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Abstract

This study investigated the role of SiC as a reinforcement on microstructure, corrosion, and electrochemical properties of
Cu/xSiC (x=0, 5, 10, 15, 20, 25, and 30 vol% SiC) composites. The powder metallurgy route was used to fabricate Cu/
SiC composite. The distribution of SiC reinforcing particles in the Cu matrix and their interfaces were investigated using
optical and SEM/EDS microscopes. The various phases of Cu strengthened with SiC particles were detected using an X-ray
diffractometer. The anticorrosion behavior and electrochemical properties of composites were investigated using various
electrochemical techniques in 3.5 wt% NaCl solution. The electrochemical studies showed that the inclusion of SiC particles
in the Cu matrix improved the resistance to corrosion. It was found that as the reinforcing particles increased to 20 vol%,
the corrosion potential increased from —240 to — 183 mVy/5,¢; and the corrosion current density decreased from 5.01 to
0.02 uA cm™2, while the passive current density decreased from 17.58 to 4.74 x 10 A cm™2. This behavior resulted from
the nucleation and production of a good protective layer. On another side, increasing reinforcing particles over 20 vol%,
the corrosion current density increased from 0.05 to 0.63 pA cm™2, while the corrosion potential shifted from — 196 to

- 206 mVAg/AgCl.
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1 Introduction

Copper is commonly employed in various applications due
to its excellent thermal, electrical, and mechanical proper-
ties [1-5]. However, it has significant restrictions that limit
the applications of pure copper, such as low yield strength,
low hardness, and limited wear resistance ability. Reinforc-
ing particles, such as alumina [6, 7], titanium carbide [8],
tungsten carbide [9], and silicon carbide [10], can over-
come these limitations and improve these properties. Mate-
rial costs, production techniques, and applications should
be considered when choosing the reinforcement elements
which act as a carrying load into the composite [11]. Due to
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their special characteristics like high hardness and strength,
outstanding resistance to oxidation and corrosion, low coef-
ficient of thermal expansion, and excellent heating transfer
capacities, silicon carbide particles are a viable reinforce-
ment for Cu-matrix among the other reinforcements [12—14].

Conventionally, metal matrix composites (MMCs) are
widely prepared using casting or powder metallurgy tech-
niques. The casting technique is a proper method for enhanc-
ing the mechanical and chemical properties [15, 16]. How-
ever, difficulties in controlling the mixing constituents and
the distribution of reinforcement particles reduce its applica-
tion in copper matrix composites [17]. Powder metallurgy
is one of the most widely used techniques for producing
composites reinforced with dispersion particles to a rela-
tively soft metal matrix such as copper [11, 14, 18]. The
inclusion of reinforcing particles with copper improves the
composite properties [6—10]. Most MMCs have numerous
advantages, such as good corrosion resistance, excellent
wear, extremely good creep resistance, high-temperature
operating ability, and superior dimensional stability [19]. It
was reported that incorporating SiC into the copper matrix
as reinforcement particles reduced the relative density and
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electrical conductivity while the hardness was improved [5].
Further, Akbarpour et al. [20] illustrated that SiC improved
the density, hardness, and abrasive wear resistance of the
Cu-matrix. In addition, Metwally et al. [11] showed that the
abrasive wear resistance of the Cu -matrix increased as the
SiC increased in the composites due to grain refining of the
matrix and the pinning effect of SiC.

On the other hand, corrosion can be considered a main
factor for evaluating the application of composites as struc-
tural materials in marine environments [21]. Many param-
eters, such as volume fraction, reinforcement distribution,
microstructure, and production method, can control the
corrosion rate of composites. Further, some investigators
found that pitting is the most common corrosion form in
different composites [22, 23]. Torabi and Arghavanian [24]
investigated the effect of SiC on the corrosion properties
of Cu-10Sn alloy. Their results revealed that incorporat-
ing SiC particles to 10 wt% as a reinforcement increased
the corrosion resistance and accelerated the protective film
nucleation; above this value, the SiC particles reduced the
corrosion resistance owing to particle agglomeration and
incomplete composite sintering.

In fact, there are several studies on low-volume frac-
tions of micro or/nano size SiC which deal with micro-
structure, mechanical, and physical/chemical properties
of copper composite fabricated using powder metallurgy
technique [25, 26]. However, few papers have been pub-
lished on the corrosion behavior of copper reinforced with
high-volume fractions of SiC particles. Unfortunately, low
studies are offered which could attribute the influence of
different proportionate additions from SiC particles to the
Cu-base matrix on its corrosion behavior. Therefore, this
study aims to examine the role of these particles in the range
of (0-30 vol% SiC) on the microstructure, corrosion, and
electrochemical properties of Cu/SiC composites in 3.5 wt%
NaCl solution.

2 Material and Procedure
2.1 Materials

Cu powder (4 um) strengthened with SiC particles
(2.5 pm) were produced by the powder metallurgy
method. Reinforcing particles were utilized in volume
percentages (%) ranging from 0 to 30%. Figures 1 and
2 show the properties of the powders utilized in the
investigation. The powder was carefully weighed to the
requisite % utilizing an electronic balance with a preci-
sion of +0.01 mg. The powders were blended for 3 h in
a closed mixer to obtain a homogeneous distribution of

the reinforcing particles within the MMCs. The powders
were cold compressed on a disc steel die with a diameter
of 12 mm and a thickness of 10 mm using a universal
testing machine at an axial pressure of 450 MP. The com-
pressed specimens were sintered for 2 h in an electric tube
furnace at 850+ 5 °C with argon gas with a flowing rate
of 1 L/min.

2.2 Characterization

The pure Cu and Cu/SiC composite microstructures were
investigated using the optical microscope model (Zeiss) and
scanning electron microscope (SEM) model (JEOL JSM-
6330F). According to ASTM E3-95 [27], all specimens were
ground with sandpaper of SiC ranging from 180 to 2000#.
After that, the specimens were cloth polished using 1 um
diamond paste. The specimens were cleaned in an acetone
solution and air-dried. Energy dispersive spectroscopy
(EDS) was carried out to identify the content of Cu, SiC,
and Cu/SiC sintered composite.

2.3 XRD

The multi-phases of Cu matrix strengthened with SiC partic-
ulates were measured using an X-ray diffractometer (XRD,
Philips Analytical X-ray B.V. Machine). The detection range
was from 10 ti 90° of (26) with a step size of 0.05° (20) and
a measuring time of 5 s/step.

2.4 Relative Density and Porosity

The relative densities (p,,,) of the pure Cu and Cu/SiC com-
posites were estimated by utilizing the following Eq. (1):

p exp

Relative density = x 100 ¢))

Pin

where p,, is the measured or experimental density and p, is
the theoretical density of the specimens. The experimental
density of the sintered specimens was determined using the
Archimedes method. The theoretical density was determined
using Eq. (2) [28]:

100
[W_ + W_] @)

Pcu Psic

Theoretical density =

where p is the density, and W denotes the weight fractions,
respectively. The porosities of the sintered specimens were
estimated by utilizing the rule of the mixture as indicated in
the next Eq. (3):
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Fig. 1 The SEM image, EDS analysis and particle size distributions of the SiC powder

P

Porosity = [1 - ] x 100 3

t

where p,, signifies the density as measured, and p, represents
the density as theoretically.

2.5 Hardness

The Vickers indentation technique was used to determine
the hardness of specimens with a load of 5 kg for Cu/SiC
composites. The exact hardness of each specimen was deter-
mined by averaging ten measurements for each specimen.

2.6 Immersion Corrosion Tests

According to ASTM G1 and G31 [29, 30], the specimens
were soaked in a solution containing 3.5 wt% NaCl at 25 °C

@ Springer

to obtain the corrosion rate. The specimens were ground
with SiC sandpaper to 1200# to get a mirror surface. All
specimens were ultrasonically cleaned in an acetone bath,
de-ionized water, and then air-dried. Before immersion in the
solution, the beginning weights of the specimens (W) were
measured with an analytical balance (accuracy: +0.001 mg).
The specimens were immersed in the chloride solution for
an interval time of (72-576) h. After the expiration of the
time, the specimens were removed from the solution. The
corroded specimens were submerged in concentrated HNO,
for 3 min to remove the corrosion products. The difference
in weight (final and initial weight) was used to calculate the
mass loss for each specimen. The corrosion rate was calcu-
lated using Eq. (4) [29]:

K x AW
r=

T AXDXt @)
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Fig.2 The SEM image, EDS analysis and particle size distributions of the Cu powder

where K is a constant (8.76 x 10%), AW is the weight
loss (mg), r is the corrosion rate (mmy_l), A is the area
(cmz), D is the density of the specimen (g/cm3), and 7 is the
exposure time (h).

2.7 Electrochemical Measurements

Potentiostat/Galvanostat (EG&G model 273) was used to
perform potentiodynamic polarization, cyclic polarization,
and potentiostatic tests, while Gamry Potentiostat/Galva-
nostat (PCI300/4) was used for electrochemical impedance

Table 1 Relative density,

. ; Serial no Composites Theoretical density Measured density Relative den-  Porosity (%)

aqd porosity vCu clomp0s1te' (g/em®) (g/em’) sity (%)

reinforced with different SiC

content 1 Cu/0SiC 8.96 8.48+0.01 94.64 5.36+0.01
2 Cu/58iC 8.66 8.07+0.03 93.18 6.82+0.04
3 Cu/108iC 8.36 7.65+0.02 91.507 8.49+0.03
4 Cu/158iC 8.08 7.38+0.06 91.336 8.66+0.05
5 Cu/208iC 7.80 7.02+0.07 90.00 10.00+0.03
6 Cu/258iC 7.55 6.62+0.08 87.68 12.32+0.09
7 Cu/308iC 7.23 6.25+0.09 86.44 13.56+0.1
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Fig. 3 Optical micrographs of Cu composites reinforced with various SiC content (a 0 vol%, b 5 vol%, ¢ 10 vol%, d 15 vol%, e 20 vol%, f

25 vol%, and g 30 vol% of SiC particulates)

spectroscopy (ELS) measurements The electrochemical cell
composed of three-electrodes: Cu/SiC specimens with an
exposed surface area of 1.0 cm? as the working electrode,
Pt sheet with a surface area of 2 cm? as a counter electrode,
and Ag/AgCl as the reference electrode. The electrochemical
trials were conducted in a corrosive environment (3.5 wt%
NaCl solution). The EIS measurements were taken at the
30 min open circuit potential. The applied voltage was
10 mV in amplitude and ranged from 0.01 Hz to 100 kHz in
frequency. The Echem Analyst software was used to evaluate
the impedance data. Potentiodynamic polarization experi-
ments were performed at 0.5 mVs~! scan rate. Although a
0.5 mVs~! is adopted in this stage of the experimentations,
it is remarked that potential scan rate has no substantial
provided distortions in the polarization curves obtained,
as previously reported [31-34]. Besides, no deleterious
effect is verified when polarization parameters are obtained
(e.g. corrosion current densities and potentials). However,
it is worth noted that potential scan rate has an important
role in order to minimize the effects of distortion in Tafel
slopes and corrosion current density analyses, as previously
reported [31-34]. The PAR Calc Tafel Analysis method was
used to fits the corrosion results based on the Stern-Geary
model. Cyclic potentiodynamic plots were performed from
1.0 Vg/agcy across the anodic direction at a scanning rate of
0.25 mVs~!. The scanning potential was reversed when the
current density attained 10 mA cm™2. After cyclic polari-
zation measurements, the surface morphology and multi-
phases of corroded specimens were evaluated using a scan-
ning electron microscope analysis and XRD. Potentiostatic
tests were performed at 300 mVg,¢; for 0.5 h. All tests

@ Springer

were done in triplicate for each experiment to ensure the
validity of the results. The standard deviation value in each
condition was calculated to assess the measurement error.

3 Results and Discussions
3.1 Microstructure Characterization

The effect of micro-sized SiC vol% on the relative density
and porosity of Cu/SiC composites is illustrated in Table 1.
It is clear that increasing SiC particles, declines Cu/SiC
composites density. The relative density reduced from
94.64 (pure Cu) to 86.44% with increasing SiC particles
to 30 (vol%). The high reduction in the relative density is
attributed to the size and content of SiC, according to the
conclusion of Efe et al. [35]. Further, the density of SiC
particles (3.2 g/cm?) is substantially less than that of Cu
(8.9 g/lcm?), which explains this reduction in the density. The
outcome is similar to the results of Prosviryakov [36]. On
the other hand, the results show that the porosity of compos-
ites increases with increasing content of SiC particles. The
behavior is attributed to Cu/SiC interface is high in com-
posites with a high SiC content, resulting in a high copper
atom diffusion barrier. The copper atoms are thus unable to
disperse and seal the gaps between the SiC particles easily.
Therefore, the densification is hindered [37, 38].

The optical micrographs of copper reinforced with vari-
ous proportions of SiC particles are shown in Fig. 3. In
general, the grains of the alloys are approximately equiaxed
grain structures. The SiC particles are distributed within
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Fig.4 SEM micrographs showing the dispersion of SiC microparticles in Cu matrix (a 0 vol%, b 5 vol%, ¢ 10 vol%, d 15 vol%, e 20 vol%, f
25 vol%, and g 30 vol% of SiC particulates)

|
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Fig.5 EDS elemental mapping of Cu/20SiC micro-composites and their corresponding elemental mapping of Si, C and Cu respectively

the matrix. However, these images reveal some porosity. As ~ Cu matrix. The SiC volume fraction affects the morphol-
shown in Fig. 3, the dark phase represents SiC dispersion  ogy of MMCs grains. Figure 4 show the SEM images of
in the composite, whereas the bright phase represents the  the composites sintered at 860 °C for 2 h. The micrograph
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Fig.6 XRD patterns of Cu
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indicated that the pure copper specimen possessed a uni-
form homogeneous structure and included a single phase
(Fig. 4a). Moreover, the porosity can be seen in a few places
due to inadequate compacting, which admits air enters into
the specimen. This air was trapped and released during the
sintering process, creating porosity. Figure 4b—g shows Cu
composites reinforced with various vol% of silicon carbide
particles. The SEM micrographs of reinforced specimens
showed that the metal matrix composite contains Cu and
SiC particles. Moreover, the metal matrix exhibits improper
dispersion of the reinforcing particle, most likely due to
localized agglomeration. The SEM pictures of the Cu/5SiC
composite specimen (Fig. 4b) demonstrated the presence of

20, (deg.)

copper in the bright area. In contrast, the dark area reflects
the cluster of micro-SiC in a few sites. The absence of an
intermediate phase in SEM images between the Cu and SiC
interface suggests no reaction happened during the sintering
process. The inclusion of SiC reinforcing particulates into
the Cu matrix promotes grain refinement. Also, the micro-
scopic image showed that when the SiC particle concentra-
tion increased, the distribution of particles became uniform
up to 20 vol%. Additionally, the SEM image revealed that
non uniform distributions could be observed above this value
due to SiC agglomeration. Similar results were reported by
Efe et al. [35, 39]. Figure 5 depicts the mapping EDS analy-
sis of Cu/20SiC composites. The elements map reveals the

Table 2 Equivalent circuit parameters of Cu composite with different SiC contents

Samples R, (Q cm?) R, (Q cm?) Qu W, (Ss"2em™) X’
Y, (Fcm™2) n,

Cu/0SiC 12.2+0.01 190+6 220+6 0.70+0.01 0.04 +0.003 22%x107*
Cu/5SiC 10.1+0.02 230+5 180+4 0.76 +0.02 0.03 +0.002 19%107*
Cu/10SiC 9.1+£0.06 250+ 10 160+3 0.75+0.04 0.02+0.001 18x107*
Cu/15SiC 9.2+0.04 260+3 130+2 0.8+0.03 0.006 £ 0.0002 15%107*
Cu/20SiC 8+0.01 422+11 110+2 0.88+0.04 0.008 £ 0.0004 10x107*
Cu/25SiC 9.4+0.02 350+9 120+3 0.82+0.02 0.009+0.01 13%107*
Cu/30SiC 10+0.07 205+8 125+4 0.86+0.01 0.07 £0.0001 14x107*

@ Springer



Metals and Materials International (2024) 30:568-584 575
Fig.7 Effect of SiC vol% on 200 - - 10
the Crystallite size and Lattice i —=— Lattice ?tra“_"
Strain 180 L —@— Crystallite size
) -9
160 i
—~ i -8
140 L
E 17 5
~ ® L7 ‘;
o 120 H \ L £
N 1 ©
(2] [
o 100 -6
= 1 @
© 80 u _g
"(7; 4 \ | | ~ 5 "(_U'
S 60 ° I\ . / I ©
b u _/ -4
40 o L
1 o
20 - \ / -3
i . ‘/. -
0 1 . . 1 . 1 . 1 . 1 . 1 2
0 5 10 15 20 25 30
SiC, (vol. %)
250 sy " ]-=—cu0siC
- _ n —e— Cu/5SiC A
P e 404 o Cu/10SiC]|
200 T E E —v— Cu/15SiC
- ~ 354 Cu/20SiC]
> dai T 1 N\ —<— Cu/25SiC
T 150 ) X 301 v '\\ —»— Cu/30SiC]|
tl; e 2 1 \. g
g E = -,
c = 1 i
-E 100 -a 20 \v\>\.\.\'\=
) il B i
g £ 45 4\ \>
) —
50 o \v ‘>\ © ]
L 4 v
10 ] >~ < __:_: —
5 T T T T T T
oL , S
0 5 10 15 20 25 30 Time, (h)
SiC, (vol. %)

Fig. 8 Hardness of Cu matrix as a function of SiC vol% microparti-
cles addition

presence of the Cu, Si, and C components in an SEM micro-
graph of the composite. Furthermore, the EDS analysis map
demonstrates a uniform dispersion of SiC within Cu/20SiC
micro composite [25].

Figure 6 shows the XRD spectrums of a Cu/SiC
micro/composite with several of vol% of SiC particles.
According to the Joint Committee of Powder Diffraction
Standards (JCPDS) database, the reflection planes of
(111), (200), and (220) at 26 of 43.29, 50.43, and 74.12,

Fig.9 Corrosion rate-time curves of Cu matrix reinforced with differ-
ent SiC contents in 3.5 wt% NaCl solution

respectively, confirm the formation of Cu face center
cubic. The reflection planes of (100), (002), (101), (102),
and (110) at 20 of 33.58, 35.50, 38.13, 49.67, and 60.05,
respectively, confirm the formation of hexagonal SiC par-
ticles. Besides, XRD analysis confirmed that including
more SiC particles in composites decreased the intensity
of the Cu peaks. According to Akbarpour et al. [20], the
decrease in intensity is caused by a difference in thermal
expansion between the Cu matrix and the SiC particles,
resulting in the creation of lattice micro-strain in the
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Fig. 10 Nyquist, and bode plots of Cu matrix with different SiC contents in 3.5 wt% NaCl solution. (a Nyquist plot, b, ¢ bode plot, d Electrical
equivalent circuit)

composite. In others words, the decreasing grain size of Moreover, the size of the crystallite (d) and lattice
the matrix can also explain this behavior [40]. strain (n) of (a-Cu) matrix were determined by the Wil-
liamson-Hall formula Eq. (5):

Table 3 Potentiodynamic parameters of Cu composite reinforcement with different SiC contents

Samples E . (mV) iore (A cm™ 2) R, (Ohm) Corrosion rate (mrny’l) B, (mV/decade) B, (mV/decade)
Cu/0SiC —240+8  (5.01+0.05)x107° (5.39+0.01)x 10° (6.1+£0.2)x1072 124 +5 125+2
Cu/5SiC —235+7  (4.69+0.03)x107° (7.01+0.01)x 10 (5.78+£0.3)x 1072 225+6 106 +3
Cu/10SiC -225+3  (021+£0.00)x107°  (1.24+0.001)x10°  (2.77+0.1)x 1072 12743 95+7
Cu/15SiC —195+4  (0.13+0.002)x 1076 (2.40+0.003)x10°  (1.76+0.2)x 1073 188 +4 99+4
Cu/20SiC —183+5  (0.02+0.002)x 1076 (123+0.002)x10°  (3.72+0.2)x 107 146 +7 108 +5
Cu/25SiC —196+6  (0.05+0.003)x 1076 (7.70+0.002)x10°  (7.96+0.11)x 107* 157+8 117+6
Cu/30SiC —206+8  (0.63+0.001)x107° (7.44+0.04)x 10* (10.51+.09)x 107 139+2 165 +8

@ Springer
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Table 4 Cyclic polarization parameter of Cu composite reinforced with SiC particle in 3.5 wt% NaCl solution

Samples E,, (mV) iy (A cm™) E; (mV) i (Acm™) E, o (mV) Lot (A cm™)
Cu/0SiC 54.24+3 (2.95+0.14)x107* 812.1+10 (1.38+0.1)x 1073 —89.55+2 (2.45+0.01)x 1077
Cu/5SiC 47742 (2.34+0.12)x 107 860+ 11 (1.20+0.09)x 1073 -83+3 (478 +0.03)x 1077
Cu/10SiC 17.65+1 (8.31+0.13)x 1073 907 +15 (1.0+£0.03)x1073 —148+4 (1.81+0.02)x 1077
Cu/15SiC 78 +4 (1.58+0.10)x 107 1122+9 (1.04+0.01)x 1073 —89.5+6 (1.99+0.01)x 107’
Cu/20SiC 23942 (7.07+0.2)x 107> 1283+8 (8.12+0.01)x107* —77.07+3 (9.33+0.03)x 1073
Cu/25SiC 12.05+3 (8.51+0.25)x 1073 1259+ 13 (1.04+.02)x 1073 —955+3 (1.28 +£0.02)x 1077
Cu/30SiC 41.7+5 (1.41+0.09)x107* 1176 +14 (1.04+0.03)x 1073 —137+5 (2.13+0.06)x 1077
fcosf = kA +4n'sin ) specimen. Thesc.a findings are consistent with earlier research
d reported by various authors [41, 42].

where k is the Scherrer constant ((k=0.9—1.0)), A denotes to
X-ray wavelength, 1 represents the average of lattice strain,
B is the full width at half maximum peaks in radian, and 0
refers to Bragg angle. Plotting BcosB versus sin6 for (a-Cu)
gives a straight line with a slope of (2n) and intercept of
(kA/d). The data used in Eq. (5) were obtained from Fig. 6.
The crystallite size (d) and the lattice strain () were plotted
in Fig. 7. The outcomes showed that the crystallite size of
an a-Cu matrix is decreased by ~ 36, 62, 66, and 72% for
5%, 10%, 15 and 20%vol SiC, respectively, compared with
the pure Cu sample. Further, increasing the SiC particle to
25 and 30%vol increased the average lattice strain and the
crystallite size by ~29, 38, and 11, 32, respectively. This
behavior is ascribed to the non-uniform distribution of SiC
inside the matrix [11].

3.2 Hardness Measurements

Figure 8 depicts the hardness of composites strengthened
with different SiC vol%. According to the observations,
the pure specimen has a hardness of about 20.16 +0.1 HV.
Additionally, Fig. 8 demonstrated that increasing the vol%
of SiC increased the hardness of the composites. The results
showed that increment the micro-sized SiC concentration
to 5, 10, 15, and 20 vol% increased the average hardness
values by 28, 39, 65, and 77%, respectively. The findings
indicate that the hardness of pure Cu in HV is lower than
that of micro/composite specimens owing to the existence
of the ceramic phase (SiC) in the composite specimens.
This improvement in hardness is attributable to the homo-
geneous dispersion of reinforcing particles (SiC) and good
adhesion to matrix composites. Moreover, the inclusion of
micro/size (SiC) particles within the composite works as
a load-supporting element in micro composites, contribut-
ing to improved hardness. The inclusion of SiC particles
above 20 vol% causes a reduction of hardness due to the
accumulation of the particles and inadequate sintering of the

3.3 Immersion Tests

The corrosion rate of Cu matrix reinforced with various
vol% SiC particles as a function in immersion time is pre-
sented in Fig. 9. The outcomes reveal that as the soaking
time extended, the corrosion rate of the specimens decreased
and reached stable values. This behavior is due to creating
of a thin passive film on the top surface of reinforced Cu
composite alloy. These films operated as a physical barrier,
impeding charge transfer throughout the corrosion prod-
ucts and lowering the corrosion rate. Further, the outcomes
showed that the corrosion rate of Cu/20SiC has a lower cor-
rosion rate when compared to other specimens. Moreover,
the results revealed that the Cu/20SiC specimen had the
lowest corrosion rate compared to the other specimens. The
enhancement in corrosion resistance is due to the high purity
of SiC, its chemical stability, and the homogenous disper-
sion of reinforcing particles in the Cu composite. Because
of this, the micro galvanic coupling between the reinforcing
particles and the Cu matrix has been significantly reduced.
Additionally, incorporating reinforcing particles (SiC) above
20% increases the composite corrosion rate owing to SiC
clustering in copper matrix composites [43, 44].

3.4 Electrochemical Impedance Spectroscopy (EIS)

The technique of electrochemical impedance spectroscopy
was employed to investigate corrosion characteristics at the
Cu/SiC composite/electrolyte interface. The Nyquist and
Bode plots of Cu/SiC composite alloys in 3.5 wt% NaCl
aqueous solution are shown in Fig. 10a—c. The Nyquist
graphs revealed that the specimens display a capacitive
arc in the high-frequency and a straight line in the low-
frequency. The capacitive arc in the high-frequency range
is related to the resistance to charge transfers at metal/elec-
trolyte contact. A greater capacitive arc diameter indicates
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Fig. 11 Potentiodynamic polarization plots of Cu matrix strengthened
with different vol% of SiC in 3.5 wt% NaCl solution

better corrosion resistance. This means that the impedance
modulus of specimens increased with rising SiC content,
up to 20%, as seen in Fig. 10a. The straight line indicates
Warburg impedance, in which Cu composite diffuses anod-
ically from the specimen into the bulk solution, whereas
oxygen diffuses cathodically from the bulk solution onto
the specimen. On another side, Fig. 10b, c illustrates the
bode spectra for the Cu/SiC composite specimen in 3.5 wt%
NaCl solution. The spectra shows single constant time in the
whole frequencies. Further, it is apparent that the Cu/20SiC
composite specimen has a larger phase angle at the mid-
frequency than the other composite specimens. Thus, this
behavior is ascribed to the creation of a passivating layer
on the surface of the specimens and enhanced anticorro-
sion in the defect areas [45, 46]. On the other hand, when
Nyquist plots at high frequency domain are analyzed, it is
suggested that all examined specimens characterize a porous
electrode behavior. This is based on the fact that at high
frequency domain, straight lines forming 45° are character-
ized. This is mainly when 20, 25 and 30 SiC contents are
considered. This indicates that the effect of porous electrode
is higher than other examined specimens. However, these
also demonstrate porous electrode behavior, which is char-
acterized at 22.5°, as also previously reported [47]. Based
on this, it is stated that the electrochemical behaviors of all
examined specimens are prevalent with both planar and
porous electrode. At low frequency domain, these examined
specimens depict slopes at 45°, indicating a possible charge
and transport/diffusion in the electrochemical mechanism,
which are commonly described as Warburg behavior. On
the other hand, from the high up to low frequency domains,
all specimens have depicted a similar predominant capaci-
tive behavior [47]. The largest phase angle suggests that
Cu/20SiC has a higher barrier effect against the entry of
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Fig. 12 Cyclic polarization curves of Cu matrix with different SiC
contents in 3.5 wt% NacCl solution

corrosive ions. In order to provide “quantitative support” to
the experimental EIS results, impedance parameters were
obtained by the Echem Analyst™ software, adopting a well-
known electrical equivalent circuit (EEC), which is shown
in Fig. 10d [48-50]. Since an equivalent circuit is used in
order to determine the simulated values and compare them
with experimental data, a CNLS (complex non-linear least
squares) simulation is used. The fitting quality was evalu-
ated by Chi-squared (Xz) values of about 107#, as shown in
Table 2. This EEC is comprised of the Eq. (6) listed below:

T,1.1 ©)

where Z;, Ry, R, Qq;, and W are the total impedance
modulus, solution resistance, the resistance of charge trans-
fer, the capacitance of double-layer, and Warburg diffusion
impedance, respectively. In the EECs, the phase constant
was used rather than pure capacitance owing to deviation
from optimal conditions. The impedance Q, is computed
using the next Eq. (7):

1, »
Qu = 70(10)) (7

where Q is the value of CPE, Y, signifies is the constant
admittance of Q, j denotes the imaginary component, @ is
the angular frequency, and n is the coefficient of disper-
sion associated with heterogeneous surfaces. According to
electrochemical measurements, the polarization resistance
(Rp) of Cu reinforced with ceramic phase rises with increas-
ing SiC content up to 20%; Above this threshold, polariza-
tion resistance declines (Table 2). In contrast, the trend is
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reversed for Cu/25SiC and Cu/30SiC because of the agglom-
eration and non-uniform distribution of the ceramic phase.
The agglomerated ceramic reinforcing particles will pro-
duce concentration cells because of the potential differential
between the reinforcing phase and reinforcement materials.
Due to the large potential difference, galvanic cell formation
takes place at agglomeration sites. Another justification for
decrease anticorrosion resistance in Cu/25SiC composite is
the existence of porosities or micro-cavities, which works
as the nucleation sites and accelerate the corrosion process.
These sites enable the corrosive anions to interact easily
with the metal composite and produce corrosion products
[48].

3.5 Potentiodynamic Polarization (PDP)

Figure 11 depicts the PDP plots of Cu composite reinforced
by different vol% of SiC particles. The specimens were
soaked in 3.5 wt% NaCl electrolyte. The plots consist of
both cathodic and anodic graphs. The cathodic graphs are
associated with the decrease of oxygen on the surface of the
Cu composite, according to the next Eq. (8) [22]:

0, +2H,0 +4e~ — 40H™ 8)

The findings indicated that the cathodic current signifi-
cantly decreased to a lower value with an increase in vol% of
SiC particles up to 20%. This suggests that Cu/20SiC inhib-
its the hydrogen reaction and improves its corrosion resist-
ance compared with other specimens. On the other hand,
the main anodic reaction of Cu in 3.5 wt% NaCl solution is
illustrated in the following Eq. (9) [22]:

2Cu+ H,0 - Cu,0 +2H" +2¢~ 9)

Table 3 summarizes the electrochemical characteris-
tic derived from the Tafel plots, which included corrosion
potential (E_,,,), corrosion current density (i), corrosion
rate (mmy '), and anodic and cathodic slopes (p,and p,)
[51]. The resistance to polarization (R,) was assessed using
the Stern—Geary equation Eq. (10) [26]:

_ pa x pc
2303 X i,,,, X (fa+ fc)

corr

Rp

(10)

The components of the last Eq. (10) were described
in detail in the previous paragraph [52]. According to
Fig. 11 and Table 3, the i, lowers with increment SiC
content up to 20 vol%. This behavior is attributable to
many reasons as follows: (i) the uniform dispersion of
SiC particles decline the effective net area exposed to
the corrosive ions and act as a physical barrier owing to
their extremely low chemical reactivity. Consequently,

the chemical activity of the composite is reduced, and
the passivation of the matrix is enhanced. The behavior
results in a reduction of the corrosion rate of the compos-
ite [53]. (ii) Schubert et al. [54] reported that instability
of SiC at high temperature (the sintering process in our
work) leads to migration of Si that diffuses into Cu matrix
and forms Cu-Si solid solution. The latter has corrosion
resistance better than pure Cu. (iii) the high purity of the
SiC reinforcing particles increases the electrical resistiv-
ity of SiC. This minimizes the possibility of a cathodic
reaction on the exterior of these particulates. (vi) the for-
mation of interfacial corrosion products decouples the
ceramic reinforcing from the composite alloy. Accord-
ingly, no redox reaction between the composite and
strengthened particles is anticipated, and the likelihood of
the development of intermetallic phases is relatively low.
These reasons diminish the composite’s corrosion rate.
On the other hand, Fig. 12 and Table 3 reveal also that
when the vol% of SiC in the sintered specimen increases
to 20 vol%, the E .. moves to more noble/positive poten-
tial. The improvement in E ., value indicates that the pas-
sivity of the alloy has been augmented owing to the crea-
tion of a thick and dense layer of patina on the surface.
The slopes of the anodic and cathodic Tafel changed with
increasing SiC particles. This suggests SiC ceramic phase
significantly affects both anodic and cathodic responses
[55, 56]. However, the findings illustrate that when SiC
content increases more than 20 vol% in the matrix, the
i, increases and E_ . shifts to lower values. This trend
may be attributed to instability of SiC and migration of Si
that leads to producing free C which with a considerable
content may deteriorate the corrosion behavior where C
acts as a cathodic phase [54]. Or due to the agglomeration
of SiC which exerts defects in the patina structure.

3.6 Cyclic Polarization Technique (CPT)

The effect of SiC content on pitting potential and pas-
sive stability of Cu was investigated using CPT. Fig-
ure 12 illustrates the CPT graphs of the Cu/SiC com-
posite in a 3.5 wt% NaCl solution. The plots reveal the
cathodic current decrease with increment SiC percentage
in MMCs. Furthermore, the anodic plots exhibit active,
passive, trans-passive, and re-passive behavior. When
the SiC content increases up to 20 vol%, the passivity
zone increases. This behavior is caused by patina, which
works as a passive layer to prevent further deterioration.
Increasing SiC content over 20% in Cu MMCs reduces
the passive range due to defects that exist in the patina
structure. The patina layers that are deposited on the sur-
face of the Cu/SiC specimens are formed according to
Eqgs. (11-13) [57]:
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The existence of a high concentration of CuCl, at the
surface causes hydrolysis of CuCl, and the creation of CuO,
(Eq. 14) [57]:

CuCl; + H,0 — Cu,0 +4CI” +2H* (14)
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On the other hand, Fig. 12 demonstrates that the reverse
anodic graphs of Cu/SiC composites are moved to higher
currents. Consequently, pitting is anticipated for the exam-
ined specimens in 3.5 wt% NaCl electrolyte. The electro-
chemical characteristics derived from the cyclic polarization
graphs in 3.5 wt% NaCl solution are presented in Table 4.
According to the findings, as the SiC content increases, the
passive current drops, and the pitting potential (E_;) moves
towards a more noble direction, signifying the formation of
a more protective passive film. The behavior as mentioned
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in the above sections is due to a uniform dispersion of SiC
particles that declines the effective net area exposed to the
corrosive ions and act as a physical barrier owing to their
extremely low chemical reactivity. Accordingly, the chemi-
cal activity of the composite decreases and the passivation of
the matrix is improved. However, the findings show that the
passive zone is declined when the SiC content is increased
more than 20 vol% because of instability of SiC with Cu at
elevated temperature, producing free C which with a consid-
erable content weaken the passive layer [53].

Figure 13a—g depicts surface morphologies of Cu
MMCs reinforced by various vol% of SiC particles after
cyclic polarization tests. It is obvious from Fig. 13a that
the surface of the unreinforced Cu matrix deteriorated
severely. Moreover, the patina created on the Cu matrix
surface is subject to discontinuities in the surface. This is
owing to the dissimilarity in the crystallographic struc-
ture of the surfaces. On the other hand, the Cu/xSiC com-
posites exhibit pitting at different sites where the SiC
particles agglomerate. The superior corrosion resistance
of Cu/SiC composites comparing with pure Cu matrix
may be ascribed to SiC particles being ceramics mate-
rial and staying inert in a corrosive medium. The cor-
roded surface (Fig. 13e) shows that the corrosion rate
of the Cu/20SiC alloy composite is lower than that of
the Cu matrix and the Cu/xSiC composites. The SEM
images also show the creation of pits on the surface of
the composites. However, the number of pits decreases
with further SiC particulates. Additionally, it is appeared
that increasing the amount of SiC particulates reduces
the number of pits. This demeanor is attributable to the
homogenous dispersion of SiC particulate within the Cu
matrix, which hinders corrosive ions from reaching com-
posite across patina. Also, the corroded morphologies of
Cu/25SiC and Cu/30SiC composites show severe pitting
and collapse of the patina layer formed in a few places
due to the agglomeration of SiC reinforcing particulate
within the Cu-matrix [26, 44]. Figure 14 represents the
XRD spectra of Cu/20SiC composites after cyclic polari-
zation examinations in 3.5 wt% NaCl electrolyte. The
XRD diffractometer detects CuO, Cu,0, and CuCl, dif-
fraction peaks on the corroded surface of the Cu/20SiC
composite. This result is consistent with Eqgs. (11-14).

3.7 Potentiostatic-Time Measurements

Potentiostatic technique was conducted to investigate the
electrochemical performance of the patina formed on Cu/
SiC composites. Figure 15 presents the current density
(A cm™?) of Cu and the composites reinforced with vari-
ous SiC micro-sized as a function in immersion time. The

Cu/SiC specimens were immersed in a medium contain-
ing 3.5 wt% NaCl at an anodic potential of 0.3 V,/x.c)-
Firstly, the current densities for all specimens decrease
by the creation of patina passive layers. Then, all com-
posite specimens display a steady-state electrical cur-
rent density due to the completion of the passive layer
formation. According to the results, the current den-
sity of specimens reduces as the SiC content increases
to 20% and then increases. The current density values
settle at about (17.47, 15.90, 12, 10.6, 4.80, 8.11, and
6.48)x 10* A cm~2 for the composite specimen synthe-
sized with 5, 10, 15, 20, 25, and 30 vol% SiC, respec-
tively. That is, reinforcing particles prevent Cl~ species
from penetrating and inhibit charge transfer in corrosion
reactions. The behavior is related to the homogeneous
distribution of hard SiC reinforcing particles and good
bonding with the Cu composite. Notably, the patina
film generated on corrosion products not only prevents
aggressive anions from penetrating but also hinders the
charge transport of the redox reactions. After that, the
passive current density increases with increment SiC
content over 20% in copper composites owing to the
cluster of SiC reinforcing particles and weak bonding
between SiC and Cu matrix. The outcomes correspond
to the polarization measurements in the earlier section
[58-60].

4 Conclusions

In the present study, microstructure, corrosion, and electro-
chemical properties of Cu/SiC composites in 3.5 wt% NaCl
solution were examined. The following conclusions can be
drawn based on the experimental findings of this study:

e The sintered density of Cu composites decreased some-
what as the SiC particle content increased from O to
30 vol%. The measured densities ranged between 8.48
and 6.25 g/cm? for Cu/0SiC and Cu/30SiC, respectively,
depending on the SiC content.

e The hardness of the composite was improved signifi-
cantly with increasing the amount of SiC reinforcement
particles up to 20 vol% SiC. Incorporating further SiC
particles subsequently the hardness was reduced.

e EIS, PDP and CPT findings suggested that the SiC acts
as a more effective barrier against corrosion of Cu/SiC
composite in 3.5 wt% NaCl solution.

e Incorporating 20 vol% SiC in Cu is seemed to be its opti-
mum proportion for the fabrication of Cu/SiC compos-
ites. Incorporating further SiC particles declines their
corrosion resistance.

@ Springer



582

Metals and Materials International (2024) 30:568-584

e The passive zone of Cu/SiC increased with increasing
SiC content up to 20 vol%. Above this value, it decreased
but remained higher than its base matrix.
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