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Hardness and Compressive Properties of Open-Cell
Nickel Foam Reinforced by Nano-SiC Particles

E.Z. KARIMI, F. BARZEGAR, A. MOLOODI, and R. ZOLFAGHARI

In this work, nickel/SiC foam was produced by the co-electrodeposition method. The effect of
nanoparticle concentration (0, 0.1, 0.5 and 1 g/L SiC) and the current type on the nickel foam
properties has been investigated. Microscopic studies showed that the pulse current significantly
reduces the thickness difference between the surface and the foam core. In addition, the
columnar structure converts into equiaxed due to the addition of nanoparticles and pulse
current. In the pulse current state, less agglomeration occurred, and more uniform dispersion of
particles was observed. According to the compression test, the foam produced in the bath
contains 0.1 g/L SiC, and in the pulse state, the strength and energy absorption are 4.9 MPa and
132 MJ/m?, respectively, which are higher than those for pure nickel foam. But the other
composite foams are weaker than non-composite specimens. The low-strength
over-agglomerated particles are cut at low stress levels, and therefore, reduce the composite
material’s strength. The results of the microhardness test showed that, on average, pulse current
increased the hardness by about 84 Vickers. The fine-grained, uniform dispersion of
nanoparticles and the higher deposition of nanoparticles by pulse current increase this hardness.

®

Check for
updates

https://doi.org/10.1007/s11663-021-02273-9

© The Minerals, Metals & Materials Society and ASM International 2021

I. INTRODUCTION

NICKEL foam is one of the essential metal foams
used in the industry. The unique properties of nickel
have led to the high stability of these foams in the
working conditions. For example, high corrosion resis-
tance, reasonable mechanical strength, good electrical
conductivity, and high-temperature resistance provide a
wide range of applications for this foam. One of the
most important uses of nickel foam is as an electrode in
batteries such as nickel—cadmium-type (Ni—Cd) or
metallic nickel—hydride (Ni—MH) batteries because of
it’s high electrochemical resistance.' > The corrosive
and high tempreture operating condition caused Ni
foam to be an attractive candidate for exhcust as a
catalyst support.l®

The most common and cost-effective method for the
production of nickel foam is the electrochemical depo-
sition of nickel on a polymeric foam substrate. The
initial polymeric model must be conductive before
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immersion in the electroplating bath. Therefore, a thin
conductive layer is created on the polymeric model by
techniques like electroless process or graphite deposi-
tion. Electrical plating is then performed by applying
certain current and voltage to this precursor. The
polymer substrate is finally removed by heat
treatment.t’'%

One of the production problems by this method is the
non-uniform distribution of current density in different
areas of foam, which results in the heterogeneous
deposition thickness at the surface and core of the
foam. The formation of electromagnetic shields acting
as the Faraday cage on the outermost layers prevents
ions from entering the core of the foam. Therefore, a
sharp concentration gradient is created from the surface
to the foam core, significantly reducing the foam core
access to ions and limiting the transfer of the matter to
the core of the foam. Recently, using pulsed current
rather than direct current has been proposed to achieve
uniform thickness of deposition and significantly reduce
the concentration gradient created during the deposition
plrocess.[l H

In general, many efforts have been made to improve
the physical, mechanical and electrochemical properties
of nickel foams. Works such as using aluminum
substrates to enhance mechanical properties,!'' ¥ neu-
tral atmosphere heat treatment to improve compressive
strength and ductility,'” aluminizing alloying and
chromizing!'*'! to increase corrosion resistance have
been investigated so far. One of the best ways to enhance
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the metallurgical properties of materials is to reinforce
them with ceramic particles. In recent years, the pro-
duction of nanocomposite coatings by electrochemical
deposition method is one of the developing fields. In this
method, the insoluble dispersed particles are added to
the coating during electroplating process. This process
can produce metal coatings containing particles of
ceramics and organic materials.!'® "]

Various studies have already been conducted on the
production of composite nickel coatings using different
ceramic reinforcing particles such as Al,O3, SiC, WC,
Cr,05, Ti0,.'%?% Since SiC has properties such as
hardness of about 5100 Vickers, the elastic modulus of
450 GPa, high wear and erosion resistance, excellent
corrosion resistance, and is also inexpensive, so its use in
composites and composite coatings has been widely
developed. It is reported that the presence of SiC
particles in nickel coatings has increased the hardness
%n%}mproved the wear and corrosion properties.!'’ %

In this study, nickel base open-cell foam containing
SiC reinforcing particles were produced. The effect of
particle concentration in the deposition bath and the
type of applied current (direct and pulse) on the
metallurgical properties have been investigated. Unifor-
mity in the deposition thickness and microstructure of
the foams was studied and analyzed using light and
electron microscopy and EDS analysis. Compressive
strength testing has also been performed per ISO
133143 for metal foams. The microhardness of the
foams produced under different conditions has also been
compared to each other.

II. MATERIALS AND METHODS

Polyurethane foam was used as the primary model to
produce nickel foam by the electrodeposition method.
Commercial electroless solution (Growel Company,
India) was used to create the conductive polymeric
substrate. The conductive specimens were electroplated
in Watts solution with the composition of NiSO4.6H,O
(200 g¢. L") + NiCl (10 g.L~") + H3BO5 (30 g.L ") +
H,O, at 60 °C and pH 3.6. Electroplating bath con-
tained a different amount of nano-SiC particles (us-nano
company, 45 to 65 nm): 0, 0.1, 0.5 and, 1 g/L. The
electrolyte was continuously stirred by a magnetic stirrer
for 24 hours before electroplating to prevent agglomer-
ation. Saccharin was also added as a surfactant to
reduce the nanoparticle agglomeration. The maximum
applied current density was 0.1 A/dm? for both direct
current (DC) and pulsed current (PC) conditions. The
samples were prepared at a duty cycle of 50 pct and a
frequency of 100 Hz for the pulsed current type. The
thickness of the nickel layer was controlled by deposi-
tion time, and the electroplating process continued until
the samples reached a density of 0.95 + 0.02 g/cm?. To
ensure the reproducibility of the results, five samples
were produced in each condition.
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The produced composite foams were analyzed by
SEM/EDS analysis. For each condition, at least 3
samples (out of the 5 prepared samples) were anal?/zed
by EDS. According to the standard ISO 13314, the
compressive load was applied with strain rate 3 x 1072
s~ by a universal testing equipment ZWICK Z250. Two
main compressive properties including plateau stress
and energy absorption are investigated in this study.
According to the definition in JIS H 7902 standard, the
plateau stress (o,) equals to the average stress in the
strain range of 20 to 30 pct. The strain accordance with
1.3 times of the plateau stress is called densification
strain (gq) as DIN 50134 standard. Energy absorption
(E,) could be calculated by Eq. [1]%*>

&g

E, :/ade 1]

0

The compression test was repeated five times for each
specific condition. Then the average results with stan-
dard deviation for o, and E, are reported in the present
work.

The Vickers microhardness measurements were also
performed with a 25 g load and indentation time of 10 s
by using Buehler hardness tester. Five samples were
produced for each condition. Some pieces of these 5
samples (from the core and the surface of the foams)
were randomly mounted by resin and then microhard-
ness was measured five times on the mounted specimen.
The results were reported as the average of the 5
replicates.

III. RESULTS
A. Thickness Homogeneity

As well known, the deposition thickness at the surface
is usually several times thicker than that at the core of
the foam. This problem arises from mass transfer
limitation and electromagnetic shielding of surface
struts that act as a Faraday cage.l'" ' To investigate
the effect of pulsed current and nano-particles on this
phenomenon, the strut thickness measurements were
performed for at least seven pores of the surface or the
core randomly from five samples produced under the
same conditions. How to measure the strut thickness for
a pore is shown in Figure 1.

Figure 1 shows the cross-section of the surface and
core of the pure nickel foams produced by DC and PC
conditions. The thickness of the deposited nickel layer is
measured by Clemex, a commercial image analysis
software. The average thickness of the deposited nickel
layer in the surface and core of produced foams in
various baths by pulsed and direct currents is plotted in
Figure 2. The thickness difference enhanced by increas-
ing the amount of nanoparticles in the electroplating
solution. These inert particles reduce bath conductivity.
Therefore, the access of the foam core to the ions is
significantly reduced. In contrast, the pulsed
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electrodeposition process has remarkably decreased the
thickness difference in the surface and core of foams,
even in the presence of the neutral particles.

B. Microstructure and EDS Analysis

Figures 3(a) and (b) are the surface morphologies of
the pure nickel foams electrodeposited under DC and
PC conditions, respectively. The surface in both condi-
tions is similar to cauliflower, but it seems that a
smoother surface is created under pulsed electroplating
condition.

Figure 4 shows a cross-sectional image of non-com-
posite nickel foams produced in both direct current and
pulse modes etched with Aqua Regiareagent. As can be
seen from Figure 4, the deposition of nickel is columnar
in the direct current condition. It is reported that the
shape of the grains in the standard Watts bath is
columnar at the beginning of deposition and then
becomes equiaxed, which is also seen in Figure 4(a).*®
Obviously, with increasing the deposition thickness, the
diameter of the columns also increases (several grains
were labled in the figure).?”! In Figure 4(a), the growth
of the columns has occurred explosively, and this leads
to an increase in internal stress. This internal stress is
seen in the non-uniform colour of the etched sample. At
the end of deposition, by the columnar structure growth,
the etching intensity is higher, indicating the concentra-
tion of stress in these areas. Figure 4(b) shows that the
pulse current has been able to change the shape of the
grains from columnar to equiaxed.

In general, to reduce the grain size and change its
structure from columnar to equiaxed, continuous nucle-
ation must occur. According to literature it can be
achieved by three methods: (a) adding grain refining

agents to the deposition bath®®®; (b) adding a secondar

reinforcing phase, and (c) applying pulsed current.””!
Figure 5 shows the SEM image of the nickel foam
specimens deposited in the bath containing 0.1 g/L of
SiC nanoparticles. Samples have been etched with Aqua
Regiareagent. The surface roughness of the etched
specimens in the Figure 4 is due to the separation of
the SiC nanoparticles removed by etching from the
nickel matrix. As can be seen in the figures, the presence
of nanoparticles in both DC and PC conditions resulted
in equiaxed grains, which causes less internal stress than
condition without nanoparticles and direct current. On
the other hand, the average grain size in the direct
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Fig. 2—The average thickness of nickel deposition in the surface and

core of produced foams as a function of various baths by pulsed and
direct currents.

Fig. 1—Cross-sectional optical images of (a) foam surface and (b) core by DC condition and (¢) foam surface and (d) core by PCcondition.
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Fig. 3—SEM images of the plated surface of nickel foam under (¢) DC and (b) PC electrodeposition.

substrate

Fig. 4—Microstructure of pure nickel foams produced under (¢) DC and (b) PC states.

current state is 21.3 + 7.1 microns and in the pulsed
current condition is 5.8 + 3.6 microns (The grain size
measurements were performed according to ASTM
E112-13%% by Lineal Intercept method). Figure 5(a)
also shows the occasional agglomeration of nanoparti-
cles in the direct current condition in this bath, while in
pulsed current mode, the uniform distribution of
nanoparticles is shown.

Figure 6 shows the SEM images and EDS analysis of
as-polished samples of nickel foams produced in the
bath containing 1 g/L of SiC nanoparticles. As can be
seen, under direct current conditions, the nanoparticles
have become more agglomerated, and the pulse current
has led to a uniform distribution of nanoparticles in the
nickel matrix.

C. Compressive Strength and Energy Absorption
Capability

Studied samples after the compressive tests are shown
in Figure 7. The pure nickel foam can be compressed up
to 70 pct compaction; while the walls of all composite
foams collapsed before 70% deformation due to
embrittlement.

Figure 8 shows the stress-strain curves obtained from
the compressive tests for composite and non-composite
specimens which behave quite differently. It is well
known that the presence of fluctuations in the comPres—
sive curve of metal foams indicates embrittlement.!'*3"!
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Among specimens, the pure nickel foams produced by
both DC and PC conditions possess high ductility.
Adding SiC particles to the ductile nickel matrix makes
it brittle. The fluctuations have considerably increased
for nanocomposite foams produced in bathes containing
0.5 and 1 g/L nanoparticles. There is the same behaviour
in compressive curves of all composite samples for DC
and PC conditions except that of electroplated in 0.1 g/L
SiC bath and by the pulsed current. The compressive
behaviour of this foam is more similar to that of foams
produced in non-composite bathes. There are also much
fewer fluctuations in its curve compared to the com-
pressive curves of other composite foams in Figure 8.
Plateau strength and energy absorption as a function
of electroplating conditions are shown in Figures 9 and
10. In general, the application of pulsed current has
improved both mechanical properties in comparison
with applying direct current for each bath conditions.
Besides, composite foams produced in baths con-
tained 0.5 and 1 g/L nano-SiC have no positive effect on
the improvement of mechanical properties. Whereas,
there is an increase in plateau strength and energy
absorption for the nickel foam electroplated in the
presence of 0.1 g/L nano-SiC compared to the non-com-
posite sample. Although the specimens produced in this
bath have approximately the same plateau strength in
both direct and pulsed current conditions, the energy
absorption capability of the specimen produced by
pulsed mode is much higher than that of another one.
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Fig. 5—SEM images of the cross-section of Ni foams electroplated in bath contained 0.1 g/L SiC, under («) DC and (b) PC condition.

Spectrum 1

Spectrum 1

Fig. 7—(a) Ni/SiC foam sample before compressive test, (b) non-composite nickel foam after compressive test, (¢) composite foam after
compressive test.
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Fig. 8—Compressive stress—strain curves of nickel foams produced in bath; (¢) without nano particles, with nano-SiC concentration of (») 0.1 g/

L, (¢) 0.5 g/L, (d) 1 g/L.

D. Microhardness

Microhardness measurement of nickel foams produced in
different conditions is reported in Figure 11. The hardness
of nickel foams electrodeposited in the PC condition was
higher than that of ones prepared under DC condition. The
current type and SiC concentration in electrodeposition
solution have a significant effect on microhardness. Both of
them increase hardness. This implicitly reveals that as the
concentration of particles in the bath increases, the more
particles codeposited in the nickel matrix.

IV. DISCUSSION

Grain refining and dispersion of hard particles of the
second phase are the two most effective methods to
increase strength and hardness. Therefore, the finer
structure, the higher the strength. The Hall-Petch
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relationship expresses the dependence of yield stress on
grain size. This relationship a%oplies when the grain size
is more than a few microns.*”

Applying a pulsed current increases the nucleation
rate of nickel, thereby decreasing its grains size.!'8333%
Anions have been reported to be cathodically absorbed
during t.y, and this absorption encourages further
nucleation during 7,,.?**! The microstructural studies
testify to an enhancement of nuclei (Figure 3), the
alteration of morphology from columnar to equiaxed
(Figure 4) and, the grain refinement (Figure 5) due to
the application of pulse current. Therefore, in all
production conditions of the studied foams, the foams
produced by pulse current have higher plateau strength,
higher energy absorption capability and hardness than
the produced samples by direct current. In addition, in
the presence of secondary phase particles in the bath,
pulse current leads to more deposition of these particles

METALLURGICAL AND MATERIALS TRANSACTIONS B
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Fig. 11-—Microhardness as a function of nano-SiC concentration in
the electroplating bath and current type.
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and their uniform distribution in the metal matrix,*®

which can be another reason for increasing the mechan-
ical properties of nickel foams.

In most studies on Ni-SiC composite coatings, the
grain refinement (Hall-Petch relationship) and Orowan
mechanism are introduced as the reinforcement mech-
anisms.!'*37 3% Comparison of Figures 4(a) and 5(a)
shows the change in the grain shape from columnar to
the equiaxed and the grain size reduction due to the
nanoparticle addition. However, according to the
results of the compression test (Figures 8, 9 and 10),
the mechanical properties (o, and E,) of composite
foams have decreased compared to non-composite
foams except in one case (the foam produced in 0.1
g/L SiC bath and under PC condition). At room
temperature, dislocations have two ways to pass
through hard particles: 1. cutting the particles, and 2-
bypassing the particles (Orowan mechanism).*? Elec-
tron microscopy images of composite foam samples
produced in baths with high concentrations of
nanoparticles (baths containing 0.5 and 1 g/L) show
that nanoparticles have been agglomerated and pro-
duced particles with dimensions of several microns.
Under pulse conditions, the particles are clustered in
smaller sizes and have a more uniform distribution in
the matrix. The agglomerated particles have low
strength, and so easily have been cut off by disloca-
tions, and the strength of the foam is significantly
reduced.

Moreover, these phenomena make them severely
brittle. However, in the case of composite foam pro-
duced in the bath with a lower concentration (contained
0.5 g/L nano-SiC) and in pulse mode, the compressive
strength has increased compared to pure nickel foam. As
clear from the microscopic images for this foam, the
agglomerated particle size is submicron. It can be said
that the Orowan mechanism also activates in particle
strengthening. Nie and Korayem proved this mechanism
by TEM images for SiC and Al,O3 nano-particles in Mg
matrix, respectively.[**-4!]

The hardness increases by adding more nano-particles
to the bath since the amount of these hard particles
increase in the deposition matrix. However, this increase
in hardness has not resulted in an increase in strength. In
fact, adding SiC nano-particles could be useful for
improvement of the surface hardness of the foam but
not suitable for bulk properties such as compressive
strength.

V. CONCLUSION

The composite nickel foam was produced by co-elec-
trodeposition of nickel and nano SiC particles on a
polyurethane foam substrate. The effect of SiC concen-
tration in the bath (0, 0.1, 0.5 and 1 g/L) and current
type (DC and PC conditions) on the mechanical and
microstructural properties were investigated. The
research yielded the following results:
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1. Microscopic images showed that the microstructure
in the common plating condition is columnar. Both
pulse current and precipitation of neutral particles in
the bath individually lead to equiaxed grains. In
addition, these two factors are the grain refinements
of the microstructure. Pulse currents lead to the more
uniform dispersion of particles in the nickel matrix
and, more deposited particles compared to the direct
current state.

2. The results of the standard compression test for the
studied foams showed that the non-composite foams
are much more ductile than the composite foams.
The presence of SiC particles has led to severe brit-
tleness of foam. In composite foams produced in
baths of 0.5 and 1 g/L, the compressive properties of
the foam are significantly reduced compared to the
non-composite foam. The reason for this is the severe
agglomeration of SiC particles, which form particles
as large as a few microns. Because of the ease of
cutting these particles by dislocations, composite
foams are broken at much lower stresses than
non-composite foams.

3. The highest strength of the plateau and the ability to
absorb energy among the studied samples attributed
to the foam produced in the bath containing 0.1 g/L
of nanoparticles and under pulse current. It can be
said that the mechanism of grain refining and Or-
owan have increased the strength of this composite
foam compared to pure nickel foam under similar
conditions. Although this foam is more brittle than
pure foam, it is much less brittle than other com-
posite foams.

4. The microhardness measurement of the studied
foams indicates an increase in hardness when the
particle concentration enhances in the electrolyte.
This implies that the particle amount has increased in
the deposition. The pulse current has also led to an
increase in hardness by approximately 84 Vickers.
The fine-grained, uniform dispersion of nanoparticles
and the greater deposition of nanoparticles by pulse
current increase this hardness.
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