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Introduction
Nowadays, Copper and Copper alloys are among the most important commercial and industrial metals ranked the third

position after iron/steel and alimum in the terra of production and consumptift]. The extensive application of Copper in
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various industries has been attributed to its good corrosion resistance, excellent electrical and thermal conductivity, and
desirable plasticity and formabilityDespite the abundant usages of pure Copper in various industries, the production of
Copper composites has considerablyreased [3].

Metal matrix composites (MMC) are as a new class of materials produced by the codeposition of fine polymeric ©r cerami
particles or both of them. MMCs have received much attention due to enhanced mechanical properties, elastic modulus, wear,

and corrosion resistance.

Hard ceramic particles, such as AR[a-6], ZrO2 [78], SkN4 [9], SiC [10,11], and ZnO [123], havebeen utilized to

augment the hardness of composite coatings. Although hard particles have a negative effect on the friction coefficient of
coating, seHubricant soft particles,uch as PTFE [14], graphite [11%], and MoS2 [17], have been used to redine

friction coefficient of the coating and to develop lubrication properties. The uniform distribution of particles in thxetanatri
prevent forming agglomerations is a most important parameter affecting the performance and expected properties of a
compo#te coating [18]. Previous studies on the production of these materials have shown that oxides, carbides, and borides
particles are insoluble in the Copper matrix leading to thermal stability at high temperatures [19]. Hence, the Copper
composites are coitlered as reliable candidates for applications in which high conductivity, good mechanical properties, and

wear resistancera simultaneously required [Z4)].

Powder sintering, squeeze casting, composite electroforming, and sintering under ultratsghephave been used in the
production of composites [21]. The production of composite coatings utilizing different particles by electrodeposition
technique is among the most common methods to produce composite materials. In this codeposition methodpsite ¢
coatings are obtained by adding particles into the electrolyte solution of plating bath. According to previous studies, the p
current (PC) electrodeposition has resulted in improved morphological properties, particle distribution, graardiess,

and wear resistance compared to direct current (DC) electrodeposition [22].

Numerous studies have been done on the electrodeposition of Copper matrix composites. Wan et al. produceg Cu/Al20
Cu/SiC, and Cu/Zr@plated composite coatings with higher hardness than pure Cu coatings. Their findings suggested a
decrease in the hardness of Copper coating by the addition of graphite amh@&kes [23]. Cu/SiC MMCs are among the

most important MMC materials which have been widely studiee?f4

SiC ceramic particles have great importance due to high strength, excellent resistance to corrosion and erosion, good
mechanical and physicploperties, low density and price, and their applications as semiconducte32][3Braphite is used

in the production of composite coatings due to desirable properties, such-abrigdtion and low thermal expansion
coefficient. Copper matrix contditg SiC and graphite particles is widely used as brushes, electrical cpatattbearing

materials [2428,33,34].

The present study introduces the simultaneous codeposition plating of hard SiC nanoparticles and soft graphite microparticles

in the Coppe matrix to gather broad desirable properties in a noble structure. The microstructure, tribology, and corrosion
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resistance of Cu/SiC/graphite coatings with different SiC and graphite contents were studied and compared. It can be expected

that the optimuntomposite presents wide properties during application.

Experimental

Preparation of the substrate

Pure Copper (99.9%) samples of 3x3x0.2 arare mechanically polished by abrasive papers (up to grid 2500) and used as
cathode. The surface of the p@epper (99.9%) anode (3x3x0.2 Ymas prepared with the abrasive paper 120 and rinsed

after each electrodeposition stage. The cathodic samples were ultrasonically degreased in acetone for 10 min and then were
immediately rinsed by distilled water. Thehe samples were acid pickled in 10 wt% sulfuric acid solution for 30 s to remove

surface oxides and activate the surface. The samples were again rinsed with distilled water.

Bath preparation and operating conditions

The bath composition and electrodeiios process conditions have been listed®BLE 1. The averagsizes of SiC and

graphite particlesweréd 0 nm and 10 pm, respectivel y. To avoid formin
solution was stirred in the ultrasonic chambeeéhtimes, each one for 10 min. The solution was mixed with a magnetic
stirrer for another 5 min between-ifin intervals. The distance between cathode and counter electrode (anode) was 20 mm.
Additives like saccharine and Sodium dodecyl sulfate were wsgsetthe nucleation on the substrate and chafrgarticles,
respectively [3384]. Deposition was performed to achieve optimal peak current density, frequency, and duty cycle (D),

graphite and SiC concentration in the plating bath as well as high midrass, tribology, and corrosion properties.

Deposition parameters Amount
(pulse electrodeposition)
Copper sulfate (mol/l) 0.2
Sulfuric acid (mol/l) 0.2
SiC (g/l) 5

Graphite (g/1) 20, 40, 60, 80

Saccharin (g/l) 0.5

Sodium dodecyl sulfate (g/l) 0.3

Ph 15
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Magnetic stirring speed (rpm) 200
Temperature (°C) 40
Peak current density (A/dm2) 6, 12, 20, 30
Pulse frequency (Hz) 5, 15, 50, 80

Duty cycle (%) 7,10, 15, 20

TABLE 1. The electrolyte composition and the electrodepositing parameters.

Analysis of electrodeposition

The microhardness of the samples was determined by vickers hardness tester (A8€l8).[Bor this purpose, a 100 g load

with a dwell time of 10 s was used. The ultimate hardness was obtained from the average of fivermeedsur

Scanning electron microscopy (SEM, Camscan MV2300) and optical microscopy were used to study the surface morphology

of coatings.

EDX analysis was used to measure the concentration of nanoparticles in-Hesdducoatings. The crystal structafe
coatings was examined byiXay di f fr act i o n -ray difRabtpmetér, CoradiatioPaR I k\Xand 20 mA (in

t he angl e Frla0A) gith a scannir?g®ate b0.4°/min.

The tribological behavior of the samples was investigated bydratlisk test (AIS152100 stainless steel ball, diameter 5
mm with a hardness of RC 65). All tests were performed under a 3 N load and a sliding speed of! G8 room
temperature. During the test, the friction coefficient was automatically measuredrdimard's law was used to determine

the wear ratg35]. Accordingly, the wear ratg ¥i3 proportional to the applied press(p¢ and the wear rate g )

_K

w TH(T)

pu (1)
WhereH(T) is the microhardness (which is a function of temperatureXaisdhe friction coefficient. The surface of samples

was investigated by optical microscopy to determine the wear mechanism.

To study the corrosion resistance of coatings, the potentiodymaisidgzation test was performed in a 3.5 wt% NaCl solution
by a EG&G potentiostat/galvanostat (Model 273A) apparatus with a sweeping rate of 1 mV/s, the potential #&B@¢oof
550 mV relative to the open circuit potential (OCP). Before testing, thelea were immersed in the solution for 20 min to
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achieve a stable system and to reach the OCP. Platinum (Pt) and Ag/AgCl electrodes were used as auxiliary and reference
electrodes, respectively.

Results and Discussion

The effect of PC electrodeposition parameters
The graphite concentration in the coating is under the influence of PC electrodepoeaiameters shown FRIG. 1 andla
presents the effect of peak current density on the codeposition of graphite particles in the coating at the freqDdefzy of 8

and duty cycle of 5%.
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FIG. 1. The contented graphite in the coating under the influence of PC electrodeposition parameter: (a) peak current

density, (b) duty cycle, (c) frequency, (d) graphite concentration.

The peak current density of 12 A/dpresents the highest level of deposited graphite particles icotiting (FIG1a). It is

perceivable that the deposition rate of graphite particles decreases by changing the current density than this valdg (12 A/dm
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In the electrolyte solutiorthe Ci#*ions as well as SiC and graphite particles move towards the cathode under the stirring and
electrophoretic movements due to the solution agitation and applied potential, respeictitiedy present case, these two
factors do not act independently. Iredethey affect each other and the resulting movement of tHéd@is and nanoparticles

are decided by their individual action at any particular moment.

At low peak current density (i.e. 6 A/djnthere is no strong electric field to obtain a heajbctrophoretic force for pushing
graphite microparticles towards the cathode. Thus, a lower amount of graphite reach to the cathode surface and incorporate
into the depositionwWhile applying the current density of 12 A/émesults in improving the elecphortic movement and

moving graphite microparticles in the electrolyte bath and depositing.

By increasing more than 12 A/dndue to the more mobility of ions rather than that of particles, the deposition rate of metal
ions is a higher amount than tludtparticles. Therefore, it is expectable that in a higher amount of current density, most of the
ions lonely move towards the cathode instead of surrounding around particles (electrophoretic movement). Therefore, the

deposition rate of graphite micropaités reduces.

The volume percent of the deposited graphite particles in the composite coating as a flinbgoduty cycle is shown in

FIG. 1b at the peak current density of 12 Afdand frequency of 15 Hz.

It is observable fronkIG. 1b, more graphi deposites, by increasing the duty cycle from 5% to 7% and then by rising more,

the graphite deposition decreases.

By the enhancement in the duty cycle from 5% to 7%, according to Eq. 2, more puls€PMdth.e. higher pulse active

time, is achievednithe total period of the signér).

D = = x 100 (2)

In this circumstance, graphite microparticles have more time for moving and incorporating in the deposition.

Moreover, as it is verified, during ORine (Tors), ions and particles compete in the same conditions [36]. This behavior

augments the chance of particles to present nearby cathode and deposit at the cathode surface by applying voltage. At the dut
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cycle range of 5% to 7%, there is highed and subsequetly more probability to deposit graphite particles on the cathode.
Therefore, in regards to two mentioned phenomena, with the enhancement of duty cycle from 5% to 7%, more graphite

particles deposite on the cathode surface.

While, the deposition of gréjite microparticles decreases by rising duty cycle from 7% to 20%. It demonstrates the effect of
high mobility of free ions than ones of the ceramic particles. By increasing duty cycle, i.e. more-tinee(jibn), due to a
higher mobility of C&* ions than those of ceramic particles, the deposition of graphite particles reduces. Furthermore, owing

to short Torr, charging of graphite microparticles around the cathode surface has a low probability.

Totally, with an increase of the duty cycle from 7% to 2@%power magnitude of graphite microparticles incorporates into the

composite coating.

Frequency has a significant effect ogyTand Torr as well as the distribution of particles in coatings [$4{5. 1¢ shows the
effect of pulse frequency on the volume percent of deposited graphite particles in the nanocomposite coating at peak current
density of 12 A/drhand duty cycle of 7%. The graphite microparticles incorporated into tHgiCgoating is also afyzed

by SEM depictsn FIG. 1c.

As seen irFIG. 1c, the maximum and minimum concentration of graphite particles in the coating is obtained at the frequency
of 15 Hz and 80 Hz, respectively. Changing frequency from this value achieves compositewih grésence of graphite

incorporation. This behavior can be explained as follows.

At low frequency, the charging time is much shorter thaq @nd the time is required for the discharge of the double layer is
much shorter than gkr between two pulses. At the frequency lower than 15 Hz, owing to the short charging time and
consequent incomplete charge of Cu ions adsorbed on graphites, the minimum number of graphite microparticles incorporates

into the nanocomposite coating. Therefadow graphite percent presents into the Cu matrix.

At high frequency, charging and discharging times of the double layer are much longefmthandTTorr of the pulse,
respectively, and the pulse current virtually changes to a direct current (capacétect), and losing the potential

advantages of pulse plating in terms of changes in the electrodeposited structure. At the higher frequency froecatddz
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of the capacitance effect and consequent incomplete discharge of ions adsorbed onpgndichéte the graphite content of
the coating diminises (FIG. 1c). In addition, the drr is too short to remove the concentration gradient of graphite
microparticlesadjacented to the cathode surface leading to the decreasing in the content of thedmtieagparticles in the

coating. Thus, at high frequencies, a low graphite percent achieves.

The structure of hanocomposite coating fabricated at the frequency of 15 Hz, studied by SEM, and Bth@®w4dnlt is
obvious that the maximum dispersed SiC content in the nanocomposite coating is obtained. That is because of the moderate
Ton and Torr that are approximately equal to the charging disthargingtimes of Cé*ions on graphite microparticles.

Thus, CuSiC nanocomposite coating prepared at the frequency of 15 Hz has a most presence of graphite microparticles.

FIG. 1d illustrates the effect of contented graphite concentration in the bath on its deposition i¥Silzddating at the peak

current density of 12 A/dtnfrequency of 15 Hz, and duty cycle of 7%.

By the addition of more graphite concentration in thdipgabath, the volume percent of deposited graptmieroparticles

increases until reaching a constant le¥ 3. 1d).

The effect of graphite concentration contained in the electrolyte solution-basgad deposition follows a Langmuir isotherm
adsorpton phenomenon [38]. Rising the concentration in the solution causes the enhanced flux of microparticles toward the
cathode and consequently more number of graphites reach the cathode surface. During deposition, only the particles that have
enough time totsach the cathode surface are likely to be deposited. In this circumstance, trapping of graphite particles in the
growing metal matrix is dependent on the deposition rate relating to the Cu metal, SiC nanoparticles, and graphite

microparticles.

By increasing the concentration of graphite, the deposition reaches a maximum value, equilibriunkhalukd). The
equilibrium condition occurs when the number of deposited particles is equal to the number of particles reached the cathode
surface. In thizondition, by increasing the concentration of graphite particles than the saturation concentration, the graphite
particles are more likely to be agglomerated. Agglomerated graphites show a resistance against deposition and act as a barrie
against the fluwxof SiC nanoparticles entering the cathode. Therefore, the volume percent of graphites deposited in the Cu

matrix may be diminished. Due to the trapping capacity of growing metal remains unchanged, graphite particles are not
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agglomerated consequently, tteedeposition rate becomes constant after a certain concentration.

FIG. 2. It sudies the microhardness of composite coating fabricated by PC electrodep&diBoza depicts the effect of

graphite concentration in the plating bath on the SiC contéheinomposite coatings.
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FIG. 2.Effect of graphite concentration in the plating bath on (a) the SiC concentration and (b) microhardness of the

composite coatings at the constant peak current density of 12 A/dm?, frequency of 15 Hz, and duty cycle of 7%.

As it is obvious irFIG. 2a, a decreasing SiC concentration yields by increasing the graphite content in the coating. The reason
of this behavior is that the graphite particles in the electrolyte solution act as a barrier against of the SiCaparificksent

them from reaching to the cathodic electrode. It is partially contribute to the trapping capacity leading to a redungion in t
concentration of SiC particles in the coating. This is intensified at high concentration of graphite where dhdgitgrob

agglomeration and the creation of a barrier on the path of ceramic particles is more probable.

FIG. 2b shows the effect of contented graphite particles in the bath on the microhardness of yielded coating.

It is observable that rising the comteation of graphite in the electrolyte solution leads to a reduction in the microhardness of
Cu-based composite coatinglG. 2b). The reduction in the microhardness of the coating can be explained in the following
phonomena.

First, the graphite partictedeposited in the coating have a low microhardness leading to a decrease in the hardness of
composite coating. Second, the graphite particles in the electrolyte solution prevent the hard SiC particles from rédaehing to

cathode 1G. 2a). Third, the mimsized graphite particles occupy high volume in the composite coating.
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Coating Characterization

Morphological and structural study

The surface morphology of the &u7% SiC and Cb.7% SiG11.8% graphite composite coatings are analyzed by SEM,
presents ifFlG. 3a andb.

By comparingFlG. 3a andb, the addition of 60 g/l graphite in the nanocomposite coating incorporates graphitkepanti

the CuSiC coating. Also, it is demonstrable that the deposition of graphite microparticles prevents from depositing SiC

nanoparticles at the cathode surface.

10
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FIG. 3.Surface morphology SEM images of the composite coatings fabricated in the plating bath containing (a) 5.7 g/l
SiC without graphite and (b) with 60 g/l graphite at the peak current density of 12 A/dm2, frequency of 15 Hz, and
duty cycle of 7% and (c) the peak current density of 12 A/dm2, frequency of 80 Hz, and duty cycle of 5%.

The simultaneous effect of the frequency and dyitjecis evident by comparinglG. 3b andc. A more frequency and lower

duty cycle, owing to the reduction of the concentration polarization and subsequently increase of the current density, a more
uniform coating fabricates with a lower grain siZelG. 3c). Furthermore, in regard to these changes, a lower graphite
persents achieves in the BGased coating.

X-ray diffraction studies also indicate that the growth orientation of Copper crystals duririgtthg process changes with
simultaneous addition of SiC and graphite particles from the (1 1 1) plane for the pure Gdfpeta)) to (0 0 2) plane for

the Cu6.8% SiG6.7% graphite coatind-(G. 4b).
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FIG. 4. XRD pattern of (a) pure Cu and (b) Cu-6.8% SiC-6.7% graphite coating at the constant peak current density

of 12 A/dm?, frequency of 15 Hz, and duty cycle of 7%.

More interestingly, by the addition of particles in the electrolyte bath, larger peaks and subsequently a lower grain size

obsenes. The presence of particles in the electrolyte solution and subsequently at the surface of the cathode provides the

11
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nucleation sites for the electrocrystallization leading to increased nucleation and reduced crystallite size followiaig a high

microhardmss.

Friction and wear analyses
Variation of the friction coefficient of Gid.9% SiC and C4.8% SiG16.1% graphite composite coatings tested to a 100 m

sliding distance representsiG. 5.
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FIG. 5. The comparison of friction coefficients between Cu-7.9% SiC and Cu-4.8% SiC-16.1% graphite composite

coatings as a function of sliding distance.

As it is obvious, more friction coefficient achieves by increasing the concentration of graphite in the composite csating. Al
owing to more SiC content ithe Cu7.9% SiC composite coating, tribological analysis exhibits more friction resistal@ée.

6 illustrates the friction coefficient of CRIC coatings containing the graphite concentrations of 0, 6.7, 11.8, and 16.1 wt. %.
The average values relating the friction coefficient imply that with increasing and decreasing the graphite and SiC
concentrations, respectively, the friction coefficient of coating reduces. The minimum friction coefficient observes for the

coating with a graphite concentrationragch as 16.1 vol%.

12
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FIG. 6. Effect of graphite content in deposition (wt. %) on the friction coefficient of composite coatings.

The results oFIG. 6 are relating to the formation of a graphite layer on the surface during the erosion process and thereby the
separation of pin and sample surface at the microscopic level and subsequently reduced adhesion. Since graphite has a layere
structure, the grdpte layers can easily slide on each other. Therefore, a shear stress is exerted to this weak graphite layer
leading to easier slide of the pin on disk. Moreover, because of the decrease in the SiC incorporation in the coating has an
important effect on th declining trend of curve. This fact results fréime reduction of contact between pin and Cu matrix
coating

As it can be seen iRIG. 7, in pinon-disk test, the weight loss of samples is also measured.

13
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FIG. 7.The wear rate of substrate, non-composite Cu, Cu-7.9% SiC, Cu-6.8% SiC-6.7%graphite, Cu-5.7% SiC-11.8%

graphite, and Cu-4.8% SiC-16.1% graphite.

It is distinguishable fronk1G. 7, Cu substrate has a minimum wear rate, i.e. a maximum wear resistance (380 pg/mm). With
the formation 6the noncomposite coating, the wear rate declines to 330 pug/mm. Embedding 7.9% SiC in the noncomposite
coating results in significantly reducing the wear rate to 46 pg/mm. Also, slightly increasing trend of curve pertaiméng to t
incorporation of lower ad higher SiC and graphite partislan the nanocomposite coatimgspectively.

Owing to the fabrication of Cu coating with different structures and morphologies, the wear rate is analyzed in a lawer value
The decreasing effect of Sitanoparticles othe wear ratean be the result @ugmenting the hardness of the nanocomposite
coatings, improving bonding between Cu matrix and SiC nanoparticles, and reducing in the direct load contact between the
Cu-SiC nanocomposite surface and disk.

The presence afraphite particles in the composite coating prepared by the pulse method increases the relative wear rate

14
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because of the following reasons:
I The enhancement of lubrication properties and the reduction of hardness relating to the composite coating.
Il. The decease of adhesion between the pin and disc.
Il. The reduction of deposited SiC particles and thereby the decrease of hardness since graphite particles have a lake of
enough strength and the bond between its atéit3. 8 tests the wear behavior of GiC/graplite coating by

changing the concentration of SiC and graphite.

FIG. 8. Optical image of surface (a) Cu-7.9% SiC and (b) Cu-6.8% SiC-6.7% graphite.

FIG. 8a shows the optical microscope micrograph of the surface ef.@% SiC coating. The plastic deformation associating

to the scratches is evident. Thereby, the wear behavior of the grlipkiteoating is adhesive wear type. However, the

presence of parallecratch lines along the wear track is a sign of abrasive wear mechanism. According to the wear track and

15
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scratches in the C6.8% SiC6.7% graphite coating, it can be concluded that the adhesion between the two surfaces is

reduced in the presence of law&C and higher graphite particlésl G. 8b).

Corrosion behavior
Potentiodynamic polarization curves for the Cu substrateSiCigraphite composite coatings in 3.5% sodium chloride

solution presents iRIG. 9. The corrosion potentiaE{.r), corrosioncurrent densityifor), and corro®in rate are summarized

in TABLE 2.

Samples icorr Ecorr Corrosion rate

(nA.cm?) (mv) (mpy)

Bare Cu substrate 10 -250 4.58

Cu/6.3% SiC 3 -250 1.38

Cu/7.9% SiC 0.9 -190 0.41

Cu/6.8% SiCG6.7% graphite 15 -230 0.69

Cu/5.7% SiG11.8% graphite 7.5 -285 3.45

Cu/4.8% SiCG16.1% graphite 8 -280 3.68

TABLE 2. Corrosion potential (Ecorr), corrosion current (icorr) and corrosion rate of substrate and Cu/SiC/graphite
composite coatings.

According to the results, the corrosion rates of all coatings are lower than that of the Copper substrate. By the &i@ition of
nanoparticles in the planting bath, TH&or and lcor Of the CuSIC composite coating increases and decreases,
respectivelywhile, the addition of graphite microparticles decreases and incr&aseand lcon,respectively. Also, The

addition of SiC and graphite particles to this coating decreased and increased the corrosion rate.

The incorporation and distribution of SiC rmguarticles fill active corrosion sites, surface defects, and holes and block, thereby
decrease anodic and cathodic reactions. Furthermore, the presence of SiC nanopatrticles reduces the contact surface of th
corrosive environment with the substrate. Bathations result in reducing the level of contact with the corrosive environment

and consequently increasing the corrosion resistance

Moreover, the increased micrographite concentration not only decreases the chance of Sidiaglesdpdre trapped in the

coating, but also it reduces the surface compaction of the coating. Reduced surface compaction and increased porosity allow &

16
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greater penetration of chloride ions and increased effective area of corrosion
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FIG. 9. Potentiodynamic polarization curves for Cu substrate, Cu-6.3% SiC, Cu-7.9% SiC,Cu-6.8% SiC-6.7%

graphite, Cu-5.7% SiC-11.8% graphite, and Cu-4.8% SiC-16.1% graphite nanocomposite coatings.

As it is illustrable fromFIG. 9 that CuSiC coating with 7.9 vol% SiC content depicts the highest corrosion resistance among

the samples. The corrosion rate of this coating is 11 times lower than that of the Copper substrate.

Conclusions
In this work, the Cu/SiC/graphite composite togs were deposited by PC electrodeposition technique on the Copper
substrate. Pulse current electrodeposition parameters such as peak current density, pulse frequency, duty cycle, and graphit
concentration in the electrolyte bath affect the codeposifographite in the prepared composite coating. The following
points indicating the main findings of the present study:
1. The incorporation of graphite particles in the Cu/SiC/graphite coating experienced an enhancement with increasing
the current density &m 6 to 12 A/dm2 and then fall with increasing the current density above 12 A/dm2.

2. The most cadeposition rate of graphite particles was observed at the frequency of 15 Hz and duty cycle of 7%.
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3. The concentration of graphite particles in the coating ise@avith rising the graphite concentration in the plating
bath. The increase of graphite concentration in the bath above 60 g/l resulted in little change in graphite content in
the coating.

4. Increased concentration of graphite and competition with Si@dposition reduced the codeposited SiC particles
and thereby reduced the microhardness of the coating.
By rising the concentration of graphite particles in the coating, the friction coefficient decreased.
The addition of graphite particles to the Cu/Si@nposite coating reduced the wear rate while increasing the
graphite particles led to an increase in the wear rate.

7. The maximum corrosion resistance was observed for the Cu/7.9% SiC coating. The addition of SiC and graphite

particles to this coatindecreased and increased the corrosion rate.
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