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ABSTRACT

The present work focusses on improving the mechanical and tribological
properties of Al-55i-3Cu alloy and Ni-coated TiC reinforced composite
fabricated through liquid metallurgy route, through T6 heat treatment.
Good interfacial bonding was developed between the matrix and coated
reinforcement on microstructural investigation. There was an
improvement in hardness for heat-treated alloy and composite by 34.5%
and 14.7% respectively. Tensile strength for heat-treated alloy and
composite was enhanced by 25.9% and 30.6% respectively. Pin on disc
dry sliding wear test was carried out for Ni-coated TiC heat-treated
composite for varying loads (10, 20, 30N), distances (500, 1000, 1500m)
and velocities (1, 2, 3m/s) by using Taguchi's L27 Orthogonal Array. It
was concluded that load had the highest influence on wear rate
(71.88%), whereas the effects of sliding distance (8.23%) and velocity
(3.45%) were nominal. Wear analysis revealed that, wear rate increased
with an increase in load and sliding velocity and decreased with
increasing sliding distance. Defects like delamination, grooving, and
protrusions were observed on the worn surface. Thus, this kind of Ni-
coated TiC reinforced composites can be used in camshafts, bearings and
bushes for better wear resistance.

© 2020 Published by Faculty of Engineering

1. INTRODUCTION

Al-Si-Cu alloys are well known for their
extensive properties like machinability and cast-
ability due to the presence of aluminium (Al)

crankcases, tool handles and compressor
housings [1]. Vandersluis et al. experimental
results showed that the pre-heating temperature
of mold had a significant effect on the
solidification rate, secondary dendrite arm

and silicon (Si), moderate wetting properties,
good tensile strength and corrosion resistance
provided by the presence of copper (Cu). These
alloys are widely used in automotive industrial
applications such as gearboxes, cylinder heads,
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spacing (SDAS) and hardness. It was concluded
that pre-heating temperature was directly
proportional to SDAS and inversely proportional
to hardness and solidification rate [2].
Researchers have concluded that Al-Si-Cu alloys
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have columnar dendritic structure of a-silicon
(a-Si) [3,4]. Jayakumar et al. concluded that a-Si
underwent grain modification to fine grain
structure on moving towards the outer
periphery of cast specimen fabricated through
centrifugal casting process [5].

Al alloys are known for their enhanced
properties on addition of reinforcement
particles like Boron Carbide (B4C), Aluminum
Oxide (Al;03), Silicon Carbide (SiC), Titanium
Carbide (TiC), Zirconia (Zr02), graphene and fly
ash particles [6,7]. Kennedy et al. found that on
addition of large volume percentage of TiC and
Titanium Boride (TiB;) particles led to the
refinement of grain structure at some localities,
which affected the mechanical properties [8].
Microstructural analysis of Al/TiC composite
obtained by reactive synthesis route revealed
the absence of clusters and confirmed the
uniform distribution of reinforcements in the
composite matrix [9]. It was reviewed that
bonding and phases formed between matrix and
reinforcement played a crucial role in enhancing
the properties of composites [10-12]. Coatings
on reinforcements increased the potentiality of
composites and it helped in boosting the
mechanical properties [13]. Lei Fan et al
investigation revealed that the quality of nickel
(Ni) coating on ZrO, toughened the Al,03 (ZTA)
particles when temperature was varied and at 85
°C, a uniform coating was observed on ZTA
particles [14]. Zou’s research concluded that the
Ni-coated SiC reinforcements in aluminium
composite reduced the porosity, improved the
corrosion resistance and enhanced  self-
passivation ability to a greater extent [15].
Experimental studies also concluded that copper
(Cu) coated reinforcement particles addition
boosted the tensile and hardness properties of Al
alloy [16,17]. It was observed that the
homogeneity of anodized coating was affected by
the size of reinforcement particle [18]. In wear
analysis of Al/SiC-C hybrid composite, it was
inferred that Ni-coated reinforced composite
exhibited better results than Cu and also
precipitate formation was observed when coated
particles were added. These precipitates enhanced
the hardness and minimized the wear rate [19].
Researchers concluded that dry sliding wear rate
increased with load in Al composites [20,21].

Based on the literature studies, it was observed
that, wear analysis of Al-5Si-3Cu alloy using L27

Taguchi's optimization technique was limited.
Hence, the present study deals with the fabrication
of Al-5Si-3Cu/Ni-coated TiC composite and
subjecting it to T6 heat treatment process.
Metallography, mechanical and tribological
analysis were performed. A comparative analysis
was done for non-heat treated (NHT) and heat-
treated (HT) alloy and composite.

2. MATERIALS AND METHODS

This section clearly explains the process
involved in material selection and the
experimental steps involved in the fabrication of
the alloy and composite. The main objective is to
enhance the bonding between Al-Si-Cu alloy and
reinforcement particles. Al-5Si-3Cu alloy was
preferred, considering Cu wettability and its
wide range of applications in light structures
and mild wear areas. Keeping view on the need
for properties like high wear and temperature
resistance, Titanium Carbide (TiC) of standard
size of 44 pm (325 mesh) and average purity of
91 % was chosen as the reinforcement material.
The reinforcement particles are bought from a
Coimbatore Metal Mart Pvt. Ltd., India.

2.1 Electroless Nickel coating on TiC particles

Initially, TiC particles were thoroughly cleaned
with acetone to remove any dust presence and
prevent the particles from undergoing oxidation.
The particles were then roughened using aqueous
solution HNOsz (100 ml/l) to easily coat the
reinforcement particles. Sensitization was done in
the presence of an aqueous solution of SnCl; (10
g/1) and HCl (25 ml/1) and activation was done in
a solution of PdCI; (0.30 ml/1) and HCI (3 ml/l).
The bath solution consisted of NiCl, (50 g/l),
sodium hypophosphite (7 g/1), trisodium citrate
(80 g/1) and ammonium chloride (50 g/1). The pH
of the bath was found to be 9. The activated TiC
particles were then dipped in a bath at a
temperature of 75-80 °C for 45 min and dried in
an oven at 60 °C for 1 hour. Scanning Electron
Microscopy (SEM) and Energy Dispersive X-ray
spectroscopy (EDX) were performed on Ni-
coated TiC (Ni-TiC) reinforcement particles.

2.2 Fabrication of alloy and composite

As the first step, the graphite crucible was
cleaned and pre-heated (350 °C, 30 minutes) to
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remove any moisture and oily substances
present in the crucible. Al-5Si-3Cu alloy was
placed in a crucible and positioned in an electric
furnace. The alloy was then allowed to melt at a
temperature of 770 °C in the presence of argon
(Ar) gas to avoid formation of any unwanted
chemical compounds. The metallic die was pre-
heated to 250 °C, to eradicate metal shrinkage
while pouring the molten metal. Once the alloy
had melted, molten metal was poured into the
pre-heated metallic die and allowed to solidify at
room temperature. After solidification, the cast
product of Al-5Si-3Cu alloy in the cylindrical shape
of 320 mm x 150 mm was obtained. To fabricate
composite, pre-heated (200 °C) Ni-TiC of 6 wt.%
reinforcement was added and stirred at a speed of
250 rpm for uniform distribution of TiC particles.
The remaining process was carried out as
mentioned above and Al-5Si-3Cu/Ni-TiC composite
was obtained. The elemental composition of Al-5Si-
3Cu alloy is shown in Table 1.

Table 1. Elemental composition of Al-5Si-3Cu alloy.

Element Al Si Cu | Fe | Mn n Ni

As-cast
Al-5Si-3Cu | Bal | 53 | 3.1 | 0.6 | 0.3 | 0.34 | 0.02
(wt.%)

2.3 Heat-treatment

Standard T6 heat treatment parameters
provided by the ASTM for Al-Si alloys were
preferred as the specific process conditions. The
process includes solutionizing followed by
artificial aging for both alloy and composite
specimens. The specimens were solutionized at
540 °C for 10 hours and quenched in water at
room temperature. The quenched samples were
age hardened at 165 °C for 10 hours and then air
quenched at room temperature.

2.4 Experimental procedures

All the specimens were initially ground and
polished with 1000 grit size emery paper. Velvet
cloth polishing was performed using fine
alumina powder and the specimens were later
etched with Keller’s reagent. The metallographic
analysis was performed on Zeiss Axiovert 25 CA
Inverted Metallurgical Microscope as per the
ASTM E3-11 standard. Hardness test was
performed on Vickers Hardness Tester Mitutoyo
201-101E at a load of 100 gf for a dwell time of
15 seconds as per the ASTM E384-11 standard.

470

Tensile specimens were prepared as per the
ASTM B 557M standard with a gauge length of
36 mm and the test was performed on Tinius
Olsen H25KT Universal Testing Machine. After
the tensile test, fractography analysis was
conducted. Taguchi’'s Design of Experiments
(DOE) was used to analyze the wear behavior of
HT Ni-coated reinforced composite, as this had
enhanced mechanical properties. Wear study
was performed using a pin on disc tribometer of
EN32 stainless steel counter disc (HRC70),
based on the mass loss method without
lubrication at room temperature according to
the ASTM99-04 standard. The specimens of 12
mm diameter and 25 mm length were prepared
for the wear test. Acetone was used to clean the
specimen before and after each test, and mass
loss was calculated. SEM analysis was also
performed to analyze the worn surface.

3. RESULTS AND DISCUSSION

The metallographic analysis, mechanical
properties such as hardness and tensile
strength, wear behaviour, the statistical analysis
and worn surface morphology are clearly
explained in the following subsections.

3.1 SEM and EDX analysis of Ni-TiC

SEM analysis (Fig. 1a) was performed on Ni-
coated TiC particles, which confirmed a uniform
coating of Ni over TiC particles. The average size
of the reinforcement particle after coating was
observed as 56 pm. EDX analysis (Fig. 1b)
confirmed the presence of Ni along with Ti and C.
Based on this, it was concluded that a successful
coating of Ni was made over TiC reinforcement
particles through electro less coating process.

4065
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Fig. 1 (a) SEM of Ni-TiC particle (b) EDX of Ni-TiC particle.
3.2 Metallographic analysis

Figures 2a-2d show the microstructures (100x
magnification) of both NHT and HT Al-5Si-3Cu
alloy and Al-5Si-3Cu/Ni-TiC composite. From Fig.
2a, it was concluded that acicular grains of a-Si
were clearly observed in the NHT Al-5Si-3Cu alloy,
which deviated the properties of a material. o-Si
was clearly surrounded by the a-Al phase. NHT Al-
5Si-3Cu/Ni-TiC composite microstructure (Fig. 2b)
clearly showed the presence of Ni-TiC particles,
which were clearly distributed over the matrix
phase. It was observed that composites underwent
slight modification in microstructure owing to the
grain  refinement property of Ti-based
reinforcement particles, similar behavior was
observed in previous studies [18]. TiC particles
refined a-Si to a certain extent. a-Si underwent
modification to spherodized eutectic Si form in
both HT samples (Figs. 2c-2d). During heat
treatment, dislocation formation took place due to
the thermal difference between a-Al and o-Si. This
dislocation provided a vacant space for

spherodized a-Si phase to occupy during solution
treatment and aging [22].

(d)
Fig. 2 Microstrucure of (a) NHT Al-5Si-3Cu alloy, (b)
NHT Al-5Si-3Cu/Ni-TiC, (c) HT Al-5Si-3Cu alloy, and
(d) HT Al-5Si-3Cu/Ni-TiC composite.

Formation of spherodized eutectic Si indicated
that heat treatment of the T6 cycle was effective
on both Al-5Si-3Cu alloy and Al-5Si-3Cu/Ni-TiC
composite. This helped in boosting the properties
of alloy and composite. Fine distribution of Ni-TiC
was also observed in HT composite. X-ray
diffraction analysis of NHT Al-5Si-3Cu/Ni-TiC
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composite (Fig. 3) confirmed the presence of TiC
particles, Al,Cu phase and elements like Al and Si,
whereas in HT Al-5Si-3Cu/Ni-TiC composite (Fig.
4), formation of meager Mg,Si phase was
confirmed alongside Al,Cu phase, TiC, Al and Si.
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Fig. 3 XRD analysis of NHT Al-5Si-3Cu/Ni-TiC composite.
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Fig. 4 XRD analysis of HT Al-5Si-3Cu/Ni-TiC composite.
3.3 Hardness analysis

Figure 5 clearly depicts the hardness values of
all the samples (alloy and composite). Hardness
was taken as an average of five different test
locations. HT alloy exhibited a hardness of 128.2
HV, which was 28.2 % higher than NHT alloy.
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Fig. 5. Hardness of alloy and composite.

Similarly, HT composite had improved hardness
of 147.1 HV which was 9.36 % better than NHT
composite.  Composites  exhibited better
hardness than their respective alloys as the load
applied gets distributed homogenously over
both matrix phase and reinforcement phase,
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which enhanced the ability of composites to
absorb more load [23, 24]. Ti-based
reinforcement particles have the ability of grain
refinement, which also contributed to the
enhancement of hardness values [19]. TiC
coated with Ni improved the interfacial bonding
properties, which resulted in enhanced hardness
values [25]. Similar kinds of observations were
made in the work of Huang [26] and Balaraju
[27]. Both HT alloy and composite exhibited
better hardness values due to breakage of o-Si
acicular grains to undergo spherodization, and
formation of Mg,Si in HT samples helped in
boosting hardness values [27].

3.4 Tensile strength analysis
The average tensile strength values of both NHT
and HT samples are shown in Fig. 6. The tensile

strength of HT Al-5Si-3Cu alloy increased by
25.9 % when compared to NHT Al-5Si-3Cu alloy.
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Tensile Strength

Fig. 6 Tensile strength of alloy and composite.

The tensile strength of HT Al-5Si-3Cu/Ni-TiC
composite was enhanced by 30.6 % when
compared to NHT composite. Both the HT
samples exhibited better strength due to
spherodization of a-Si and this spherodized
eutectic Si tended to act as an obstacle for the
propagation of crack [28]. The major
contribution of enhanced strength in composites
was due to the wetting provided by Ni coating to
TiC. During HT, due to differences in coefficient
of expansion between alloy and reinforcement,
dislocation density of Si increased, which
promoted the strength and ductility of HT Al-
5Si-3Cu/Ni-TiC composite [22].

3.5 Fractography analysis
To identify the type of fracture, fractography

analysis was performed on HT Al-5Si-3Cu alloy
and Al-5Si-3Cu/Ni-TiC composite using SEM. HT
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Al-5Si-3Cu alloy (Fig. 7a) clearly showed the
formation of facets and small cleavages which
indicated brittle mode of failure with no
evidence of ductile nature.

- ...',. ';,‘
30pm EHT=1000kV Mag= 100KX
WD=110mm  Signal A= SE2

20pm EHT=1000kV Mag= 100KX
WD=106mm Signal A= SE2
b)

Fig. 7. a) Fractography analysis of HT Al-5Si-3Cu alloy,
and b) Fractography analysis of HT Al-5Si-3Cu composite.

HT Al-5Si-3Cu/Ni-TiC (Fig. 7b) revealed the
formation of dimples associated with minor
flakes with no evidence of necking. These
dimples and faces acted as crack initiators and
stress concentrators, which caused brittle
failure. Dimples were formed due to the
detachment of reinforcement particles from the
matrix phase [28].

4. DRY SLIDING WEAR ANALYSIS

HT Al-5Si-3Cu/Ni-TiC composite was only
considered for wear analysis as it exhibited

better mechanical properties than all other
samples under study.

4.1 Taguchi Design of Experiments

Dry sliding wear analysis of HT Al-5Si-3Cu/Ni-
TiC composite was conducted using Taguchi’s
DOE. Taguchi’s DOE helps to get most accurate
information with a minimum number of
experiments. Using an Orthogonal Array (OA)
for forming a matrix, it aids in studying the
influence of multiple controllable factors on the
average of quality characteristics and variations.
L27 OA is used to analyse the results of the wear
tests performed and the corresponding wear
rates obtained are shown in Table 2.

Table 2. Results of L27 Orthogonal Array.

Load Distance Velocity Wear rate
(N) (m) (m/s) (mm3/Nm)
10 500 1 0.00030
10 500 2 0.00017
10 500 3 0.00015
10 1000 1 0.00015
10 1000 2 0.00026
10 1000 3 0.00011
10 1500 1 0.00027
10 1500 2 0.00025
10 1500 3 0.00037
20 500 1 0.00087
20 500 2 0.00074
20 500 3 0.00090
20 1000 1 0.00044
20 1000 2 0.00076
20 1000 3 0.00083
20 1500 1 0.00047
20 1500 2 0.00067
20 1500 3 0.00074
30 500 1 0.00156
30 500 2 0.00172
30 500 3 0.00207
30 1000 1 0.00100
30 1000 2 0.00119
30 1000 3 0.00159
30 1500 1 0.00067
30 1500 2 0.00079
30 1500 3 0.00106

4.2 Signal-to-Noise (S/N) ratio analysis

To know the ranking order of the influencing
parameters (distance, speed, load), S/N ratio
analysis was performed (Table 3). The most
influencing parameter is ranked based on the
delta value. Delta value is obtained as the
difference of highest and lowest S/N ratio. The
largest delta valued parameter is the most
effecting parameter on dry sliding wear. From
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the results obtained, load was considered as the
most prompting parameter followed by distance
and velocity. Optimum values were determined
from the S/N ratio plot (Fig. 8). The minimum
wear rate was observed at 10 N load, 1000 m
sliding distance and 1 m/s velocity.

Table 3. Response table for Signal-to-Noise ratio.

Level | Load (N) | Distance (m) | Velocity(m/s)
1 73.53 63.57 65.88
2 63.17 65.89 64.83
3 58.29 65.54 64.29
Delta 15.24 2.32 1.59
Rank 1 2 3
Main Effects Plot for SN ratios
Data Means
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Fig. 8. Main effect plot for S/N ratio - Wear rate.
4.3 Effect of load on the wear rate

From Fig. 9, it was observed that the wear rate
increased from 10 N to 30 N. At 10-20 N
applied load, minimum wear rate was observed
as the wear experienced by the sample due to
the load was resisted by the Ni-coated TiC
reinforced matrix.

Main Effects Plot for Means
Data Means

L D v
0.0014

0.0012
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/ .
0.0008 / \ e

Mean of Means
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0.0002 ¢

10 20 30 500 1000 1500 1 2 3

Fig. 9. Main Effect plot for Mean - Wear rate.
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This was mainly due to the strong interfacial
bond strength developed between the Ni-coated
TiC particle and the matrix, which aided in load
transfer to the matrix. Also, the heat treatment
of the material led to proper grain refined
structure (fine) which boosted the ability of
matrix to withstand load. As load increased, the
contact area between disc and specimen
increased as well. This tends to increase the
temperature at the interface of the sample and
disc. High temperature made the material soft at
the contact area, thereby making it unable to
withstand higher loads, which caused higher
wear rates and surface damage. This factor
contributed in increasing the wear on the
surface. Due to higher loads, the reinforcement
particles were squeezed out of the matrix. These
particles get stuck between the surface of the
disc and specimen, causing more wear on the
surface. Similar observations were made by an
author regarding load for Al composites [29-32].

4.4 Effect of distance on wear rate

As distance increased from 500 m to 1500 m, the
wear rate decreased as well. At low sliding
distance values i.e. 500 m, maximum wear rate
was observed due to high temperature generated
at the interface, which led to plastic deformation
of the pin material. At 1500 m, minimal wear rate
was observed, which was mainly due to the
formation of Mechanical Mixed Layer (MML) [24].
Due to the higher distance and longer sliding
duration, transfer of material took place from disc
to sample. Material which underwent plastic
deformation initially was peeled off as wear
debris. The peeled off material underwent
oxidization along with the new layer that comes
in contact with the atmosphere. MML mainly
consisted of oxides, which enhanced the potential
of the specimen to withstand longer sliding
distances and exhibit low wear.

4.5 Effect of velocity on wear rate

Wear rate increases with increase in velocity
from 1 m/s to 3 m/s. At a velocity of 1 m/s,
minimal damage to surface occurred due to the
improved interfacial bonding with Ni-coated TiC
particle and matrix. The reinforcement particles
and the matrix were closely held together due to
enhanced wettability characteristics provided by
the Ni-coated TiC particles and the fine grain
structure formed due to the T6 heat treatment.
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Table 4. Selected parameters and their confirmation results.

Lo <. . Experimental
o | Mest | e | ranaet | Seesenvens | Pucarnae | goror o
ty (mm3/Nm)
1 13 525 1.5 4.90E-04 4.70E-04 4.08
2 19 900 1.6 7.51E-04 7.26E-04 3.32
3 24 1100 2.3 1.41E-04 1.01E-04 2.83
Table 5. Analysis of Variance.
Source DF Adj SS Adj MS F-Value P-Value P (%)
L 2 5.158E-06 0.000003 581.62 0.0000001 71.95
D 2 5.91E-07 0.000001 69.16 0.0000089 8.33
\Y% 2 2.48E-07 0.000001 20.09 0.0007607 3.60
L*D 4 8.51E-07 0.000001 43.69 0.0000177 11.98
L*V 4 2.25E-07 0.000001 10.92 0.0025129 3.46
D*V 4 4.6E-08 0.000001 1.8 0.2229959 0.68
Error 8 5.6E-08 0.000001 0.78
Total 26 7.175E-06 100

Note: DF-Degree of Freedom, Adj ss-Adjacent Sum of Square, Adj MS-Adjacent Mean Square, F-Fisher Test, P- Probability, P

(%)-Percentage contribution.

The combination of superior wettability,
bonding strength and fine grain structure
provided superior resistance to wear under
action of deformation. Between 1 m/s and 3m/s,
the wear slowly started increasing due to
increase in temperature at the point of contact.
The interfacial bonding strength which held the
particles and matrix together began to weaken,
which led to breakage of bonds and increase the
rate of material removal. At high velocity i.e. 3
m/s, maximum wear was observed. Matrix
softening occurred at higher velocities due to a
rise in temperature, which led to plastic
deformation of the material. This deformation
makes the surface tend to lose the outer layer
and worn out easily. The interfacial bonding
strength developed between the reinforcement
particle and the matrix began to fade and this
leads to pullout of material from the matrix and
exposed the fresh layers. Radhika et al. found
similar trend in wear with respect to velocity
[30,33,34]. As velocity increased, coefficient of
friction also increased. This friction peeled off
the outer layer and this increased the wear rate
to a higher value.

4.6 Linear regression analysis and
confirmation of experiment

The relationship among variables like sliding
distance, load, and sliding velocity was
estimated through regression analysis. These
parameters were correlated and were used for

calculating the wear rate, which was compared
with the experimental wear value. The
regression equation is as shown below.

WR =-0.000582+ 0.000079 L- 0.000001 D
+0.000211 V-0.000000 L*D + 0.000013 L*V
+0.000000 D*V

where each variable denotes the following, D -
sliding distance (m), L - applied load (N), and V -
sliding velocity (m/s).

The increase in wear rate was represented by a
positive sign and the decrease in wear rate by a
negative sign. A comparison of experimental
wear with regression wear rate was performed
and the error percentages were listed in Table 4.
From Table 4, it was inferred that error value
was less than 5 %. Hence, it was confirmed that
the experimental model has limited variance in
predicting the wear behaviour.

4.7 Analysis of variance

To know the effect of each process parameter,
Analysis of Variance (ANOVA) was performed in
both qualitative and quantitative variables. The
analysis was performed with a confidence level of
95 % and with a significance level of 5 %. The
parameter with less than 0.05 P-value had more
effect on the wear rate. From Table 5, it was
confirmed that load (71.88 %) was the contributing
factor on wear rate, followed by distance and
velocity with 8.23 % and 3.45 % respectively.
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5. WORN SURFACE ANALYSIS

The worn surface mechanism of HT Al-5Si-
3Cu/Ni-TiC composite was interpreted through
SEM analysis. At low load condition of 10 N (Fig.
10a), sliding velocity of 1 m/s and a sliding
distance of 500 m, few locations displayed the
presence of shallow grooves and scratches.
Shallow grooves were formed parallel to surface
of the track, as low load was insufficient to shear
out material.

/
z:

20 pm EHT = 10.00 kV
WD= 51mm

I
Signal A = InLens
Mag= 500X

(a)

Signal A= InLens
Mag = 500 X

(b)
Fig. 10. SEM analysis of worn surface at different
loads (a) 10 N, and (b) 30 N.

10 pm EHT=10.00 kV

|_| WD= 51mm

This minimal surface wear was mainly due to
the superior resistance to deformation
developed by the good interfacial bonding
strength between the Ni-coated particle and
matrix. Furthermore, the surface was devoid of
any casting defects formed which was removed
by the fine grain structure formed during heat
treatment. Delamination mode of wear was
observed at high load conditions (30 N, 500 m, 1
m/s) (Fig. 10b). Due to the ploughing

476

mechanism, laminar layers were peeled out from
subsurface causing deep grooves, when

compared to low load conditions. Comparative
analysis of Figs. 10a and 10b, it was concluded
that the worn surface displayed very good wear
resistance even at high load applications.

./ A g s 5
40 pm EHT = 10.00 kV Signal A = InLens
WD= 5.1mm Mag= 500X

(@

20 pm EHT = 10.00 kV
WD= 5.1 mm

Signal A = InLens
Mag= 500X

(b)
Fig. 11. SEM analysis of worn surface at different
velocities (a) 1m/s, and (b) 3 m/s.

From Fig. 11a, a clear formation of minor
grooves and protrusions were observed along
the sliding direction at 1m/s sliding velocity,
1500 m distance and 10 N load. As the velocity
was low, minimal damage to the surface
occurred, due to the superior resistance to
deformation produced by the high interfacial
bonding strength between Ni-coated TiC
reinforcement particles and fine grain matrix
structure. As velocity increased to 3 m/s (Fig.
11b) the temperature at the contact vicinity also
increased, which worsened the surface damage
with features like delamination, and wear debris
getting micro-welded to surface and grooves. On
further action, these particles and micro-welds
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get detached from the surface due to the
weakening in the interfacial bonding strength
between the particle and the matrix material.
Any resistance offered by the matrix also
decreased, which increased the rate of material
removal and worsened the surface damage.

10 um EHT = 10.00 kV
WD= 5.1 mm

Signal A = InLens
Mag= 500X

Signal A = InLens
Mag= 500 X

(b)
Fig. 12. SEM analysis of worn surface at different
distances (a) 500 m, and (b) 1500 m.

Sliding distance was the least influencing
parameter. Figure 12a shows the worn surface
at low sliding distance (500 m) at constant 20N
load and 1m/s velocity. Analysis revealed the
formation of grooves, and wear debris stuck on
the surface. Once the peripheral layer was
scrapped off, the adhesive particle-matrix bond
strength weakened and protruded the Ni-TiC
reinforcement particles. These particles were
then pulled off from the specimen surface layer
due to the repetitive loads. This deepened the
shallow grooves to fine grooves revealing a fresh
layer of particles, which undergo uniform wear
due to stress concentration after heat treatment
[35,36]. As the sliding distance increased (1500

m), the wear rate decreased due to the slipping
effect produced by the adhesion of specimen
surface and undergo plastic deformation, as
shown in Fig. 12b.

10 pm EHT=10.00 kV

Signal A = InLens
WD= 5.1mm Mag= 500X

Fig. 13. SEM analysis of worn surface at L=10 N, V=1
m/s, D=1000 m.

Worn surface analysis of HT Al-5Si-3Cu/Ni-TiC
composite (Fig. 13) at optimum process
conditions (L=10 N, D=1000 m and V=1 m/s) was
also performed. From SEM analysis, it was
concluded that Ni-TiC particles were retained in
the matrix at optimum condition. Grain boundary
strength was enhanced due to HT, which resisted
the wear rate. Shallow grooves alone were
observed for the sample at optimum condition.

6. CONCLUSIONS

Al-5Si-3Cu alloy and Nickel coated TiC
reinforced composite were fabricated through
stir casting process. Microstructural, mechanical
and wear analysis were performed on fabricated
samples before and after heat treatment.
Following conclusions were made.

o Ni-coated TiC particles had good interface
bonding with aluminium matrix due to the
improved wettability by Ni coating and thus
enhancing the material properties.

e The hardness and tensile strength value of
HT alloy increased by 28.2 % and 8.36 %
respectively, compared to NHT alloy due to
spheroidization of eutectic Si particles.

e The hardness and tensile strength value of
heat treated composite increased by 9.36 %
and 12.4 % respectively, compared to NHT
composite due to the combined effect of
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spheroidised eutectic Si particles produced
due to heat-treatment and the presence of
Ni-coated TiC particles.

e 127 Taguchi analysis concluded an
increasing wear rate trend for applied load
and sliding velocity, whereas a decreasing
trend was observed with increasing sliding
distance. Optimum wear process parameters
(L=10 N, V=1 m/s and D=1000 m) were
concluded through S/N ratio.

e ANOVA results confirmed load (71.88 %) as
the most influencing parameter on wear rate,
whereas sliding distance (8.23 %) and sliding
velocity (3.45 %) showed nominal influence.

e Atlow loads and velocities, wear was limited
due to interfacial bond strengthening
provided by Ni coating on TiC.

e Worn surface analysis revealed surface damages
like protrusions, minor to severe delamination,
grooves on HT composite specimen.

Tribology studies can be further explored at
higher temperature for non-heat-treated and
heat-treated Ni-coated TiC reinforced composites
under variation in process parameters. The wear

behavior under abrasive and reciprocating
conditions can also be explored.
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