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A B S T R A C T

Stability of functionalized surfaces is an often-neglected topic in phase-change heat transfer research. Here, we
examine the chemical and morphological changes of textured surfaces on the molecular and atomic level after
the critical heat flux incipience during saturated pool-boiling of water. SEM imaging, EDS, AES and XPS analyses
are used to examine the surface changes. Copper samples were laser textured via ablation using a nanosecond
fiber laser under air or argon atmosphere. Multiscale microcavities, which serve as preferential nucleation sites,
were produced on the samples, which exhibited significantly enhanced heat transfer performance in pool-boiling
tests. Repeated formation of a vapor film and accompanying temperatures of up to 320 °C during the tests
resulted in changes of the surface chemistry and nanomorphology. It was determined that Cu (II) oxide and
hydroxide transform into Cu (I) oxide and Cu metal as a result of repeated low-temperature annealing of the
surface when a vapor film is formed during the transition towards film boiling. This additionally causes a
wettability transition of the functionalized surfaces from hydrophilic towards hydrophobic. Both effects im-
portantly influence the solid-liquid-vapor interface during phase-change heat transfer. Overall, surfaces func-
tionalized via laser texturing exhibited significantly enhanced stability and boiling heat transfer performance.

1. Introduction

Boiling is one of the most efficient mechanism of heat transfer in
high heat flux applications, such as nuclear reactors, (micro)electronic
components and supercomputer cooling. This is due to extremely high
heat transfer coefficients (HTC) that allow small surface superheats at
high heat fluxes. Here, the surface superheat is defined as the excess
temperature of the surface relative to the temperature of the working
fluid. The typical boiling curve [1], i.e., the heat flux as a function of
the surface superheat, is shown in Fig. 1. As the surface superheat in-
creases, the boiling process progresses from natural convection to film
boiling. The transition from the desired nucleate boiling into undesir-
able film boiling happens at the upper heat flux limit, defined as the
critical heat flux (CHF). For water at atmospheric pressure, this typi-
cally transpires at around 1MWm−2.

Boiling heat transfer involves intense processes including the va-
porization of the working fluid, high surface temperatures and high-
frequency temperature variations due to bubble nucleation. These
phenomena interact with the boiling surface in such extent that they
can change its physical and chemical properties over time. While long-
term effects on the boiling heat transfer parameters have been

investigated in the past [2,3], there are practically no publications
discussing specific changes of the surface either after prolonged ex-
posure to boiling or after the first incipience of the CHF and the sub-
sequent transition into film boiling. Furthermore, it is still not well
understood how the surface chemistry and morphology of functiona-
lized (e.g. in similar way as in Ref. [4]) surfaces are affected by the high
temperatures that are invariably present within the transition and film
boiling region. Finally, the boiling process affects the wettability of the
surface in yet not fully understood ways. Changes in the chemical
composition and morphology of the surface are the most likely causes
for the wettability alterations.

Even though boiling heat transfer is, alongside with condensation,
one of the most intensive convective heat transfer processes, it can still
be improved. A multitude of factors affect the boiling process and heat
transfer. These include the physical, thermodynamic and wetting
properties of the working fluid and the environmental parameters
(pressure, gravity, electromagnetic fields etc.). The most researched and
prospective approach in boiling enhancement is the modification of the
boiling surface and its interaction with the working fluid at the solid-
liquid-vapor interface. Most research efforts are aimed at enhancing
this interaction through surface coatings [5–7], direct surface texturing
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[8,9] and fabrication of macro-, micro- and nanoscopic surface struc-
tures [10–12].

Over the past decades, many approaches have been developed to
improve the following key boiling heat transfer parameters: the heat
transfer coefficient, point of nucleate boiling onset and critical heat
flux. This has been achieved through fabrication of micro and nanos-
tructures [4,13], wettability modification [6,14], nanoparticle deposi-
tion [15,16] and nanowire/nanorod fabrication [12,17]. Besides im-
proving the heat transfer parameters, other aspects of the boiling
surface are important from a practical application standpoint. They
include surface stability, price and flexibility of the modification pro-
cess and resistance to fouling and mechanical damage. One of the most
commonly used materials in heat transfer applications is copper, which
provides extremely high thermal conductivity. Additionally, it is su-
perbly resistant to biofouling and many types of corrosion, resistant to
high temperatures and can be easily shaped and joined. While a ple-
thora of surface modification methods exist, especially direct laser
texturing is gaining importance due to several advantages over other
methods, which include extreme flexibility of patterns and effects that
can be produced [18,19] and absence of chemicals in the surface fab-
rication process (eco-friendliness).

This study has multiple goals. Firstly, pool-boiling heat transfer
performance of laser-textured copper surfaces is investigated. Two
laser-textured surfaces are fabricated under different processing atmo-
spheres with intentionally created multiscale microcavities. Laser pro-
cessing parameters were previously optimized and tested on stainless
steel [4,8,20]. Here, they are used to induce the multiscale micro-
cavities on the copper surfaces for enhanced nucleate boiling heat
transfer. Surface topography and chemical composition are analyzed
using scanning-electron microscopy (SEM), energy-dispersive X-ray
spectroscopy (EDS), Auger electron spectroscopy (AES) and X-ray

photoelectron spectroscopy (XPS) analysis, 3D optical microscopy and
apparent water contact angle (WCA) measurements. Boiling perfor-
mance of the surfaces is tested using twice-distilled water at atmo-
spheric pressure under saturated conditions. Secondly, boiling tests are
repeated multiple times (achieving CHF incipience every time) on the
tested surfaces to determine the stability of the boiling curve and hence
the surface properties. Finally, the characteristics of the surfaces are
compared before and after the boiling process had taken place on them.
Changes in surface chemical composition after the boiling experiments
are observed and a possible relationship between the changes of the
boiling heat transfer, surface chemistry changes and wettability al-
terations is investigated.

2. Materials and methods

2.1. Sample preparation

Research was carried out on disc-shaped samples with a diameter of
18mm and thickness of 4mm made of copper with electrolytic purity
(99.9+ % Cu). A type K thermocouple was glued into the hole in each
sample. All samples were finely sanded using first P1200 and then
P2000 grit sandpaper before subsequent laser treatment. A reference
(untreated) sample, denoted as REF, was produced with a surface
roughness Sa=0.15 μm.

2.2. Laser texturing

Two samples were laser textured using laser parameters listed in
Table 1 and two processing atmospheres (air and argon - an inert at-
mosphere). The laser processing parameters were optimized within our
previous work [4,8]. A nanosecond fiber laser (SPI Lasers, G4, SP-020P-
A-HS-S-A-Y) with the wavelength of λ=1060 nm was employed for
surface processing. The used pulse duration equaled 28 ns at full width
at half maximum (FWHM) and 50 ns at 10% peak power, respectively.
Average power of the laser pulses equaled 9.2W with a corresponding
beam diameter of 38 μm. The spot beam diameter 2w0 was calculated
from focal lens distance of the F-Theta lens (fL= 163mm), beam dia-
meter at the F-Theta lens D and the beam quality factor M2=1.3, as
2w0= 4M2λfL/(π D). The laser beam was guided across the surface
using a scanning head (Raylase, SS-IIE-10) in a way that the distance
between two consequent pulses equaled 3 μm. Both samples were tex-
tured in x direction utilizing a variable scanning line separation
Δy={50 μm, 55 μm, 60 μm} in order to guarantee the appearance
multiscale microcavities, as previously explained in detail in Refs. [4,
8]. The average pulse fluence is calculated as F= Ep/(πw0

2), where Ep
is used for pulse energy.

2.3. Surface characterization

Surfaces were characterized by using several analytical methods. To
reveal the surface morphological modifications, the samples were ex-
amined using a SEM (JEOL JSM-6500F) at an accelerating voltage of
15 kV utilizing a secondary electron detector. The roughness para-
meters (Sa and Ra) were measured by a non-contact Alicona
InfiniteFocusSL microscope.

The surface chemistry on an atomic and molecular level were ana-
lyzed with different techniques. A dispersive X-ray spectroscopy (EDS;

Fig. 1. Typical pool-boiling curve with presentation of different surface-fluid
interface scenarios.

Table 1
The key processing parameters used for laser-textured surfaces.

Sample Scanning line separation
Δy (μm)

Scanning velocity
v (mm s−1)

Repetition rate
f (kHz)

Pulse fluence
F (J cm−2)

Processing atmosphere

L1 Variable, 50–55-60 150 50 16.1 Air
L2 Argon
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Oxford EDS Inca Energy 450 with Inca X-Sight LN2 detector type) was
used, since it presents a very convenient and widely accessible tech-
nique. However, it acquires the X-ray signal from one- to several- mi-
crometers thick surface layer [21]. Thus, its signal contains an average
of the elemental composition from the modified surface (with a typical
thickness of only several hundred nanometers) and unmodified bulk
material. One set of EDS measurements was performed at an accelera-
tion voltage of 20 kV, while for the second set this voltage was reduced
to 5 kV in order to probe the atomic composition of the region closer to
the (modified) surface layer. Since only the uppermost surface layer
represents an interface that effects the interaction between the surface
and its surroundings (i.e., the working fluid in our case), the atomic
composition of the first few nanometers of the surface was additionally
examined by an Auger electron spectroscopy (AES; Microlab 310F VG-
Scientific SAM) with a depth resolution in the nanometer range. The
chemical composition of different copper oxides was analyzed by fitting
the narrow-range X-ray photoelectron spectroscopy (XPS) scans of Cu
2p3/2 peak. Here, Al-Ka radiation at 1486.6 eV with an anode volta-
ge×emission current 12.5 kV×16mA=200W power was used.

The wettability of the surfaces was evaluated at room temperature
using twice-distilled water and a goniometer of our own design. Based
on the pictures taken with an IDS UI-3060CP camera, analysis and
apparent contact angle determination were performed using a
MathWorks MATLAB script, similarly as in Ref. [22]. Characteristics of
all surfaces were analyzed immediately before the boiling tests and
after them to record any changes that would primarily be a con-
sequence of the boiling process.

2.4. Pool-boiling setup

A schematic representation of the pool-boiling experimental setup is
shown in Fig. 2. It consists of a cylindrical glass boiling chamber with
an inner diameter of 100mm. During the boiling experiments the
chamber was filled halfway with 500ml of twice-distilled water. An-
other glass cylinder is mounted around the boiling chamber to mini-
mize heat losses. Heat is supplied to the sample by the means of con-
duction from the copper heater block with three 400WAC cartridge
heaters. Heat flux is calculated through the spatial temperature profile
utilizing the Fourier's law of heat conduction from temperatures,
measured in the heater block's stem. The sides of the copper stem are
insulated with aerogel fiber mat with a thermal conductivity of

0.016Wm−1 K−1. Since the thermal conductivity of copper is more
than a thousand times higher than that of the insulation, one dimen-
sional heat conduction is considered, and lateral heat losses are dis-
regarded as they are negligible. An immersion heater is used to bring
the water to the saturation temperature and degas it through vigorous
boiling for two hours prior to the start of the measurements. During the
measurements, the power of the immersion heater is decreased to a
minimum so that the saturated state of the liquid is maintained.

Before every measurement, the surface and the water were cooled
down to below 95 °C to ensure that all vapor nuclei in cavities con-
dense. Measurements were performed by continuously increasing the
heat flux at the rate of approximately 0.2 kWm−2 s−1 in the natural
convection region and 2 kWm−2 s−1 in the nucleate boiling region.
Preliminary measurements have confirmed that the results obtained
using this methodology do not differ from the results obtained in a
steady state (see Supplementary Information Fig. S2). On laser-textured
surfaces, boiling heat transfer was first evaluated through several ex-
perimental runs up to 1500 kWm−2. After that, CHF was measured and
the additional boiling curves were recorded in subsequent tests,
achieving CHF incipience every time.

As the heating block with the cartridge heaters present a consider-
able thermal mass, the creation of a vapor film on the surface and
transition towards film boiling could not be prevented when the CHF
incipience occurred. At this point, the surface was left to cool together
with the heating block until the vapor film collapsed. The ongoing
phase-change process transitioned towards the film boiling region after
the CHF incipience and vapor film formation (approximately along the
dashed line between CHF and MHF in Fig. 1). Even though a vapor film
formed and persisted on the surface, the surface temperatures did not
exceed 320 °C, as the heat supply was turned off immediately after
reaching CHF incipience. After the formation of the vapor film, the
boiling process continued at a very low heat flux with decreasing
temperatures (at an average rate of approximately −0.2 K/s to−0.4 K/
s). This process can be roughly described by the green dash-dot line in
Fig. 1. Nucleate boiling was reestablished after the disintegration of the
vapor film. During the vapor film formation process, the surface tem-
peratures reached 210–320 °C (the higher the CHF value, the higher the
surface temperature after the CHF incipience). Typically, the vapor film
disintegrated after approximately 10min.

The relative measurement uncertainty of the heat flux was esti-
mated as 3.6% at 200 kWm−2 and 2.1% above 1MWm−2. The relative

Fig. 2. Pool-boiling experimental setup.
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measurement uncertainty of the surface superheat was calculated to be
6.2% at 1MWm−2 and the heat transfer coefficient relative measure-
ment uncertainty was 6.5% at 1MWm−2.

3. Results

3.1. Surface characteristics

The surfaces used in boiling experiments are summarized in Table 2,
while the corresponding SEM images are shown in Fig. 3.

The presence of multiscale microcavities discussed in previous
sections was confirmed using SEM imagining (see Supplementary
Information, Figs. S3 and S4). The size range of microcavity diameters
on every surface was measured on multiple SEM images and is listed in
Table 2 as minimum and maximum measured values.

Laser-texturing parameters were chosen based on preliminary
testing and in accordance with findings of our previous research made
on stainless steel [4,8,20]. We have shown that so-called multiscale

microcavities form on the ridge of resolidified material between two
parallel laser beam scanning lines on the surface of the sample. The
material (metal) is ablated, partially vaporized and molten due to high
peak intensities (exceeding 109W cm−2) of laser pulses. Rapid vapor-
ization itself causes recoil pressure, which exceeds the surface tension
pressure of the liquefied metal and therefore induces the hydrodynamic
motion of liquefied metal towards the side of each laser beam trace
[23].

In this study, we have slightly modified the parameters from our
previous work so that multiscale microcavities with diameters between
0.35 and 5.6 μm (see Fig. S1 in Supplementary Information) formed on
the copper samples between parallel laser scanning lines due to over-
lapping of the resolidified material. A graphic explanation of the mi-
crocavity formation process is shown in Fig. 4. However, microcavities
only form when a specific combination of laser beam parameters
(particularly, pulse fluence [22]) and texturing pattern geometry is
used. Therefore, we used variable spacing of the scanning line separa-
tion (50–55–60 μm) to ensure that microcavities would surely form and
to achieve a wide range of their radii (e.g., see Ref. [4], including the
complementary Supplementary Information).

Previous studies [4,8] have shown that the multiscale microcavities
significantly enhance the boiling process as they serve as potential and
preferential active nucleation sites from which the bubbles grow.
Moreover, some cavities are interconnected between each other, thus
forming vapor-trapping pockets inside the boiling surface, while their
dimensions depend on the laser-texturing parameters [4]. Thus, these
parameters need to be tailored to the material of the sample.

Hsu [24] developed a criterion for the size range of microcavities,
which determines whether they can serve as active nucleation sites for a
given combination of the working fluid, surface wettability and surface
superheat. Based on this theory, the most appropriate diameters of
microcavities for them to serve as active nucleation sites in pool boiling
of water are in the micrometer range with the exact numbers being
dependent on the surface wettability. By producing an abundance of
microcavities of various sizes within this micrometer size range, we
managed to reduce or possibly eliminate the effect of surface wett-
ability as nucleation can take place from preferential microcavities re-
gardless of the wettability with plenty microcavities available on the
surface for any given required diameter.

Table 2
List of surfaces used in the experiments.

Sample Treatment Microcavity size range (μm)

REF Mechanical (sanding with P2000 grit) N/A
L1 Laser texturing (microcavities produced in air) 0.35–5.6
L2 Laser texturing (microcavities produced in argon) 0.37–4.9

Fig. 3. SEM images of (a) the reference surface REF, (b) laser-textured surface
in air L1 and (c) laser-textured surface in argon L2.

Fig. 4. Multiscale microcavity formation process.
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3.2. Pool-boiling performance

Boiling performance of each surface was evaluated multiple times.
Fig. 5 shows the boiling curves (i.e., heat flux as a function of surface
superheat) recorded on all surfaces during the experimental run when
the CHF was first reached and during the first subsequent experimental
run. A significant shift in boiling curves was recorded and will be dis-
cussed in detail later.

Boiling heat transfer parameters recorded at the first CHF incipience
and during the first subsequent experimental run are summarized in
Table 3. While the highest HTC value for surface L1 and L2 was re-
corded at the CHF incipience, the highest HTC values on the reference
surface were recorded at a heat flux approximately 10% below CHF.

The values in Table 3 show that CHF decreases on all surfaces fol-
lowing its first incipience. However, since the boiling curves are shifted
towards lower superheats, the HTC values do not necessarily decrease
by a large margin; in the case of surface L1, HTC actually increases.
Laser-textured surfaces also show significant heat transfer parameter
improvements with CHF and HTC increases in comparison with the
reference surface of 86–89% and 117–129%, respectively (both before
the first CHF incipience).

3.3. Boiling curve and boiling process stability

Due to the observations made during initial experiments with
boiling performance of structured surfaces (Fig. 5), additional research
was carried out to further analyze the stability of the boiling process
and boiling curve shift after the first incipience of CHF. Fig. 6 shows the
results of repeated experimental runs on all surfaces. The first in-
cipience of CHF is denoted by purple color; the CHF was also reached
during every subsequent experimental run. The incipience of CHF and
film boiling did not damage nor destroy the surface. However, the
surface characterization, discussed in the next sections, revealed that it

Fig. 5. Boiling heat transfer performance before and after the first incipience of
CHF shown as (a) boiling curves and (b) heat transfer coefficients.

Table 3
Boiling heat transfer parameters before and after the first CHF incipience.

Sample Before first CHF After first CHF

CHF (kWm−2) ΔTs (K) max. HTC (kWm−2 K−1) CHF (kWm−2) ΔTs (K) max. HTC (kWm−2 K−1)

REF 835 27.7 33.3 [@ 791 kWm−2] 717 23.5 32.4 [@ 684 kWm−2]
L1 1554 21.5 72.3 [@ CHF] 1232 15.7 78.7 [@ CHF]
L2 1580 20.8 76.1 [@ CHF] 1381 18.9 73.0 [@ CHF]

Fig. 6. Boiling curve stability in repeated experimental runs on (a) the re-
ference surface REF, (b) laser-textured surface in air L1 and (c) laser-textured
surface in argon L2.
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significantly influenced surface morphology, chemistry and wettability.
The reference surface exhibits a slight shift of the boiling curves

towards lower superheats with CHF decreasing with every experimental
run. On the contrary, the boiling curves on the laser-textured surfaces
exhibit excellent stability before and after the first CHF incipience. A
shift of boiling curves is again observed and the curves stabilize after
undergoing the shift.

3.4. Influence of CHF incipience on surface properties

The atomic composition of all surfaces was examined before and
after boiling (after reaching CHF multiple times) by using EDS and XPS.
Additionally, all AES results are available in Supplementary
Information (Fig. S11 and Table S2). They show the lowest O/Cu ratio
(0.72) on the REF surface before boiling. After boiling, this ratio in-
creases to 2.1, which is also the highest O/Cu ratio recorded in our
analysis. From these results (see Supplementary Information, Table S2),
it follows that the O/Cu ratio decreases after boiling for both laser-
textured surfaces. This suggests surface deoxidation when CHF is
achieved. The content of carbon most probably corresponds to surface
contamination that may happen even during their storage (after boiling
and before surface analysis) [25]. Our analysis focused primarily on the
content of oxygen and copper (see also Supplementary Information,
Tables S2–S4).

The surface atomic composition was also analyzed in parallel by
using EDS, since this method is often used [26,27] for surface char-
acterization of laser-textured surfaces due to its simplicity and wide
accessibility. As expected, the O/Cu ratios (see Supplementary In-
formation, Tables S3 and S4) are significantly lower as those measured
by AES. This happens since EDS acquires X-rays from a much thicker
surface layer resulting in an increased amount of the detected Cu atoms
(e.g., from the bulk of the material). Reducing the acceleration voltage,
as suggested in [27], slightly increases the O/Cu ratio, but it is not able
to overcome the deficiency of this technique. Therefore, EDS can be
mainly used for a preliminary examination of chemical modifications
due to laser-surface interaction and it cannot be used for (any) con-
clusions regarding the chemical composition of the uppermost layers of
molecules/atoms, which are vital for the interaction with the working
fluid during boiling.

Copper has two stable oxides: cuprous (Cu2O, denoted also as Cu(I)
oxide) and cupric (CuO, denoted also as Cu(II) oxide) oxide; therefore,
the atomic O/Cu ratio should be between 0 (pure copper) and 1 (pure
cupric oxide). AES analysis, as already explained, in almost all cases
gave this ratio above 1. This suggests that oxygen also has to be bound
to other molecules – most probably in the form of oxygen-containing
functional groups within organic carbon contamination (e.g., CeO and
OeC]O) [25,28,29]. However, the atomic O/Cu ratio can reach values
up to 2 also in case of Cu(II) hydroxide (Cu(OH)2). Thus, to completely
understand the influence of the boiling process on the chemical mod-
ification of laser-textured surfaces, an XPS analysis is unavoidable.

Typical narrow-scan XPS photopeaks for C 1s and Cu 2p3/2 are
shown in Fig. 7. The C 1s peak was fitted using Shirley-type background
and three pure Gaussian line shapes (defined by GL(0) in CasaXPS), as
suggested in Ref. [29]. A main peak at 284.7 eV was attributed to hy-
drocarbon chains or the graphitic structure (CeC/CeH) and it was used
for charge neutralization. The other two contributions were attributed
to the oxygen containing functional groups CeO and OeC]O, and
were constrained at around 1.5 eV, and 3.6 eV from the C-C/C-H
components, respectively [28,29] (all fitting parameters are summar-
ized in Supplementary Information, Table S5).

The narrow scan of the Cu 2p spectra for the laser-processed sur-
faces before boiling show two peaks [e.g., see Fig. 7(b)]. The signal with
peak between 932 and 934 eV corresponds to Cu 2p3/2 level and is
composed of peaks corresponding to Cu metal, Cu(I) oxide, Cu(II) oxide
and Cu(II) hydroxide [30,31]. However, the Cu 2p3/2 level in Cu(II)
oxide and Cu(II) hydroxide results in the presence of a shake-up

satellite at approximately 10 eV higher binding energies than the 2p3/2
peak [31,32]. The presence of this shake-up satellite peak is, therefore,
a clear indicator of the presence of Cu(II) oxide and/or Cu(II) hydro-
xide.

As clearly visible from Fig. 7(b,c), the shake-up satellite peak dis-
appears after boiling experiments on the L1 sample. Similar behavior is
also observed on the L2 sample (see Fig. S18 in the Supplementary
Information), although the sum of the CuO and the Cu(OH)2 content is
much lower on the L2 sample even before boiling. This suggests that the
boiling process results in deoxidation of Cu(II) oxide and hydroxide into
the Cu(I) oxide and/or Cu metal.

As shown by Biesinger et al. [31,33], the relative concentration of
the Cu metal and Cu(I) oxide species on the surface, κ0/I, can be de-
termined by the areas An under the main Cu 2p3/2 peak and B under the
shake-up satellite peak [Fig. 7(a)] as:

=
−

+

κ
A ηB
A B0,I (1)

where factor η was experimentally determined to be in the range be-
tween 1.57 ± 0.1 for pure Cu(II) hydroxide and 1.89 ± 0.08 for pure
Cu(II) oxide [31]. The relative concentration of the Cu(II) species
equals κII = 1- κ0,I. By using Eq. (1), we calculated the atomic percen-
tage of Cu metal and Cu(I) oxide species as well as Cu(II) oxide and
hydroxide species of all the tested surfaces before and after boiling. The
range of Cu/Cu2O atomic concentration calculated by Eq. (1) from XPS
spectra of all the used surfaces is shown in the third column of the Table
S6 in the Supplementary Information.

However, the relative concentration of the Cu(II) oxide and hy-
droxide on the surface can be determined only by appropriate fitting of
the main and the shake-up satellite peaks within the Cu 2p3/2 spectra.
This was also done by using a Shirley-type background. We followed
the fitting parameters suggested in the Ref. [31]. For determination of
Cu metal and Cu(I) oxide species, two Gaussian (10%) – Lorentzian
(90%) peak shapes (defined by GL(90) in CasaXPS) were constructed.
The Cu metal peak was constrained within 932.60–932.65 eV, while the
Cu(I) oxide peak was constrained within 932.0–932.65 eV. However,
the statistically similar binding-energy values of Cu metal and Cu(I)
oxide makes it impossible to distinguish between these two species from
fitting the Cu 2p3/2 peak [31]. Thus, we have summed the concentra-
tions obtained by both peaks.

For the deconvolution of Cu(II) oxide, four Gausian (70%) –
Lorentzian (30%) peak shapes (defined as GL(30) in CasaXPS) were
constructed. They were constrained at around 1.13 eV, 7.89 eV, 9.02,
and 11.07 from the Cu metal component, respectively. The sum of these
peaks fitting the main and the shake-up satellite peaks gives the con-
centration of the cupric oxide. The Cu(II) hydroxide was determined by
using another four peaks (defined by GL(30) peak shape in CasaXPS)
that were constrained at around 2.04 eV, 6.67 eV, 9.57 eV, and 11.49 eV
from the Cu metal peak, respectively. These peaks together were used to
determine the concentration of the Cu(II) hydroxide on each of the
tested samples. The peaks used for the deconvolution of the 2p3/2
spectra are shown in Fig. 7(b,c).

The results, summarized in Fig. 8 (and in Supplementary Informa-
tion, Table S6) reveal that different laser-processing parameters result
in different amounts of copper oxides and hydroxides. The Table S6
(Supplementary Information) clearly shows that the values, obtained by
the deconvolution of the XPS signal, match the values, calculated by
using Eq. (1), well.

Different starting amount of CuO on the laser-textured surfaces
correlates well with the available literature [34,35]. Predominantly
CuO and Cu(OH)2 form on the surface, which was textured under air
atmosphere, whereas a large amount of Cu2O is present on the sample,
fabricated under the inert argon atmosphere with a negligible oxygen
content.

Results clearly indicate that a significant part of the cupric oxide is
converted into the cuprous oxide during boiling on all samples.
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Moreover, the content of Cu(OH)2 decreases post-boiling on all sur-
faces, which corresponds to reduction of Cu(OH)2 into Cu(I) oxide and
Cu metal. This is additionally confirmed by high magnification SEM
images, shown in Fig. 9 (see also Figs. S5-S10 in the Supplementary
Information), where the typical shape of both oxides is clearly distin-
guishable. In our case, Cu(II) oxide and hydroxide primarily form thin
needle-like structures (as in Refs. [36–38]), whereas Cu(I) oxide man-
ifests itself as sub-micron sized cubes or (truncated) octahedra (as in
Refs. [39–41]).

The apparent contact angle of water (WCA) was measured on every
surface prior to the boiling experiments and immediately after them.
Ten drops were deposited onto various parts of the surface and the
contact angles were recorded and averaged; they are depicted in
Fig. 10. The wettability of all tested surfaces decreases after boiling.
Laser-textured surfaces are hydrophilic after processing and before
boiling. These surfaces are covered with high-surface-energy oxides
which form during laser texturing [21,26] when the surface material is
molten and ablated. After being exposed to high temperatures during
repeated CHF incipience, saturated twice-distilled water and the boiling
process for several hours, the wettability of surfaces changes from a

hydrophilic towards a hydrophobic state with contacts angles between
84° and 121° (Fig. 10).

4. Discussion

The results of pool-boiling experiments on laser-textured surfaces
show that laser processing can be utilized to fabricate metal surfaces for
significantly enhanced nucleate boiling heat transfer. The latter is
achieved mainly by providing preferential active nucleation sites in the
form of microcavities or similar (micro)structures. In this way, the laser
texturing gave us control over the locations where bubbles would form
and grow on the surface. Multiscale microcavities have been previously
proposed and fabricated on stainless steel [4,8] to enhance the boiling
performance and control. Current results prove that the same methods
can also be applied to copper through minor modifications of the laser-
texturing parameters due to different material and optical properties of
copper as opposed to stainless steel. The results of boiling experiments
indicate that the laser-processing atmosphere had only a minor influ-
ence on the boiling heat transfer performance, since the boiling heat
transfer is significantly enhanced as long as appropriately sized

Fig. 7. Results of the XPS analysis of the surface composition. (a) Cu 2p3/2 main peak and its shake-up satellite on the surface REF before boiling; Cu 2p3/2 main peak
and its shake-up satellite (with corresponding deconvolution) on the surface L1 (b) before and (c) after boiling; deconvolution of the C 1s peak on surface L1 (d)
before and (e) after boiling.
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microcavities are present on the surface. This is proved by experiments
on surfaces L1 and L2, which provide a similar enhancement over the
untreated reference surface.

Possible reasons for the shift in boiling curves were researched
systematically. Leakage of substances from materials used in the con-
struction of the experimental setup into the water could cause a change
in its properties. This was, however, disproven by additional experi-
ments where the water was changed after two experimental runs. If
there were any impurities in the water significantly impacting boiling
heat transfer, the boiling curves would shift back to their original po-
sition after the water was replaced. However, the boiling curves of
experiments with replaced water closely matched that of the experi-
mental run with the original water after the first CHF incipience.

Detailed results of this additional experiment are available in the
Supplementary Information (Fig. S19).

In addition to nucleate boiling being a very intensive process, high
temperatures are reached during the CHF phenomenon when the pro-
cess transitions towards film boiling (in the region of 210–320 °C). This
is likely results in low-temperature annealing of the surface, which
causes a partial conversion of copper oxides from one form to another
in addition to the reduction of the Cu(OH)2. As mentioned previously,

Fig. 8. Comparison of the Cu/Cu2O,CuO and Cu(OH)2 content before and after
boiling.

Fig. 9. Morphology of laser-textured surfaces L1 (a) before and (b) after boiling and L2 (c) before and (d) after boiling.

Fig. 10. Apparent water contact angle on all surfaces immediately before and
immediately after boiling experiments.
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these high temperatures persisted on the surface after CHF incipience
for a significant amount of time. Hyam et al. [38] have shown that heat
treatment of Cu(OH)2 in different atmospheres causes a transformation
into CuO or reduction to Cu2O. Tobin et al. [42] have shown that CuO
partially converts to Cu2O alongside with the appearance surface
deoxidation during vacuum annealing of copper at 200 °C. Li et al. [43],
Honkanen et al. [44], Figueiredo et al. [45] and Figueira et al. [46]
have shown that Cu2O forms during low-temperature annealing of Cu
samples in air atmosphere (from below 200 °C to roughly 300 °C) and
that CuO preferentially forms at higher temperatures (above 350 °C).
This appears to confirm the transformation of Cu(II) oxide and hydro-
xide (formed during laser texturing due to very high temperatures) into
Cu(I) oxide and, presumably, Cu metal during the film boiling after the
incipience of CHF. It also appears that this transformation is complete
within one incipience of CHF and subsequent film boiling on samples L1
and L2 as higher temperatures are reached during film boiling (up to
320 °C) due to higher CHF. On the untreated reference surface, CHF
values decrease every time the transition into film boiling is reached,
which is likely due to slightly lower temperatures of the surface during
film boiling (210–250 °C) and, therefore, incomplete annealing.

The decrease in wettability of laser-textured surfaces can be par-
tially explained by a reduction of both oxygen and CuO content as re-
corded by the AES and XPS analyses. This also correlates well with the
shift of the boiling curves towards lower superheats and lower CHF
values. Extensive research [5,6,14] has shown that hydrophobic sur-
faces exhibit lower superheats and thus provide higher heat transfer
coefficients compared to hydrophilic surfaces with similar topo-
graphical features. However, hydrophobic surfaces also exhibit reduced
CHF values compared to hydrophilic surfaces, which was also observed
in our case. The exact classification of Cu2O, CuO and Cu(OH)2 as hy-
drophilic or hydrophobic materials is rather impossible. By default,
both oxides should exhibit (super)hydrophilicity due to their high
surface energy. However, conflicting literature exists where Cu2O has
been classified as hydrophobic [34,47], while Chang et al. [48] reports
that even CuO exhibits hydrophobicity after low-temperature annealing
at 100 °C without the formation of Cu2O (albeit in air atmosphere). Cu
(OH)2 is quite consistently characterized as (super)hydrophilic when it
takes the form of (nano)needles [49,50]. Generally, wettability transi-
tion from hydrophilic towards hydrophobic after CHF incipience goes
hand-in-hand with the decrease of Cu(OH)2 and CuO in our study. We
can conclude that the wettability of the surface is not only dependent
upon the chemical composition of the surface, but also on its micro- and
nanostructure and roughness [51,52]. As the morphology of copper
compounds covering the surface changes after the CHF incipience
(alongside the transformation between the three forms), this con-
tributes to the wettability change as well.

The change in boiling heat transfer behavior of surfaces in long-term
tests, repeated experiments or due to simulated aging has been noticed
by other researchers [2,3,53–55], but was not necessarily discussed
and/or analyzed further. In his PhD thesis, Zuber [56] mentions the
effect of surface aging on boiling heat transfer parameters, specifically
that after prolonged boiling on a surface, the effect of roughness on the
number of active nucleation sites [54] and the surface superheat at a
given heat flux [53] disappears. These parameters are supposedly in-
dependent of the initial surface roughness and are only influenced by
the material of the boiling surface. Oxide formation during prolonged
boiling process causes additional thermal resistance, which appears to
be a function of the thermal conductivity of the oxide alone. After the
boiling process has taken place on the surface for a long time, the
number of active nucleation sites approaches a limiting value and the
boiling curve stabilizes with decreasing heat transfer coefficients. De-
spite these interesting findings and their obvious importance for prac-
tical applications of engineered surfaces for enhanced heat transfer, no
attempts have been made until now to explain the behavior of surfaces
during prolonged boiling experiments using surface chemistry analysis
and for various surface treatments.

5. Conclusions

Laser texturing was used to fabricate copper surfaces for enhanced
boiling heat transfer. Previously developed method of multiscale mi-
crocavity fabrication was applied to copper for the first time. Nucleate
boiling heat transfer performance of surfaces was evaluated at atmo-
spheric pressure and saturated conditions using twice-distilled water as
the working fluid. Enhanced boiling heat transfer resulting in increased
CHF and HTC values was recorded on laser-textured surfaces due to the
presence of microcavities, which served as preferential nucleation sites.
We show a trend of changes in boiling performance of copper surfaces
in repeated boiling experiments with a special emphasis on the effect of
CHF incipience on both pool-boiling heat transfer and on surface
chemistry and wettability after the first incipience of CHF. A shift in the
boiling curve was noticed after the first CHF incipience and researched
through further experiments with repeated experimental runs. The re-
sults of our work lead to the following conclusions:

• Laser texturing improves boiling heat transfer during nucleate
boiling. Both laser-textured surfaces exhibited a CHF enhancement
of nearly 90% and an HTC increase of over 115% in comparison
with the bare reference surface. Intentionally produced micro-
cavities and thus greatly increased number of active nucleation sites
are the key reason for enhanced boiling heat transfer.

• Boiling surfaces underwent surface chemistry and morphology
changes after the first incipience of CHF as a consequence of high
temperatures due to the presence of an insulative vapor film. This
caused the surface composition to change with a conversion of Cu
(II) oxide and hydroxide species into Cu(I) oxide and Cu metal
species detected especially on laser-textured surfaces. This was
confirmed both through XPS analysis and observations using high
magnification SEM images.

• Results from the literature confirm that the temperatures in the
range of 210–320 °C reached during the transition into film boiling
and the lifetime of the vapor film until its disintegration (approx.
10min) are appropriate for the oxide and hydroxide transformations
to take place. The influence of the atmosphere is debatable, since a
water vapor atmosphere was present as opposed to vacuum or air.

• Due to surface chemistry and morphology changes, the wettability
of surfaces changed with surfaces transitioning from hydrophilicity
(before boiling) towards hydrophobicity (after boiling).

• Altogether, these changes in surface's interaction with the sur-
rounding fluid resulted in changes in boiling heat transfer perfor-
mance with the CHF decreasing during measurements performed
after its first incipience. The boiling curve shifted towards lower
superheats, which resulted in the maximal HTC remaining nearly
unchanged.

• The results of boiling curve stability analysis through repeated ex-
perimental runs show that a shift in boiling curves occurs on every
surface. However, the reference surface displayed a tendency of
constant shifts with every experimental run, whereas the shift occurs
just once on the laser-textured surfaces (the boiling curve becomes
largely stable thereafter). This is attributed to higher surface tem-
peratures during the transition into film boiling on laser-textured
surfaces and hence a faster and more complete transformation of
oxides from CuO into Cu2O and the accompanying reduction of Cu
(OH)2 to Cu2O. Additionally, the amount of Cu(II) oxide and hy-
droxide is low on the reference surface both before and after boiling.
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1 Microcavities on laser-textured surfaces 

Multiscale microcavities were deliberately created using specific laser-texturing parameters. As 

explained in the main text, these cavities mainly form where melted and resolidified material from 

adjacent laser beam traces overlaps. Red and blue circles in Figure 1 denote microcavities on the 

aforementioned ridge of resolidified material. It is noticeable that the microcavities are (i) in the 

micrometer size range and (ii) span across multiple length scales. The measured diameters of 

microcavities are in the range of 0.35-5.6 μm for surface L1 and 0.37-4.9 μm for surface L2. 

 

 

Figure S1. SEM images of laser-textured surfaces confirming the presence of multiscale microcavities on 

surfaces (a) L1 and (b) L2. 
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2 Surface roughness measurements 

Roughness of every surface was recorded using an Alicona InfiniteFocusSL microscope with a 

20x magnification lens. The results of roughness analysis are listed in Table S1. A patch of 

3x3 mm2 was analyzed on every surface to record the Sa value. For anisotropic surfaces, Ra was 

also recorded. 

 

Table S1. Topographical characteristics of structured surfaces. 

Sample Treatment 
Sa 

(μm) 

Ra 

(μm) 
Comment 

REF mechanical (sanding with P2000 grit) 0.15 /* *isotropic surface 

L1 laser texturing (microcavities produced in air) 3.01 2.98* 
*perpendicular to the 

grooves 

L2 laser texturing (microcavities produced in argon) 2.15 2.14* 
*perpendicular to the 

grooves 
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3 Validation of the dynamic measurement approach 

Measurements were performed using a dynamic measurement method where the heat flux was 

slowly but continuously increased by increasing the voltage supplied to the cartridge heaters in the 

heating block. This has the potential to cause deviations from true and accurate results due to 

thermal capacitance of the system (especially the heating block). Consequently, a validation 

experiment was performed to compare experimental results of steady state and dynamic 

measurements. A total of four successive dynamic measurements were performed to record four 

boiling curves. An additional experimental run followed where the system was left to stabilize at 

5 distinct cartridge heater powers. After a steady state was reached, the results were collected and 

averaged for 10 minutes. As it is evident from Figure S2, the steady state measurement points do 

not differ from the boiling curves recorded using a dynamic approach; any deviations are well 

within the measurement uncertainty.  

 

 

Figure S2. Validation of dynamic boiling heat transfer performance measurement. 
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4 Low magnification SEM images of surfaces 

Low magnification SEM images of surfaces are shown in Figures S3 and S4. Images were recorded 

using a JEOL JSM-6500F scanning electron microscope.  

 

Figure S3. Low magnification SEM images of laser-textured surface L1. 
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Figure S4. Low magnification SEM images of laser-textured surface L2. 
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5 High magnification SEM images of surfaces before and after 
boiling 

High magnification SEM images of several laser-textured surfaces are shown in Figures S5-S10. 

Images were recorded using a JEOL JSM-6500F scanning electron microscope.  

5.1 Surface “REF” 

Figure S5 shows high magnification SEM images of the untreated reference surface before boiling 

experiments, while the high magnification SEM images of the same surface after boiling 

experiments are shown in Figure S6. 

 

 

Figure S5. High magnification SEM images of untreated reference surface REF before boiling. 
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Figure S6. High magnification SEM images of untreated reference surface REF after boiling. 
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5.2 Surface “L1” 

Figure S7 shows high magnification SEM images of the laser-textured surface L1 (in air 

atmosphere) before boiling experiments, while the same surface after boiling experiments is shown 

in Figure S8. A change in morphology is clearly noticeable.  

 

 

Figure S7. High magnification SEM images of laser-textured surface L1 before boiling. 
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Figure S8. High magnification SEM images of laser-textured surface L1 after boiling. 
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5.2.1 Surface “L2” 

Figure S9 shows high magnification SEM images of the laser-textured surface L2 (in argon 

atmosphere) before boiling experiments, while the same surface after boiling experiments is shown 

in Figure S10. Here, the morphology changes are less pronounced as on the surface L1. 

 

 

Figure S9. High magnification SEM images of laser-textured surface L2 before boiling. 
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Figure S10. High magnification SEM images of laser-textured surface L2 after boiling. 
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6 AES analysis of surface atomic composition 

Table S2. Results of the AES analysis of surface atomic composition. 

Sample 
Point of 

measurement 
at. % C at. % O at. % Cu at. % N O/Cu ratio 

REF 
before boiling 73.3 11.2 15.6 0 0.72 

after boiling 68.8 21.1 10.2 0 2.07 

L1 
before boiling 32.5 42.0 25.5 0 1.65 

after boiling 46.5 28.4 20.6 4.6 1.38 

L2 
before boiling 33.8 32.2 34.0 0 0.95 

after boiling 44 20.4 26.5 9.2 0.77 

 

 

 

 

Figure S11. Graphical presentation of the AES-analysis results of the surface atomic composition. 
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7 EDS analysis of surface atomic composition 

EDS analysis was conducted at two different acceleration voltages. The results are listed in Tables 

S3 and S4; they are also shown in Figures S12-S14. 

 

Table S3.  EDS analysis of surface atomic composition using 20 kV acceleration voltage. 

Sample 
Point of 

measurement 
at. % C at. % O at. % Cu 

O/Cu 

ratio 

REF 
before boiling 12.21 3.61 84.17 0.04 

after boiling 23.57 6.8 69.63 0.10 

L1 
before boiling 18.98 19.01 62.01 0.31 

after boiling 12.81 13.07 74.12 0.18 

L2 
before boiling 13.61 5.22 81.17 0.06 

after boiling 12.33 12.51 75.16 0.17 

 

 

Table S4. EDS analysis of surface atomic composition using 5 kV acceleration voltage. 

Sample 
Point of 

measurement 
at. % C at. % O at. % Cu 

O/Cu 

ratio 

REF 
before boiling 8.34 5.09 86.56 0.06 

after boiling 18.16 16.89 64.94 0.26 

L1 
before boiling 15.81 35.55 48.64 0.73 

after boiling 10.77 22.71 66.52 0.34 

L2 
before boiling 10.93 10.37 78.69 0.13 

after boiling 11.65 21.57 66.79 0.32 
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Figure S12. Results of the EDS analysis (performed on surface REF) using two distinct excitation 

voltages before and after boiling. 

 

 

Figure S13. Results of the EDS analysis (performed on surface L1) using two distinct excitation voltages 

before and after boiling. 
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Figure S14. Results of the EDS analysis (performed on surface L2) using two distinct excitation voltages 

before and after boiling. 
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8 XPS analysis of surface chemical composition 

XPS analysis included fitting the components of C 1s peak. The fitted parameters are summarized 

in Table S5. As described in the main text, the Cu/Cu2O ratio was estimated from the Cu 2p3/2 

peak by measuring the areas of the main peak and its shake-up satellite [see the equation (1) in the 

main text] as well as by using appropriate peak deconvolution. The results are summarized in Table 

S6. It clearly follows that the results, obtained from the areas under the main and the shake-up 

satellite peaks conforms well with the results from the fir of the XPS signal. 

The narrow scans and deconvolutions of the C 1s peaks are shown in Figures S15-S16 for samples 

REF and L2 before and after boiling experiments, while the narrow scans of the Cu 2p3/2 peaks 

for the same samples are shown in Figures S17 and S18. Here, the area of the main peak is colored 

blue, while the red color is used for its shake-up satellite. 

 

Table S5. Results of the XPS analysis of surface chemical composition – deconvolution of the C 1s peak. 

Sample 

Point 

of 

meas. 

C-C, C-H C-O O-C=O 

BE (eV) 
FWHM 

(eV) 
at. % 

ΔBE 

from 

C-C (eV) 

FWHM 

(eV) 
at. % 

ΔBE 

from 

C-C (eV) 

FWHM 

(eV) 
at. % 

REF 

before 

boiling 
284.7 2.05 79.9 1.6 2.15 11.9 3.6 2.25 8.2 

after 

boiling 
284.7 1.67 83.6 1.6 1.77 12.0 3.6 1.87 4.4 

L1 

before 

boiling 
284.7 1.78 58.7 1.4 1.88 19.4 3.75 2.03 21.9 

after 

boiling 
284.7 1.77 71.5 1.5 1.87 19.0 3.55 1.97 9.4 

L2 

before 

boiling 
284.7 1.66 62.9 1.4 1.76 20.6 3.65 1.86 16.6 

after 

boiling 
284.7 1.76 48.7 1.5 1.84 34.2 3.4 1.94 17.1 
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Table S6. Results of the XPS analysis of surface chemical composition. The results are obtained by 

equation (1) from the main text as well as by the deconvolution of the Cu 2p3/2 peak and its shake-up 

satellite (fit of the XPS signal). 

Sample 
Point of 

measurement 

using eq. (1) fit of the XPS signal 

at. % Cu/Cu2O at. % Cu/Cu2O at. % CuO at. % Cu(OH)2 

REF 
before boiling 80-83 81 2 17 

after boiling 82-84 82 15 3 

L1 
before boiling 11-21 16 27 57 

after boiling 86-88 87 12 1 

L2 
before boiling 65-69 67 21 11 

after boiling 70-73 70 20 10 
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8.1 XPS – C 1s peak  

 

 

Figure S15. C 1s peak on surface REF (a) before and (b) after boiling. 
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Figure S16. C 1s peak on surface L2 (a) before and (b) after boiling. 
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8.2 XPS – Cu 2p3/2 peak and its shake-up satellite 

 

 

Figure S17. Cu 2p3/2 peak and its shake-up satellite on surface REF (a) before and (b) after boiling. 
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Figure S18. Cu 2p3/2 peak and its shake-up satellite on surface L2 (a) before and (b) after boiling. 
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9 Additional experiment with replaced water 

The results of the additional experiment aimed at excluding the possible influence of water on the 

boiling curve shift are shown in Figure S19. The experiment was carried out on a thermally 

oxidized smooth copper surface. The surface was not a part of this research project but displays 

the noted boiling curve shift regardless. The measurements were conducted in accordance with the 

protocol described in main text. CHF was reached during the first measurement and again during 

the second experimental run. After the water cooled down, it was replaced with fresh water; 

attention was paid so that the still hot boiling surface did not come into contact with air while the 

water was being replaced. Two more experimental runs were conducted with CHF being reached 

during both. Should the leakage of substance into the water or some other change in its chemistry 

be responsible for the boiling curve shift, the boiling curves should gravitate towards the original 

(first) boiling curve after the water was replaced. As this did not happen, it can be assumed that no 

significant changes happed to the working fluid as a consequence of high temperature being 

reached during CHF events. Therefore, the boiling curve shift must be a consequence of changes 

in surface chemistry and/or surface topography.  

 

 

Figure S19. Boiling curves recorded during additional experiments aimed at excluding the influence of 

water contamination on the measurement results. 




