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Graphene is studied as an oxidation barrier coating for liquid and liquid—-vapor phase-change cooling sys-
tems. Forced convection heat transfer experiments on bare and graphene-coated copper surfaces reveal
identical liquid-phase and two-phase thermal performance for the two surfaces. Surface analysis after
thermal testing indicates significant oxide formation on the entire surface of the bare copper substrate;
however, oxidation is observed only along the grain boundaries of the graphene-coated substrate. Results
show that few-layer graphene can act as a protective layer even under vigorous flow boiling conditions,
indicating a broad application space of few-layer graphene as an ultra-thin oxidation barrier coating.

© 2012 Elsevier Ltd. All rights reserved.

Graphene, an allotrope of carbon, has emerged as a prominent
two-dimensional material with numerous potential applications
[1]. It comprises of a single-atom thick planar sheet of sp>-bonded
carbon atoms in a honeycomb lattice and possesses unique proper-
ties that are essential in niche applications such as high electrical
and thermal conductivity and exceptional mechanical strength.
Over the past few years, improvements in graphene synthesis have
resulted in new application possibilities. Currently, chemical vapor
deposition (CVD) is the most common technique for single and
few-layer graphene synthesis on metal substrates [2-4]. Transfer
of graphene film from the growth substrates to various substrates
has also been enabled by a PMMA-based transfer technique [2].

Several groups have demonstrated the effectiveness of graph-
ene as a protective coating. Chen et al. [5] reported a CVD graphene
coating as a diffusion barrier and an oxidation resistant layer for Cu
and Cu/Ni alloy surfaces exposed to atmospheric air up to 4 h at
temperatures as high as 200 °C. Long-term exposure (2 days) to
the atmosphere showed oxidation to some extent throughout the
foil along with significant oxidation along grain boundaries. Graph-
ene coatings also provided substantial protection to Cu and Cu/Ni
alloys exposed to an oxidizing aqueous solution of H,0,, although
only short duration exposure was investigated (less than 15 and
45 min for Cu/Ni alloy and Cu, respectively). Prasai et al. [6] dem-
onstrated significant reduction in corrosion rates of graphene-
coated Cu and Ni in aerated Na,SO4 solution. Corrosion of metal
was found to occur predominantly at cracks in the graphene film.
Kirkland et al. [7] investigated electrochemical corrosion resistance
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of graphene-coated Cu and Ni in aqueous media and demonstrated
that few-layer graphene coatings significantly reduce the rate of
corrosion in pure metals.

Rafiee et al. [8] recently reported another unique aspect of
graphene as a protective coating. When metals such as gold and
copper were coated with less than three graphene layers, they
exhibited no change in their intrinsic surface wetting behavior.
This so-called ‘wetting transparency’ was observed only when
van der Waals forces dominated surface-water interactions such
as in gold and copper as opposed to glass for which short-range
chemical bonding predominates surface wetting. However, when
more than six layers of graphene were present on these metals,
the contact angle was found to reach the bulk graphite value of
94°, Condensation heat transfer experiments performed on graph-
ene-coated copper revealed ~30-40% improvement in overall con-
densation heat transfer coefficient over a wide temperature range
[8]. The graphene coating was unique in the sense that it can pre-
vent copper oxidation while the intrinsic surface wetting remains
unaltered. In another work, Rafiee et al. [9] reported a facile tech-
nique to control the surface wettability of thermally exfoliated
graphene films by controlling the relative proportion of acetone
and water in the solvent during ultrasonication. Contact angles
ranging from 150° (superhydrophobic) to less than 10° (superhy-
drophilic) were demonstrated using acetone and water as a sol-
vent, respectively.

However, a detailed investigation on long-term exposure of
graphene-coatings to oxidizing/corrosive liquid media has not
been reported. In most industrial applications, oxidation and corro-
sion protection coatings are exposed almost indefinitely to the
working liquids. Hence, verification of the long-term oxidation
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resistance of graphene coatings is essential for practical use. The
focus of the current work is to assess graphene as an oxidation bar-
rier coating upon long-term exposure to the working environment
in common liquid and liquid-vapor phase-change cooling systems.
In two-phase cooling systems, the adhesion strength of graphene
to the underlying substrate should be high enough to withstand
recurring forces resulting from continuous bubble departure from
the boiling surface.

In designing liquid-cooling systems such as liquid heat
exchangers and two-phase evaporators such as forced convection
boiling systems, fouling presents a major challenge. Fouling is a
process by which unwanted material (typically with a low thermal
conductivity) deposits on the heat transfer surface, increasing the
thermal resistance [10]. Further, the resulting small change in
the diameter of the tube/channel can result in substantial decrease
in flow rate or increment in pressure drop across the heat transfer
equipment [11]. The costs associated with heat exchanger fouling
are estimated at about 0.25% of the GDP of many industrialized
countries [12]. A number of factors contribute to fouling, such as
corrosion, oxidation, particulates, precipitation and biological
growth [10]. Aside from an induction period (an initial period of
no significant fouling), thermal resistance to heat transfer continu-
ously increases over time due to fouling. A number of techniques
exist to mitigate fouling, such as fouling-resistant fluid additives,
exposure to electric fields [11], adjustment of the hydrodynamic
flow conditions using pulsation [13], and surface engineering of
fouling-resistant coatings [13,14]. A moderation of fouling rates
can reduce the surplus surface area often provided in heat
exchangers to account for the decrease in heat transfer rates asso-
ciated with fouling [10]. In the design of passive phase-change
cooling systems, surface oxidation of sintered metal powder wicks
over time often leads to reduced capillary pressures due to increase
in contact angles, resulting in limited heat flux bearing capability
[15,16].

The unique characteristics of a graphene film such as efficient
heat spreading [17], wetting transparency [8], surface wetting
tunability [9], chemical inertness, along with oxidation [5] and
corrosion resistance [6,7] makes it an appealing fouling- and oxida-
tion-resistant coating for pumped liquid cooling and passive
phase-change cooling technologies. Two nominally identical
oxygen-free copper substrates were prepared in this study to test
the efficacy of the graphene as an oxidation barrier coating. The
inset in Fig. 1 shows a schematic of the copper substrate. The
dimensions of the copper substrate were such that they fit into

Aluminum support

PEEK cover plate

PEEK flow cell

Copper substrate
Copper foil (TIM)
Resistance heater
Ceramicpad
Ceramic insulation

Aluminum support

Fig. 1. Schematic of the flow boiling test module. Inset shows a schematic of the
graphene-coated copper substrate.

the flow-boiling cell depicted in Fig. 1. The area of the top surface
was 17.5 x 17.5 mm? while the entire copper substrate was 9 mm
high. The top surfaces were mirror-finished in order to obtain
identical surface roughness (R, < 100 nm) and cavity distribution,
characteristics that are well known to influence single-phase and
boiling heat transfer [18]. A scanning electron microscopy (SEM)
image of the mirror-finished copper substrate obtained using a
Hitachi S-4800 field emission microscope is presented in
Fig. 2(a). A SEM image of a 25 um thick copper foil, a commonly
used substrate for CVD growth of graphene, is provided in the inset
of Fig. 2(a) for surface roughness comparison. Graphene growth on
the copper substrate was carried out in a SEKI AX5200S microwave
plasma chemical vapor deposition (MPCVD) system. The graphene
synthesis procedure is identical to that reported in a previous
study [3] and is described in Supplemental information.

Raman spectroscopy of graphene on the copper substrate was
performed using a Renishaw Raman microscope with 633 nm exci-
tation wavelength, 2 mW laser power and 100x magnification.
Fig. 3(a) shows the Raman spectrum of graphene displaying a D
peak near 1330cm™!, a G peak near 1580cm ™!, a D’ peak near
1620 cm™!, and a 2D peak near 2660 cm ™. Zone-boundary phonon
scattering caused by defects contributes to D and D’ peaks while
the second order resonance of the D peak contributes to the 2D
peak [19]. The G peak appears due to planar vibrations in the crys-
talline graphitic material. The ratio of the D and G intensities (I(D)/
I(G) = 1.74) reveals the defective nature of graphene. The highly
energetic radicals in the microwave plasma cause defects in graph-
ene [3]. The D peak intensity is further accentuated by the long
wavelength (633 nm) laser used in the study. D and 2D peaks in
graphene have been shown to be dispersive [20]. With increasing
laser wavelength, the peak positions of the D and 2D peak undergo
a progressive red shift while the corresponding peak intensities are
also enhanced. Graphene grown on Cu foil under similar conditions
[3] has been shown to have 4-8 layers, and a film of similar thick-
ness is expected to be obtained over a Cu block as well.

Contact angle experiments were conducted on bare and graph-
ene-coated copper substrates using a Ramé-Hart digital goniome-
ter model 290. A Hamilton micro-syringe was used for
dispensing 3 pl sessile deionized water droplets. Eight contact an-
gle measurements were conducted on different areas of each sub-
strate. Prior to thermal testing, the contact angle of bare copper
substrate was measured to be 93.7 + 1.7°, whereas the contact an-
gle of graphene-coated copper substrate was 71.8 + 1.2°. The opti-
cal images corresponding to contact angle experiments are
presented in Supplementary information (Fig. S1). Because more
than three layers of graphene were expected to be present, the
contact angle on the graphene-coated substrate was anticipated
to reach the bulk graphite value of 94° [8]. However, the observed
reduction in contact angle is likely due to the defective nature of
the graphene and charge states at the micron-size grain boundaries
of graphene [21].

The flow loop used to evaluate boiling characteristics of bar and
graphene-coated substrates is portrayed in Fig. 4. Ultra-pure water,
used as the working fluid, was supplied to the flow loop from a
central water treatment system. A 15 pum filter prevents entry of
unwanted particles, and a flowmeter (Mcmillan 106-5-D-T4) re-
cords the volumetric flow rate. Water, initially at room tempera-
ture, is heated by the inline heater (Omega AHPF-121) to an inlet
temperature of 59.5+0.5°C at the boiling test module. T-type
thermocouples installed in the inlet and the outlet plenums are
used to measure the inlet and outlet water temperatures. The cen-
tral flow cell contains a rectangular fluid flow channel with inlet
and outlet plenums. An orifice in the center of the flow cell allows
for assembling the top surface of the test substrate. A cover plate
houses a 38 mm x 38 mm x 3 mm thick quartz window at its cen-
ter, facilitating flow visualization during thermal testing. A silicone
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Fig. 2. SEM image showing (a) mirror-finish bare copper substrate before thermal testing (inset: SEM image of a 25 pm copper foil), (b) copper oxide formation on bare
copper substrate after thermal testing (inset: high-magnification image of copper oxide crystals) and copper oxidation predominantly along the grain boundaries of graphene

film on (c) mirror-finish and (d) roughened copper substrate.

Raman spectroscopy on graphene-coated Cu substrate
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Fig. 3. Raman spectrum of graphene-coated copper substrate before and after
thermal testing.

O-ring placed between the cover plate and the flow cell ensures a
leak-tight seal. Test substrates were bonded to the flow cell utiliz-
ing a RTV silicone sealant. The dimensions of the copper substrate
ensure that the sample is flush with bottom surface of the flow cell
to prevent any water leak during testing.

A resistance heater (Watlow Ultramic 240V, 967 W) connected
to an external power supply (Sorensen DHP 300) supplies heat to
the sample. Thermal contact resistance between the heater and
the sample is reduced by inserting a 25 pum copper foil. The top
and bottom aluminum plates provide for support and rigidity. A
high-temperature ceramic tape and a ceramic block insulate the

FLOW PRE-HEATER

0 METER

FLOW BOILING
T @ TEST CELL

CONTROL VALVE

FILTER

DEIONIZED
AND CONTROL VALVE
DEGASIFIED
WATER PC DAQ
DRAIN .

pki

CONTROL VALVE

Fig. 4. Schematic of the flow boiling experimental test loop.

heater from the bottom aluminum plate. Bolt fasteners hold the
entire test module together. Copper substrate temperatures are re-
corded by two T-type thermocouples placed symmetrically. The in-
let fluid pressure is measured by an absolute pressure transducer
from Omega (PX409-050A5V) and consistently reported levels
close to atmospheric pressure during all experiments. The fluid
and copper substrate temperatures and the inlet pressure are mea-
sured by a Keithley 2601 data acquisition (DAQ) system interfaced
to a personal computer.

The inlet fluid temperature and volumetric flow rate were
maintained at 59.5 = 0.5 °C and 222 ml/min, respectively, during
all flow boiling tests. A relatively low volumetric flow rate was em-
ployed to ensure laminar flow, yielding a Reynolds number
Re =~ 675 and a mass velocity G = 38 kg/m?s (based on the ratio
of mass flow rate and the cross sectional area of the channel).
The flow boiling system was flushed with degasified water for at
least 60 min. Once steady state conditions were confirmed, the
power to the resistive heater was incremented to a point of
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vigorous boiling. The system was left for at least 30 min under this
condition before reducing the heater power to zero. Thereafter, at
each increment, the system was allowed to reach steady-state
before thermal data were recorded. The steady-state temperature
data reported are averages of 100 readings. A standard procedure
was adopted for obtaining the boiling curves and estimating the
heat flux reaching the boiling surface [22].

Six flow-boiling experiments were conducted (T1-T6): three
experiments on bare copper (T1-T3) and three on graphene-coated
copper (T4-T6). Both single-phase (liquid) heat transfer coeffi-
cients and two-phase flow-boiling curves were obtained from each
of the six experiments. Once each substrate was assembled into
the central flow cell, a continuous supply of water at an inlet tem-
perature of 59.5+ 0.5 °C was allowed to flow in the rectangular
channel until all the three flow-boiling test runs were completed.
Each flow boiling test run lasted between 5 and 6 h, and a single
run was conducted in a day. When boiling runs were not per-
formed, the heater power was restored back to zero while the inlet
water temperature was kept constant at 59.5 + 0.5 °C. After the
completion of three runs, the substrate was disassembled and
stored in a nitrogen dry box kept in a cleanroom to prevent oxida-
tion. Overall, each substrate was maintained at more than 100 °C
for at least 9 h. Fig. 5 compares the thermal characteristics ob-
tained for all six test runs on the two mirror-finished copper sub-
strates, one with and one without the graphene coating.

The six curves reveal that the heat transfer characteristics of the
two substrates are similar and within the experimental uncertain-
ties for most test points, both in the singe-phase and two-phase
flow regimes. These results demonstrate that the ultra-thin graph-
ene coating did not alter the thermal performance of the surface in
either regime. In general, hydrophobic surfaces initiate boiling at
relatively low surface temperatures compared to hydrophilic sur-
faces due to the lower surface superheat required for vapor embryo
growth [18]. An increase in surface roughness also results in earlier
incipience of boiling [23]. Based on the results of contact angle
experiments (Fig. S1) and thermal testing (Fig. 5), we hypothesize
that the increase in surface roughness of graphene-coated sub-
strate [9] compensated for its hydrophilic nature (as determined
by contact angle experiments) leading to similar boiling incipience
superheat and heat transfer coefficients as that of a bare copper
substrate.

Similar flow-boiling tests (T7-T8) were performed on two sub-
strates roughened with a 600 grit sandpaper, one with and the

50 e
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% 25
=1 ]
E 20
15-5*
10—;
°

W/iem?

Hea

20 25 30 35 40 45 50 55 60 65 70 7
Ts-Tin (°C)
Fig. 5. Flow boiling curves for mirror-finished bare copper and graphene-coated

copper surface with mass velocity G238 kg/m?s and inlet fluid temperature
Tin=59.5+0.5°C.

other without graphene coating, to assess the thermal performance
of graphene coating on a rough surface. Identical single-phase and
two-phase heat transfer coefficients were obtained for surface
roughened copper substrates (Fig. S2 in Supplemental informa-
tion), confirming that the thermal performance remains unaltered
for rough surfaces as well. A comparison of Figs. 5 and S2 confirms
that an increase in surface roughness leads to reduction in the sur-
face temperature required for boiling incipience, as expected. The
slope of the boiling curve also increases with surface roughness
as anticipated.

Post-testing surface analysis on the mirror-finish copper sub-
strates was performed using Raman spectroscopy, SEM, contact an-
gle measurements and X-ray photoelectron spectroscopy (XPS).
Digital images of bare (Fig. 6(a)) and graphene-coated (Fig. 6(b))
copper substrates after thermal testing shows retention of the
‘shiny’ copper surface by the graphene-coated substrate, whereas
the bare substrate shows a blackish-red copper oxide hue. The Ra-
man spectrum of graphene-coated sample after testing (Fig. 3(b))
reveals the presence of D, G and 2D peak signatures of graphene.
The ratio of the D to G peak intensities before and after boiling
(1.74 before testing, 2.25 after testing) reveals an increase in defect
density of graphene after thermal testing. Both samples displayed
an increase in contact angle after thermal testing. The contact an-
gle on the bare copper substrate was found to be 112.7 £3.9°
(Fig. S1(b)) while the graphene-coated substrate displayed a con-
tact angle of 94.6 £ 3.7° (Fig. S1(d)). The hydrophobic nature of
the bare copper substrate is due to the formation of the oxide thin
film. The increase in contact angle of the graphene-coated sub-
strate is likely due to oxide formation along the graphene grain
boundaries.

SEM images taken after thermal testing revealed significant
oxide formation on the entire surface of the bare copper substrate
(Fig. 2(b)). A thin film of copper oxide covered the entire boiling
surface. Cu,0 crystals of two sizes were observed (inset of
Fig. 2(b)), one with extent of few hundreds of nanometers, the
other of few tens of nanometers. Similar SEM analysis on the mir-
ror-finish (Fig. 2(c)) and roughened (Fig. 2(d)) copper substrate
coated with graphene revealed a small amount of oxidation, which
is predominantly localized to the grain boundaries of graphene.
Graphene grown on polycrystalline copper by CVD shows non-
ideal characteristics such as point defects, wrinkles, cracks, and
grain boundaries [5,6,24]. Surface analysis after experimental test-
ing (Fig. 2(c) and (d)) suggests that the molecular diffusion of oxy-
gen through the chemically active grain boundaries of CVD
synthesized graphene is the dominant mechanism of oxidation. A
similar observation was made by Chen et al. [5] with air as the oxy-
gen source. Oxidation observed within a graphene grain is attrib-
uted to point defects [25] and cracks [6] within the graphene
that have been suggested to act as nucleation sites for oxidation
in prior work on CVD-grown graphene. The SEM images (Fig. 2(c)
and (d)) reveal that the domain size of the graphene grains grown
by MPCVD is of the order of few tens of microns.

Fig. 6. Digital photograph of (a) bare and (b) graphene-coated mirror-finished
copper substrate after thermal testing.
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Fig. 7. (a) Post-boiling XPS survey spectra of mirror-finished copper substrate with and without graphene-coating. (b) Comparison of O 1s signatures of bare and graphene-
coated copper substrate. (c) High resolution Cu 2p XPS spectra of bare and (d) graphene-coated copper substrate.

X-ray photoelectron spectroscopy (XPS) was utilized to investi-
gate the chemical compositions of the Cu substrate with and
without the graphene coating after thermal testing. A Kratos
Ultra DLD spectrometer with monochromatic Al Koo radiation
(hv =1486.58 eV) was used in this study. Survey and high-resolu-
tion spectra were recorded for a 700 x 400 um? spot size irradia-
tion at normal incidence with fixed analyzer pass energies of 160
and 20 eV, respectively. XPS data were analyzed with commer-
cially available CasaXPS software (www.casxps.com), and individ-
ual peaks were fitted with a Gaussian/Lorentzian (GL) function. The
resulting spectra were corrected on the binding energy scale, using
the C 1s peak position at 284.5 eV as a reference for graphitic car-
bon [26]. Fig. 7(a) compares the XPS survey spectra of copper sub-
strate with and without graphene coating. The O 1s peak was more
intense on the bare copper substrate compared to that with the
graphene coating. The oxygen content on bare copper substrate
was 30 at.% while that value reduced to 11 at.% for the copper sub-
strate with graphene coating. This result clearly indicates that the
oxidization process on the bare copper substrate surface proceeds
at a faster rate. High-resolution O 1s and Cu 2p XPS spectra re-
corded for the copper substrates with and without graphene are
shown in Fig. 7(b)-(d). Both copper substrates possess oxides in
the form of Cu,0 and CuO; however the graphene-coated Cu sub-
strate registered a low-intensity Cu,0 peak. The Cu 2p spectra con-
tain two peaks, namely Cu 2p3/2 and Cu 2p1/2 (Fig. 7(c) and (d)) on
both substrates. Further fitting of sub-shoulders under the each of
these peaks reveals the presence of Cu,0, and small proportions of
CuO and Cu(OH),. The CuO proportion decreased from 3.7 at.% for
the bare Cu to 1.4 at.% for the graphene-coated sample while the
Cu,0 proportion remained almost unchanged. The Cu(OH), pro-
portion also reduced from 2.2 at.% in bare Cu to 0.6 at.% for graph-
ene-coated Cu.

Although thermal performance degradation was not observed
in the first three experimental runs due to an increase in surface
roughness as a result of CuO formation (typical during the induc-

tion fouling period), the increase in thermal resistance due to scale
formation is a common issue over long durations. The reported
thermal conductivity of Cu,0 is 4.5 W/mK [27], approximately
two orders of magnitude lower than that of copper and can result
in significant increases in fouling resistance after the induction
period.

The results indicate that even under long-term vigorous boiling
conditions (up to 9 h), the graphene coating retains its chemical
inertness and serves as an oxidation barrier coating, except along
its grain boundaries. The graphene film strongly adheres to the
underlying copper substrate and does not rupture when subjected
to recurring forces of the bubble ebullition cycle. In order to de-
crease oxide formation further, it is imperative to synthesize de-
fect-free large-domain graphene films. Selection of the proper
size and crystallographic orientation of copper grains has recently
been shown to affect the quality of graphene films [28]. Thermal
annealing of the copper substrate at high temperatures
(~1035 °C) can also promote large domain sizes of graphene films
[28].

Conclusion

In summary, we have demonstrated that graphene coating is
stable under vigorous flow boiling conditions and can be used as
an effective oxidation barrier coating for liquid and liquid-vapor
cooling systems, even under long-term exposure to the working
fluid.
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Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.corsci.2012.
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