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Abstract

The present work describes the effect of tempering (T4 and T6) processes on the dry sliding wear properties of ilmenite
reinforced aluminum alloy (LM30) composites, prepared through stir casting route. In this process the composites were heated
to 540 °C for 0.5-2 h followed by water quenching. Then the samples were first given (a) T4 treatment (natural ageing at room
temperature), and in second case (b) T6 treatment (aged at 180 and 250 °C for 4 h before air cooling). Optical microscopy
revealed the homogeneous distribution of ilmenite particles and redistributed silicon around the ilmenite in the alloy matrix.
Rockwell hardness values suggested the superiority of T6 treated composite samples as compared to T4 treated and untreated
samples due to enhanced precipitation of intermetallic compounds viz. Al;Fe,, FeSn,, FeTiSi, and Al;Ti. Similarly, superior
wear resistance (against steel disc) of T6 treated composite samples was also observed. A responsible mechanism has also
been established with the help of scanning electron microscopy of worn surface and wear debris. Finally, a comparative
study revealed the excellent (~4.0%) wear resistance (against EN31 steel disc) of T6 treated composite sample as compared
to grey cast iron (traditional material) for brake drum applications.

Keywords Hypereutectic alloy - [lmenite - Wear rate - Heat treatment - Dry sliding wear

1 Introduction

Ceramic reinforced aluminum composites (AMCs) with
high specific strength, elastic modulus, stiffness, and
wear resistance have a wide range of applications in the
transportation sectors, including automobiles and aviation
[1-3]. Such attractive features of AMCs are introduced by
the appropriate dispersion of ceramic phase in the ductile
Al metal or its alloy which is considered as the most
critical parameter to obtain overall desired performance.
However, one of the vital drawbacks of these composites
is their low formability, caused by the brittle particles and
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their bonding with metallic matrix (i.e., weak interface).
Liquid metallurgical route i.e., stir casting provides a better
homogeneity of reinforced particles in metallic matrix at
low cost which enabled it as one of the most promising and
commercial methodology for developing AMCs [2, 4]. Due
to excellent flowability and ability to form intermetallic
compounds, hypereutectic Al-Si alloys (Si<12.6 wt.%)
can be employed as matrix material to fabricate AMCs
with superior mechanical properties, corrosion resistance,
abrasion resistance, and low thermal expansion as compared
to hypoeutectic Al-Si alloys [5]. However, the size of
primary Si and eutectic Al-Si mixture would also play a
vital role in improving the overall characteristics of these
alloys like LM30 [6, 7].

Despite of excellent mechanical properties, Al-alloys lack
in heat treatment competency. Thus, Mg has been added
to the AI-Si matrix introducing Mg,Si precipitates (age
hardening) which are responsible for material strengthening
with enhanced stiffness [8]. Similarly, the addition of Cu
(0.5-2.0 wt.%) increases the heating capacity of Al-alloy
and led to form AICu compounds improving the material’s
strength [9]. It is well-accepted that the heat treatment
process improves the material properties significantly. The
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inclusion of other alloying elements, ceramic reinforcement
and the associated heat treatment regulate the chemistry of
the alloy and composite as well [6, 10].

Several research groups also reported the use of natural
minerals e.g., sillimanite [11], rutile [12], garnet [13], and
zircon [14] as alternate reinforcement material to synthetic
ceramic particles (SiC, B,C, CNTs etc.). These minerals
help to improve the overall hardness, wear resistance, and
thermal properties of the AMCs [11, 15, 16]. Karthikeyan
et al. [17] have reported that the material becomes more
ductile with refined grain size leading to reduction in the
wear rate and coefficient of friction (COF) of the composite.
Moreover, the strong interfacial bonding between matrix and
reinforcement also provides an improvement in wear proper-
ties of the composites. Mann et al. [18] concluded that the
wear resistance of AMC was increased by the incorporation
of corundum particles. In the same sequence, authors have
also reported that the Si morphology was refined in dual
range particle sizes reinforced composites than the single
range particle size. The wear resistance properties were also
more than the single range reinforced composites.

Among these natural minerals, ilmenite exhibits high
strength, corrosive resistance and crystalline iron titanium
oxide (FeTiO5) with 4.7 gm/cc. It is mainly found along the
seashores of Orissa and Tamil Nadu in Indian subcontinent.
As per the report of Rasidhar et al. [19] and Elwan et al.
[20], the addition of FeTiO; mineral into the Al-Si alloy
enhanced the mechanical properties of AMCs. FeTiO; forms
a secondary phase i.e., FeAl;, which restricts the dislocation
development and its motion inside the Al-matrix and provide
more resistance to applied loads. Arora et al. [12] and Kumar
et al. [21] observed that rutile (TiO,) mineral (as reinforce-
ment) improves the wear resistance of produced AMCs by
refining the Si phase existing in the Al-Si base alloy.

Moreover, to overcome wear and friction losses, solid
lubricants (graphite (Gr), tin (Sn), lead (Pb), and molybde-
num disulfide (MoS,), etc.) have also been incorporated in
AMC:s [22, 23]. In our earlier findings, the addition of solid
lubricant (0.5 wt.% Sn-0.5 wt.% Gr) along with 10 wt.%
ilmenite in the LM30 alloy exhibited better wear resistance
as compared to non-lubricated AMCs under different load-
ing conditions [24]. Shanmugaselvam et al. [25] synthesized
the AMCs by adding the reinforcement SiC +B,C +Gr (2,
4, 6 wt.%) in the LM30 Al-Si alloy matrix. They suggested
that stir casting has led to higher wear resistance with more
hardness because it helped to disperse the particles homo-
geneously all over the matrix.

In the present work, solid Iubricants (Sn/Gr) and ilmenite
particles have been reinforced in the matrix of LM30 (Al-
alloy) and heat treatment processes (T4 and T6) were per-
formed. Here, primary goal of an aging treatment (T4 or T6)
is to have precipitation of intermetallic phases in the alloy
matrix, which can provide strengthening mechanism to the
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developed composites. Moreover, the heat treatment of Al-Si
alloys leads to the improvement in the wear properties of the
composites. For example, Sharma et al. [26] observed that the
T4 and T6 heat treatment processes refined the eutectic and
primary silicon morphology compared to untreated samples.
The wear rate of composites was reduced because of heat
treatment. Chen et al. [27] and Lashgari et al. [28] observed
the enhanced wear resistance of A356-SiC and A356-B,C
composites with T6 heat treatment as compared to non-heat
treated AMC:s. In the present investigation, the wear behavior
was investigated and compared to that of cast iron, used in
the automotive industry as brake drums. Finally, SEM-EDS
analysis of worn surface/debris established a link between
wear outcomes and involved mechanism.

2 Experimental
2.1 Material and Method

For the fabrication of AMCs, hypereutectic LM30 Al-Si
alloy (Al-76.48 wt.%, Si-17.74 wt.%, Cu-4.09 wt.%; EMPL,
India), ilmenite minerals (TiO,-55.3 wt.%, FeO-20.5 wt.%,
Fe,04-19.9 wt.%; IREL, India) and cast iron (Fe-93.77 wt.%,
C-3.52 wt.%, Si-1.66 wt.%) were used. The compositional
details of LM30 alloy, ilmenite, and cast iron are well in-line
with earlier studies [11, 16, 29]. The detailed steps followed
for composite preparation are already reported in an earlier
work as shown in Fig. 1a [11, 16]. The adopted heat treat-
ment process is shown in Fig. 1b where the effect of holding
time during quenching and artificial ageing at 180 and 250
°C temperature as per the ASM metal handbook [30] has
been observed with small time interval to understand struc-
tural modifications for dry sliding wear applications. Table 1
contains information about the samples.

2.2 Characterization

Initially, to investigate the distribution of ilmenite particles
inside the Al-matrix, samples were prepared by the met-
allographic procedure as per the ASTM E3-11. The pre-
pared samples were examined under the optical microscope
(Eclipse MA-100, Tokyo, Japan). Heat treatment was done
in resistance heating furnace. X-ray diffraction technique
was used to identify different phases present in the samples.
The X-ray diffraction was recorded on PANanalytical X-pert
Pro using Cu-Ka radiation (A= 1.5406 A, Ni filter) in the
range of 20° <20 <80° (step size =0.013°). The XRD pat-
tern was matched with ICDD standard cards using X-pert
High Score software as given in Table 2.

The hardness of samples was measured using Rockwell
hardness tester, model no. TRSND (India). The tribometer
(Wear and Friction Monitor TR-20, Ducom Instruments,
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Fig.1 (a) Flow diagram of preparation of AMCs samples and (b) detailed heat treatment cycle for the preparation of tempered AMCs

Bangalore, India) was used for wear measurement using  Further, the total wear loss of the sample in terms of
pin-on-disc dry sliding wear test. Table 3 represents  volume is determined using Vy =H,, X A; (V; wear
the details of the wear rate testing conditions [31, 32]. loss, Hy; loss of height, Aj; area of contact ( = %dz), d
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Table 1 Details and

Heat treatment

) . . Sample Amount (wt. %)
designations of different .
composite formulations Ilmenite Sn  Gr

LM30 - - -
LM30-T4

LM30-T6

LM30-T6/1

ITG10 10 - -
ITG10-T4 10 0.5 0.5
ITG10-T6 10 0.5 05
ITG10-T6/1 10 05 05

(540 °C+ 1 h) — water quench — T4 (20 days at room temperature (RT))
(540 °C+1 h) — water quench — T6 (180 °C+4 h— air cool)
(540 °C+ 1 h) — water quench — T6 (250 °C+4 h— air cool)
(540 °C +1 h) — water quench — T4 (20 days at room temperature (RT))
(540 °C+1 h) — water quench — T6 (180 °C+4 h— air cool)
(540 °C+1 h) — water quench — T6 (250 °C +4 h—air cool)

pin diameter). The height loss was measured from the
attached LVDT sensor in the tribometer. In addition,
the wear was determined by using; W, = %; W, — wear
rate, D — sliding distance (1.6 X time), and (COF) = E;
(F — Friction force, L — Normal load). Raw data was
averaged on 3 consecutive runs for 4 different samples
(total 12 data points) with same composition under same
conditions. JOEL scanning electron microscope (JSM-
6510LV, Tokyo, Japan) was used to analyze the worn
surface and debris to understand the wear mechanism.

3 Results and Discussion

The study was carried out in continuation of previous work
which elaborated the effect of different amount of ilmenite
and solid lubrication on tribological performance of LM30
alloy [24]. From that earlier work, sample ITG10 (10%
ilmenite +0.5% Sn+0.5% Gr) exhibited superior dry sliding
wear resistance than non-reinforced and non-lubricated sam-
ples. Therefore, same sample was further used to understand
the effect of tempering (T4 and T6) on wear performance of
ilmenite reinforced LM30 lubricated composite.

Table 2 Details of ICDD cards used in phase analysis

Constituents Chemical Formulae ~ Sign  ICDD card

Aluminum Al o 01-089-3657
Silicon Si Y 01-089-5012
Tlmenite FeTiO, 1 01-073-2233
Tron tin FeSn, * 01-073-2030
Aluminum titanium AL Ti & 03-065-4505
Aluminum copper Al,Cu § 01-089-1981
Aluminum iron AlsFe, € 00-050-0797
Titanium iron silicon ~ FeTiSi . 01-088-2055
Magnesium silicon Mg,Si * 01-075-0445

3.1 Optical Microscopy

Figure 2(a, b) represents the optical microstructure of non-
heat treated ITG10 composite containing 10 wt.% ilmenite
with solid lubricants (0.5% Sn+0.5% Gr). Figure 2a (at
100x) showcased the homogeneous distribution of ilmenite
particles and eutectic-Si throughout the Al matrix. Here,
mechanical stirring created a dynamic shear force in
the melt, preventing ceramic particles from sinking and
keeping them afloat [33]. Ilmenite has lesser specific
thermal conductivity than Al-Si alloy stipulating nucleation
sites for Si refinement to needle shaped primary Si from
larger faceted Si which has been clearly demonstrated in
Fig. 2b [34]. Similar observation, as an effect of ceramic
reinforcement in Al-alloy matrix, has also been reported by
our research group [35, 36].

After-T4 heat treatment, the morphology of eutectic-
Si gets modified to spherical shape and needle-like mor-
phology, as shown in Fig. 2(c, d). Moreover, the size of
primary-Si has also been refined as compared to non-
heat-treated sample, as shown in Fig. 2b. Figure 2(e, f)
represents the optical micrograph of T6 treated composite
sample. It revealed the morphological transformation of
eutectic Si to globular shape which might be associated to
the decreased surface energy of globular Si than its acicular
shape. T6 treated composite sample contained the refined
and uniform distribution of Si phase as compared to other
heat-treated and untreated samples. The refined size of

Table 3 Details of operational parameters adopted for wear testing

Parameters Details

Applied normal forces 9.81, 29.43, 49.05, and 68.67 N
Sliding velocity 1.6 m/sec

Test interval 32 min

Counter disc EN31 die steel; 831 HV

Track diameter 100 mm

Pin diameter 8 mm

Standard ASTM standard G99-05 (2010)
Sliding distance 3000 m
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Fig.2 Optical microstructure
of ITG composite (a; 100X,

b; 500X) non-heat treated, (c;
100X, d; 500X) T4 heat-treated,
(e; 100X, f; 500X) T6 heat-
treated

Primary silicon

T610-16

homogeneously distributed Si may help to enhance the bulk
hardness of the composite and hence wear resistance of the
composites [37, 38].

3.2 XRD and SEM Analysis

Figure 3(a, b) represents the XRD diffraction pattern and
SEM-EDS analysis of ITG10 composite heat treatment
at 540 °C for 1.0 h followed by water quenching in water
and subsequently, artificially aged at 180 °C for 4.0 h
and followed by air cooling. The XRD pattern, shown
in Fig. 3a, demonstrated the presence of Al, Si, and
ilmenite as major components of the prepared composite,
while minor diffraction peaks represented the presence
of intermetallic compounds such as FeTiSi, Al,;Fe,,
Fe;Sns, Al;Ti, Mg,Si, and AL,Cu because of tempering
(T6). These phases are associated to chemical reactions
between the particle-matrix during the heat treatment

Needle shape
silicon phase

process. The room temperature aging process (T4)
was insufficient to develop any of such intermetallic
phases. While, a very long period for the natural ageing
(12.0 h) process resulted to the development of Mg,Si
and Al,Cu phases inside matrix [39]. Therefore, a period
of 10-30 days was employed to understand the effect of
natural aging. Since, heat treatment is used to facilitate
the dispersion of alloying components, it results to the
formation of a solid solution with the highest degree of
super saturation. These precipitates are of Mg,Si and
Al,Cu phases in the a-Al matrix. These intermetallic
compounds and precipitates helped to improve the
strength of samples [40—42]. In the Al-matrix, the major
alloying elements are Al, Si, Cu, and Mg, which are
partially dissolved in the a-Al solid solution and formed
intermetallic phases with aluminum or among themselves
which can be inferred from Fig. 3b.

@ Springer
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Fig.3 (a) XRD of ITG10-T6, and SEM-EDS analysis of (b) ITG10-T6 and (c) ITG10-T4 composite

3.3 Hardness

Rockwell hardness testing was performed to determine the
influence of heat treatment on the hardness of AMC samples.
As-cast ITG10 sample exhibited ~91 HRB hardness which
was reduced as an effect of quenching from 540 °C, shown

@ Springer

in Fig. 4a. Here, it was worth to note that increasing holding
time before water quenching has reduced the effective
hardness of the sample which might be associated to the
dissolution of alloying element(s) in Al-matrix.

After the quenching of the composite samples, all four
samples were aged for 10, 15, 20, 25, and 30 days under
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Fig.3 (continued)

ambient conditions and hardness was measured which is
shown in Fig. 4b. Here, as an effect of ageing process at
ambient conditions i.e., T4 treatment, maximum hardness
(112 +6 HRB) was observed for the ITG10 sample kept
for 1.0 h at 540 °C. It was clearly observed that hardness
of the samples modified with respect to ageing time. All
the quenched samples exhibited similar trend of hardness
variation in which 20 days of ageing resulted to maximum
increment in hardness. However, the hardness remained
consistent beyond this point (i.e., 25 and 30 days). One

more critical observation is related to the relative incre-
ment in hardness of the sample with respect to holding
time before water quenching. Lesser holding time could
efficiently increase the hardness of composite as compared
to longer holding time before water quenching as shown
in Fig. 4b.

Figure 5 depicts the effect of tempering (T6) treatment
on the hardness of quenched ITG10 sample, aged at
180 °C (Fig. 5a) and 250 °C (Fig. 5b) for 1-5 h. The
highest hardness was recorded for the artificially aged

@ Springer



904

Silicon (2023) 15:897-912

140

—Q—540°C

1(a)

130

-

N

o
1

110

Hardness (HRB)
g
1

90

80

as tI:ast 0.I5 1:0 1.5 2.0
Solution heat treatment time (hr)

Hardness (HRB)

140
| (b) T4 Heat-treatment at 540 °C | —a— 0.5 hr
—O0—1hr
130 —A—15hr
—v—2hr
120
110 P S f—
—" /
/ e ———
100
/
90
80 T T T T T
10 15 20 25 30

Natural aging time (days)

Fig.4 Hardness variation (a) After solution heat treatment at different time (b) T4 heat-treated samples naturally aged 10, 15, 20, 25, and

30 days
140 140
[(a) Artificial aged at 180 °C [(b) Artificial aged at 250 °C
Solution heat treatment time Solution heat treatment time
1301 @=05hr 1301 _g—05hr
{=0=1.0 hr 1=0=1.0hr
@ 120{=A=15hr = 120 | —A=15hr
14 == 2.0 hr [ =V=2.0 hr
z / T / N
@ 110 / @ 110 __— e
()
s c
: R G N
100 100 —
I I i
90 90 -
80 T T T T T T T T 80 T T T T T T T T
1 2 3 4 5 1 2 3 4 5

Artificial aging time (hr)

Artificial aging time (hr)

Fig.5 Hardness of T6 heat-treated ITG10 sample aged for 1-5 h at (a) 180, and (b) 250 °C

samples at 180 °C after 4 h and at 250 °C after 3 h
(respectively) of ageing. Increasing the ageing period
beyond 4 h (at 180 °C) and 3 h (at 250 °C) reduces the
hardness of the composites. The composite was heated
between the 140-250 °C aiming to redistribute Al, Si Cu,
and Mg and produce Mg,Si and Al,Cu precipitates [39].
These precipitates contribute to hardening of material
through dislocation generation and annihilation. It has
been observed that hardening process is accelerated with
increasing ageing temperature as represented by Fig. 5
[43]. Higher ageing temperature facilitates the dislocations
mobility and provides an accessible channel for diffusion
of alloying elements. However, the dislocation around the
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particles does not migrate during the aging process but
rather re-adjusts itself with time. Because the kinetics of
diffusion is so slow, dislocations affect the normal ageing
process [44]. The T6 heat-treated composites showed
higher hardness than T4 heat-treated composites which
might due to precipitation hardening (Mg,Si and Al,Cu).

3.4 Wear Testing

Since ITG10-T4 and ITG10-T6 samples exhibited the
highest hardness in their respective categories therefore,
these samples were used for dry sliding wear study to
compare the wear behavior with the alloy i.e., LM30 as
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shown in Fig. 6(a-c). The wear rate vs. sliding distance
curve of non-heat treated, T4 heat treated (aged for 20 days;
ITG10-T4) and T6 heat-treated (aged at 180 °C; ITG10-T6)
samples are presented in Fig. 6 at (9.81-68.67 N) applied
load. The study of these curves is based on two distinct areas
(i) run-in wear, and (ii) steady-state wear. As per the visual
observation, in the run-in wear area, the wear rate sharply
increased to 250 m. After that, the wear rate declined rapidly
up to 1750 and 1500 m for LM30 and AMC:s, respectively.
The interaction of surface asperities with the counter surface
causes a dramatic increase in wear rate. The asperities on
the hard counter surface tear the soft surface of the pin,
resulting in abrasion on the pin surface which is termed as
ploughing action. The pin surface asperities deform with
a continuous sliding motion, resulting to the formation of
abrasive grooves on the pin’s surface. However, the resultant
contact area between pin and counter surface has been
increased and due to frictional energy, the contact surfaces
were partially welded together. These welded zone was
plastically deformed by the action of shear force and trigger
the nucleation of cracks and ripping action in the form of
severe material losses [33, 45].

While ilmenite reinforced composite (ITG10) exhibited
reduced wear loss because ilmenite particles (being harder
component) inhibited fracture growth and reduce the tear-
ing of pin surface. Simultaneously, the thermal oxidation of
metallic constituents occurs, and the development of hard
oxide has been evidenced which further reduces the wear
loss through oxidation wear mechanism [46, 47]. Hence,
the wear rate of LM30 and ITG10 becomes steady, called
steady-state wear as shown in Fig. 6a and d. The protec-
tive layer decreased the resultant contact area between the
contact surfaces and the formation-deformation of protec-
tive oxide layer remains constant as a function of applied
load and sliding motion. The presence of solid lubricants
has already been discussed in earlier report [24]. The solid
lubricant e.g., Sn initiates the formation of an intermetallic
brittle phase FeSn, [48]. This lubricating film acts as a bar-
rier between the counter surface asperities [49, 50]. Hence,
decreased the shear stresses between contact surfaces which
enhances galling [51] and seizure resistance [52]. This dem-
onstrates the immediate improvement in composite material
for anti-friction and anti-wear performance [53, 54].

Heat treated samples exhibited better wear resistance
than non-treated samples. The maximum improvement in
wear resistance was observed for ITG10-T4 and ITG10-T6
samples as shown in Fig. 6(c-f). Such observations reflect
the contribution of Mg,Si and Al,Cu in hardening of the
sample, which further reduced the wear loss. The other
intermetallic compounds Al,;Fe,, FeSn,, FeTiSi and Al;Ti
in T6 heat treated composite (ITG10-T6) also contributed
to the wear loss reduction due to the refined microstruc-
ture, dislocation annihilation [26, 55-57].

Wear study of heat-treated samples (alloy and com-
posites) followed the similar trend that was obtained for
hardness as observed from Fig. 7(a). Further, from the
industrial point of view, a comparative study of the wear
behavior has also been carried out for the prepared com-
posites and cast iron as shown in Fig. 7(b). With respect
to base alloy (i.e., LM30), the overall dry sliding wear
resistance of ITG-10, ITG10-T4, ITG10-T6 composites
and cast iron has shown improvement by 38.40, 49.50,
52.86 and 50.56% (respectively) at 68.67 N applied load.
While the wear resistance of ITG10-T4, ITG10-T6 com-
posites and cast iron was enhanced by 16.70, 22.26 and
18.40% (respectively) with respect to ITG10 untreated
sample. While these samples exhibited higher run-in wear
loss as compared to cast iron which is surely associated to
softer Al matrix than cast iron. Further, the lower density
of the composite supports its applicability for brake rotors
application as an alternate to cast iron.

3.5 Coefficient of Friction

The bar graph showing the coefficient of friction (COF) of
Al-Si alloy (LM30), ITG10, ITG10-T4 and ITG10-T6 com-
posite under different loading conditions and at same sliding
distance are displayed in Fig. 8. The COF increased with
increased applied load, as observed from Fig. 8. When the
load is applied on the sample, pin asperity is in contact with
counter disc asperity. During sliding motion, the asperity of
the counter disc penetrates the pin surface with increasing
load. This deep penetration of counter disc asperity requires
more shear forces to continue the sliding movement. The
resultant of this is the increased COF [49].

Furthermore, the COF of ITG10-T4 and ITG10-T6
dropped after the heat treatment of the prepared composite
ITG10. The COF of ITG10 was reduced due to presence of
hard ilmenite reinforcement and solid lubricants that resist
the abrasive wear losses of the pin surface. The best result
observed is for the ITG10-T6. A stable tribolayer was formed
between the counter disc and pin surface. This tribolayer
was able to reduce COF. The ITG10-T6 composites showed
lower COF than the other samples. The COF of ITG10-T6
AMC was lower than ~53%, 16%, and 7% of LM30, ITG10
and ITG10-T4, respectively at 9.8 N load, shown in Fig. 8a.
The COF of ITG10-T6 AMC was lower than ~54%, 29%,
and 9% of LM30, ITG10 and ITG10-T4 (respectively) at
68.67 N load, shown in Fig. 8b.

3.6 Worn Surface and Debris Analysis
The morphology of the worn surfaces of ITG10-T4 and

ITG10-T6 (at 9.81 and 68.67 N load) are displayed in
Fig. 9(a, b) and 10(a, b), respectively. At a 9.81 N load,
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«Fig. 6 Wear behavior of non-heat treated and heat-treated (T4, T6)
alloy (LM30) and composite (ITG10) samples

the narrow grooves parallel to sliding direction with a
small, delaminated surface area (Fig. 9a and 10a). These
groves and craters (delaminated surface) indicate that the
phenomenon was initiated by abrasion and delaminated
wear mechanisms. Furthermore, micro debris on the worn
surface suggested the entrapment of some debris between
the sample and steel disc during sliding action as evidenced
in the form of wide grooves shown in Fig. 9(b) and 10(b).

Also, microcracks were observed (Fig. 10b) on the worn
surface supported by the deformation of asperities under
68.67 N load. These micro-cracks further propagate and
join each other leading to the material removal in the form
of a sheet.

Further, SEM images of wear debris (at 9.81 and
68.67 N load) of ITG10-T4 and ITG10-T6 are shown
in Fig. 9(c, d) and 10 (c, d), respectively. The debris
significantly reduced the interaction of the soft matrix
to the counter surface and worked as a load bearer, thus
reducing the wear losses of synthesized composites. The
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Fig. 9 SEM microstructure
of (a, b) wear track and (c, d)
debris of ITG10-T4 compos-
ite at low (9.81 N), and high
(68.67 N) applied load
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morphology of wear debris looked like flakes delaminated  of the flakes due to cutting and micro-plowing action
with detached ilmenite particles (Fig. 9c and 10c). These  indicating the involvement of abrasive wear mechanism
flakes are formed due to existing stress on the surface [34, 59]. Moreover, micro-cracks were also present on
during continuous relative motion under applied loads [58]. the delaminated flakes, as visible in Fig. 9(d) and 10(d),
Small flakes were produced by the crushing of bigger flakes  followed by adhesive wear mechanism.

under applied load containing wide grooves on the surface

Fig. 10 SEM microstructure
of (a, b) wear track and (c, d)
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Fig. 11 EDS analysis of (a) S =
wear track and (b) debris of ' Weight% Atomic%

ITG10-T6 sample at 68.67 N i s 2.14
load ? e - - 27.68
‘ 48.14
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60pm Electron Image 1

Figure 11(a) represents the EDS spectra of the wear track  temperature at high applied load. In this order, pin surface
(ITG10-T6) under 68.67 N applied load. The chemical elemental ~  interacted with the steel counter surface leading to the transfer
analysis shows the presence of different elements like Al, Si,  of Fe (from disc to prepared pin), forming a mechanically mix
Fe, and O, etc. The presence of elemental oxygen confirmed  layer (MML) on the subsurface. This MML played a dynamic
the oxidation of the wear surface due to increasing contact  role in enhancing the wear resistance of synthesized composites

Fig. 12 Cross sectional study of
ITG10-T6 wear track at 68.67 N
load (a) SEM micrograph, and
(b) EDS analysis
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[60]. Consequently, the wear resistance of the ITG10-T6 was
increased. Moreover, EDS results of wear debris, as shown in
Fig. 11(b), supported the presence of elements on the worn out
surface of ITG10-T6 under 68.67 N load. The spectrum shows
the presence of O, Al, C, and Fe in wear debris. It shows that
the abrasive wear mechanism was dominant in the beginning of
sliding motion.

3.7 Cross Section Analysis

Figure 12(a) represent the cross-section analysis of wear
track of ITG10-T6 sample. It revealed the presence of a
compacted wear debris containing counter disc material,
and various oxides in the tribolayer, due to continuous
sliding motion and crushing action. There are few cracks
observed under the wear track. The high hardness of the
tribolayer (MML) reduces the transformation of shear force
beneath the material. In addition, due to the formation of
tribolayer, the transition in wear rate under continuous
sliding also occurred. The EDS analysis of this tribolayer
as shown in Fig. 12(b) confirms the presence of Al, O,
Fe, and Si as major elements. Here, the presence of Fe
indicated the transfer of counter disc material on the pin
surface. Moreover, O indicates the formation of Al, Si, and
Fe oxides during dry sliding of pin on counter surface.

4 Conclusion

The influence of heat treatment (tempering; T4 and T6)
on the wear behavior of solid lubricants (Sn + Gr) and
ilmenite reinforced LM30 composite has been success-
fully investigated. The key findings of the work are pro-
vided below.

¢ Refinement and redistribution of eutectic and primary Si
was observed because of T4, and T6 heat treatment pro-
cesses carried out on prepared ilmenite reinforced LM30
alloy composites.

e XRD pattern of heat-treated composite sample revealed
the presence of Al, Si, and ilmenite as major constituents
with some intermetallic phases (FeSn,, Al;Ti, Al,Cu,
Al,;Fe,, FeTiSi and Mg,Si).

e Maximum hardness of 112 HRB (due to redistribution of
Si in metallic matrix) was obtained after 20 days of natu-
ral aging under T4 heat-treatment of prepared composite
sample.

e Maximum hardness of 126 HRB was obtained after arti-
ficial aging at 180 °C for 4 h which got reduced to 117
HRB with increased heat treatment temperature (250 °C)
under T6 heat-treatment.

@ Springer

e As an effect of tempering (T4 and T6), overall wear rate
was improved by 16.69% and 22.20% as compared to
ilmenite reinforced LM30 alloy (respectively) due to
the formation of MML along with redistributed Si and
ceramic particles. It is significantly higher than conven-
tionally used cast iron, exhibiting 18.40% lower wear rate
than ITG10 sample. Such considerable wear resistance of
Al-composite sample would surely enable it as alternate
material for brake drum applications.
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