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ABSTRACT: Capillary-driven heat pipes are an e�ective thermal solution for
compacting electronic cooling systems. We advance such a heat pipe thermal
solution with ultralightweighting for mobile applications. In our advancement,
the envelope that encapsulates the phase-change process of a working fluid is
fabricated via electroless plating being ∼40 μm thick. Furthermore, the wick
structure that transports condensate to a heat source via capillarity is also
electroless-plated onto the envelope’s inner surfaces, creating a 100-μm-thick,
microporous layer. This wick structure is sequentially superhydrophilized by
blackening that forms a nanotexture on the microporous wick layer. An
e�ective density of our prototype ultralight heat pipes (uHPs), as a measure of
lightweighting, indicates, on average, a remarkable 73% weight reduction of
commercial counterparts with sintered copper powder wick in similar exterior
dimensions (e.g., ∼2.7 g, compared to ∼10.0 g) while providing equivalent
heat spreading. Furthermore, the uHP operates at a 25% lower evaporator temperature, due to additional heat rejection to the
surroundings through the ultrathin-walled envelope and wick.

■ INTRODUCTION
A capillary-driven heat pipe is perhaps the most popular
contemporary solution for thermally managing microelectronic
components, due to its simple design, low cost, design flexibility,
and good heat spreading capability.1−3 A notable application
includes smartphones and notebook computers after flattening
the generic tubular design for the sake of further compacting. A
heat pipe, in principle, spreads excessive heat emitted from
microelectronic components via latent heat conversion of a
working fluid in a vacuum chamber (often termed an
“envelope”). Both hot and cold ends of the envelope act as an
evaporator and a condenser, respectively, while the midsection
functions to provide passages for (i) vapor flow (from the hot
end to the cold end) via a central hollow region and (ii)
condensate flow (from the cold end to the hot end) through the
wick structure by capillarity. In the midsection, both vapor and
condensate flow counter-currently, separated by the free surface
interface caused by surface-tension fluid forces. The design
objective of a heat pipe is to lower the operating temperature of
the component attached to the evaporator end by permitting the
transportation of heat along the heat pipe and heat rejection at
the condenser end.
The overall heat spreading of a generic tubular capillary-

driven heat pipe (Figure 1) is strongly dependent on the design
of the wick structure. Thus far, various wicking media have been
developed and commercialized. They include sintered pow-
ders,4 grooves,5 and screen meshes.6 Among these wick
structures, copper powders that are sintered onto the inner
surface of a tubular copper envelope are predominant (Figure
1). This is largely due to the following advantages: (i) high

thermal conductivity and low thermal resistance that allow for
good heat transfer between both hot and cold ends,7 (ii) high
capillary pressure that can overcome the viscous and gravita-
tional forces that opposes the condensate flow in the wick,8 (iii)
good mechanical strength and durability due to the formation of
strong metallic bonds between powder particles,9 and (iv) easy
customization of the wick topology by heating and compressing
copper metal powders with various powder grain sizes, sintering
temperature, and pressure.10,11 The wick structure (i.e., shape
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Figure 1. An original equipment manufacturer (OEM) capillary-driven
heat pipe with a copper tube as envelope and sintered copper powders
as wick, and microstructures (De = 10 mm, L = 20 mm, δ1 ≈ 1.0 mm,
and δ2 ≈ 1.8 mm).
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and thickness) can, therefore, be controlled, using di�erent
forms and sizes, to fit the spatial requirements of various heat
pipe applications.7,12

For commercially available capillary-driven heat pipes with
sintered copper powder wicks (Table S1), the total length (L)
ranges from 20 to 305 mm while the exterior diameter (De)
varies from 3.0 mm up to 12.7 mm. Furthermore, their total
weight spans from 4 to 120 g. The envelope functions as a
pressure chamber where the internal pressure of the heat pipe is
set to be a near vacuum. Therefore, a minimum thickness of a
given envelope (δ1) is required to sustain a negative pressure
di�erential between the inside and outside of the envelope. The
internal pressure is determined by the operating temperature of
the evaporator to which a heat source is externally attached. The
external pressure is largely ambient pressure. Geometric,
capillaric, and fluidic parameters of typical sintered copper
powder wicks for heat pipes are collated in Table S2.
Miniaturized electronics such as (smartphones and tablets)

require compact devices for thermal management; conse-
quently, a “ultrathin heat pipe (UTHP)” that has a thickness
of ≤2.0 mm provides thermal dissipation for space-limited
electronics.13−15 UTHP’s are usually flattened circular section
sintered copper powder heat pipes or thin wick sheet
sandwiched between two metallic sheets.
In addition, biporous wick topologies have been employed to

further enhance the heat spreading of heat pipes that are
characterized by two distinctive lengths, whereby the smaller
length scale provides suEcient capillary force and the larger
reduces liquid hydraulic resistance.5,6,16 Highly porous metallic
foams consisting of stochastic open pores are an example of
biporous media. The metallic foam pores can be as small as 40
μm, which enhances capillary forces while the high porosity
corresponds to high permeability, and hence increase capillary
pumping.17,18 Zhou et al.18 observed that a copper metallic foam
with smaller pore wick structures provide a much larger capillary
force to drive the cycle of the working fluid. Therefore, the
copper foam, as a wick structure, achieved enhanced thermal
performance by decreasing the thermal resistance.
For portable and aerospace applications, lightweighting is one

of the important design constraints.19,20 For this purpose,
simultaneously thinning the envelope wall thickness (δ1 in
Figure 1) and making the wick structure highly porous (δ2 in
Figure 1) are approaches that can be used. Since the heat pipe is
reliant on capillarity, alternative lightweight wick structures (i)
need to ensure adequate capillary pumping in the wick and (ii)
provide mechanical strength and sti�ness to withstand external
pressure applied to the envelope. In this article, we advance a
capillary-driven heat pipe design by demonstrating the function
of an ultrathin envelope with an integrally manufactured high
porosity wick structure, to achieve lightweighting and improved
thermal transport capacity.

■ DESIGN AND FABRICATION OF
ULTRALIGHTWEIGHT CAPILLARY-DRIVEN HEAT
PIPES

Prior to designing a lightweight envelope, two distinct failure
mechanisms of the envelope need to be understood: (i) buckling
during idling (i.e., without any thermal loads) and (ii) yielding
during heat piping. During idling, the external surfaces of the
envelope are under uniform ambient static pressure, while the
internal pressure is nearly a vacuum. Thus, the compressive load
causes the envelope to buckle.21 On the other hand, during heat
piping, vaporization of a working fluid at the evaporator

increases the internal pressure, exceeding the external (ambient)
pressure and thus yielding or rupture of the envelope is
possible.22 In the design of the ultralightweight capillary-driven
heat pipe, the envelope thickness was based on the classical
buckling mode theories (Section S1 in the Supporting
Information), to give a conservative estimate. Here, two
prototypes, e.g., De = 5.07 mm and 6.08 mm, were fabricated,
and the thickness (δ1) for electroless plating was selected to be
δ1 ≈ 35 μm and 40 μm respectively, as summarized in Table 1.
The integrally plated wicking media and envelope provided
additional mechanical strength to support the envelope wall
from buckling.
We have sequentially formed the envelope and wick structure

via electroless plating, following three broad steps: (i) preparing
for a polymer (PMMA) interior template, electroless plating to
form the envelope, etching out the interior template, and
electroless plating of the porous wick layer onto internal
envelope surfaces (Figure 2a), (ii) blackening for hydrophilicity
(Figure 2b), and (iii) charging a working fluid (DI water)
followed by evacuation and sealing (Figure 2c).
The fabrication of a copper envelope via electroless plating

involves the deposition of a metallic impermeable layer
conformally on a cylindrical polymer template, as shown by
Figure 2a. Since the conventional electroless copper plating was
developed for a printed circuit board for electronic circuits,
etching-out the polymer substrate has rarely been considered. A
poly(methyl methacrylate) (PMMA) template synthesized by a
cold mounting resin is known to be compatible with copper and
easily etched out by dipping in acetone.23 Furthermore, PMMA
is relatively resistant to temperature changes, compared to other
polymers, and exhibits only slight shrinkage and change in shape
during curing; thus, it was adopted in this study due to its
inherent dimensional stability.
Two PMMA rods with di�ering diameters ofDPMMA = 5.0 and

6.0 mm were prepared. Copper electroless plating on these
PMMA templates was carried out under two separate
conditions: (i) first plating, which involved low-speed plating
at low temperature (40 °C), and (ii) second plating, which
involved high-speed plating at high temperature (70 °C). The
first plating is to ensure the deposition of a copper layer at the
rate of 1.0 μm/h with a pH of 13.8 for the coating solution, Cu2+
+ 2HCHO + 4OH− while the second plating is to accelerate the
deposition at 5.0 μm/h by the coating solution with a pH of 12.3.
After the first plating, the template was etched out, resulting in a
thin copper tube. Subsequently, the second plating deposits
faster growing copper layers on both the inner and outer surfaces
of the copper tube (Figure 2a). The desired thickness of the
electroless plated layers to form an envelope is achieved as
estimated by eq (S1) in the Supporting Information.
In a capillary-driven heat pipe, the capillarity of a given wick

structure drives the condensate back to the evaporator. Hence,
the wick must provide suEcient pumping via capillary force
through the porous structure.19 First, on the inner surface of the
envelope fabricated via electroless plating, another stage of
electroless plating is implemented to generate a porous layer as a
wick structure. The basic process is the same as that for the first
plating. The only di�erence is to add a surfactant to the plating
solution to generate hydrogen (H2) bubbles and to simulta-
neously keep them within the plated layer being deposited.
These bubbles eventually disappear, leaving the voids in the
deposited layer, which finally forms an open-cell porous layer.
The porous copper layer created by electroless plating is

hydrophobic to deionized (DI) water.24 Therefore, it is
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necessary to impart hydrophilicity through chemical treatment.
To this end, blackening was performed using a mixed solution of
potassium persulfate and sodium hydroxide. The electroless-

plated envelope is dipped in the aqueous solution of NaOH and
K2S2O8 at mixture of 7.5 g/L and 1.5 g/L, respectively for 3 h.23

The blackening finally produces CuO that makes the surface
hydrophilic, on the surfaces via the following sequential
processes:25 (i) Cu + 2NaOH + K2S2O8 → Cu(OH)2 +
Na2SO4+ K2SO4, (ii) Cu(OH)2 + 2OH− → Cu(OH)42−, and
(iii) Cu(OH)42− → CuO + 2OH− + H2O. In contrast to the
wick layer formed in air at a high temperature, the CuO layer
after blackening forms a unique nanostructure, such as downy
hair, which is a hierarchical fractal structure.26 According to
Onda et al.,24 such a fractal surface greatly enhances hydro-
philicity.
Vacuuming the envelope, termed “evacuation” after charging

DI water, and sealing to complete the functioning heat pipe are
illustrated in Figure 2c. First, the envelope was connected to a
vacuum system via a filling copper tube. A two-stage oil sealed
rotary vane vacuum pump was used for evacuation. A digital
vacuum gauge monitored pressure inside the envelope during
evacuation. A reservoir of DI water was connected to the system
with another flexible tube. In addition, to control the amount of
DI water injected into the envelope, three bellow-sealed valves
were used to switch the mode between evacuation and charging.
The reservoir was heated and subsequently frozen by liquid
nitrogen to prevent or minimize a noncondensable gas (NCG)
from being dissolved back in DI water. This process was
repeated at least twice to minimize the NCG. Subsequently, the
precleaned heat pipe envelope was connected to the system and
evacuated at the absolute pressure of 2.1 Pa (near vacuum state).
The reservoir was then reversed by bending the flexible tube to
charge DI water to the envelope, resulting from pressure
di�erence and gravity. The filling tube was then clamped before
the heat pipe was removed from the system (Figure 2c). Finally,
degassing was conducted by heating up the specimen from the
bottom to let any remaining NCG be gathered upward in the

Table 1. Parameters of the Ultralightweight Capillary-Driven
Heat Pipes (uHPs) with Envelopes and Wicks Fabricated via
Electroless Platinga

aThe superscripted plus sign (+) indicates data estimated from the
dimensions and the density of dense copper; the asterisk symbol (*)
indicates data estimated based on the porous wick having a porosity of
0.785.

Figure 2. Fabrication process of an ultralightweight capillary-driven
heat pipe: (a) envelope and wick structure via electroless plating, (b)
blackening, and (c) end-capping, charging, evacuation, and sealing.
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lower part of the filling tube, which was subsequently sealed by a
cold-welding die. The charged DI water content was measured
to be ∼0.5 and 0.7 g for the specimen of De = 5.07 mm and De =
6.08 mm, respectively.

■ EXPERIMENT AND RESULTS
Capillarity Test Setup. Capillary rise is a measure of

capillary pumping for a given wick structure, an important
parameter that needs to be considered during the selection
process of the wick material/structure. To characterize this, we
measured the capillary rise (h) of both the wick fabricated by the
electroless plating and blackening, and the original equipment
manufacturer (OEM) sintered Cu powder wick (as a reference).
Following a method detailed by Tang et al.,27 we constructed

a test setup as illustrated in Figure 3a, which includes a cantilever

that holds both the wick specimen and a reservoir containing DI
water as the working liquid. The cantilever is vertically
traversable along the z-axis, coinciding with the gravitational
(g)-axis. The present wick specimen was prepared with
dimensions of H = 8.0 × W = 8.0 × L = 90.0 mm. The OEM
cylindrical heat pipe was cut in half by an electrical discharge
machine to prepare the reference wick specimen. The height of
the cantilever was set for both wicks to be submerged into the DI
water, while the precalibrated infrared (IR) camera recorded
temperature variation along the span of each wick specimen at
the rate of 0.2 Hz (i.e., 1 frame per 5 s), as shown by Figure 3b.
The absorbed DI water acts to alter the infrared emissivity
di�erence between the wick structure and working liquid,
yielding a temperature drop.27−29 Thus, the capillary rise (h)
was determined as a function of time.
Thermal Characterization Test Setup. Thermal charac-

terization of the heat pipes was carried out using a purposely
built test rig, illustrated in Figure 4. The test rig consists of a heat
pipe specimen, five uniformly distributed cartridge heaters
(Model CSS-10120/120, Omega, Inc.) that simulate the
external heat source (Qin) input at the evaporator end, a
liquid-cooling unit for a condenser end, an AC power supply, an
infrared (IR) camera (FLIR E8), K-type film thermocouples
(Model SA1XL-K-120, Omega, Inc.), and a data acquisition unit
(34872A LXI Data Acquisition/Switch Unit, Keysight). Each
heat pipe was positioned vertically by a copper heating base
block (with external dimensions of 30 mm (along the s-axis in
Figure 4) × 20 mm × 20 mm). At the center of the heating base
block, a hole of De, which is the exterior diameter of each uHP
specimen, was drilled. An IR viewing slot and 5 holes for the

cartridge heaters connected in parallel were also machined as
shown in Figure 4. An input power to the cartridge heaters was
regulated from 5.0 to 40.0W, using the AC power supply. In this
setup, the vapor generated in the evaporator convects upward
and the condensate moves downward along the capillary passage
configured along the inner envelope surfaces.
Thermal grease (with a thermal conductivity of k > 1.93 W/

(m K); Model JC-500, Joycool, Inc.) was used between the heat
pipe and heating base block to minimize contact thermal
resistance. To further ensure a good contact, two pressing pieces
with screw bolts were devised, as shown in Figure 4. The
multiple layers of thermal insulation (photopolymer resin) tape
(Formlabs, Inc.) covered the entire heating base block to reduce
heat loss. A commercial liquid-cooling unit (Redbit 240) was
used to provide thermal rejection at the condenser section to the
environment under ambient conditions. The whole setup was
supported by a rotation system that allows the heat piping axis
(the s-axis) to be changed with respect to the gravitational g-axis,
whose angle is denoted by α (measured in degrees). Here, α = 0°
indicates that the test specimen is positioned horizontally,
functioning as a heat pipe, whereas at α = 90°, the heat pipe
orientation is coincident with the gravitational axis, and the
thermal spreading takes place vertically from the bottom
evaporator to the top condenser, thus functioning as a
thermosyphon.
Measurement Uncertainties. To evaluate heat spreading

by both heat pipes, the temperature distribution along the
respective heat pipes’ span (i.e., the s-axis) was measured using
an IR camera. Prior to measurement, the IR camera was
calibrated against data obtained from film thermocouples
attached on a heat pipe surface at selected locations. Temper-
ature values from both IR camera and film thermocouples were
correlated linearly (eq 1) for a wide range of heat inputs to
cartridge heaters attached to heat pipe, as

T TC 0.99 0.54IR[° ] = (1)

Thermal resistance (Rθ) is widely used to characterize and
compare the performance of heat pipes; it is defined as

R
T T

Q
e c

in

=
(2)

Figure 3. Capillary pumping measurement. (a) Schematic of the test
setup for measuring capillary rise (h), (b) capillary rise of both (i) an
electroless-plated wick (h1) and (ii) an OEM-sintered Cu powder wick
(h2), captured by a precalibrated infrared (IR) camera where L = 90
mm.

Figure 4. Schematic of the test setup for measuring thermal spreading
capacity where α = 0° and 90° indicate that the specimen functions as a
heat pipe and a thermosyphon, respectively.
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where Te and Tc are the average temperature of the evaporator
and condenser, respectively, andQin is the total heat emitted by a
heat source (or input heat). With a heater simulating such a heat
source, Qin is typically calculated as

Q V
Rin

2
=

(3)

where V and R are separately the voltage supplied to heaters and
electrical parallel resistance.
Measurement uncertainties were estimated using a method

detailed in ref 30 as follows. If y = f (x1, x2, ..., xn), then the
uncertainty propagated by xi in the variable y is given by

i
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2
2

2 2

= + + +
(4)

where Δxi is the absolute uncertainty in xi. Equation 4 was used
to estimate the uncertainty of thermal resistance (Rθ) that was
associated with wall temperatures measured by the IR camera at
both the evaporator and condenser ends (i.e., Te and Tc) whose
accuracy and resolution are ±2.0% and 0.1 °C, respectively. The
uncertainty of thermal resistance was calculated to be within
±8.6%, governed predominantly by the surface temperatures.

■ DISCUSSION OF RESULTS
Microstructures and Capillarity. In this study, we

evaluated the structural and thermal transport performance of
a novel ultralight capillary-driven heat pipe (uHP). For
reference, we have compared our heat pipe to a commercially
available original equipment manufacturer (OEM) heat pipe
that is wicked by sintered Cu powders.
We have fabricated, in total, 20 uHPs: 5 specimens with an

exterior diameter of De = 5.07 mm and 15 specimens with an
exterior diameter of De = 6.08 mm, as shown in Table 1. In the
following analysis, the data measured from a representative
specimen of De = 6.08 mm are mainly presented. The uHP
features an envelope and wick structure that are ultra-
lightweighted by electroless plating (Figure 5). The envelope

has an impermeable wall with a mean thickness of 40 μm,
functioning as a vacuum chamber whose absolute internal
pressure is set and measured to be ∼2.1 Pa. The inner surfaces
are deposited with a 100-μm-thick porous layer to facilitate
capillary-driven flow of the condensate through the porous wick
structure during heat piping.
The microstructure of a raw copper wick fabricated via

electroless plating prior to blackening (Figure 6a) is hydro-
phobic.24 For example, sequential images by a high-speed
camera show that a drop of DI water falling onto the
unblackened wick layer clearly exhibits hydrophobicity, since
the drop free falls normal to the surface, impacts the surface, and
then bounces back, but immediately returns to sit on the

unwetted wick surface, where the contact angle is estimated to be
θ ≈ 72°. On the other hand, after blackening (Figure 6b), the
free-falling water drop is absorbed by and spread within the
porous wick layer in its immediate contact due to super-
hydrophilicity.
Good heat spreading that is achieved by any capillary-driven

heat pipe is attributed to e�ective capillary pumping by a wick
structure. Thus, the pumping e�ectiveness of the wick can be
characterized by the capillary rise. Here, the capillary pumping of
the electroless-plated porous wick layer was tested using a setup
shown in Figure 3. Results are compared with the OEM-sintered
Cu powder wick. Temperature distributions along the length of
the electroless-plated wick (s/L) at selected time frames,
extracted from IR images are plotted in Figure 7a. The absorbed
DI water by capillary forces decreases the temperature of the wet
wick section, as indicated by the lowered temperature on the IR
images. We define capillary rise (h(t)) as the point when the
wick temperature begins to drop, as indicated in Figure 7a.
The capillary rise (h) at a givenmoment is plotted in Figure 7b

showing that the capillary rise for the two test specimens (i.e.,
uHP and OEM) behaves in a similar manner. Based on the
measured capillary rise in time (t) recorded, its rate (i.e., dh(t)/
dt) was calculated as included. There is an initial steep rise.
Thereafter, an asymptotic decrease in the rate of the capillary
rise follows. This common behavior is attributed to the capillary
pressure (ΔPc = 2σ cos θ/r) during the capillary rise that is
associated with pressure drop and friction forces, governed as
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jjjj
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zzzz

h t
t
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h t

Kgd ( )
d

1
( )
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where σ, μ, and ρ are the surface tension, viscosity, and density of
the working fluid (DI water), respectively; g is the gravitational
acceleration; and K, ε, θ, and r are the permeability, porosity,
contact angle, and e�ective radius of a given porous wick,
respectively.31 Similar capillary pumping is achieved by the
porous wick layer fabricated via electroless plating and an OEM-
sintered Cu powder wick, in the present setup.
In eq 5, thermophysical parameters such as ρ and μ are fixed

for a given working fluid i.e., DI water and the topology-
dependent parameter K/ε for both wick structures are defined.
Given that the prior estimation of the porosity (ε) for the uHP
wick being roughly εuHP = 0.785 (Section S2 in the Supporting
Information), the capillary pressure (ΔPc) and permeability
(KuHP) may be separately estimated by fitting the experimental
data with the exact solution32 for eq 5,

h t W( ) 1 ( e )t1 /2
= [ + ]

(6)

where α and β are given as

PK K
r

Kg

2 cosc= =

=

and W(z) is the Lambert W function, z = W(z)eW(z). Here, z is a
dummy variable. Results are also included in Figure 7b and are
summarized in Table 2. In comparison to the tested OEM-
sintered powder wick structure, the uHP wick provides 20%
higher resultant capillary pressure with 25% lower permeability
and 67% higher porosity. Collectively, the wick structure of the
uHP functions to reach 20% higher Jurin’s height, which is the

Figure 5. Configuration and microstructure of a prototype ultralight
capillary-driven heat pipe (uHP) for De ≈ 6.08 mm, L = 100 mm, δ1 =
40 μm, and δ 2 = 100 μm.
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limit of capillary rise for a given tube diameter, and thus at least

equivalent heat spreading to the OEM’s sintered copper powder

wick is expected.

Heat Spreading. The variation of the surface temperature
along any given heat pipe is indicative of a heat spreading
capability. An e�ective heat pipe (i) minimizes thermal
resistance (Rθ = (Te − Tc)/Qin)) for a minimal temperature

Figure 6. Wettability tests comparing the wick surface treatments: (a) unblackened, raw copper wick with hydrophobic droplet formation and a
contact angle that was measured to be θ ≈ 72°; and (b) superhydrophilicity (θ → 0°) of a porous wick layer after blackening.

Figure 7. Capillarity, shown by (a) the determination of capillary rise from measured IR images and (b) determination of capillary rise (h(t)) and its
rate (dh(t)/dt along the blackened porous wick layer at α = 90° and comparison with an OEM sintered copper powder wick structure.
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