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This work summarizes the tribological and corrosion behaviour of Co—Gr
nanocomposites. The Co—Gr nanocomposites are synthesized using high-
energy ball mill and compacted into cylindrical pellets by hydraulic pressing.
The composites are characterized using SEM, EDAX, and AFM. The dry slid-
ing wear results reveal that the wear resistance increases with increase in the
percentage of graphite (Gr). The corrosion characteristics of the Co—Gr nano-
composites are examined using immersion and electrochemical methods. The
electrochemical polarization results reveal the increase in corrosion resistant
of the Co—25Gr nanocomposites (E,,, = —0.416 V vs Ag/AgCl) to more posi-
tive side than pure Co (-0.443 V). Electrochemical impedance spectroscopy
analysis results also confirmed Co—25Gr nanocomposite has higher re-
sistance value (100 Q). The results of the weight loss method also authenti-
cate increase in corrosion resistance of Co—25Gr nanocomposite.

Key words: wear, corrosion, EDAX, SEM, AFM.

Y pob6oTi mpencTaBIeHO Y3araJbHIOIOUi Pe3yJbTATH AOCIiIKeHb TPUOOJIOriU-
HOI Ta KoposiitHol moBexinky HaHoKoMno3uTiB Co—Gr. Hamoxomnosutu Co—
Gr OyJI0O CMHTE30BAaHO 3 BMKOPHCTAHHSIM BHCOKOEHEPTreTHUYHOTO KYJIHLOBOTO
MJIMHA Ta CKOMIIAKTOBAHO Yy IWJIIHAPWYHI I'PAHYJIU HIJIAXOM TiIpaBJIidvHOTO
npecyBaHHA. KomnosuTtu gocaigskeno 3a gomomororo CEM, EIIC ra ACM. Ilo-
KasaHo, II0 B Pe3yJIbTaTi CyXOro KOB3aHHSA OIIip 3HOIIIYBAHHIO 3pocTae 3i 30i-
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JBIIIEHHAM IIPOIeHTHOrO BMicTy rpadirty (Gr). Takok mocimskeHo KOposintHi
XapaKTepUCTUKN HaHOKOMIO3uTiB Co—Gr 3 BUKOPHUCTAHHAM iMepciiiHMX Ta
€JIEKTPOXEeMiUHUX MeToX. Pe3ynbTaTu e1eKTPpoXeMiuHOl Imoadapuaalrii moxasa-
JU TigBUINEHHA KoOpoasiiiHol crifikoctm HaHoKoMmmosuTiB Co—25Gr
(E,r=-0,416 B y sicraBnenni 3 Ag/AgCl); 3HaueHHs BiATIOBIAHOTO MOTEHILi-
ANy 3MiIlleHe Y TO3UTUBHOMY HanpAMKY BigHocHO yuctoro Co (—0,443 B). Pe-
3yJILTATHU aHaJIi31 eJeKTPOXeMiuHOl iMIenaHCHOI CIIeKTPOCKOMil TAKOMK miaT-
Bepauau, o HaHoxkoMmmo3uT Co—25Gr mae BuIlle 3HAUEHHS €JEKTPOOIIOPY
(100 Om). PesynbraTtu, ofep:KaHi METOLOI0 BU3HAUEHHA BTPATU Baru, TAKOXK
i ITBEPAUJIN 3POCTAHHA KOPO3iiiHoI cTifikocTu HaHOKOMIIO3uTy Co—25Gr.

Karouosi caoBa: 3uoc, koposia, EIIC, CEM, ACM.

B paboTe mpezicTaByieHbI 0000IAIONINE PE3YIbTAThl HCCIEJOBAHUA TPUOOJIO-
TUUYECKOT0 M KOPPO3UOHHOTO MoBeAeHUs HaHoKoMIo3uToB Co—Gr. Hanoxkom-
mo3uThl Co—Gr OLLIN CUHTE3UPOBAHBI C MCIIOJb30BAHNEM BBICOKOYHEPTeTHYe-
CKOM IITapoBO¥M MEJbLHUIBI M CKOMITAKTUPOBAHBI B ITUJINHAPUUYECKTE TPAHYJIbI
OyTEM I'IAPaBINUYECKOr0 IIpeccoBaHuA. KOMIO3UTHI OLIIN MCCJIETOBAHBI C II0-
moitrbio COM, 911C u ACM. ITokasaHO, YTO B pPe3yJIbTATe CYXOT'0 CKOJIbIKEHUA
COIPOTUBJIEHNE N3HOCY BO3PACTAET C YBEJIUUEHUEeM IIPOIEHTHOTO COAePIKaHu s
rpajpura (Gr). Takske mccieqoBaHbl KOPPO3MOHHBIE XapPAaKTEPUCTUKU HAHO-
kKoMmosuToB Co—Gr ¢ MCIOJIb30BAHMEM NMMEPCHUOHHBLIX U JJIEKTPOXUMUUE-
CKUX METOHOB. Pe3yabTaTbl 9JeKTPOXUMUUYECKON MTONAPU3AINN IMIOKa3aau
yBeJNUYeHre KOPPO3UOHHOW yCTOMUMBOCTH HaHOKoMIIO3uToB (Co—25Gr
(E.,;=-0,416 B B conocraBieunu ¢ Ag/AgCl); sHaueHre COOTBETCTBYIOIIETO
MOTEeHI[MaJIa CMEeIleHO B IOJOKUTEJHLHOM HaIlPaBJIeHUN OTHOCUTEJIbHO UHCTO-
ro Co (-0,443 B). PesyabTaThbl aHaam3a 3JeKTPOXUMUUYECKON MMIIeIaHCHOM
CIEeKTPOCKOIUNHY TaK:Ke IMOATBePIUIN, uTo HaHOKOMIIO3UT Co—25Gr umeer 60-
Jiee BBICOKOe 3HaueHue sjmeKTpoconporuBienud (100 Om). PesyabTaThl, mMoay-
YyeHHbIEe METOIOM OIpeIeIeHNs II0TEPH Beca, TaKKe IOATBePANIN YBeJInUeHne
KOPPO3UOHHOI cTOMKOoCcTH HanokoMmIrosuta Co—25Gr.

Karouessle croBa: nsHoc, Kopposus, IC, COM, ACM.

(Received April 2,2018)

1.INTRODUCTION

The materials used for dental prostheses and orthopaedic implants
should have high corrosion resistance, wear resistance and high me-
chanical strength. The cobalt is such kind of material, which is basical-
ly used in orthopaedic and dental applications because of their im-
proved resistances together with formability [1, 2].

The dental implants are of two different types such as permanent or
removable framework structures [3]. In order to improve the corrosion
and wear resistance of cobalt, Cr, Ni and Mo are normally added as re-
inforcement [4, 5]. However, the addition of these materials not only
improves the strength and properties of alloy but also increases the
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toxicity, which in turn has an adverse effect [6].

Graphite reinforced composites are a potential replacement for mate-
rials such as Cr, Mo, etc.[7]. Graphite is a biodegradable and biocompat-
ible material with good physical and mechanical properties [8, 9]. The
mechanical and physical properties of bulk composites can be further
improved by reinforcement of nanoparticle with base materials[10, 11].

Although there are a few previous studies focused on mechanical
and tribological properties of Co-based alloys [3], the study on the ef-
fect of reinforcement of nanographite in cobalt matrix is unexplored
up to the author’s knowledge.

In this study, the Co—Gr nanocomposites are fabricated by a combina-
tion of powder metallurgy and hydraulic pressing process. The compo-
sites are obtained in various proportions. The dry sliding wear and elec-
trochemical corrosion characteristics of the composites are studied in
detail. The results of the studies are expected to substantiate the applica-
tion of Co-graphite nanocomposites in dental and orthopaedic implants.

2. MATERIALS and METHODS
2.1. Materials and Preparation of Composite Materials

The Co and Gr powders used in this work were of research grade having
a purity level of 99.5% and 99% respectively. The nanographite pow-
ders were synthesized using high-energy ball mill (Fritsch pulver-
isette, Germany), 40 g of graphite powder and nearly 800g of WC
(50 balls). The powder to ball weight ratio was maintained at 1:20 and
the ball milling process was carried out for 5 h in order to achieve
nanographite. The Co—Gr nanocomposites of different weight propor-
tions (95:05, 90:10, 85:15, 80:20, and 75:25) were prepared by mixing
in a high-energy ball mill. The composite powder was then directly fed
into a cylindrical die of 8 mm diameter and 50 mm height and compact-
ed into a cylindrical pellet of height 20 mm by applying a load of
0.5 GPa in a hydraulic press and sintered at the temperature of 600°C
for 1 hour in order to harden the green compact into composite pellets.

2.2. Characterization

The surface topography of Co—Gr nanocomposites was studied using
Atomic Force Microscopy (XE70, Park System, South Korea) in a non-
contact mode using a Si;N, tip having a radius of curvature of less than
10 mm. The scan size and constant are 10x10 um and 40 N/m respec-
tively. The morphological characterization of the composite was done
using SEM (Hitachi SU1510, Secondary Electron Mode, 10kV, the
emission current of 96 pA). The compositional analysis was studied us-
ing EDX (QUANTAX-Bruker).
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2.3. Pin on Disc Dry Sliding Wear Test

The Co—Gr nanocomposite pellets of 8 mm diameter and length of
20 mm are used as the test sample. The test was done using pin on disc
apparatus (DUCOM, Bangalore) according to ASTM: G99 standards.
The disc selected for the experiment was EN31 steel. The composite
sample and the disc were cleaned to remove impurities using acetone
before the test starts. The wear test was carried out at various load
ranges such as 5, 10, 15, and 20 N and at varying sliding distant from
500 m to 2000 m [8]. The sliding speed is also varied from 0.5 m/s to
2m/s. The initial and final weights of the composite specimens were
measured using an electronic weighing scale so as to determine the
weight loss of the specimens[12, 13].

2.4. Potentiometric Polarization Test

The potentiometric polarization test was used to investigate the elec-
trochemical corrosion behaviour of Co—Gr nanocomposites. The poten-
tiometric tests were studied using Biologic SP-150 potentiostat con-
trolled using the EC-Lab®software. The experiments were performed
using three electrode cell consists of platinum wire counter electrode
Ag/AgCl reference electrode and the Co—Gr nanocomposite pellet as a
working electrode. The polarization tests were carried out at 25°C with
the 1 N H,SO, solution. The composite pellets were polished with emery
paper and rinsed with acetone and double distilled water prior to the
electrochemical tests. The Co—Gr nanocomposite pellets, which were
used as working electrode, were immersed in the electrolyte solution of
1 N H,SO, for 1 h. in order to reach steady state condition, and the OCP
was measured. The potentiometric polarization curves were obtained
at the scan rate of 5mV/s. The corrosion potential E, .. and current
density I, were obtained using EC lab software through Tafel fit ex-
trapolation [4, 14, 15].

2.5. Electrochemical Impedance Spectroscopy

The electrochemical impedance spectroscopy (EIS) for the composites
was performed at the range of 100 kHz to 100 MHz and the initial si-
nusoidal voltage signal was 10 mV. The experiments were carried out
using Biologic SP-150 electrochemical workstation against open cir-
cuit potential. The EIS data were then fitted and analysed using the
EC-lab software [14, 16—18].

2.6. Immersion Test

The weight loss of the Co—Gr nanocomposite in the various corrosive
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mediums was studied, and the percentage of weight loss is calculated.
The corrosive medium such as 0.1 N and 0.5 N HCI, H,SO, and 10%
NaCl were used for this purpose. The Co—Gr nanocomposite pellets are
immersed in each of the above-mentioned electrolytic solutions for
24 h. After that, the samples were removed from the solutions, washed
with distilled water, and dried at room temperature, and the changes
in weight of the composites were used to calculate the percentage
weight loss [19].

3. RESULTS AND DISCUSSION
3.1. SEM Analysis

Figure 1, a and b shows the surface morphology and EDAX spectrum of
Co—Gr nanocomposites. The SEM image clearly reveals the homogene-
ous mixture of Co—Gr nanocomposites. The EDAX spectrum confirms
the presence of cobalt and graphite in the composite material. The par-
ticle size of Co and Gr were found to be in the range of 10 microns and
80-150 nm respectively. The Gr nanoparticles were found to be ag-
glomerated.

Figure 2 shows the surface morphology of Co—Gr composite pellets
before the test, which shows the uniform dispersion of Gr in Co—
matrix.

Figure 3, a and b reveals the worn out surfaces of the pure Co and
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Fig. 1. SEM image (a) and EDAX spectrum (b) of Co—Gr nanocomposite.
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8 Cobalt Flakes

Fig. 3. SEM micrograph of pure Co (a) and Co—25Gr nanocomposite (b) pellets
after wear test.

composite pellets after sliding wear test. The scratches and grooves
were formed in the direction of sliding which confirms the mechanism
of wear due to abrasive wear between the composite pellet and rotating
disc. The SEM micrograph shows very less change in the subsurface
microstructure of the Co—Gr pellets as compared to pure Co, which at-
tributes to the improved wear resistance because of nanographite rein-
forcement.

3.2. AFM Analysis

Surface topography of the composite materials was evaluated using
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Fig. 5. 2D AFM image (a), line profile analysis (b) and histogram (c) of Co—
25Gr nanocomposite.

AFM.

Figure 4, the 3D AFM image shows the height and width of the com-
posite materials which is found to be around 10—-20 nm and 500 nm re-
spectively. Figure 5, a—c are 2D AFM image and its corresponding line
diagram and histogram. The AFM 2D analysis also confirms that the
particle height is in the range of 10—20 nm.

3.3. Sliding Wear Analysis
The wear analysis is done using pin-on-disc apparatus for the study of

tribological characteristics of novel Co—Gr nanocomposites. From Fig-
ure 6, we can learn that the addition of Gr nanoparticles decreases the
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Fig. 6. Wear loss of Co and Co—Gr nanocomposite: applied load (a), sliding dis-
tance (b), sliding speed (c).

wear loss of the composites as compared to that of pure Co pins. The
results reveal that increase in the percentage of nanographite in Co—
matrix has further increased the wear resistance. The Co—25Gr nano-
composites have lesser wear loss than Co—5Gr. Figure 6, a shows the
wear loss incurred by specimens at various loads ranging from 5 N to
20 N. From the graphs, it is evident that the Co—Gr composites have
higher wear resistance at different loads but the wear loss increases
with increase in load, this may be due to softening of composites due to
increase in temperature at the interface. The wear loss phenomenon
ranging from 500 m to 2000 m is shown in Fig. 6, b. It can be noted that
increase in Gr in nanocomposites decreases the wear loss, which may be
due to the lubricating effect of nanographite reinforcements. Fig-
ure 6, c represents the trend of wear loss of composite materials at var-
ious sliding speed. From this figure, it is clear that the wear loss de-
creases with increase in sliding speed.

3.4. Coefficient of Friction Analysis (COF)

Figure 7 shows the various trends of coefficient of friction of Co—Gr
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Fig. 7. COF of Co and Co—Gr nanocomposite: applied load (a), sliding distance
(b), sliding speed (c).

nanocomposites. The COF decreases with increase in nanographite con-
tent; this is because of the lubricating property of nanographite parti-
cles, which improves the self-lubricating capacity of the composites.

The results utter that the COF of Co—25Gr nanocomposite is lower
compared to that of pure cobalt pellet. The coefficient of friction of com-
posite specimens is shown in Fig. 7, a, which reveals that the COF of the
pure cobalt and composite pellets increases with an increase in load.

From Figure 7, b, it is evident that the COF values of pure Co and
Co—Gr nanocomposites are relatively low when the sliding distance is
less and the COF further increases with an increase in sliding distance.
The evaluation of Fig. 7, ¢ dictates there is a linear decrement in COF
values with increase in sliding speed.

3.5. Potentiometric Polarization Analysis

The potentiometric polarization analyses of the pure cobalt and vari-
ous compositions of Co—Gr nanocomposites in 5% wt. NaCl solution is
plotted in Fig. 8; the graphs are plotted against potential voltage and
current density. The composite materials show stable passive region
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Fig. 8. Potentiometric polarization curves of Co and Co—Gr nanocomposites.

TABLE 1. Corrosion characteristics of the pure Co and Co—Gr nanocomposites.

> . 3
No Specimen B,V IQX/lc?n v Polarlzatlcg crlerzlestance R;,
1 Pure Co -0.443 8.528 1.06
2 Co—5Gr -0.437 5.933 4.35
3 Co—10Gr -0.436 5.910 4.41
4 Co—15Gr -0.435 4.912 5.31
5 Co—20Gr -0.419 2.425 9.89
6 Co—25Gr -0.416 1.767 14.8

after —0.6 V. The current density remains more or less constant with
increase in potential voltage. This phenomenon is due to the formation
of oxide layers at the surface of the specimen.

The corrosion characteristics such as corrosion potential (E,,,), cur-
rent density (/,.,,) and polarization resistance (R,) are determined by
Tafel extrapolation method. From Table 1, it can be understand that
corrosion potential (E.,.) of Co—25Gr nanocomposites (—-0.416 V vs
Ag/AgCl) is increased than that of pure Co (-0.443V vs Ag/AgCl),
which confirms the increase in corrosion resistance of the composites.
The current density of the Co—25Gr nanocomposites (1.767-107°
nA/cm?) has reduced considerably when compared to pure Co
(8.528-107 pA/cm?).

The decrease in current density decreases the intensity of the corro-
sion in composite specimens, which in turn reduces the rate of the cor-
rosion. The polarization resistance (R;) increases with increase in Gr
content in Co—matrix composites, which also substantiate the reduc-
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tion in corrosion rate of the Co—Gr nanocomposites.
3.6. Electrochemical Impedance Spectroscopy Analysis

The NY—-Quist impedance for the Co—25Gr nanocomposite, which is
identified as better corrosion composite by potentiometric polarization
test, is obtained using electrochemical impedance spectroscopy (EIS).
The electron transfer across the composite surface can be measured us-
ing charge transfer resistance R,,, which is inversely proportional to
corrosion rate.

Figure 9 shows the EIS spectra of Co—25Gr nanocomposites, which
consist of two semicircles with smaller and larger circles at higher and
lower frequency region.

The smaller circle depict the charge transfer resistance R, at the
interface of the counter electrode and NaCl solution and the bigger
semicircle begin from the charge transfer resistance R,,, of the smaller
circle because of the electron transfer within the Co—Gr nanocomposite
and charge transfer at the interface of Co—Gr and NaCl solution.

From the results, it is clear that the Co—25Gr nanocomposite has
better corrosion resistance as a result of an increase in charge transfer
resistance and a decrease in double layer capacitance. The results of
EIS are showed in Table 2.

60 4

40 A

-1m(Z), Q

20 4 =g Co—25GT

ol

0 25 50 75 100 125 150 175
Re(Z), O

Fig. 9. EIS spectra of Co—25Gr nanocomposites.

TABLE 2. Charge transfer resistance obtained from EIS data fitting by equiva-
lent circuit model.

Specimen Cans F R, Q Cuzs F R,.,, Q
Co—25Gr 0.00247 20.08 0.000247 100
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3.7. Immersion Test Analysis

The weight loss method is employed to study the percentage of weight
loss of the composite materials in acidic and brine solutions such as
HCI, H,SO, and NaCl solutions. The composites are immersed in the
different normality of above-said solutions for 24 hours. After remov-
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Fig. 10. Graphical representation of weight loss in different media.

TABLE 3. Percentage of weight loss in different media.

% of weight loss

Specimen HCl H,SO, NaCl
0.1N 0.5N 0.1N 0.5N 5% 10%
Co—25Gr 0.78 2.01 2 4.04 0.14 0.25
Co—20Gr 0.99 2.5 4.2 6.15 0.16 0.29
Co—-15Gr 1.05 3.2 6.3 8.11 0.19 0.34
Co-10Gr 1.16 3.9 8.7 12.12 0.26 0.42
Co—5Gr 1.19 4.2 10 14 0.36 0.59
Pure Co 1.24 4.5 12 17 0.39 0.65
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ing the specimen, it is washed and dried at room temperature. The
weights of the specimens are noted before and after the immersion.

The percentage of weight loss is calculated by using the initial and
final weight of the specimens. The percentage of weight loss is shown
in Table 3 and the graphical representation is shown in Fig. 10.

4. CONCLUSIONS

The Co—Gr nanocomposites were prepared by employing high-energy
ball mill and warm compacting process. The wear and corrosion re-
sistance of the composites are studied in different conditions. The wear
analysis on a pin on disc apparatus shows that Co—25Gr nanocomposite
has better wear resistance and coefficient of friction.

The potentiometric polarization analysis shows that the Co—25Gr
has improved corrosion resistance in various corrosive media, and the
composites also show the signs of passivation due to the presence of Gr
nanoparticles.

The EIS spectra also demonstrate the improvement in corrosion
rate, which was due to the increase in charge transfer resistance of the
composite material.

The immersion test also reveals that the Co—25Gr nanocomposite
has improved corrosion resistance than pure Co. From the findings of
this study, it can be concluded that the Co—25Gr nanocomposite has
better wear and corrosion resistance.
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