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Abstract – Thanks to its planar structure, graphene is characterized by unique properties, such as excellent chemical
inactivity, high electrical and thermal conductivity, high optical transparency, extraordinary flexibility and high
mechanical resistance, which make it suitable in a very wide range of applications. This paper details the state of
the art in graphene coating applied to aluminum open-cells foams for the improvement of their mechanical and
thermal behavior. Metallic foams are highly porous materials with extremely high convective heat transfer coeffi-
cients, thanks to their complex structure of three-dimensional open-cells. Graphene nanoplatelets have been used
to improve thermal conductivity of aluminum foams, to make them better suitable during heat transfer in transient
state. Also, an improvement of mechanical resistance has been observed. Before electrodeposition, all the samples
have been subjected to sandblasting process, to eliminate the oxide layer on the surface, enabling a better adhesion
of the coating. Different nanoparticles of graphene have been used. The experimental findings revealed a higher
thermal conductivity for aluminum open cells foams electroplated with graphene. Considered the relatively low
process costs and the improvements obtainable, these materials are very promising in many technological fields.
The topics covered include surface modification, electrochemical plating, thermo-graphic analysis.
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1. Introduction

Heat removal has become a crucial issue for continuing
progress in many technological fields owing to increased levels
of dissipated power. The search for materials that conduct heat
well has become essential for the design of the next generation
of heat exchangers. Due to their advantageous characteristics,
such as low production costs, wide potential window, high
thermal conductivity and mechanical strength, inert electro-
chemistry [1], carbon materials have been widely used in many
technological fields [2, 3]. The advantages of carbon materials
combined with those of nanostructured materials, such as
carbon nanotubes [4, 5], carbon nano-fibers [6], highly ordered
mesoporous carbons [7, 8], etc., have drawn much more atten-
tion because of their unusual electronic properties and ability
to improve catalytic properties [9]. In solid materials heat is
carried by acoustic phonons, which are ion-core vibrations in
a crystal lattice, and electrons so that the thermal conductivity
coefficient (k) is the sum of the phonon (kp) and electron (ke)
contributions. While in metals ke is dominant, heat conduction

in carbon materials is usually dominated by phonons, even
for graphite [10], which has metal-like properties [11].
The phonon thermal conductivity is expressed as
kp = Rj�Cj(x)tj

2(x)sj(x)dx, where j is the phonon polarization
branch, that is two transverse acoustic branches and one
longitudinal acoustic branch; t is the phonon group velocity,
which, in many solids, can be approximated by the sound
velocity; s is the phonon relaxation time, x is the phonon
frequency and C is the heat capacity. The thermal conductivity
values obtainable for carbon materials span a very wide range
from ~0.01 W/mK to 10,000 W/mK in type-II diamond at a
temperature of approximately 77 K [12]. The exfoliation of
graphene and the availability of high quality few-layer
graphene (FLG) led to experimental observations of the evolu-
tion of thermal properties as the system dimensionality
changes from 2D to 3D. First measurements of the thermal
properties of graphene [13–16] revealed a thermal conductivity
above the bulk graphite limit – high quality pyrolytic graphite
has an in-plane thermal conductivity (k//) of ~2000 W/mK at
room temperature, while its cross-plane thermal conductivity
(k?) is more than two orders of magnitude smaller – which
awakened strong interest in the thermal properties of this*e-mail: alessandro.simoncini@uniroma2.it
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material and in crystals of lower dimensionality. The recent
discovery of graphene [17] has opened a new era of two-
dimensional fundamental science and potential technology
[18, 19]. As the basic structure of all graphitic forms, graphene
is a building block for carbon materials of all other dimension-
alities, such as 0D fullerene, 1D nanotube, and 3D graphite.
Because of its properties such as large specific surface area
[20], high thermal and electrical conductivities [21], great
mechanical strength [22], graphene has attracted a growing
interest, founding potential applications in many fields such
as nanocomposites [23], batteries [24], supercapacitors [25],
nanoelectronics [26] and sensors [27], etc. These peculiar
properties make graphene an excellent additive to dramatically
enhance the mechanical, electrical and thermal properties of
compounds [28]. Through these years, considerable efforts
were made to create deposits of a graphene monolayer with
the purpose of giving exceptional properties to the substrate
on which it was placed [29, 30]. Several deposition methods
have been proposed to fabricate two-dimensional graphene
sheets on conductive substrates, such as chemical vapor depo-
sition and thermal decomposition [31, 32]. However, most of
these are burdensome for the assembly of graphene layers
because they employ high temperatures and complex instru-
mentation [33]. The electrodeposition process of graphene on
a metal substrate allows exploiting the superior properties of
this nanomaterial to improve those of the substrate. The present
paper describes the developments in the deposition of graphene
nano-platelets on aluminum open cells foam by electrochemi-
cal method. Aluminum open cells foam have been chosen as
substrate mainly for their excellent properties such as light-
weight, high impact resistance and extremely high convective
heat transfer coefficient. Due to their size (small section, high
length) the branches of the foam are not particularly efficient
for heat exchange through conduction. For this reason, the
use of a surface graphene layer allows increasing the efficiency
of the foam, namely reaching higher temperature in lesser
time. A 6101-T6 aluminum alloy was chosen for the samples.
In this work, the novel method of electro-deposition at low
temperature [3] has been applied to 10 PPI (pore per inch)
aluminum alloy foam to improve their mechanical strength
and thermal behavior. The extremely porous structure of open
cells metal foam, with actual density greater than 90%, let
them reach particularly high convective heat transfer coeffi-
cient, making them promising as compact air-based heat

exchangers [34]. The paper also focuses on the nano-platelets
disposition mechanism, with special emphasis on the improve-
ment of thermal conduction and on the functional uses of
these materials for heat dissipation. In the end, different
nano-particles have been used for the combined electrodeposi-
tion process. Infrared (IR) thermo-graphic analyses have
been led to compare the enhancements in thermal conduction
of the foam.

2. Materials and experimental procedure

All the aluminum samples were obtained from the same
block, produced by ERG Aerospace Corp. (2015), and
manufactured with the same parallelepiped shape
(30.5 ± 0.7) · (50.6 ± 0.5) · (0.8 ± 0.1) mm. The surface
preparation was carried out using a sandblasting machine,
which exploits tiny corundum spheres, at high pressure, on
the sample surface. The surface preparation has been led using
grain 80 (180–212 lm) as particle size of the sand, 6 bars for
the pressure and 8 s as duration of execution of the process.
This treatment enables to easily remove the oxide layer that
is formed on the aluminum surface, which is the cause of an
imperfect and irregular coating, varying the surface roughness
profile that affects the electrodeposition process (Figure 1).

Since the rate at which the oxide layer is regenerated is
particularly high, the electrodeposition has been realized
immediately after the sandblasting process. Due to the extreme
volatility of graphene, the electrodeposition of copper only
before and after the combined electrodeposition process of
copper and graphene became necessary. Given the high
electron affinity between the two materials, the first copper
layer has the function to entirely cover the substrate, making
the graphene deposition process easier, while the last layer
prevents it to go outside. So, each sample was electrodeposited
in three steps, or phases: first copper, then graphene and copper
and, in the end, copper again (Figure 2 [3]).

For the process of copper plating, a copper sulfate based
solution was used as acidic electrolytic bath. The sacrificial
anode used for the entire process was composed of two copper
plates (75 · 76 · 15 mm) connected to each other to com-
pletely cover the sample, allowing the best possible results.
The anode was thus also designed to make easily accessible
that part of the aluminum sample, which is always above the

(a) (b)

Figure 1. Aluminum foam surface: (a) before sandblasting; (b) after sandblasting.
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free surface of the solution, because connected to the terminal
of the current generator. Two different kinds of solution were
exploited in the three different phases of electrodeposition.
Regarding the deposition of copper only (first and third
phase) the electrolytic bath used was an acidic bath con-
sisted of: 1.25 M CuSO4, 0.61 M H2SO4 and Cl� 50 ppm.
The second phase instead was characterized by a basic solu-
tion of: 1.25 M CuSO4, Cl� 50 ppm and GNP (graphene
nano-platelets), provided by NANESA s.r.l. (Italy). GNP
consists of small stacks of graphene obtained by exfolia-
tion of expanded graphite, with a carbon content of 98% and
less than 1% of acidic residual. Two different GNP have been
used:

d G2N, with an average flake thickness of 10 nm (~30 lay-
ers), an average particle size of 5 � 50 lm and specific
surface area >30 m2/g.

d G3N, with an average flake thickness of 9 nm (~25 lay-
ers), an average particle size of 15 lm and specific
surface area >40 m2/g.

To maximize the amount of graphene deposited during the
second phase, the following process conditions have been used:

d electrolytic bath temperature of 60 �C;
d electrolytic current of 0.05 A;
d 0.336 g of GNP dispersed in solution.

The amount of GNP dispersed in solution and galvanic
parameters used are the results of previous optimization works
[2, 3]. The baths were kept in agitation with a magnetic
agitator, located inside the electrolytic cell. The agitation was
set at 3 rpm. After electrodeposition, all the samples were
put under vacuum. In this way, the integrity of the surface of
the coating was prevented by possible alterations caused by
the interaction of the copper with the atmosphere. In fact,
the presence of these alterations, for example the oxidation
of the copper surface or the formation of any other possible
thermal barriers, could have modified the results of the thermal
tests. Compression tests were leaded on each sample in a MTS
Alliance RT50 testing machine with a 10 kN load cell, setting
a constant deformation rate of 5 mm/min. Conductivity tests
were leaded with a IR thermal imaging camera, in order
to evaluate which nanoparticle better improves the thermal

conductivity of the sample, once electrodeposited on the sur-
face. Convective thermal measurements, through forced air
convection, were led to evaluate the improvements given by
the GNP electrodeposition on the metal foams samples.

2.2. GNP/substrate interface model

The connection of graphene with other materials is a
subject of both fundamental science and practical interest.
Knowledge of interface coupling mechanics can help in under-
standing graphene thermal link to matrix materials. For what
concerns the evaluation of the amount of graphene deposited
during the 2nd phase and the disposition of the platelets with
respects to substrate, the diffusivity of each sample was
determined by flash method [35]. The analysis of the thermal
diffusivity allowed to determine how the GNP planes are
arranged during the electrodeposition and which set-up enables
to maximize graphene amount during the second phase.
This study was necessary because a graphene multilayer (like
our GNP) presents thermal properties depending on whether
the incident heat flux is normal or parallel to the surface
[13, 15]. In a multilayer graphene lattice, heat is carried mostly
by longitudinal acoustic (LA) and transverse acoustic (TA)
phonons, and contributions of out-of-plane acoustic (ZA) pho-
nons are negligible due to their small group velocity (t ! 0)
in the Brillouin zone center and large c [36, 37]. Considering
the case in which: the heat flux is parallel to the surface, gra-
phene thermal conductivity would be between 2000 and
5000 W/mK [38]; obviously, the graphene thermal conductiv-
ity decreases with increasing thickness, approaching the bulk
graphite limit. The comprehension about how the GNP planes
are arranged on the substrate, during the combined deposition
process, is fundamental for every possible future applications
of the technology developed, according to the need of insula-
tion or conduction that one wants to pursue. To verify the
arrangement of the thin layer of graphene, an electro-thermal
analogy has been applied, considering the different coatings
disposed in series with the aluminum substrate. As shown in
Figure 3, the 1st and 3rd phases are represented as a simple
resistor placed in series with the one of the aluminum
substrate, while the second phase has been shown schemati-
cally as two resistors placed in parallel. This choice is due to
the fact that the electrodeposition of copper and graphene
occurs simultaneously. An experimental campaign on
6000-series aluminum plates was made specifically for the

(a) (b) (c)

Figure 2. Electrodeposition phases: (a) copper; (b) copper and graphene; (c) copper.
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evaluation of the arrangement of GNP planes on the substrate.
All the aluminum plates were prepared in the same way and,
for what concerns the evaluation of the graphene amount and
disposition during the 2nd phase, the diffusivity of each sample
was determined through flash method.

As regards the interface of graphene with the copper
substrate, since the thermal boundary resistance (RB) of
graphene with many materials (mainly copper) is extremely
low, the contact resistance has been neglected in the electro-
thermal analogy, even if RB has a non-zero value considering
perfect interfaces [39]. This approximation is valid for both
the nanoparticles studied (G2N, G3N), because neither the
cross-plane conductance nor RB reveals a strong dependence
on the thickness of FLG or the nature of the metal substrate
[40, 41]. Therefore, the thermal resistance of the coating can
be expressed by the following equation:

Rtot ¼
X

R ¼ RAl þ R1�phase
Cu þ R2�phase

CuþGr þ R3�phase
Cu ð1Þ

where:

1

R2�phase
CuþGr

¼ 1

R2�phase
Cu

þ 1

R2�phase
Gr

ð2Þ

and:

R ¼ s=ðk� AÞ ð3Þ
Where s is the thickness, k is the thermal conductivity and

A the heat flux passage area of the sample. In conclusion, a
greater or lower amount of graphene during the second phase
is inversely proportional to the thermal conductivity of the
sample for a heat flux perpendicular to the coating (Figure 3),
and so, to its diffusivity (Figure 4).

3. Experimental results

3.1. GNP planes disposition

On each sample the same amount of copper has been
deposited, using for the 1st and 3rd electrodeposition the same

electrolytic current (2.3 A) and the same duration of process
(40 min); in such a way, we could be sure that the diffusivity
differences of each samples would have depended solely
on the type of GNP deposited. Even for the 2nd electroplating
phase, the duration of the electrodeposition was settled
according to the currents imposed, in order to deposit every
time the same amount of copper (0.5wt%), leaving the type
of graphene as the only process variable. From the electro-
thermal model (Eqs. (1)–(3)) appears clear how an increase
of the graphene amount would result in a greater reduction
of the sample’s thermal diffusivity (Figure 4).

Through the electro-thermal model was also possible to
establish how most of the planes of GNP were arranged
with respect to the substrate surface. For each iteration,
the condition for which the thicknesses of the second phase
remained congruent to those of the previous and following
stages (~13 lm) corresponded to have thermal conductivity
values of the GNP of about 4.85 W/mK, therefore very
similar to those experienced by nano-graphites respect to a
heat flow normal to the planes [42]. On the other hand,
possible applications of the GNP conductivity similar to
those shown along its plane (~1500–2000 W/mK) did not
allow arriving at convergence. Experimentally observed
disposition of GNP after the 2nd phase is in qualitative
agreement with the disposition model of the GNP planes,
as shown in Figure 5. This result inevitably implies that
the arrangement of graphene platelets takes place parallel
to the substrate on which they are deposited, manifesting
an insulation behavior towards the heat flow generated by
the flash method.

This arrangement of the GNP planes results congruent with
the minimum energy principle, through which the planes
disposition will happen according to the equilibrium more
stable condition at the interface. In fact, the GNP are platelets
characterized by wide single layers planar development
compared to the multilayer height – Height (H): Length (L)
ratio < 0.0002 – this implies that the condition with the single
layers parallel to the substrate is the one able to make a higher
number of bonds, and so the more stable one. In the end,
graphene thermal coupling to other materials can depend
strongly on the surface roughness, presence or absence of
suspended regions in graphene layers, and methods of
graphene preparation.

Figure 4. Experimental thermal diffusivity trend.

Figure 3. Electro-thermal scheme for the different phases coatings.
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3.2. Mechanical properties

As demonstrated by previous researches [2], there is a tight
connection between the resistance of the foam and its density.
Compression test results show that more the foam is dense and
more it is resistant. Since the density of the produced samples
is almost the same (around 513.5 kg/m3, after the third phase),
they show quite similar values for yield strength and
deformation energy. As it can be seen from previous works
[2, 3], the yield strength of third phase specimen enhances
up to 232% in comparison to base aluminum foam. To demon-
strate the effects of graphene electrodeposition on aluminum
foam mechanical strength, two samples were chosen with very
similar starting weight and density, such as 211 kg/m3 and
2.4 g. During electrodeposition, both samples were treated to
obtain almost identical weight percentage change (DP%) in
all phases. One of them was electrodeposited with copper only,
while the other was electroplated with graphene and copper
during its second phase. For the first and third phases a DP%
of 100% was achieved, while for the second phase a DP% of
1.34% was tested. After compression tests, an improvement
of around 25.7% was achieved by the sample treated with
graphene. Figure 6 [3] shows the mechanical improvement.

The specimen electrodeposited only with copper is
characterized by yield strength of 2.47 MPa at a strain of
0.052, while its densification strength is of 5.987 MPa at a

densification strain of 0.588. The other sample, instead,
achieved yield strength of 3.106 MPa and densification
strength of 5.803 MPa, respectively at the strains of 0.076
and 0.058. The improvements achieved using graphene are
related to the microstructure of its crystal lattice. In fact, the
bindings between the atoms are very resistant, although the
structure can be enough elastic to be deformed until 20%.

3.3. Heat conduction and nanoscale size effects
on different GNP

The main differences that have a direct influence on
the thermal behavior of the two nano-particles studied
(G2N and G3N) regard their thickness (H), their planar
development (L), their crystal lattice defects and their oxygen
content. The presence of oxide on top of the graphene is known
to cause defects in the graphene layer, but since both the
nanoparticles studied present the same C:O ratio (30:1), the
differences of their thermal properties are mainly dependent
by their geometrical dimensions and defects. With the increase
of GNP thickness (number of atomic planes, n), two different
cases need to be distinguished:

d thermal transport limited by intrinsic properties of the
GNP lattice;

Figure 6. Stress strain curves comparison.

(a) (b)

Figure 7. SEM image of: (a) G3N; (b) G2N.

Figure 5. SEM image of the GNP arrangements during the 2nd phase.
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d extrinsic effects, represented by phonon-boundary or
defect scattering.

Through the optothermal Raman study [43] has been found
that k of suspended uncapped FLG decreases with increasing
n, approaching the bulk graphite limit. This evolution of k
was explained by considering that if n in GNP increases, the
phonon dispersion changes and more phase-space states
become available for phonon scattering leading to a decrease
in k. The two nanoparticles studied present defects in the
crystal lattice due to the fabrication process. The presence of
defects can alter the thermal behavior of the GNP because they
improve the phonon scattering from the top and bottom
boundaries. The inability to dispose of a lattice damage-free

Figure 8. SEM image of the combined electrodeposition process of copper and graphene nano-platelets on aluminum foam substrate.

Figure 9. Steady state measurement in forced air convection of the foam with and without GNP.

Figure 10. Image of the sample tested in un-steady state
conditions.
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GNP, by which n is constant through the whole area, generally
lead to k values below the graphite limit (Figure 7).

To evaluate the thermal improvement due to the electrode-
position of GNP on 10 PPI aluminum foam (Figure 8 [3]), and
therefore which one of the two different nanoparticles show a
better thermal behavior, thermal analyses have been conducted.

To evaluate the improvement given by electrodeposition of
GNP, several air-forced measures have been made. The use of
forced air convection was due to the necessity of using
the foams in their operating conditions as heat spreaders.
An appropriate experimental apparatus has been designed
in order to measure and control all the process variables.
Direct steady state measurements on the samples were used
for the comparison between the solution with and without
graphene. The foam samples were all stacked between
two copper fins with their base connected to a heat source.
Forced air at the same inlet temperature with different
speeds was passed through the samples, while the heat was
transferred by conduction from the heat source to the base of
the samples.

From the analysis of the results, the foam with electro-
plated GNP always shows a better thermal behavior compared
to the one without GNP, for each inlet air velocity (Figure 9).
This because the higher thermal conductivity of a graphene
layer allows increasing the efficiency of the foam, overcoming
the problems of thermal conductivity of the foam branches, let
them reaching higher temperature in lesser time. For what
concerns the thermal behavior of the two nanoparticles studied,
IR un-steady thermal analyses were conducted without forced
air convection. The prepared samples were brazed on a
70 · 20 · 5 mm copper base, connected to two 5 W each
resistors (Figure 10).

The acquisition time has been set to 180 s for each sample
and the main results are shown in Figure 9. The two GNP
electrodeposited layers shows differences in terms of ther-
mal diffusivity of the samples. From the IR-analysis

(Figure 11), it is clear how the layer with G3N presents a
better thermal transient behavior with respects the one with
G2N.

The temperatures reached by the G3N result higher than
the ones reached by the G2N at the same time. This means that
the thermal diffusivity (and so k) of the G3N layer is superior
to the one of the G2N, as can be simply seen through the incli-
nation of the curves in Figure 12. The thermal conductivity
improvement obtained from the use of G3N, compared to
the G2N, is found to be equal to 8.45%.

This different thermal behavior of the G3N is mainly
dependent by the lower presence of defects in the crystal
lattice, as well as by a greater surface area, rather than in
the number of layers. Recent non-equilibrium molecular-
dynamics calculations for graphene nanoribbons with n from
1 to 8 [44] gave the thickness dependence k(n) in excel-
lent agreement with the experiment [44], where k saturates
near bulk graphite’s value at n ~ 7–8. For that reason,

Figure 11. IR-thermal imaging analysis of the sample coated with G3N.

Figure 12. Thermal analysis of the electroplated foam with
different GNP.
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since G2N and G3N present n ~ 30 and 20 respectively, the
main difference in heat conduction strongly depends on
the fabrication process and so by the defects produced in the
lattice. Even the planar development (L) plays an important
role in heat conduction since k ffi ln(L). In the end, the
phonon-boundary scattering and disorder, resulting in
characteristic k scaling with H, dominate heat transport in
GNP. Nevertheless the scaling cannot follow exactly the same
dependence as in crystalline films, because of the influence
of disorder and changes of the material properties with H.

4. Conclusions

The flash method has clearly allowed the not destructive
evaluation of the GNP presence in the thin layer electroplated.
Through the electro-thermal analogy was possible to determine
the disposition of the GNP planes during the combined
electrodeposition process, subsequently validated through
SEM analysis. Compression tests showed that the resistance
and energy deformation of the specimens is proportional to
their densities. In particular, graphene coating enhance the
yield strength of the foam of almost 25.7%. Steady state
thermal analyses, through forced air convection, have
permitted to evaluate the effective improvement of the GNP
coating compared to the solution without GNP. The IR-thermo
graphic analyses have allowed evaluating the different thermal
conductivity behavior of the two nanoparticles, in unsteady
state, finding in G3N the nanoparticles that maximize the
efficiency of the foam. In the end, GNP coating permits to
significantly improve the thermal conduction of the aluminum
substrate, with low production costs, without burdensome
methods and complex instrumentation, representing a new
viable method to enhance the heat spreading.
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