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A B S T R A C T

Effective thermal management in power devices is essential for energy-efficient operation. Pool boiling dissipates 
heat effectively through passive phase changes, eliminating the need for pumping power. However, these ben
efits remain unrealized in high-power-density devices owing to the risk of reaching Critical Heat Flux (CHF). The 
superior heat-spreading capabilities of diamond can help mitigate excessive heat flux in such devices. Conse
quently, pool boiling on diamond surfaces represents a promising cooling strategy for devices with high power 
densities. However, the inherent chemical inertness of diamond severely limits its surface modification, thereby 
posing significant challenges to the control of interfacial phenomena. This study investigated methods to modify 
Polycrystalline Diamond (PCD) surfaces to enhance their pool boiling performance. Thermal oxidation efficiently 
altered the PCD surface, exploiting its unique material properties. The enhanced surface enabled a 47.8% in
crease in the heat transfer coefficient and a 119.4% increase in the CHF. Additionally, an in-depth investigation 
clarified how structural and chemical modifications induced by high-temperature oxidation enhanced pool 
boiling performance.

1. Introduction

Effective thermal management is essential for the energy-efficient 
operation of power devices. In particular, regulating the gate junction 
temperature within a permissible limit is crucial for preventing signifi
cant surges in current leakage and thermal stress [1,2]. Therefore, a 
variety of thermal management techniques have been developed to 
address these challenges, including mini− /microchannel heat sinks 
[3,4], jet impingement cooling [5,6], spray cooling [7,8], phase-change 
materials [9,10], manifold microchannels [11–13], heat pipe [14,15], 
and evaporative cooling [16]. Two-phase cooling systems are notable 
for their high energy efficiency and excellent thermal performance. By 
dissipating heat through phase changes, these systems substantially 
reduce thermal resistance. In particular, pool boiling systems operate via 
a passive bubble departure cycle, eliminating the need for pump- 
powered liquid circulation. Despite these advantages, the application 
of pool boiling systems in high-heat flux scenarios is limited by their low 

Critical Heat Flux (CHF).
Dryout refers to the condition in which, under high heat flux, the rate 

of vapor generation surpasses the incoming liquid supply, causing a shift 
in the dominant cooling mode from liquid-phase to vapor-phase con
vection [17,18]. This phenomenon is a primary contributor to the onset 
of CHF. Notably, the coalescence of vapor bubbles reduces liquid access 
to the heated surface, thereby hastening dryout. Consequently, strate
gies to enhance CHF have primarily focused on improving liquid supply 
and suppressing bubble coalescence [19,20].

Over the past two decades, research has emphasized enhancing 
surface wettability by modifying both the structure and chemistry of 
boiling surfaces. For example, Wang and Dhir [21] demonstrated that 
refining the chemical properties of surfaces enhanced CHF, based on 
comparisons with smooth surfaces. They compared surfaces with con
tact angles below 90◦ and proposed a model to predict CHF by incor
porating the effect of wettability through the contact angle.

The most notable progress has been achieved with structured sur
faces that promote hemiwicking. A variety of micro-patterns designed to 
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induce capillary action have primarily been fabricated using advanced 
microfabrication methods. These patterns include micropillars [22,23], 
microtubes [24], microcavities [24,25], and microchannels [26]. Spe
cifically, Chu et al. [22] achieved a CHF of up to 208 W/cm2 on a silicon 
surface with a micropillar structure. They attributed the CHF enhance
ment on hemiwicking surfaces to contact line pinning beneath the 
bubble and proposed a model that quantifies this effect through a sur
face roughness coefficient, defined as the ratio of extended surface area 
to projected surface area. Further improvements in CHF have been 
realized with hierarchical structures, wherein nanoscale features are 
layered onto microstructures. Various nanostructures, including CuO 
[27,28], SiO2 [27], nanowires [29,30], ceramics [31], and Cu nanograss 
[32], have been layered onto microstructures to enhance performance. 
Rahman et al. [33] reported a CHF of up to 257 W/cm2 by depositing 
hierarchical nickel onto micropillars. The volumetric wicking flow rate, 
a phenomenological parameter representing liquid supply capability, 
was incorporated into models to predict CHF enhancement from smooth 
surfaces.

Recently, growing interest has focused on understanding bubble 
coalescence and exploiting it for boiling enhancement. Most studies 
have aimed to inhibit bubble coalescence either by patterning regions 
that promote or suppress nucleation or by modulating thermal con
ductivity through surface patterning [32,34,35]. For example, Song 
et al. [32] reported a CHF of up to 256 W/cm2 on a surface with tube 
clusters in pillars, where the optimal spacing between nucleation sites 
ensured sustained liquid supply. In another study, Park et al. [36]
demonstrated that the kinetic motion arising from surface energy in
teractions during bubble coalescence can be exploited to promote early 
bubble detachment. Additionally, models have been developed to pre
dict CHF by quantifying bubble coalescence through the integration of 
stochastic behavior [37–39].

Despite these notable advancements, dissipating extreme heat fluxes 
of several kilowatts from power devices through pool boiling remains 
fundamentally challenging. Enhanced heat spreading can help pool 
boiling systems overcome their limitations related to low CHFs. By 
distributing the extreme heat flux from hotspots, a spreading layer can 
lower the flux to a few hundred watts per square centimeter at the 
convective boundary. In this context, diamond is widely recognized for 
its exceptional heat spreading performance, spurring numerous studies 
aimed at enhancing thermal performance in electronic devices [40,41].

To optimize cooling performance, strategies combining the efficient 
phase-change heat transfer at diamond surfaces with the effective heat 
spreading within diamond layers must be developed. Conventional 
surface modification techniques for enhancing pool boiling have pre
dominantly relied on Reactive Ion Etching (RIE) of silicon substrates. 

However, applying such techniques to diamond presents considerable 
challenges due to its chemical inertness and etch resistance. While sili
con can be etched at rates of 10 μm per minute using deep RIE, diamond 
exhibits substantially lower etch rates, reaching only about 0.08 μm per 
minute even under ion-assisted sputtering conditions [42,43]. These 
limitations have markedly restricted the use of diamond as a pool boiling 
surface. To address this, several researchers have explored alternative 
processing strategies. Kano [44] employed co-deposition of diamond 
nanoparticles with nickel to fabricate microstructures, resulting in a 
CHF of 30 W/cm2 in fluorinated dielectric fluid. MacNamara et al. [45]
reported a CHF of 150 W/cm2 using Cu–diamond composite coatings 
deposited via cold spray techniques. Similarly, another team employed 
metallized diamond combined with sintered nickel, cold-pressed into 
porous Cu structures, which resulted in a 50% enhancement in Heat 
Transfer Coefficient (HTC) compared to pure Cu [46]. Torii et al. [47]
fabricated micro-diamond-particle-coated surfaces using underwater 
explosion shock wave techniques, achieving CHF values of approxi
mately 110 W/cm2.

Notably, pool boiling heat transfer on pristine diamond surfaces re
mains largely unexplored. Instead, diamond has primarily been 
employed in composite materials integrated with metals. Most prior 
studies have instead focused on metal–diamond composite materials, in 
which the diamond surface is coated with metal and therefore does not 
directly serve as the phase-change interface. As a result, the fundamental 
surface properties of diamond in boiling heat transfer have not been 
adequately investigated. Here, we introduce a thermal oxidation method 
to fabricate hierarchical structures directly on the diamond surface. This 
approach aims to enhance the CHF and deliver superior cooling per
formance by leveraging diamond's exceptional heat-spreading capa
bility. The method provides a straightforward route for diamond surface 
modification by circumventing its high etching resistance and instead 
exploiting its inherent crystallographic characteristics. This study sys
tematically examines the surface morphologies generated via thermal 
oxidation and elucidates the mechanisms responsible for the observed 
performance enhancement. These findings advance our understanding 
of diamond's potential as a high-performance pool boiling surface. This 
research lays the groundwork for future applications in thermal man
agement systems.

2. Experimental method

2.1. Fabrication of pristine diamond surface

PCD was deposited using Chemical Vapor Deposition (CVD). A 
standard double-side-polished wafer served as the substrate, with 
nanodiamond particles embedded through ultrasonic seeding. Hydrogen 
plasma was generated using a 2000 W microwave power source, and 
pressure was maintained at 50 Torr. Methane gas, supplied as the carbon 
source at a flow rate of 5 sccm, was directed onto the substrate, which 
was held at 900 ◦C to facilitate diamond-phase. Details on the fabrica
tion process for diamond samples are provided in Section I of the Sup
porting Information. Fig. 1(a)–(f) illustrates a Field Emission Scanning 
Electron Microscopy (FE-SEM) image and an electron backscatter 
diffraction map depicting the structural evolution of diamond grains 
over a 12-h deposition period. Two key growth characteristics influ
encing the surface structure—lateral grain expansion and re-nucleation 
are observed. As depicted by the white dashed lines, columnar growth 
occurs as seed particles grow more rapidly along the out-of-plane di
rection than along the in-plane direction [48]. With continued planar 
growth, columns with expanding cross-sections develop. Re-nucleation, 
caused by defects or dislocations, initiates secondary grain growth from 
the middle of the film rather than from the seed particles, contributing to 
random variations in grain orientation and size. Fig. 1(d)–(f) presents 
top-view images of PCD films deposited over 2, 8, and 12 h, respectively, 
highlighting the effects of re-nucleation and lateral grain expansion on 
surface morphology. As the deposition thickness increases, grains 

Nomenclature

k thermal conductivity [W/mK]
q" heat flux [W/cm2]
T temperature [K]
ΔT wall superheat [K]

Greek symbols
θ angle [degree]

Subscripts
CA contact angle
cross cross-plane
exp experimental
in in-plane
max maximum
sat saturation
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enlarge, and longer deposition times result in more active re-nucleation, 
producing an increased number of small crystallites between larger 
grains.

2.2. Functionalization of diamond surface

Pristine PCD surfaces typically exhibit low wettability owing to their 
limited surface areas and low chemical polarity. Enhancing wettability 
through surface modification is essential for achieving high CHF in 
water. Notably, thermal oxidation considerably improves wettability by 

enhancing both the chemical and structural properties of PCD surfaces.
In the thermal oxidation process, amorphous carbon and graphite 

(sp2 phase) oxidize and are removed more quickly at lower temperatures 
than diamond (sp3 phase) grains [49,50]. This allows selective etching 
of non-diamond materials at grain boundaries using thermal oxidation 
at an appropriate temperature. For this process, the furnace was main
tained at 660 ◦C, and 100 sccm of air was supplied as the oxygen source 
to facilitate etching at the exposed grain boundaries.

Fig. 2(a) schematically presents the morphological evolution 
induced by high-temperature thermal oxidation. The etching of grain 

Fig. 1. Structural characteristics of the PCD surface. (a) FE-SEM image, (b) inverse pole figure map, and (c) image quality map captured from the cross-section after 
12 h of deposition. Top-view images of the growth surface captured after (d) 2, (e) 8, and (f) 12 h of deposition. As the deposition thickness increases, crystal size 
expands, and secondary grains become more evident.

Fig. 2. Surface and chemical composition changes in PCD during thermal oxidation. (a) Removal of grains and grain boundaries, (b) surface structural evolution with 
increasing etching depth, (c) XPS plot comparison, (d) atomic percentage analysis, and (e) contact angle variations. Thermal oxidation increases surface area and 
chemical polarity, transforming the less wettable PCD surface into a superhydrophilic surface.
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boundaries begins from the exposed top surface, forming narrow gaps 
between grains, as indicated by the red dashed lines. As these etched 
boundaries deepen into the substrate, some diamond grains are entirely 
etched and disappear, marked by the red areas. Depending on the 
etching depth, this process produces four distinct surface structures, as 
depicted in Fig. 2(b). For short etching times, the etching depths are 
shallow, creating crack-like structures at the grain boundaries. With 
extended etching, re-nucleated grains on the top surface are removed, 
resulting in a rough surface with micro-grooves. When etching is further 
prolonged, only nanoscale grains near the substrate remain, producing a 
relatively smooth surface. Fig. 2(c) and (d) compares the X-ray Photo
electron Spectroscopy (XPS) plots of the PCD surface before and after 
thermal oxidation to illustrate the changes in its chemical composition. 
As depicted, oxygen content increases markedly owing to surface 
oxidation, enhancing surface polarity. This results in a superhydrophilic 
PCD surface, with a contact angle of less than 1◦, as depicted in Fig. 2(e).

In addition to the structural changes caused by varying etching 
depths, the grain size on the etched surface also influences the surface 
morphology after thermal oxidation. The grain size on the growth sur
face begins at approximately 200 nm and progressively increases, 
exceeding 5 μm in cross-sectional diameter after 12 h. As the grain size 
increases, larger fins form during thermal oxidation, resulting in more 
pronounced hierarchical morphologies in samples with larger grains. To 
create diverse surface structures, six PCD surfaces with three distinct 
grain sizes were fabricated by etching over different durations. Table 1
summarizes the fabrication parameters and corresponding surface 
properties of the resulting PCD samples. Notably, samples labeled with 
“E-” indicate those etched via thermal oxidation, while samples prefixed 
with “B-” denote pristine samples without modification. As illustrated in 
the FE-SEM images displayed in Fig. 3(a)–(e), samples E-PCD1, E-PCD3, 
and E-PCD4 were etched to relatively shallow depths, producing crack- 
like structures. As depicted by the top-view images, a considerable 
portion of the top surface remains unetched. Small-grain samples sub
jected to extended etching times develop smooth surfaces owing to the 
excessive removal of crystal layers. Notably, sample E-PCD5 was sub
jected to a longer etching process than sample E-PCD4, leading to 
greater removal of crystallites from the top surface and the formation of 
a groove-like structure. Consequently, the surface morphology gradually 
shifts from crack-like to predominantly groove-like features.

The surface roughness coefficients, defined as the ratio of total sur
face area to projected surface area, were measured using a 3D confocal 
microscope (OLS4100-SWF, Olympus Co., Ltd., Japan). These mea
surements reflect the enhancement in surface area resulting from the 
formation of fin structures. These measurements were performed over a 
645 × 645 μm2 area with a resolution of 10 nm. A notable increase in 
surface area is observed for samples with deeply etched large grains. The 
contact angle was measured using a droplet shape analyzer (SmartDrop, 
Femtobiomed, Korea) equipped with free surface goniometry and 
gravity effect modulation algorithms. Droplets with a volume of 5 μL 
were dispensed, and measurements were conducted at five different 
locations on each sample. With the exception of the E-PCD2 sample, 
which had a smooth surface due to excessive etching, the remaining 
samples exhibited strong wicking behavior. Because the deposited 
droplets were rapidly absorbed into the porous structure, the apparent 
contact angles were below the measurable limit and were recorded as 

less than 1◦.

2.3. Test procedure and uncertainties

Fig. 4 presents the configuration of the pool boiling experimental 
setup. To evaluate the heat transfer performance, a 200 nm-thick Au 
thin-film heater with a 20 nm Ti adhesion layer was deposited via 
thermal evaporation to provide uniform heat flux over a 1 × 1 cm2 area 
through Joule heating. A 500-nm-thick SiO2 insulation layer was 
deposited using plasma-enhanced CVD. The heater was designed in a 
serpentine shape to achieve resistance between 155.1 Ω and 194.8 Ω. 
The samples were sealed in a Polyetherketone (PEEK) plate with silicon 
adhesive (DOWSIL, RTV 3145) and bolted into an aluminum chamber 
with a 7 L capacity. Before the experiment, deionized water was pre
heated in an electric kettle and added to the chamber. An immersion 
heater positioned at the same height as the PEEK fixture was then used 
to boil and degas the water within the chamber. A reflux condenser on 
the ceiling, supplied with cold water from a chiller (Jeiotech, HH20), 
condensed the vaporized working fluid, allowing it to return to the 
liquid pool. To maintain a near-saturation state during the experiment, a 
K-type thermocouple (Omega, KMQSS-062G-6) and an absolute gauge 
pressure transducer (TRAFAG E, CT8472) were installed at the same 
height as the boiling surface and monitored using a data acquisition 
module (National Instruments, NI-9214/NI-9220). Heating power for the 
heater was supplied by a DC power source (HP, 6030A), and a custom 
voltage divider was used to control the heat flux applied to the heating 
surface. This divider consisted of two high-resistance resistors (39 kΩ 
and 1 kΩ) for voltage sensing and a low-resistance shunt resistor (0.05 Ω 

± 0.5%) for current sensing. The voltage across the 1 kΩ resistor and the 
shunt resistor was measured at 1 kHz using a data acquisition system and 
a voltage module (National Instruments, NI 9220). The resulting mea
surement data were then used to calculate the total power and estimate 
the heat flux by dividing by the heating surface area. The temperature 
distribution of the heater surface was captured using an IR thermal 
imaging camera (FLIR, A655sc) with a resolution of 640 × 480 pixels. A 
thin layer of black paint with an emissivity of 0.94 (ELE, EP-10) was 
applied to the heater surface. A high-speed camera (Photron, FASTCAM 
Mini UX100) was used to optically capture bubble dynamics at a reso
lution of 1280 × 1024 pixels and a frequency of 2000 fps. The propa
gation of uncertainty was calculated, yielding maximum errors of 1.81% 
for temperature and 0.49% for heat flux. Details of component-level 
measurement uncertainties, graphs with error bars, and repeatability 
test results are provided in Fig. S2 of the Supporting Information. The 
propagation of uncertainty in the experimental measurements was 
evaluated using the root-sum-of-squares method, which combines the 
uncertainties of the acquired values. Heat flux was calculated using Eq. 
(1), which incorporates uncertainties in the voltage divider resistance 
and voltage module measurements. The maximum error in the heat flux 
calculation was determined to be ±0.49%. 
(

Uqheater

VI

)2

=

(
UVheater

Vheater

)2

+

(
UIheater

Iheater

)2

(1) 

Rapid bubble formation and departure cause pronounced fluctua
tions in wall temperature. Steady state was defined as the condition 

Table 1 
Design parameters and surface characteristics of the fabricated PCD samples.

Number Sample Deposition time [h] Etching time 
[min]

Total thickness [μm] Base thickness [μm] Surface roughness 
coefficient

Contact angle 
[◦]

1 B-PCD 2 0 3.8 3.8 1.202 77.4
2 E-PCD1 2 2 3.4 2.5 1.204 ~1
3 E-PCD2 2 5 1.1 1.1 1.088 11.2
4 E-PCD3 8 10 11.3 9.6 1.488 ~1
5 E-PCD4 12 30 25.3 15.2 3.223 ~1
6 E-PCD5 12 50 20.2 11.4 2.672 ~1
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where average temperature fluctuations remained within 0.1 ◦C over a 
10 s interval. After reaching steady state, the average temperature of the 
heating area was recorded over 30 s, with a relative error of up to 0.39%. 
The boiling surface temperature was then calculated using Fourier's law, 
based on the time-averaged heater temperature across the heating area. 
To account for the temperature-dependent thermal conductivity of the 

silicon substrate, a finite difference discretization scheme with 5 μm 
intervals was used. The HTC was obtained by dividing the heat flux by 
the difference between the average surface temperature and the satu
ration temperature of water (100 ◦C). HTC uncertainty was evaluated 
using the following equation, resulting in a relative error of up to 
18.68%. 
(

UHTC

HTC

)2

=

(
UVheater

Vheater

)2

+

(
UIheater

Iheater

)2

+

(
UΔTs

ΔTs

)2

(2) 

3. Results and discussion

3.1. Intrinsic pool boiling characteristics of the PCD surface

Fig. 5(a) illustrates the pool boiling performance of the pristine PCD 
surface, highlighting the influence of its inherent chemical surface 
properties by comparing it with the polished surfaces of Cu [51], Al 
[51], SUS [51], and SiO2 [22]. Fig. 5(b) presents the relationship be
tween apparent contact angle and CHF. Given that most surfaces are 
polished, the apparent contact angle can be considered equivalent to the 
intrinsic contact angle, which is defined as the contact angle determined 
solely by the chemical composition on a perfectly smooth surface. All 
samples exhibit moderate hydrophilicity, which does not induce 
wicking. The PCD surface fabricated in this study displays a large con
tact angle of 77◦; meanwhile, the other metallic surfaces present smaller 
contact angles, ranging from 12◦ to 65◦, depending on their degree of 
polishing and oxidation. Owing to the inherent poor wettability of the 
PCD surface, it demonstrates a noticeably lower CHF than the other 
material surfaces. The CHF data for these materials, except for the 
extremely well-polished smooth SiO2 surface, closely align with the 
predictions of Kandlikar's CHF model [52], which incorporates wetta
bility characterization. Wall superheat, strongly influenced by the 
number of nucleation sites, is relatively lower on the PCD surface 

Fig. 3. FE-SEM images of the surfaces of the fabricated PCD samples: (a) B-PCD, (b) E-PCD1, (c) E-PCD2, (d) E-PCD3, (e) E-PCD4, and (f) E-PCD5.

Fig. 4. Schematic view of the pool boiling experimental setup.
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compared to the other material surfaces. As illustrated in the inset of 
Fig. 5(a), misaligned grains on the PCD surface create spaces for gas 
entrapment. Although these spaces are too shallow to substantially 
improve wettability, they can effectively promote incomplete wetting, 
particularly leveraging the large intrinsic contact angle of PCD. The 
reduced energy barrier for nucleation at these gas-trapping sites likely 
contributes to the decrease in wall superheat.

3.2. Enhanced pool boiling heat transfer on a modified PCD surface

This section examines how thermal oxidation–induced structural and 
chemical changes of diamond surfaces contribute to reducing wall su
perheat and enhancing CHF. Fig. 6 illustrate the enhanced pool boiling 
performance of the PCD surface after thermal oxidation. Fig. 6(a) 
compares the boiling curves of three crack-like structures to illustrate 
the effect of grain size on boiling performance enhancement. Etched 

Fig. 5. Comparison of the pool boiling characteristics of the PCD surface with those of Cu [51], Al [51], SUS [51], and SiO2 [22] Surfaces. (a) Heat flux vs. wall 
superheat plot and (b) CHF vs. contact angle plot with model predictions [52–54]. Owing to its large intrinsic contact angle, the PCD surface has a relatively low CHF 
but benefits from a lower wall superheat. Shallow surface features on the growth surface create spaces for gas entrapment.

Fig. 6. Enhancement of pool boiling performance on etched diamond surfaces: (a, c) Comparisons of crack-like structures with varying grain sizes: heat flux vs. wall 
superheat and HTC vs. heat flux. (b, d) Comparisons of surfaces with varying structural types: heat flux vs. wall superheat and HTC vs. heat flux. The inset in (a) 
illustrates that as the grain boundaries are etched into cracks, smaller grain sizes result in higher nucleation site density. It further demonstrates that micro-layer 
evaporation is enhanced on the walls of the etched cracks. The inset in (b) indicates that the crack-like structure exhibits a narrow angle, while the groove struc
tures display a wider angle. Specifically, the narrow-angled crack-like structure facilitates gas entrapment, thereby increasing the nucleation site density.
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PCD surfaces with crack-like structures exhibit an Onset of Nucleate 
Boiling (ONB) temperature that is 5 ◦C higher than that of the bare PCD 
surface. This increase in the ONB temperature is attributed to increased 
polarity, which reduces the intrinsic contact angle, making gas entrap
ment in wide-angle cavities less favorable. Differences in wall superheat 
among the three crack-like structures are linked to their surface 
morphology. These surfaces exhibit varying crack densities, as the grain 
boundaries evolve into cracks during thermal oxidation. These cracks 
form narrow-angled spaces that trap gas and serve as nucleation sites; 
thus, a higher crack density effectively reduces wall superheat. Conse
quently, among all the tested samples, E-PCD1 exhibits the lowest wall 
superheat owing to its notably small grain size and highest crack density.

The nano/microscale hierarchical roughness of the etched wall 
further lowers wall superheat by establishing a three-phase contact line 
that enhances micro-layer evaporation, as depicted in the enlarged red 
box on the schematic of E-PCD4 in Fig. 6(a). The impact of micro-layer 
evaporation can be examined by comparing samples E-PCD3 and E- 
PCD4, both of which exhibit a similarly low number of nucleation sites 
owing to their large grain size. As illustrated in Fig. 3, the top surfaces of 
the grains remain relatively smooth, while the crack walls exhibit 
increased roughness due to cleavage of carbon–carbon bonds induced by 
interactions with oxygen atoms. Sample E-PCD4 is deeply etched along 
the large grains, resulting in excessive nano-hierarchical structures, 
whereas E-PCD3, with shallower etching, retains smoother top surfaces. 
Fig. 6(b) illustrates the changes in pool boiling performance with 
increasing etching depth, which results in the formation of groove-like 
structures and smooth surfaces. Owing to its longer thermal oxidation 
process compared to E-PCD1, E-PCD2 experienced excessive grain 
removal, resulting in a smooth surface. As the pores capable of trapping 
bubbles were eliminated, nucleation was notably suppressed, resulting 
in increased wall superheat. E-PCD5, which underwent a longer thermal 
oxidation process than E-PCD4, developed groove-like structures as the 
small grains on its surface were removed. Notably, groove-like struc
tures exhibit higher superheat and CHF than crack-like structures. E- 
PCD5 exhibits a superheat level similar to that of the smooth E-PCD2, 
suggesting that the nucleation enhancement enabled by incomplete 
wetting has nearly vanished.

Fig. 7(a)–(d) presents IR thermographic images of the heater surfaces 
and high-speed photographic views of the boiling surfaces of E-PCD4 

and E-PCD5 at a heat flux of 30 W/cm2. These images elucidate the 
influence of nucleation site density on bubble departure dynamics and 
wall temperature. From the temperature distributions shown in the IR 
thermographic images in Fig. 7(a) and (c), active nucleation sites can be 
identified by their lower temperatures. E-PCD4 exhibits a higher 
nucleation site density than E-PCD5 because its narrow-angled crack 
structures facilitate gas entrapment, while the wide-angled grooves in E- 
PCD5 are less conducive to this effect. The high‑speed camera images in 
Fig. 7(b) and (d) indicate that the nucleation site density also plays a key 
role in bubble departure frequency. The dense nucleation sites on E- 
PCD4 promote frequent bubble coalescence, resulting in earlier 
detachment [36]. In contrast, bubbles on E-PCD5 grow with minimal 
interference until sufficient buoyancy is achieved, leading to detach
ment at larger sizes and over longer durations. By comparing the wall 
temperatures beneath the bubble, marked by white dashed lines in Fig. 7
(a) and (c), evaporation is found to be more effectively enhanced on E- 
PCD5. This observation suggests that the groove-like structures develops 
the most abundant nanostructures among the tested structures, 
contributing to a larger thin-film area. Despite the lowest wall superheat 
being observed beneath the bubble, the surrounding single-phase re
gions remain at high wall superheat. As a result, E-PCD4, which has a 
larger number of nucleation sites, exhibits a lower average wall super
heat, as shown in Fig. 6.

Fig. 8(a)-(d) illustrates how bubble coalescence contributes to the 
triggering of CHF, based on bubble dynamics at 190 W/cm2, a condition 
that induces rapid bubble generation. Owing to its high nucleation site 
density, the crack-like structure of E-PCD4 promotes early bubble coa
lescence, leading to the formation of a large bubble. The resulting 
bubble behavior, as observed in the IR image, initiates a large central dry 
spot that expands rapidly. In contrast, the lower nucleation site density 
of E-PCD5 results in partial bubble coalescence and the formation of 
three distinct clusters; this configuration preserves liquid supply paths 
and effectively suppresses dry spot expansion.

Fig. 9(a)–(b) illustrates structural factors contributing to CHF 
enhancement on modified PCD surfaces. Samples with larger grains 
presented greater CHF improvement compared to those with smaller 
grains, with E-PCD5 achieving up to a 119.4% increase over the bare 
PCD surface. On superhydrophilic surfaces, where liquid spreading is 
prominent, the liquid supply to dry patches cannot be entirely 

Fig. 7. IR thermographic images of the heater surfaces of (a) E-PCD4 and (c) E-PCD5 and high-speed image sequences of the boiling surfaces of (b) E-PCD4 and (d) E- 
PCD5 at a heat flux of 30 W/cm2. In the IR thermographic images, the white dashed regions indicate areas of active nucleation where phase change occurs. In the 
high-speed images, the red dashed lines highlight the expanding boundary of the growing bubble. Multiple bubbles grow simultaneously on the crack-like structures 
of E-PCD4, indicating a high nucleation site density, whereas the groove-like structure of E-PCD5 exhibits the formation of a single bubble. In (b), two adjacent 
bubbles coalesce during growth and detach at an early stage.
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characterized by contact angle alone.
Fig. 9(a) compares the experimental CHF values with those predicted 

using the surface roughness coefficient proposed by Chu et al. [22]. 
Although the model predicts that CHF increases with increasing surface 
roughness, the experimental results for E-PCD4 and E-PCD5 (indicated 
in green) exhibit the opposite trend. This deviation arises from the 
restricted liquid replenishment observed in excessively miniaturized 
structures. When the surface area enhancement surpasses a critical 
threshold, viscous drag outweighs the benefits of increased capillary 
pressure, thereby limiting the overall liquid supply.

Fig. 9(b) compares the experimental CHF values with those predicted 
using the model introduced by Rahman et al. [33]. The volumetric 
wicking flow rate was calculated using the approach described by Kim 
et al. [23], which incorporates both capillary forces and viscous drag. 
Despite exhibiting a greater surface area, E-PCD4 demonstrates a lower 
wicking velocity than E-PCD5. This suggests that the cracks formed 
during thermal oxidation are intrinsically too narrow, resulting in sub
stantial viscous resistance. Consequently, liquid flows more readily 
through the wider grooves of E-PCD5.

Fig. 9(c) presents a comparison of the CHF and HTC measured on the 
enhanced diamond surface with values reported in previous studies. The 
crack-like and groove-like structures exhibit higher CHF and HTC than 
micro-patterned surfaces fabricated through DRIE-based processes. This 
finding demonstrates that the challenges associated with diamond 
machining can be addressed and that surface enhancement is achievable 
without reliance on mask-based processes. While previous studies 
typically relied on a two-step process—etching microstructures followed 
by nanostructure deposition—to achieve hierarchical architectures, our 
approach provides a manufacturing advantage by enabling their for
mation in a single thermal oxidation step. In addition, the results pre
sented here capture only the improvement in convective heat transfer, 
excluding the effects of heat spreading. In practical high-power devices 
with tiny heat sources and extreme heat fluxes, the superior heat 
spreading capability of diamond is expected to play a dominant role, 
substantially amplifying its overall cooling performance.

Fig. 8. IR thermographic images of the heater surfaces of (a) E-PCD4 and (c) E-PCD5 and high-speed image sequences of the boiling surfaces of (b) E-PCD4 and (d) E- 
PCD5 at a heat flux of 190 W/cm2. The red dashed lines in the high-speed images delineate the boundaries of the coalesced bubbles. In the crack-like structure, 
bubbles grow in a fully coalesced state, thereby interrupting liquid supply. In contrast, the groove-like structure exhibits partial coalescence while maintaining liquid 
supply paths toward the center of the boiling surface. The white dashed lines in the IR images denote the dry spots. As the vaporization rate becomes comparable to 
the liquid supply rate toward the center, repeated formation and disappearance of dry spots are observed.

Fig. 9. Comparison between experimental and predicted CHF values: (a) as a function of surface roughness coefficient [22] and (b) as a function of volumetric 
wicking flow rate [33]. The dashed lines represent the CHF values predicted by the models, and the symbols correspond to the experimental data. (c) concluding 
remarks [22–24,28,32,55].
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4. Conclusions

This study investigated the intrinsic pool boiling properties of dia
mond surfaces and introduced a surface enhancement method for 
energy-efficient cooling of high-power devices. Notably, given the non- 
polar nature and low surface energy of PCD, its surface exhibited poor 
wettability, constraining the CHF to 100 W/cm2. However, high- 
temperature oxidation substantially improved the wettability of the 
diamond surface, increasing the CHF to as high as 220 W/cm2. Three 
distinct surface morphologies were apparent, depending on the depth of 
the etched grain boundaries. Among these, groove-like structures yiel
ded the greatest CHF enhancement, with an increase of 119.4%. Their 
large surface area and optimal gap spacing notably increased wicking 
velocity. However, the induced chemical polarity weakened nucleation 
activity, thereby increasing wall superheat. Crack-like structures coun
teracted this effect by promoting incomplete wetting, leading to a 47.8% 
increase in the maximum heat transfer coefficient. Excessive grain 
removal produced an overly smooth surface, eliminating structural 
features and leaving only chemical modifications. On smooth hydro
philic surfaces, CHF improvement was severely limited and nucleation 
was strongly suppressed, underscoring the importance of incorporating 
structural modifications. Integrating these pool boiling enhancements 
with the superior heat-spreading properties of diamond could enable 
energy-efficient cooling solutions for high-heat-flux devices.
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