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ABSTRACT

Tribological properties of rapid solidified hyper eutectic AlSi17Cu3.5-
4Mg0.6-0.8 (H-Al-17Si) alloy were investigated under different loading
conditions. The alloy was produced by the rheo-stir squeeze casting
process with the T-6 condition. Experimental studies were conducted using
high frequency linear reciprocating rig (HFRR) with a ball-on-plate
geometry. The effect of applied load (10-50 N) on the wear and friction
(COF) coefficients were studied under dry, lubricated (SAE15W40), and
coated dry (DLC-Star) sliding conditions. For dry and lubricated sliding,
COF values of hyper eutectic AlSi17Cu3.5-4Mg0.6-0.8 alloy were 0.26 and
0.042. A lower COF value of 0.013 was recorded with DLC-star (CrN + a-
c:H) coating under dry condition. Whereas, the least wear coefficient is
also observed with DLC-star coating (4.6X10-5 mm3/N.m) compared to the
dry and lubricated sliding conditions (2.7X103 mm3/N.m and 3.8X10+#
mm3/N.m). The developments in COF and wear coefficients were mainly
attributed to the distribution and size of primary Si granules and the
formation of transfer layers on the coated surfaces of AlSi17Cu3.5-4Mg0.6-
0.8 alloy. Surface morphologies were examined using SEM, AFM, surface
roughness profilometer, and advanced metallurgical microscope (AMM)
analysis techniques.

© 2020 Published by Faculty of Engineering

1. INTRODUCTION

controlled by several factors, including
lubricants, surface structure, contact geometry,

The performance of an automobile engine
depends much on tribological properties and
emission losses [1]. However, the tribology of a
mechanical system is very difficult, being

speed, distance, and load [2]. Over the past few
decades, researchers have developed numerous
wear and friction solutions in terms of nano-
lubricants, surface coatings, lightweight
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composites, for the manufacturing of high
performance engine components to enhance
efficiency, reduce emission, wear and friction
losses [3-5].

In the last 20 years, hypereutectic Al-Si alloys
(H-AI-Si MMCs) are promising materials to
increase efficiency and reduce emissions [6,7].
H-Al-Si MMCs possess excellent thermal
resistance, corrosion resistance, abrasion
resistance, and high specific strength [8-10].
Whereas, the traditional cast H-AI-Si alloys
reached their limits of resisting heat and
elevated temperature strength as the engine
power increased [11]. Thus the researchers
developed new casting techniques including
spray deposition, powder metallurgy, and planar
flow casting on rapid solidification to prepare
high strength and high heat resistant Al alloys
[12,13]. However, these new techniques are
challenging to execute, and the dimensions of
the components are also limited [11]. The use of
ultrasonic vibration during the stirring of Al-Si
MMCs and squeeze is a comparatively new
method [14]. It is a user-friendly technique with
the benefits of low cost and simple operability
[15-18]. Vineet Tirth et al. and Khemraj et al.
explored the effect of stir-squeeze casting on the
tribological properties of hybrid aluminum
matrix composite. They reported that the stir-
squeeze casting process substantially improved
the hybrid composite [19-22]. H-AI-Si alloys are
usually characterized as the composite where Si
percentage is equal to or greater than 17 wt%.
The addition of Si like hard particles enhances
the hardness, which in turn improves the alloys
(H-AI-Si) wear-resisting properties [23, 24].
Clarke et al. explored the wear behavior of Al-Si
metal matrix composites (MMC = alloy) by
changing Si weight percentage (up to 21 wt%)
and stated that the hyper eutectic MMCs have low
wear resistance than hypoeutectic MMCs [25].
However, Reddy et al. carry out some wear tests
on a series of MMCs (AlSi) changing Si weight
percentage up to 23 wt% and addressed that the
reinforcement of hard primary Si particles to
alloy matrix enhances wear resistance of H-Al-Si
MMCs [26]. Thus the reinforcement of Si granules
to the alloy matrix enhances both tribological and
mechanical properties.

Numerous tribological studies reported on the

wear and friction characteristics of Al-Si MMCs
[27,28]. Though, over the past few years, one of
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the solutions for reducing wear and friction in
automobile components is lubricant oils [29].
Dey et al. executed tribological studies on Al-Si
(18.5 wt%) MMCs by varying load 0.5-5 N under
the lubricated condition and found that few
scratch marks are only left on the surface by Si
particles, and alloy matrix was glued to the
counterpart when the load increased [30]. Later,
Parveen Kumar et al. investigated the
tribological behavior of AlSi25 MMC with
different loading conditions (5-100 N) under
lubricated and dry conditions using an LRT
(linear reciprocating tribometer). In this study, it
was noticed that with lubricating oil
(SAE20W40) remarkable reduction in COF and
wear coefficient is achieved [31]. Further, the
investigation continued by varying load 100-300
N and stated that at excessive loads, the MMC Si-
particles were jutted out then mixes with
lubricating oil and performs as a solid lubricant
which results in substantial improvement in COF
and wear rate [32]. However, these conventional
lubricants cannot withstand the latest higher-
powered engines for a long time at extreme
loads and temperatures; the need for developing
high-performance  lubricating  fluids is
significantly increasing.

Scholars examined the tribological behaviors of
nanoparticles as lubricant oil additives. It has
been found that the reinforcement of
nanoparticles into the lubricating oil improves
the load-carrying capacity and reduces COF and
wear rate [33-35]. However, at raised
temperatures, large protuberances founded on
the counterpart surfaces may increase wear and
friction coefficients. To solve this problem,
researchers tend to add fullerene (IF-Mos2 and
h-BN) like nanoparticles into the lubricant
liquids (SAE15W40), reported that the
reinforcement of IF-Mos2 and h-BN nano
granules into the lubricating oil enhances the
anti-wear and friction properties remarkably
[36-39]. From the above literature, it is observed
that the reinforcement of nanoparticles into the
lubricating oil improves the COF and wear
performance of automobile components.

Though, the journey of finding a perfect
lubricant, which gives the least tribological
properties, still proceeds [40]. An energizing
substance that has been examined broadly for its
vast number of tribological and mechanical
characteristics is Diamond-like carbon (DLC). In
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general, these coatings (DLC) show excellent
corrosion resistance, higher hardness, high
thermal stability, and extreme tribological
properties. However, the friction and wear
properties heavily influenced by temperature
and humidity [41-47]. Moreover, some studies
show that the hydrogenated-amorphous DLC
layers (a-C:H) are the promising wear and COF
resistant coatings at different environmental
conditions [48-50]. Erdemir et al. reported that
the hydrogen plays an essential role in
determining the tribological characteristics of
DLC coatings due to preventing graphitization
and formation of stabilized sp3 tetrahedral
bonds. However, a-C:H coatings show excellent
tribological properties for Al alloys at the
ambient conditions compared to the other
coatings like CrN and TiN [51-56]. Besides, few
scholars investigated the performance of DLC
coatings on Al-alloys with inert gas and dry
nitrogen environmental conditions and reported
that the reduction in friction coefficient (0.001-
003) is remarkable, and the wear rate (10-10-10-
11 mm3/Nm) was improved mainly [44,45,57].
Later, researchers conducted several
experiments on a-C:H films at elevated
temperatures and reported that the COF
decreases, and the wear scars become deeper,
bigger, and softer [58-69]. From these studies, it
is clear that the DLC coating has extraordinary
potential as a hard film to combat COF and wear
rate in different tribological uses.

It is evident from the above studies that the
tribological characteristics of Al-Si MMCs
depend on manufacturing routes [73] and the Si
content [7,23,24,70-74]. Besides, the tests such
as lubrication oils, nano lubricants, and DLC
coatings also much influence the wear and
friction coefficients of the MMCs.

Thermocoup

Ultrasonic prot§
Stirre

Gas cylinder Liquid

Insulation
Furnace l

The present research aims at the effect of the
casting process and coatings on tribological
properties of hypereutectic aluminum-silicon
alloys, which are popularly used in the
automotive industry. However, the use of DLC-
Star coating with RSSC Al-Si alloy has not been
reported in published research. It is desirable to
apply the coating on Al-Si alloys for better
friction and wear properties. The metal matrix
composites (alloys) recognized for this research
are Al17Si3.5-4Cu0.6-0.8Mg, one of the widely
used alloys in the automobile industry. The
alloys have good potential for higher
temperatures, hardness, and wear applications
in production and automobile industries.
However, the coatings identified for this study
have been deposited by a combined PVD/PACVD
method, which has been selected based on the
literature review.

2. EXPERIMENTAL DETAILS
2.1 Materials and specimens preparation

The hyper eutectic AlSi17Cu3.5-4Mg0.6-0.8 (H-
Al-17Si) alloy was prepared by using rheo stir-
squeeze (rheo = ultrasonic vibration (UV)
assisted) casting technique under T-6 condition
(RSSC-T6). However, the H-Al-17Si alloy (Table
1) was processed with stir casting with UV
treatment primarily and then carries on by
squeeze casting procedure. The schematic
diagram (Fig. 1) mainly consists of a furnace
with stir casting setup, squeeze casting setup,
UV generator, and titanium alloy horn. The
used frequency for this UV test was 20 kHz, and
the highest power output was 2.8 kW.

Upper
movable
mold
Lower
fixed

Ultrasonic vibration assisted stir casting Squeeze casting

Fig. 1. Rheo stir-squeeze casting process.
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Table 1. Chemical composition of Al-17Si alloy.

Fabrication |Chemical Composition (wt%)

Alloy Technique Si Cu Mg Al

Rheo stir squeeze 17 | 35-4 10.6-0.8

AlSil7 casting (RSSC)

Balance

The process begins with the melting of materials
like pure Al and Cu in a gas furnace at 1100 °C.
When the composite was completely liquified,
then it was cooled to 720 oC and stirred
mechanically. Preheated silicon and magnesium
(270 °C) granules were added into the stir
vortex by keeping the speed of 300 rpm around
15 min. The compound was again heated to 650
oC, and UV was applied for about 5min. After
mixing with UV completed, the alloy was poured
into a steel mold, which is already heated at a
temperature of 200 °C. A pressure of 200 MPa
was applied in both directions (up and down)
with a holding time of the 60 s. Then the rapidly
solidified square casting billet with 40x40x100
mm was achieved (Fig. 2). Figure 3 reveals the
microstructure and chemical combination of H-
Al-17Si  alloy, and the elements weight
percentages were indicated in Table 2. Further,
the alloy (H-Al-17Si) was undergone through the
heat-treatment operation with the T-6 condition.
The T-6 process consists of a solution heat
treatment (500 °C) with a soaking time of 4
hours and then rapid quenching in water (<50
oC) later it was carried on with artificial aging at
165 oC for 4 hours and then cooled in air. Square
specimens of 40x40x10 mm were sliced out (Fig.
4) from the heat-treated billet. Whereas to
understand the mechanical properties (Tables 3
and 4) of H-Al-17Si alloys, the hardness (ASTM
E10-15) (Fig. 5) and tensile properties (ASTM E8
/ E8M) (Fig. 6) were investigated using Brinell
hardness equipment and Tensometer.

Table 2. EDS analysis of Al-17Si alloy.

Elements (wt%)
si [cu] o [Mg] C Al

S.no | Alloy

1 | AISi17 | 1598 | 3.61 | 1.12 | 047 | 499 | 73.83

Schematic diagram
of billet (mm)

/

AlSi17Cu4Mg1
alloy billet

Fig. 2. H-Al-17Si alloy billet.
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(b)
Fig. 3. (a) AlSi17Cu3.5Mg0.8 alloy Microstructure; (b)
AlSi17Cu3.5Mg0.8 alloy EDS analysis.

Before finishing After finishing

All dimensions are in mm

Fig. 4. H-Al-17Si alloy samples before and after finishing.

Fid

Fig. 5. Hardness test samples (a and c) before heat
treated, (b and d) after heat treated.
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Turned tensile test piece

Dimensions are in B.S.

}0.9 <4—57>
1 4.53
B
17.65

All dimensions are in mm

Fig. 6. Tensile test samples.

Table 3. Hardness values of Al-Si alloys.

Hardness
Hardness value

Comp Ball value before

.... |Load| ,. after heat
ositio diameter heat

(kgf) treatment
n (mm) treatment (BHN)
(BHN)

AlSi17| 250 5 106.82 179.37

Table 4. Tensile properties of Al-Si alloys.

UTS YS Elongation (%)
Composition| poqc R_S%Séc RSSC Rs%sf)c- RSSC |RSSC-T6
AlSil7 | 261 |386] 235 | 312 | 21 | 08

2.2 DLC-Star coating

Oerlikon Balzers supplied the metal-free
amorphous carbon (CrN+a-c: H) coating (Table
5) used in this investigation. They were
deposited by a combined PVD/PACVD method
on a square plate of H-Al-17Si alloy with a
thickness of 4 pum. The coated surface was
polished during the finishing process to remove
the extra particles, and droplets maybe adhere
to the top of the specimens (Fig. 7).

Table 5. Properties of DLC-Star coating.

Coating properties Value
Coating material CrN +a-C:H
Typical microhardness (HK 0.01) >2000
Typical coating thickness (um) 2-4
Coating temperature (°C) <250
Maximum service temperature (°C) 350
Coating color Black

| After coating

o

Fig. 7. H-Al-17Si samples (a) before coating, (b) after coating.

Weight

Reciprocating
motion

H-AI-17Si square plate

Lubricant

Fig. 8. HFRR setup.
2.3 Tribological tests description

Friction and wear experiments were conducted
at room temperature using HFRR (High
frequency linear reciprocating rig - ASTM G133)
(Fig. 8) with a ball (10mm diameter) on a plate
(square) geometry under dry, coated and
lubricated conditions. All lubricated experiments
are carried out with engine oil synthetic grade
SAE15W40 as a lubricant (Table 6). The
uncoated H-Al-17Si specimens (40x40x10 mm)
surface preparation is done by polishing with Si-
C papers (1000 and 800 grit size), and the final
mirror finishing is achieved with diamond paste
(1 pm). After polishing, the specimens are
cleaned with benzene and acetone to remove
any detritus that may have been left during
finishing (Fig. 4). The applied load range during
the friction and wear test was 10-50 N ata 20 Hz
frequency. The reciprocating experiment time
was 10 min with a stroke length of 2 mm and a
sliding distance of 50 m. AMM (VFM-9100
Metzer Meta vision), AFM surface roughness
profilometer (Veeco), and SEM (S-3700N) were
used to study the microstructures of the alloys.
After that, the friction coefficient values are
directly obtained by the HFRR screen, and the
wear coefficient (Kw) of the alloys was
calculated using the following equation (1).

Wear coefficient =
Wear volume mm
(Applied Load X Sliding diatance) N.m

3

(1)

where wear volume is denoted as W, (mms3),
sliding distance is denoted as Sq (m), and the
applied load is denoted as F, (N).

Table 6. Properties of lubricant oil grade SAE15W40.

Lubricant properties Value
Kinematic viscosity @100°C, cSt 14.0-15.2
Viscosity index 130
Flash point 220°C
Pour point -21°C

533



N.D. Malleswararao. K et al, Tribology in Industry Vol. 42, No. 4 (2020) 529-546

3. RESULTS AND DISCUSSION

The investigation contains three types of tests:

(1) H-Al-17Si MMC against AISI52100 ball in
dry condition.

(2) H-Al-17Si MMC against AISI52100 ball in
lubricated (SAE15W40) condition.

(3) H-Al-17Si MMC against AISI52100 ball in
coated (DLC-Star) dry condition.

3.1 Coefficient of friction (COF)

Figure 9 shows the friction (mean value and
standard deviation) values obtained from the
experiments.

= Dry condition
0.7 4 * Lubricated condition (SAE15W40)

4 Coated condition (CrN+a-c:H)
0.6

054

0.4+ L
w .
[}
O 034
K
024
0.1 ® °
g °
A A A

>
S e

0.0 T T T T
10 20 30 40

Load(N)

Fig. 9. COF (mean value and standard deviation)
versus applied load for H-Al-17SI alloy.

However, they were plotted in graphs using
standard deviation (0.20) values. The friction
coefficient for H-Al-17Si MMC against AISI52100
ball in dry sliding condition was initially
recorded a high value as 0.63 for few seconds
then obtained a steady value of 0.26. However, a
constant friction coefficient value of 0.042 and
0.013 was obtained in the case of SAE15W40
lubricating oil and DLC-Star coating. It is evident
from the above results (Fig. 9) that the lowest
friction coefficient value of 0.013 was achieved
in the case of DLC-Star coating condition
compared to dry (0.26) and lubricated (0.042)
sliding conditions.

3.2 Wear coefficient
The wear coefficient is determined by the ratio

of W, (wear volume) of MMC plate per F,
(applied load), per Sq (sliding distance).
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However, wear volume is estimated using the
weight loss method where the alloy disc weight
is measured before and after the sliding tests
using an electronic balance. The (Kw) wear
coefficient (mean value and standard deviation)
results procured for the H-Al-17Si MMC plate
under dry, lubricated, and coated dry conditions
are shown in Fig. 10.

= Dry condition
® Lubricated condition (SAE15W40)

A Coated condition(CrN+a-c:H)
0.0035 [
0.0030 4
- []
E .
Z 00025 2
3
L]
~ 0.0020
€
2
7]
§ 0.0015
o
= 00010
®
]
=
0.0005 ° o ° -
0.0000 4 4 4 4

10 20 30 40 5‘0
Load (N)
Fig. 10. Wear coefficient (mean value and standard
deviation) versus applied load for H-Al-17Si alloy.

Whereas the wear coefficient graphs are plotted
with mean and standard deviation (0.28) values.
It can be observed that the highest wear
coefficient value of 2.7X103 mm3/N.m was
attained for H-Al-17Si MMC under dry condition.
Whereas, wear coefficient values of 3.8X10+
mm3/N.m and 4.6X10-> mm3/N.m were acquired
for the H-Al-17Si MMC plate when lubricated and
coated dry conditions respectively. It is explicit
from Fig. 10 that the highest wear coefficient
value of 0.0027 mm3/N.m was attained under dry
conditions, and the lowest wear coefficient of
0.000046 mm3/N.m was attained in case of
coated (DLC-Star) dry conditions.

3.3 Analysis of friction

From Fig. 9, it is observed that the friction
coefficient of the H-Al-17Si MMC plate against
AISI52100 ball under dry state decreases
(58.73 %) with increasing applied load (10 to
50 N). It is because of the presence of primary
hard Si granules in the wear track of the H-Al-
17Si MMC disc. Though, the Si granules
distribution and size perform a significant role
in the reduction of COF at increased applied
loads. Initially, at 10 N applied load highest COF
(Fig. 9) is recorded due to the high spots on H-
Al-17Si disc surfaces that come into contact
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during sliding and stick to the AISI52100 ball
surface which results in increased friction
coefficient. Moreover, Fig. 9 shows that the
friction coefficient decreases with the increased
applied load (10-50 N). This reduction in COF
mainly attributed to the formation of oxide-
layers during sliding as the applied load
increased. At higher applied loads, the hard Si
granules jut out from the worn faces of H-Al-
17Si MMC disc and act as ball bearings at the
contact surfaces during sliding. In the case of
SAE15W40 engine oil, the coefficient of friction
remarkably decreased. From Fig. 9, it is seen
that the friction coefficient is reduced from
0.083 to 0.042, which is nearly 49.4 % with the
increase of applied load (10-50 N). This is
because of the development of oil films
between the tribopair. When the load
increases, the COF decreases due to the hard Si
particles of H-Al-17Si MMC mixes with
lubricating oil and acts as a solid lubricant. The
friction behavior of DLC-Star coated H-Al-17Si
alloy is significantly improved compared to the
lubricated (69.05 %) and dry (95 %)
conditions. In the case of coated (DLC-Star) dry
condition, the friction coefficient is significantly
decreased (0.028-0.013) about 53.6 % with the
increase in applied (10-50 N) load, as shown in
Fig. 9. Such a reduction in friction coefficient
due to the highly absorbed Si particle grain
improvement and the development of tribo-
oxidation films between the mating parts. It is
clear from the above values (Fig. 9) that the
friction coefficient of H-Al-17Si MMC is greatly
affected by the highly absorbed Si granules [61]
and the coated materials. Additionally, the
fabrication process of H-Al-17Si MMC [62] also
contributed to achieving a decreased coefficient
of friction results. Unique characteristics of CrN +
a-c:H (DLC-Star) coating on the surface of the
alloy resulted in the lowest friction coefficient in
H-Al-17Si MMC, which can strongly affect friction.

3.4 Analysis of Wear

From Fig. 10, it is noticed that the wear
coefficient of the MMC increases (12.5 %) slowly
with an increase in applied load (10 N to 30 N),
but after 30 N (applied load) the wear coefficient
instantly increases (31.43 %) and attains a
steady-state value between 40-50 N loads.
Whereas, in the case of lubrication with
SAE15W40 oil and coated dry conditions the
wear coefficient first increases about 15.7 %

(10-30 N) and then again decreases about 11.5
% (30-50 N).

Optical and SEM images (Figs. 11-16) of the
worn surfaces of dry conditions show deep
scuffed tracks, stern abrasion, deep scratches,
and stern surface plastic deformation due to the
straight contact of the H-Al-17Si MMC disc with
AISI52100 ball. Stern wear rate can be noticed
on the H-Al-17Si MMC disc in dry condition
without lubrication and coating. The SEM and
optical images (Figs. 11-13) showed that the
stern wear tracks have existed on the surface of
the MMC, revealing that due to tribopair direct
contact, high wear coefficient was recorded.
Throughout the testing duration, wear
coefficient enhanced linearly with the increase
in applied load up to 30 N, as the load is more
increased from 30-40 N the wear coefficient
instantly increases about 17.14 % and attains a
steady-state value at 40-50 N.

SEl  30kV

13 0003 25 Feb 2019

(b)

WD17mm  §851

Fig. 11. (a) Optical micrograph of H-Al-17Si alloy at
10 N load under dry condition, (b) SEM micrograph of
H-Al-17Si alloy 10 N load under dry condition.
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WD17mm  $881

25 Feb 201¢

(b)
Fig. 12. (a) Optical micrograph of H-Al-17Si alloy at
40 N load under dry condition; (b) SEM micrograph
of H-Al-17Si alloy 40 N load under dry condition.
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(b)
Fig. 13. (a) Optical micrograph of H-Al-17Si alloy at
50 N load under dry condition; (b) SEM micrograph
of H-Al-17Si alloy 50 N load under dry condition.

Throughout the testing period, the contact
between tribopair revealed at (asperity level)
micro-level. During this level, both surfaces of
tribopair rubbed subsequently, and the broken
asperities (i.e,, Al, Si, and Fe) transfer from H-Al-
17Si disc to AISI52100 ball and ball surface to
alloy disc, respectively. This leads to adhesion
and also the mutual transfer of materials
between disc and ball surfaces. Optical
micrographs (Fig. 11 & 14) of H-Al-17Si MMC
disc and AISI52100 ball confirm the abrasion
occurred due to the protruded primary silicon
particles get entrapped between the mating
surfaces. From Figs. 12 & 15, it is explicit that
when the load increases, the abrasion level
decreases due to the primary Si particles get
distorted and a formed thin oxide layer.

Adhesion
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o
Adhesion

(b)
Fig. 14. (a) Optical micrograph of steel ball at 10 N
load under dry condition; (b) SEM micrograph of
steel ball at 10 N load under dry condition.

Adhesion

“Abrasion

(b)

Fig. 15. (a) Optical micrograph of steel ball at 40 N
load under dry condition; (b) SEM micrograph of
steel ball at 40 N load under dry condition.

The formed oxide layer acts as a solid lubricant
between mating surfaces at higher loads (30 N-

50 N) and reduces the wear coefficient. Whereas,
optical and SEM images (Figs. 13 & 16) confirm
the development of the oxide layer and the
existence of distorted Si granules on the wear
tracks. From the above, it is clear that adhesion,
abrasion, thin oxide layer developments were the
superior wear mechanism under dry conditions.

Adhesion

-

Three body
abrasion

(b)
Fig. 16. (a) Optical micrograph of steel ball at 50 N
load under dry condition; (b) SEM micrograph of
steel ball at 50 N load under dry condition.
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(b)
Fig. 17. (a) Optical micrograph of H-Al-17Si alloy at
30 N load under lubricated condition; (b) SEM
micrograph of H-Al-17Si alloy at 30 N load under
lubricated condition.

$851

(b)
Fig. 18. (a) Optical micrograph of H-Al-17Si alloy at
50 N load under lubricated condition; (b) SEM
micrograph of H-Al-17Si alloy at 50 N load under
lubricated condition.
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mrooves

Mild adhesion

(b)
Fig. 19. (a) Optical micrograph of steel ball at 30 N
load under lubricated condition; (b) SEM micrograph
of steel ball at 30 N load under lubricated condition

In the case of lubrication with SAE15W40 oil, the
wear coefficient was reduced extremely (about
86 % compared to dry) (Fig. 10). This is because
of the development of oil film between tribopair,
which avoids straight contact between mating
surfaces. The formed oil film between H-Al-17Si
MMC disc and AISI52100 ball reduces abrasion,
adhesion, and plastic deformation remarkably,
which decreases the in wear coefficient
significantly. At lower (10 N) applied load, the
wear tracks are very less, and fewer grooves
with dense wear scars are present on the alloy
surface. Whereas, at 30 N applied load, Fig. 17
&19 shows light adhesion of asperities, which
will marginally increase the wear coefficient of
the H-Al-17Si disc. Further, profilometer images
also clearly show the increased wear scars with
an obtained roughness value of 3.20 um (Fig.
26a) as compared to the roughness value of
0.104 pm at an applied load of 10 N. At 50 N
applied to load the wear coefficient (1.35 pum)
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(Fig. 26b) again decreases compared to the 30 N
applied load. This is due to Si granules mix with
SAE15W40 lubricating oil and acts as solid
lubricant and formation of smooth surfaces.
Therefore, plastic deformation of asperities
notably reduced due to the development of the
lubricating film between tribopair, which
decreases the wear coefficient of H-Al-17Si
MMC. The Optical and SEM images (Figs. 18 &
20) show the surface remains smoother at
higher applied load (50 N). Moreover, AFM
profilometer images also evident the decreased
wear scars (R.=1.35 um) at 50 N (Fig. 26b)
applied load compared to the 30 N load
(Ra=3.20 pum) (Fig. 26a).

wGrooves
Adhesion ™"

Mild adhesion

WD21mm  S§H1

(b)
Fig. 20. (a) Optical micrograph of steel ball at 50 N
load under lubricated condition; (b) SEM micrograph
of steel ball at 50 N load under lubricated condition.

However, in case coated dry condition, the wear
coefficient was reduced significantly as
compared to both lubricated (87.9 %) and dry
(98.3 %) conditions (Fig. 10). As shown in Figs.
21 and 22, the wear tracks of H-Al-17Si with
DLC-Star coating appear smoother and smaller.

This is due to the development of a tribo
oxidation film, which avoids the mating parts
from coming into straight contact and
remarkably improves the wear coefficient
behavior of the MMC. At the lowest applied load
of 10 N, the wear coefficient is nearly negligible
due to the higher surface finish of DLC-Star
coating. However, with the increasing of applied
load (30 N), very thin smaller, and smoother
wear scars appear on the surface of the alloy
(Figs. 21 and 23) with the increased wear
coefficient.

R VRV T A

(b)

Fig. 21. (a) Optical micrograph of H-Al-17Si alloy at
30 N load under coated dry condition; (b) SEM
micrograph of H-Al-17Si alloy at 30 N load under
coated dry condition.

Further, as the load increases to 50 N, the wear
coefficient again decreases (Figs. 22 and 24) due to
the development of a tribo oxidation film between
mating surfaces. The wear scar width in the coated
dry condition (Fig. 21) is two times smaller than
that of the wear scar (Fig. 18) attained in
lubricated condition. Whereas, insignificant wear
scars are identified on the AISI52100 ball in case of
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the coated dry condition (Figs. 23 and 24), which is
ascribed to the improved wear resistance of steel
ball because of its more hardness (670-770 HV)
value as compared to H-Al-17Si MMC disc
hardness (165-179.37 HV).

Transfer layer

(b)
Fig. 22. (a) Optical micrograph of H-Al-17Si alloy at
50 N load under coated dry condition; (b) SEM
micrograph of H-Al-17Si alloy at 50 N load under
coated dry condition.
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Fig. 23. (a) Optical micrograph of steel ball at 30 N
load under coated dry condition; (b) SEM micrograph
of steel ball at 30 N load under coated dry condition.

(b)
Fig. 24. (a) Optical micrograph of steel ball at 50 N
load under coated dry condition; (b) SEM micrograph
of steel ball at 50 N load under coated dry condition.

Further, AFM profilometer images (Figs. 25-27)
show that the surface roughness decreases as the
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applied load increases because of refined hard Si
graduals under lubricated, dry, and coated dry
conditions. As a result, wear marks of H-Al-17Si
MMC disc get softer with increasing applied loads;
this action is in accord with the results of the
coefficient of wear. At 10 N applied load the
maximum roughness value recorded as 10.9 pm
(Fig. 25a) with the deep scuffed tracks but when
the load increases (30 N) the roughness value
increases (19.6 um) (Fig. 25b) due to adhesion
between mating surfaces and when the load
further increases (50 N) the roughness value (Fig.
25c) again decreases to 6.8 pum this is due to the
formation of oxide layer between tribopair.

Figure 27 represents AFM profilometer images of
the wear scars of H-Al-17Si MMC disc
undercoated dry condition. As shown in Fig. 27,

H-AI-17Si

Ra=10.9 um

(2.5 um

H-AI-17Si

surface roughness value decreased with
increased applied load (10-50 N). The surface
roughness value decreased from 0.134 pm
(applied load 30 N) to 0.107 (applied load 50 N).
The obtained values show that the alloy disc wear
scars’ surface roughness especially decreases
with lubricated and coated dry conditions, while
smoother surfaces were obtained with DLC-Star
coating. However, the high wear -coefficient
occurs in the dry state when no protective film
presents on the MMC surface (width of the wear
mark is 840 pm). It is implicit from these values
that DLC-Star coating reduced the wear
coefficient of about 60-70 % compared to dry
condition. The COF for DLC-Star for H-Al-17Si
MMC is the minimum (0.013) throughout the
experimental processes as compared to both
lubricated and dry environments.

H-AI-17Si

Ra =19.6 um

(c)

Fig. 25. (a) Surface roughness micrograph of H-Al-17Si alloy at 10 N under dry condition; (b) Surface roughness
micrograph of H-Al-17Si alloy at 40 N under dry condition; (c) Surface roughness micrograph of H-Al-17Si alloy at

50 N under dry condition.

H-AI-17Si Ra =3.20 pm

} 2.5 um

|
J=25um

50 um

H-AI-17Si Ra =135 um

Fig. 26. (a) Surface roughness micrograph of H-Al-17Si alloy at 30 N under lubricated condition (b) Surface
roughness micrograph of H-Al-17Si alloy at 50 N under lubricated condition.
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H-AI-17Si Ra =0.134 um

2.5 um

=25 um

50 um 50 um

(a)

H-AI-17Si Ra = 0.107 pm

25 um

=25 um

(b)

Fig. 27. (a) Surface roughness micrograph of H-Al-17Si alloy at 30 N under coated dry condition; (b) Surface
roughness micrograph of H-Al-17Si alloy at 50 N under coated dry condition.

The developments in COF and wear coefficients
were mainly attributed to the distribution and size
of primary Si granules (Fig. 3a) and the formation
of transfer layers on the coated surfaces of
AlSi17Cu3.5-4Mg0.6-0.8 alloy (Fig. 22). The anti-
wear characteristic of DLC-Star coating for H-Al-
17Si disc clearly showed through the optical, SEM,
and profilometer micrographs. These results
exhibit that DLC-Star coating possesses superior
anti-friction and wear characteristics.

From the above results, it is clear that the DLC-
Star coating comes up with a new pathway for
enhancing the COF and wear characteristics
that could be more carry out for many

automobile sectors involving linear
reciprocating  sliding  contact  surfaces.
However, DLC-Star coating is a modified

diamond like carbon coating with improved
load carrying capacity. An extraordinary hard,
sturdy chromium nitride layer gives the
required surface hardness and increases the
load carrying capacity of the tribologically
effective carbon coating. DLC-Star coating has
even enhanced friction and wear performance
than regular DLC coating. It is therefore used
for the highest loaded components in diesel
engine parts and injection systems.

4 CONCLUSIONS

In this investigation, we explored the COF and
wear characteristics of the DLC-Star coating with
H-Al-17Si MMC plate/AISI52100 ball tribopair
under different loading (10-50 N) conditions,
where PVD/PACVD method is used for the
coating of DLC-Star film.

1. The wear and friction coefficients of H-Al-
17Si MMC increase with an increase in
applied load under dry conditions.
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2. Considerable reduction in COF and wear
coefficients is adept with SAE15W40
engine oil due to hard Si particles of the
MMC act as a solid lubricant in dry as well
as lubricated conditions.

3. Substantial effect on reduction of friction
and wear coefficients was noticed in the
case of H-Al-17Si MMC coated with CrN + a-
c:H due to the development of a tribo
oxidation film between mating surfaces.

The results reveal that the DLC-Star coating gave
a considerable effect on wear and friction
coefficients reduction. However, optical, SEM, and
AFM roughness profilometer micrographs of
mating surfaces evident that the wear and friction
coefficients of tribopair reduced significantly
from 0.26 to 0.013 and 60-70 %. These solutions
exhibit a passivation effect because of DLC-Star
coating, which not only helped lower the wear
coefficient between mating parts but also
supplied easy shearing and therefore resulted in
friction improvement. Moreover, these features
are essential for automobile engine parts,
compressors, soft base materials such as copper
or aluminium, and other components exposed to
high mechanical loads. Therefore this study
gives a new awareness of the relationship
between the mating parts and DLC-Star film as
good anti-wear and friction coating in industrial
or automobile applications.
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