plane)
52
(in-plane)
26
(in-plane)
53
(in-plane)
54
(in-plane)

−3

CNT-AgNW

0.11

1.0 × 10

GnP

0.23

1.0 × 10−3

4.35 × 10−3

Hot-wire

Carbon nanofiber

1.85

1.0 × 10−2

5.4 × 10−3

Hot Disk AB

rGO-AgNW

0.08

1.0 × 10−4

1.25 × 10−3

ASTM E1461

2.4 vol. % GNP

0.476

…

62 × 10−6

GnP

1.4

…

∼1.0 × 10−6

ASTM C177

Penetrated flexible graphite

3.8

…

1.3 × 10−6

ASTM D5470

Graphene–MLG

14

…

71 × 10−6

Graphene–fabric

3.73

1.2 × 10−4

32 × 10−6

Graphene oxide

0.92

2.0 × 10−5

21 × 10−6

Laser flash
(NETZSCH)
Laser flash
(NETZSCH)
ASTM D-5470
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droplet-impact scenario, comprising spreading, fingering, and
recoiling. However, for the N = 10 (CNT) film, the textured surface
promoted strong adherence of the liquid droplet to the surface
through the formation of the Wenzel state, in which the liquid is
pinned at roughened surfaces. The liquid is imbibed into the
roughened surface and anchored to the surface, which prevents
recoiling of the liquid film.46 The CNT/AgNW film surface was
more hydrophilic than the surface of the N = 10 (CNT) film, and
the recoiling motion was completely suppressed, which produced
the largest spreading diameter and hence, the thinnest liquid film.
In such a scenario, evaporation is expedited because of the larger
coverage area of the liquid film at the same constant heat flux. As a
result, the liquid is subjected to more heat, and thus evaporates
faster (Table II).
IV. CONCLUSION
Hybrid films comprising CNTs and AgNWs were used as
cooling films for applications in high-power-density electronics.
Inclusion of the CNT/AgNW enhanced the thermal conductivity of
the film, which, in turn, lowered the overall thermal resistance of the
film. The supersonically sprayed CNTs produced a highly textured
surface, thereby increasing the convective-heat-transfer cooling by
increasing the surface area. Addition of the AgNWs further increased
the convective heat transfer coefficient by increasing the surface area
via texturing. The CNT/AgNW hybrid film also exhibited increased
wettability owing to the formation of the Wenzel state, which
ensured strong adhesion, imbibition, and larger spreading of the
impacting liquid droplets. Consequently, evaporative cooling was
augmented owing to the enhanced heat transfer between the liquid
droplets and the heated surface.
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