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Piston ring is a vital mechanical element subjected to excessive wear and corrosion in any automotive
application. This research work primarily focuses on investigating the tribological properties (wear
resistance, corrosion and surface morphology) of nickel nanocomposite coated piston rings reinforced
with multi-walled carbon nanotubes. Pulse reverse electroplating technique is employed for nano coating
formulation. The required parameters are assessed with the aid of Vickers hardness, electrochemical
impedance spectroscopy (EIS), scanning electron microscope (SEM), energy dispersive X —ray (EDX),
X —ray diffraction (XRD), atomic force microscope (AFM) and coating thickness. From the results, it
is evident that this particular coating formulation provides excellent tribological characteristics while
compared with the uncoated one. Also, pulse reverse methodology technique provides uniform and better
coating performance over complicated curved surfaces. The corrosion resistance of coated piston rings
got an enhancement of about 25%, whilst an improvement of 84.5% is evidenced in the magnitude of
microhardness value.

Keywords: Pulse reverse electroplating, Piston ring, Metal matrix nanocomposite, Microstructure,
Microhardness, Corrosion.

1. INTRODUCTION

Piston rings are usually subjected to extreme temperature operating conditions. In order to
minimize the corrosion and wear characteristics, the surface is coated with additional materials like
nickel and chromium.

Electrodeposition technique is proven to be the most economical one in coating metal matrix
composites owing to its simple preparation, versatility, grain size and low temperature [1-2]. Co-
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deposition technique is considered as an efficient technique to enhance the performance of coating
parameters owing to the excellent mechanical and physical properties of composite materials [3-5].

Recent trends in coating technology have now turned its attention towards alternative techniques
like pulse current (PC) and pulse reverse current (PRC) methodology for evidencing significant
enhancement in electrodeposition rate which has direct impact over the corrosion, microstructure and
mechanical properties [6-7]. Moreover, PRC method is proven to produce to high quality coatings with
better surface morphology and corrosion resistance with lower structural defects [8-9]. This significant
enhancement is evidenced due to the possible variation in pulse reverse parameters [10]. In addition, it
produces superior coating with relatively large crystalline structure, higher reinforcement and smooth
surface [11-12].

Applications of Carbon nanotubes (CNTSs) have gained momentum in the recent years. Carbon
nanotubes are considered to be the stiffest and strongest material due to their perfect atomic arrangement
and high intrinsic strength. The carbon nanotubes possess excellent thermal conductivity, electrical
conductivity, corrosion resistance and mechanical properties making it as suitable metal matrix
reinforcement [13-15] and the contact surface is smoother due to less plastic deformation [16].

Nickel co-deposition coatings is broadly used on the coating surfaces of the metal substrates to
enhance the properties like hardness, corrosion, wear, brightness and high temperature oxidation
resistance [17-22]. Normally Ni-CNT nanocomposite coatings is smoother and its microhardness is
twice than that of a normal nickel coating. The result of electrodeposition of Ni-CNT nanocomposite
coatings provide super additive components for metal surface coatings [23].

The nanoparticles are considered as nano fillers for anti-corrosion surface coatings to increase
the protection of corrosion performance [24-25]. In recent years, the EIS method has been generally used
to study the corrosion behaviour and performance of protective coatings [26-30] and it is proven to be a
powerful tool and also capable of providing significant results [31-35].

Although, numerous works were reported on literature in conjunction with pulse reverse current
method and carbon nanotube coatings, Application of such kind of multi-walled carbon nanotubes
(MWCNT) coatings on practical automotive application remains to be a vacuum domain for
investigation. Based on the above facts, this present research work is focused to test the tribological
performance and characteristics of nickel nano coated piston ring reinforced with multi-walled carbon
nanotubes using pulse reverse electrodeposition method.

2. MATERIALS AND METHODS

Multi-walled carbon nanotubes (MWCNT) considered in this study is having a purity of 98 %
and possess an average particle size of 16 nm. Ni-MWCNTSs composite coatings are electrodeposited
from Watts bath using pulsed reverse current on piston ring (Composition (%) : C- 2.6, Mn- 0.18, Si-
3.25, S-0.012, P- 0.040, Cr- 0.14, Ni- 0.02, Mo- 0.01, Cu- 0.45 and Fe-Remaining) and (Microhardness
— 336.6 Hv) substrate using a Dynatronix (USA) pulse power generator. Pure nickel (Ni) plate (99.9%)
is used as the anode and a portion of piston ring is considered as the substrate for depositing Ni-MWCNT
composite coatings. The piston ring is subjected to a pre-treatment process to facilitate removal of
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unwanted impurities and ingredients. The compositions of Ni-MWCNT bath is listed in table 1 for
reference.

Table 1. Materials used for coating.

Nickel Sulfate (NiSO4.6H20) (g L ™) 300

Nickel Choloride (NiCl2.6H20) (g L ™) 50

Boric Acid (H3BOs) (g L™?) 35

Sodyumdodecyl Sulfate (SDS) (g L ™) 0.2

Coating reinforcement material (MWCNT) (g L™?) 4

Temperature (°C) 50 + 2

PH value 4

Anode Nickel plate

Cathode Piston ring (Substrate)

The pre-treated Ni-MWCNT compositions are added into a chemical plating bath containing 300
ml of distilled water solution with a fixed pH value of 4 and kept at a constant temperature of 50°C,
thermostatically controlled with the aid of heater with mixer. The pulse reverse parameters of Ni-
MWCNT composite coatings used in this study are following table 2 for reference [36-37].

Table 2. Coating method and parameters.

Method of coating Pulse Reverse Electrodeposition (PRE)
Parameters

Cathodic current density (CCD) (A/cm?) 0.3-1.0

Cathodic current time (CCT) (s) 0.01

Anodic current density (ACD) (A/cm?) 0.02-0.08

Anodic current time (ACT) (s) 0.02-0.1

Relaxation time (RT) (s) 0.1

The microstructure of the Ni-MWCNT nanocomposite coatings are examined using X-ray
diffraction equipment (Rigaku-Japan-MiniFlex) using Cu-Ka radiation. The surface morphologies of the
coatings is observed with scanning electron microscopy (Corel Zeiss — EVO 18). The microhardness of
the Ni-MWCNT nanocoatings is tested by Vickers microhardness Shimadzu (HMV 2T indenter) tester.
The reported values of microhardness values in the subsequent sections are taken with a load of 100
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gram gradually applied over 15 seconds. The reported microhardness is the mean of the data taken at ten
different geometrical locations.

The electrochemical performance of uncoated piston ring sample and Ni-MWCNT coated
samples are tested with the aid of electrochemical impedance spectroscopy test (EIST) and
potentiodynamic polarization kit (CH Instrument, Model 608 E). The measurement is carried out in three
electrode modes using the piston ring as the working electrode and saturated calomel electrode (SCE)
and platinum electrodes as reference and counter electrodes respectively, using one mole of sulphuric
acid (H2S0.) at a temperature of 25 °C.

The samples are covered completely with araldite resin except the coated surface area of about
100 mm?. Then each sample is immersed in the acid for one hour to determine the potentiodynamic
polarization parameters (Ecor, lcor, Rp). Required curves and plots are generated by sweeping the
electrodes in an open circuit potential (Eocp) of 200 mV with the pair of anodic and cathodic directions
sweeping at the rate of 1.0 mVs™.

3. RESULTS AND DISCUSSION

3.1 Microhardness

Sixteen samples of piston rings were coated using the parameters listed in table 2. Also from
literature [37], it can observed that better coating performance is achieved at higher cathodic current
density (CCD) and lower anodic current density (ACD), anodic current time (ACT). Hence, the same
protocol is extended for this study. Figure 2 clearly depicts the variation of the magnitude of
microhardness (MH) at different process parameters. From, the results it is evident that, higher cathodic
current density and lower anodic current density yielded maximum value of microhardness [36-37].
Also, while compared with uncoated specimen, an increase of 84.5 % in the magnitude of microhardness
is evidenced. The methodology and working mechanism of reverse current wave forms deployed in this
study is illustrated in figure 1 for reference.
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Figure 1. Working mechanism of pulse reverse current wave form.
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Figure 2. (a) Uncoated sample (b,c,d & e) Different combinations of PRC coating parameters with
microhardness.

3.2. Potentiodynamic polarization

The final parameters (Ecorr, lcorr, Rp) Of coated and uncoated piston ring samples are listed in table
3. Potentiodynamic polarization exploration is also performed and the curves are plotted in figure 3 for
reference. From close observation it can be found that, the polarization resistance (Rp) of Ni-MWCNT
samples are far higher than the uncoated one which strongly signifies that Ni-MWCNT coated samples
possess higher corrosion resistance characteristics [24 & 38]. This phenomenon is evidenced due to
presence of multi-walled carbon nanotube (MWCNT) particles embedded into nickel (Ni) matrix. Also,
the potentiodynamic polarization curves reflects the same result wherein a significant shift is seen
between the samples.

Table 3. The results of potentiodynamic polarization test for uncoated piston ring sample and coated
piston ring sample in nanocomposite coatings.

Sample Ecorr (V) icorr (IJA cm—Z) RP (Q cmZ)

Uncoated piston ring -0.558 0.6820 339

Ni-MWCNT coated piston

. -0.513 0.1729 650
ring
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Figure 3. Potentiodynamic polarization curves of uncoated piston ring and coated piston ring in 1 M of
H2SOa.

3.3. Electrochemical impedance spectroscopy test (EIST)
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Figure 4. Bode impedance for uncoated piston ring and coated piston ring in 1 M of H2SO..

To support and validate the results of potentiodynamic polarization, investigation of samples
with electrochemical impedance spectroscopy test is also performed. Bode impedance plot and Nyquist
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curves for the samples are depicted in figure 4 and 5 respectively. Bode impedance plot (Figure 4) reveals
that, uncoated sample has a lower magnitude of impedance modulus. However, the variation with respect
to time is almost similar for both the samples. From the Nyquist curve (Figure 5), it can be observed that
the Ni-MWCNT coated sample bears higher curve radius which intern implies a better corrosion

resistance [38]. Also, the life cycle of Ni-MWCNT coated samples will be high due to the increased
magnitudes of real impedance modulus.

250
225
200
" . w
175 s
w L
ré 150 o _. al
; L]
w
Elz ” - —— . o
" e B g
€100 , ey
N [~ ™ Wy gy
~ )]
75 i
7}
50 J)‘
15
0 50 100 150 200 250 300 350 400 450
Zga (ohm cm)
@-Ni - MWCNT 4&-UN-COATED

Figure 5. Nyquist impedance for uncoated piston ring and coated piston ring in 1 M of H2SOa.
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Figure 6. Equivalent circuit for uncoated piston ring and coated piston ring in 1 M of H2SOa.
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An equivalent circuit is also modelled using the inbuilt simulation module and represented in
figure 6. The parameters pertaining to the circuit for both the samples are highlighted in table 4 for

clarity.

Table 4. Parameters fitted from EIST measurement.

Sample Ret (Q cm™) Yo (Q1cm?2S™ n
Uncoated piston ring 366.3 0.0001391 0.8011
Ni-MWCNT coated 698.6 0.0004965 0.8656

piston ring

3.4. Phase structure and surface morphology

Figure 7. SEM micrographs of Ni-MWCNT

The influence and effect of multi-walled carbon nanotube (MWCNT) particles on the nickel (Ni)
matrix is assessed with the aid of scanning electron microscopy (SEM), energy dispersive X-ray (EDX)
and X-ray diffraction (XRD).
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The scanning electron microscope images of Ni-MWCNT coated piston ring are shown in figure
7 at four different scales. From scanning electron microscope images, it can be seen that, multi-walled
carbon nanotube particles are perfectly embedded into the pores of Ni composite matrix [39]. Bright
regions represent nickel matrix in the images. Moreover, a uniform and even deposition rate is
evidenced.

0.72 I Mn K

5.24

OK

3514 NiK

45 40 35 30 25 20 15 10 5 0

Percentage Contribution (%)

Figure 8. EDX of Ni-MWCNT

CNT-HIGH c1009)

1500

1000

Ni(111)

Intensity (a.1)

500 —
Ni (200)

Ni (220)

Figure 9. XRD pattern of Ni-MWCNT composite coating
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Figure 8 represents the results of energy dispersive X-ray (EDX) experiment. The chemical
compositions (Carbon (C K), Nickel (Ni K), Iron (Fe K), Oxide (O K) and Manganese (Mn K)) are listed
clearly in figure 8. Due to the presence of carbon nanotube particles, the percentage of carbon content is
higher and dominant. The natural phenomenon of carbon exhibits highly brittle characteristics which in
turn produces excellent hardness.

The X-ray diffraction (XRD) pattern (Figure 9) indicates the (002), (111), (200) and (220) planes
in presence of order to multi-walled carbon nanotubes and nickel composite coatings. However, Ni-
MWCNT deposits exhibit a reinforcement at (002) plane due to carbon content with other planes
comprising nickel crystallites [15].

3.5. Coating Thickness and Atomic force Microscope (AFM)

(b)

200X ~ 50 um

Figure 10. (a) Image of Ni-MWCNT coating thickness (b) AFM image of Ni-MWCNT coating

The coating thickness and deposition rate is investigated with a metallurgical microscope
manufactured by Dewinter Tech. In order to ensure the accuracy of the final reported value, readings are
taken at five different geometrical locations and the mean value is found to be 06 pum [37&40].

The surface morphology of the coated specimen is assessed with the aid of atomic force
microscope (AFM). The average surface roughness value is 0.13 um. However, for the same coating
composition and parameters [37] on stainless steel specimen the magnitude of surface roughness was
reported as 1.08 um. Hence, it is evident that the composition and characteristics of base metal is
dominant in deciding the surface roughness value. The sample images are exhibited in figure 10 (a) and
(b) for reference.
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4. CONCLUSION

Ni-nano-MWCNT composite coating is electrodeposited on piston ring samples using pulse
reverse electrodeposition technique. The tribological characteristics of the coated sample is superior in
all aspects when compared with the uncoated one. Owing to the current demand in nanocomposite
coatings, the significant findings of this research work can be utilized in various industrial applications
where wear and corrosion is a dominant factor. Further works can be extended on various base metal
samples with identical coating parameters to assess its performance.
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