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The nanocomposite coating provides a higher degree of corrosion resistance, microhardness, wear resistance and significantly
improves the tribological qualities of the base metal. This research work is aimed at investigating the effect of the proportion
of multi walled carbon nanotubes (MWCNT) mixed with Ni-AL O, and Ni-SiC nanocomposite coatings on a mild steel AISI
1018 specimen against its tribological characteristics through experimental investigation. The pulse reverse electro deposition
technique is deployed for coating formulation with optimized coating parameters. The proportions of carbon nanotubes vary
in three different ratios ranging from 1:1 to 2:1. Tribological characteristics (microhardness and surface morphology) are
assessed using a Vickers microhardness testing machine and a scanning electron microscope (SEM). Nine different coating
combinations are considered in this study and their tribological attributes are compared with the un-coated sample. From
the results, it can be observed that the samples coated with ALLO, nanoparticles reinforced with carbon nanotubes (CNTs)
possess excellent magnitudes of micro-hardness in comparison with the uncoated and SiC-CNT coated samples with an
enhancement factor of 2.88 and 1.37, respectively. Moreover, the variation of the CNT proportion in the coating blend has the
tleast significant effect and therefore, addition of CNT particles beyond the blend ratio of 1:1 may be avoided to reduce the
coating cost of samples significantly. Also, SEM images clearly reveal a uniform coating distribution owing to the application
of optimized coating parameters.
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OneHka 1 BIMAHNE APMUPOBAHNA MHOTOC/TOVHBIX YITIEPOJHbIX
HaHOTPYOOK B HAHOKOMIIO3UTHBIX MOKphITHAX Ni-AL O,
1 Ni-SiC ¢ ncnmonb3oBaHmneM MeToa MMIYTIbCHOTO 0OPAaTHOTO
3NEKTPOOCAKIAEHNA
Benkarem Pamxa K.Y, Panmxut Kymap A., Hapen C.
Texmonornueckuit komtemk Cona, Kadenpa mammaocrpoerus, Caem, 636005, Tammn Hany, Vs

HanoxoMmosutHoe IOKpbITMe obecredrBaeT Oojiee BBICOKYIO CTeIeHb KOPPO3MOHHON CTOWMKOCTY, MUKPOTBEPHOCTI,
M3HOCOCTOMKOCTY ¥ 3HAUUTENbHO yIydIIaeT TPHOOIOTIecKe CBOJICTBAa OCHOBHOTO MeTaslna. JJaHHas MccmenoBaTenbckas
paboTa HalpaB/ieHa Ha M3y4eHue BIVIHIUA JOIM MHOTOCTEHHBIX YITIEPOSHBIX HAHOTPYOOK COBMECTHO C HAHOKOMIIO3UTHBIMMU
nokpeituaAmu Ni-ALO, u Ni-SiC na obpasie us markoit cramm AISI 1018, Ha ero Tpubomormyeckme XapakTepUCTUKN
IyTeM SKCIePMMEHTANbHOTO WCCIeoBaHNA. MeTol WMIYIbCHOTO OOpaTHOTO 3MEeKTPOOCAKAEHUA MCIONb3yeTcs
IS TIOJyYeHUA IOKPBITMA C ONTYMAJIbHBIMM IIapaMeTpaMu. [Ipomopuyy yIIepomHbIX HAHOTPYOOK BapbUPYIOTCA
B TpeX pas/IMYHBIX COOTHoIIeHMAX oT 1:1 mo 2:1. Tpubomorndeckye XxapakTepUCTUKM (MUKPOTBEPOCTb U MOPdOIOrys
IIOBEPXHOCTH) OLIEHMBAIOTCS C IIOMOIIBIO 000PYAOBaHMA /I OIlpefie/leH) s MUKPOTBEpHOCTI 10 Bukkepcy u pacTpoBoro
97IEKTPOHHOr0 MUKpockona (POM). B aToM yccmenoBaHuy paccMaTpUBAIOTCA [EBATb pas/IMYHbIX KOMOVMHALI IIOKPBITUI,
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U UX TpUOONOTMYECKVE XapaKTePUCTUKYU CPAaBHMBAIOTCA € o6Opasiom 6e3 mokpbiTusA. Kak BMIHO U3 HOMyYeHHBIX
pesynbTatoB, 06pasipl, TOKpbITble HaHoyacTuiamm Al O,, apMupoBaHHBIMM YITIepOfiHBIMU HaHOTpyOkamyu (YHT),
00671a/]al0T TMPEBOCXONHBIMU 3HAYECHMAMI MUKPOTBEPHOCTM IO CpaBHeHMIO ¢ oOpasiamMu 6e3 HMOKPBITUA U 0bpasmamm
¢ nokpertrem YHT-SiC ¢ xoaddurenrom ycunenus 2.88 u 1.37, coorBeTcTBeHHO. bonee Toro, nusmenenne gomn YHT
B CMeCM JJIs TIOKDBITUSA MMeeT HauMeHee 3HAUUTENbHBIN 9((deKT, U, ClefoBaTelbHO, MOKHO M30eXaTh HoOaBIeHMA
vactyn YHT, npeBblaronx cooTHoLIeHNe B cMecu 1:1, 4TOOBI 3HAYMTEIBHO CHM3UTD CTOMMOCTD MOKPBITHA 006pasIoB.
Kpome Toro, POM msobpaxkeHns sCHO IOKa3bIBAIOT paBHOMEPHOE pacIpefie/ieHNe MOKPHITUA Oarofaps MpuUMeHEHUI0

ONTUMM3MPOBAHHBIX ITAPAMETPOB ITOKPBITIA.

KnroueBble cioBa: yriepofHas HAHOTPYOKa, HAHOIOKPBITH, MMITY/IbCHOE 0OpaTHOE S7IeKTPOOCaXKIeHre, apmuposanne YHT, Tpubonorus.

1. Introduction and literature review

Surface coating of metals is a proven methodology to enhance
the corrosion rate, wear resistance and micro hardness of
the metal. Research into the production of nanocomposite
coatings by electrolytic co-deposition of fine particles with
metal from plating baths has been carried out by numerous
investigators [1-3]. Recently, the use of nanocomposite
coatings gained significant attention owing to its impressive
corrosion resistance, wear resistance and micro hardness
[4-6] and such parameters predominantly depends on the
composition or percentage of the materials that are to be
electro deposited on the metal [7].

The process of electro deposition process helps in uniform
reinforcement of particles on the surface of metals. Pulse
current electro deposited particles have better tribological
characteristics than most other techniques. Various types
of nanoparticles with different properties, such as oxides
(ALO,, Zr0O,, SiO,, TiO,), borides (TiB,, ZrB,), carbides (SiC,
WC) and multi-wall carbon nanotubes (MWCNT), have
been successfully co-deposited with microcrystalline metals
and alloy phases to form nanocomposites coatings with
outstanding tribological properties [8 -13].

Since their discovery, carbon nanotubes (CNTs) are being
explored as a reinforcement for polymers, metals, and ceramic
matrices due to their extraordinary electrical, mechanical,
and thermal properties. The fascinating properties of CNTs
have led to a various number of research efforts throughout
the world [14-18]. Also, it has been found that CNT-based
nanocomposites revealed lower friction coefficient and wear
rate in caparison with the pure substrate matrix [17]. CNTs
can also withstand repeated bending, buckling, and twisting
loading conditions due to its inbuilt stiffness and strength
characteristics resulting in higher Young’s modulus and
tensile strength [19]. The average magnitude of elastic moduli
of isolated MWCNTs has been measured to be 1.8 TPa and
its bending strength is as high as 14.2 GPa [20]. The value of
elastic modulus of CNTs is extremely higher than other rigid
materials like carbon fiber (230 GPa) and SiC (414 GPa).
However, its density is about one-sixth to one-seventh of steel
[21-24].

Moreover, CNTsarebelieved to beideal for nanocomposite
coatings that can be used to derive excellent surface protection
with remarkable performance [25]. In the pulse reverse
plating, the current is applied in a non-linear fashion and this
facilitates a homogenous coating with fine grains and uniform
morphology. The periodic action of the anodic current on
the deposited layer of metal, the deposit acquires better

protective properties. For several processes, current reversal
is a means of achieving smoother and brighter deposits,
better current distribution, and less porous deposits with
lower internal stresses [26]. Studies on molecular dynamics in
aluminjum coatings were investigated by Galashev et al [31]
and few other works pertaining to coatings techniques and
characterization were reported on electro spark deposition
and tantalum coatings [32,33]. Savina et al. [34] investigated
the effect tribological characteristics of multi walled CNTs
reinforced with aluminium silicon metal matrix composites.

However, to the authors’ knowledge, the effect of MWCNT
proportion over the magnitude of micro-hardness parameter
has not been addressed in detail. Also, the mix of a ductile
and brittle nanocomposite powder seems to be interesting
area for investigation. Based on the facts, this research
work is focused towards assessing the effect of MWCNT
percentage through investigation of its microstructure and
microhardness phenomenon.

2. Methodology and Experimental scheme

The nanocomposites (ALO, + MWCNT, SiC+ MWCNT and
AL O, +8iC+MWCNT) are coated on the AISI 1080 steel
substrate (10x10x10 mm) by a nickel sulphate bath. The
pulse reverse electro deposition technique (PREDT) [29] is
utilized for coating all the samples. This technique is selected
due to the flexibility in varying the pulse parameters for
achieving superior coating characteristics [29]. Based on the
data and facts available in the literature, the reverse-pulse
parameters are kept constant throughout the study and the
percentage of CNTs are varied in this research work. The
optimal pulse parameters [30] used in the research work are
listed in Table 1 for reference. The base substrate material
is used as a cathode and the top layer of the cube shaped
sample alone is exposed for coating. The remaining surfaces
of the sample are covered with the aid of polyvinyl chloride
adhesive layer to ensure proper masking. The surface of the
cube is polished with superior grade of abrasive papers in
a double disc polishing machine and the surface impurities
are completely cleaned with acetone using an ultrasonic
cleaning chamber.

Nine different samples are prepared with a unique blend
of combinations as listed in Table 1. The proportion of
MWCNT varies in three different combinations (5, 7.5 and
10 g) along with ALO,, SiC and ALO,+SiC (10 g). This
unique blend develops three different coating ratios of 1:2,
3:4 and 1:1. The Watts type bath using PREDT is used for
electro deposition process. The bath compositions and other
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optimized parameters considered in this study are clearly
listed in Table 1. Dynatronix, USA (Micro star pulse series
DPR 20-30-100 power supply) Pulse rectifier is used for
experiments and nanocoatings. Each solution is stirred for
8 hours at 400 rpm. The electrodeposition process is carried
out in time span of around 15-25 minutes per sample.
SDS is used in all the solutions to increase homogenous
dispersion [14]. Adding a dispersant in the solution
significantly increases the zeta potential of the nanoparticles.
The positive zeta potential gives the extra adhesion force
between the inert particles and the cathode, resulting in good
adhesion between substrate and deposits [15]. A magnetic
stirrer bar with a speed of 500-600 rpm is used for coating
the samples at a temperature around 55°C. The pH value of
the solution is maintained in the range of 4 throughout the
process. Fig. 1 exhibits the examples of coated specimens by
PREDT.

3. Results and discussion

The microhardness and microstructures of the specimens are
carefully examined with the aid of a Vickers microhardness
testing machine (Shimadzu tester - HMV 2T intender)
and a scanning electron microscope (Carl Zeiss 5.07 Beta-
Sigma variant, Germany), respectively. The magnitude of
micro hardness is evaluated at six different geometrical
locations and the mean is considered for all discussions.
A load of about 125 grams is gradually applied on the surface
of the coated specimen in a time frame of about 20 seconds.

3.1. Discussion on micro-hardness

Fig.2 portrays the disparity in the micro-harness
valuesd against three different combinations of MWCNT
reinforcement. The ratio of proportion is maintained in
such a fashion varied from 1:1 to 1:2. Interestingly, it may be
noted that a that the rate of change proportion of MWCNT
with all the nanocomposites exhibits only lesser significance
over the magnitudes of microhardness value. This is an
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Table 1. Pulse reverse electro deposition parameters and coating
composition.

Pulse Electro Deposition — Bath compositions
Quantity (gL™)

Bath composition

NiSO,-6H,0 300

NiCl,-6H,0 50

H,BO, 35

SDS 0.2

AL O,/SiC/ALQ, + SiC 10
MWCNT 5,7.5and 10

Pulse Reverse Electro Deposition - parameters
Anodic current density (ACD) (A cm™) 0.08
Cathodic current density (CCD) (A cm™?) 1

Anodic current time (ACT) (s) 0.02
Cathodic current time (CCT) (s) 0.01
Relaxation time (RT) (s) 0.1

Fig. 1. (Color online) Nanocoated samples.

interesting physical phenomenon and, it can be concluded
that lower or equal proportions of MWCNT reinforcement
is enough to acquire the best possible hardness factor in the
coated specimen. Though, there are limited variations, the
maximum percentage is restricted only to a meagre value
of 4%. Hence, higher quantity of deposition may not be
required for most of the cases and a uniform blending ratio
(1:1) can be maintained as the optimal level. The scheme of
bonding of the composite coatings is identical in all blending
proportions.
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Fig. 2. (Color online) Effect of MWCNT content on microhardness in ALO,-MWCNT solution, SiC-MWCNT solution and Al,O,-SiC-

MWCNT solution (Mix).
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Fig. 3. (Color online) Variation and comparison of microhardness value (M1, M2, M3-ALO, + MWCNT coatings, M4, M5, M6-SiC+ MWCNT

coating and M87, M8, M9-A1203 +SiC+MWCNT).
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Fig. 4. Microstructure maps of coated samples: ALLO,+ MWCNT coating (a), ALO,+ MWCNT coating (b), SiC+ MWCNT coating (c),
SiC+MWCNT coating (d), AL,O,+SiC+MWCNT coating (mix) (e), AL,O,+SiC+MWCNT coating (mix).

Fig. 3 exhibits the global comparison for all the samples
considered in the study along with the uncoated specimen.
ALO,+MWCNT coated samples exhibit a higher rate of
micro-hardness than all other combinations. Moreover,
Al O, +Sic+ MWCNT coated samples take a reasonable lead
when compared with MWCNT +SiC samples. The rate of
hardness in the triple mix is diminished due to dominant
effect of SiC particles which overrides the significance of
Al O, nanopowders. Also, ALLO, nanopowders seems to be
ineffective, and its enhancement effect is partly quashed when
its being mixed with SiC particles. Therefore, it is strongly
suggested not to mix ductile and soft nanopowders with
dominant brittle materials like SiC. From the results, it can
be observed that the samples coated with Al,O, nanoparticles
reinforced with CNTs possess excellent magnitudes of
micro-hardness in comparison with the uncoated and SiC-
CNT coated samples with an enhancement factor of 2.88 and
1.37, respectively.

3.2. Surface morphology and analyses of micro-structure

The scanning electron microscopic images of coated and
uncoated specimens are clearly illustrated in Fig. 4 for reference.
From the SEM images, it can be noted that the nanocomposite
coating materials are excellently embedded into the nickel
matrix. The nanocomposite powders exhibit a cauliflower
shaped crystalline structure in which the MWCNT particles
are reinforced. It is essential to assess the dispersion mechanism
before performing mechanical testing and therefore, the
distribution effect of MWCNTSs within the composite matrix
has significant effect of the mechanical properties. From Fig. 4
(e and f) it may be noted that, the bonding nature is quite
excellent with two different coating materials having diverse
characteristics. Hence, relatively higher stability is achieved
when compared with SiC coatings (Fig. 4 ¢,d). Moreover, it may
be noted that all the nanocomposites are excellently embedded
in the matrix and reinforced well by the MWCNTs.
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4. Final outlook and concluding remarks

This research work presents the significant results of Ni-AlLO,
and Ni-SiC nanocoatings reinforced with MWCNTs in a
mild steel AISI 1018 substrate. Also, the effect of varying
the percentage of MWCNT reinforcement is investigated
in detail. The micro indentation test is carried out to assess
the mechanical performance and microstructure analysis
with the aid of SEM analysis. From the results it is evident
that, ALO, coated samples possess excellent tribological
characteristics in comparison with SiC and uncoated
samples. Moreover, it is evident that the effect of adding the
MWCNT composition has less significance and the ratio
of 1:1 could be maintained as an optimum level to derive
maximum value of microhardness.
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