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Abstract

Abstract
Aluminium is one of the metals playing a prominent role in automobile industry after cast iron.
Because of its light weight property and good mechanical properties. When aluminium reinforced
with silicon carbide showing good tribological properties and improved strength. Aluminium
silicon carbide needs some good wear and frictional properties to use it as break disc. Aluminium
reinforced with 15% and 20% silicon carbide and casted in two different ways, liquid casting and
stir casting. Four different composites are compared in this paper. Hardness test was carried out
on the samples. Increase in the Vickers hardness with increase in silicon carbide reinforcement for
both the castings is observed. Rockwell C hardness is showing decreasing trend with increase in
SiC reinforcement. The scratch resistance of the surface under micro level was analysed with the
help of nano scratch test. The SiC particles in the aluminium matrix are resisting the indenter from
deep deformation of the surface. Frictional forces are dropped whenever the indenter met the SiC
particles. In other cases, SiC particles are deforming the aluminium matrix in the form of broken
particles. The plastic deformation of aluminium is observed, and material is piled up on sideways
of groove at high load.
Sliding wear behaviour of the composites are investigated by means of reciprocating pin on plate
wear rig. The test was carried out at load of 20N for five different sliding duration. Aluminium
with 20% silicon carbide of liquid casting is used as a base metal. The worn-out surface of the
samples is analysed in SEM. The metallography of the worn-out samples is showing some deep
grooves and abrasion of the material. Wear debris from both the surfaces are forming into a cluster
of layers. These layers are protecting the surface from wear in some areas were observed.
Composition of tribo layer formed during the test was investigated with the help of EDS analysis.
The tribo layer are rich in aluminium and silicon elements because both the samples are made of
aluminium silicon carbide.
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Summary

Summary
Lightweight components in automobile industry is predominant in increasing the
efficiency of the automobile. Aluminium is one of the metals exhibits good mechanical
properties and less weight than iron and its alloys. When aluminium reinforced with
hard particles like SiC, Al2O3 etc., showing better properties like increased strength,
good frictional and wear properties. In this paper, an attempt has made in investigating
the wear properties of aluminium silicon carbide. The composites are fabricated with
the help of stir casting route and liquid casting route. The hardness of the composites
is showing increase in value than pure aluminium. Vickers hardness is increasing with
increase in fraction of silicon carbide. The dry sliding wear test was conducted using
reciprocating pin on plate wear rig on aluminium reinforced with 15 and 20 percent of
silicon carbide. Nano scratch was also conducted, to observe the surface deformation
under nano scale. The wear loss during the dry sliding wear test of composites are also
showing better than pure aluminium. The abrasion wear, adhesive wear and
delamination wear are observed from the sliding wear test. From nano scratch test,
Hard silicon carbide particles are resisting the indenter in creating the deep
deformation of matrix. And groove formation is also observed due to the broken
particles of the silicon carbide. At the end of scratch, aluminium matrix deformed
plastically because of the high load.

Keywords
Dry sliding wear test, aluminium metal matrix, SiC, aluminium silicon carbide,
scratch test, silicon carbide.
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Introduction

1. Introduction
1.1 Background
The requirement of the less weight components in the Automobile industry is a crucial
element in reducing the emissions and increasing the efficiency of the vehicle.
Aluminium is one of the metals having good properties and weighs less than iron and
its alloys. Demand for aluminium is increasing constantly in the Automobile Industry.
However, aluminium does not have some properties like tribology to replace the
material using for certain components like Brake Discs. Because brake disc material
should have good wear and frictional properties under different conditions like load,
velocity, and temperature. Moreover, heat will produce during braking because all the
kinetic energy of the automobile has to control by the friction force between the brake
pad and brake disc and during braking of an automobile temperature develop between
brake pads and brake disc is 300˚c to 800˚c [1]. So, for these reasons, metal matrix
composites (MMC) can be seen in Fig 1, are appealing because of their good properties.
Metal matrix composites (MMC) are delivering strengthened properties like higher
strength, higher specific modulus, good wear resistance, specific modulus, and
stiffness [2].

Fig 1 Aluminium silicon carbide is one of the aluminium metal matrix.
In MMC, the applied load is transfer and distributed by reinforcement phase and metal
matrix [3]. Especially aluminium metal matrix composites playing a predominant role
for the conditions of a brake disc. Silicon Carbide is one of the reinforcing elements for
the aluminium matrix composite because of increase in hardness of composite. When
aluminium is reinforced with Silicon Carbide particles, exhibit an increase in
tribological properties and high strength [4]. In this paper, an attempt has been made
to quantify the wear of different aluminium Silicon Carbide composites by conducting
a reciprocating pin on plate test. Fabrication process used should establish a uniform
distribution of reinforcement particles in the metal phase. Fabrication of aluminium
Silicon Carbide can be conducted in different ways. One is stir-casting technique, and
the other one is normal liquid casting. In addition, with each technique, two different

6

Introduction
compositions of metal matrix composite are fabricated. Two different volume fractions
of SiC reinforcement are used for the fabrication. Reciprocating pin on plate is a dry
sliding wear test resembles the conditions of the operating brake disc. To measure the
wear of the sample, either calculate the mass loss of the worn-out surface of the sample
or profilometric measurement of the worn-out surface of the plate [5]. Microstructure
analysis also been made here to investigate the distribution of SiC particles in
aluminium phase. Significant dispersion of SiC particles in aluminium phase and
wettability between SiC and aluminium influences some mechanical properties like
strength, elastic and fracture toughness.

1.2

Purpose and research questions

1.2.1

Purpose

The main purpose of the present master thesis is to analyse the wear properties of
different aluminium Silicon Carbide composite for the brake disc material. In addition,
investigating the SiC particles behaviour in aluminium phase during wear and scratch
test. Correlating the microstructure analysis with the wear of the material. Analysing
the composition of tribo film formed during the wear test. Silicon carbide particles are
controlling the wear behaviour and deformation of the composite. The volume fraction
and distribution are also affecting the wear of the composite. During the wear test the
wear debris formation are also controlling the wear of the material.

1.2.2 Research Questions
How do SiC particles in aluminium phase behave when the surface is in contact with
another sample surface?
How is the distribution of SiC particle over the aluminium phase?
How do SiC particles react during indentation for the scratch test?
What kind of wear is happening during the dry sliding wear test between sample pin
and plate?
Analysing the composition of Tribo layer formed during the wear test?

1.3 Delimitations
The following topics are out of scope for the present thesis work. These topics can
contribute future scope of the project.
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The effect of temperatures arises during the test are not considered in dry sliding wear
test.
Fractography and crack propagation caused by dry sliding wear test are not analysed.
The wear test was conducted by confining to one load condition.

1.4 Outline
In chapter one, motivation and objectives of the thesis work are presented.
In chapter two, “Theoretical background” and literature review required for the thesis
is conducted.
In chapter three, “Methods and implementations” methods used for the thesis work
are presented.
In chapter four, “Findings and analysis”, results of methods and tests are presented.
In chapter five, “Conclusion”, results are summarized.
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2. Theoretical background
2.1 Wear Theory
When two surfaces are sliding on each other adhesive wear will occur and pressure
between the two contacting surfaces is high enough for plastic deformation [3].
Adhesive and abrasive are the two types of wear are predominant during dry sliding
wear test. Abrasive wear means removal and displacement of material from one surface
(softer material) by the hard particles of other surface or another surface, which is
harder than softer material [6]. Adhesive wear means when two sliding surface slides
against each other, the hard particles in one of the surfaces remove the material from
another surface (soft material) and removed material adhered to surface. Because of
both sliding and loading condition, shear stress induce between the surfaces is high
enough in some areas causing plastic deformation of softer material. Plastic
deformation occurs in the form of wear debris that is either a single particle or cluster
of particles. Hardness is an important property of the material decides the contacting
area for the surface of the two contacting surfaces. Author explained about adhesive
wear theory that wears volume is the function of sliding speed, normal load and
hardness of the material [7]. However, this theory did not consider the effect of
microstructure on the wear and confined to optimal sliding speed. Delimitation wear,
every wear particle is hemispherical is of the same radius of the contact area. The
author explained that wear rate is proportional to normal applied load (expecting the
particles were regular and contact is of the same size). The wear rate can be expressed
as,

Wear Rate =

𝑊𝑒𝑎𝑟 𝐶𝑜𝑒𝑓𝑓𝑐𝑖𝑒𝑛𝑡 × 𝑆𝑙𝑖𝑑𝑖𝑛𝑔 𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒 × 𝐴𝑝𝑝𝑙𝑖𝑒𝑑 𝑁𝑜𝑟𝑚𝑎𝑙 𝐿𝑜𝑎𝑑
3 × 𝑀𝑎𝑡𝑒𝑟𝑖𝑎𝑙 𝐻𝑎𝑟𝑑𝑛𝑒𝑠𝑠

Author explains about wear theory that wear debris formation during the test at low
sliding speeds is because of the delamination wear theory [6]. The author explained
about the mechanism of wear, at first due to tangential and normal loads cyclic
deformation of the surface will occur, and cracks or voids will nucleate in the deformed
layers near second phase particles means hard particles. The growth of crack is parallel
to the surface. These cracks extend towards the surface and forms as wear debris. The
metallurgical structure defines the rate mechanism of wear [8]. Explains that hard
particles are indulged in crack nucleation for plastic deformation during sliding wear
and inter-particle spacing is an important variable. The void formation is associated
near these hard particles, which allow the plastic flow of the matrix phase. Increase in
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the coefficient of friction and applied load increases the size and depth of voids [6].

Wear Loss(mg)

wear loss
2
1.8
1.6
1.4
1.2
1
0.8
0.6
0.4
0.2
0
0

5

10
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Fig 2 Wear loss for different weight percentage of SiC [4]

Theory of delamination wear suggested that voids are nucleated under certain depth
from the contact region or sliding surface. Hydrostatic pressure is related to the void
formation that is just under the contact region. Plastic deformation occurs due to the
region where hydrostatic pressure is not large enough to suppress the nucleation of
voids, which results in the formation of voids near these hard particles. The controlling
factor for wear rate in dry sliding wear is crack propagation. Illustrate that in the dry
sliding test when sliding distance and applied load increases, then the depth of the
heavily deformed sub-surface zone and magnitude of the plastic strain is also increased
[8]. Fig 2 explains the wear loss of aluminium silicon carbide composite for different
weight percentage of silicon carbide [4].

2.1.1 Effect of Particle size, volume and Distribution
Hard particles in metal matrix Particles play a predominant role in defining the
properties of an MMC. The factors like particle dimension, inter particle spacing and
particle matrix interfacial bond strength affect the wear rate of the material [3]. When
aluminium reinforced with SiC particles showing less wear rate than unreinforced
aluminium. Author explained the composition of hard particles in the matrix when the
percentage of reinforcement increased then adhesive wear rate is decreased [3]. Wear
resistance of aluminium reinforces with SiC is increasing with the increase in SiC
particles. Also, when coarser SiC particle reinforcement is showing higher wear
resistant. SiC particle reinforcement minimized the plastic deformation of the
aluminium and wear is reduced with the increase in applied pressure. Author
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conducted a scratch test on aluminium Silicon carbide composite [9]. The author
explained about the wear rate that not only volume fraction and hardness but also the
size of the particle and particle fracture specify the wear rate. The author also explained
the effect of the particle on different things during the test,
1. When particle volume fraction increases, the composite attained higher
hardness causes an increase in the coefficient of friction and less wear rate.
2. Bigger fraction particles reduce the wear during the cyclic loading and resist
the plastic strain.
3. Particles influence the wear during the sliding condition by sharing the stress
generated inside the material.
Particle distribution is also an important aspect to determine the properties of the
composite. Explained about the effects of particle reinforcement in aluminium and
author used MoSi2 as a reinforcing element [10]. Strength of the composite is increased
when the reinforcement particle size decreases from micrometric scale to nanometric
scale; however, the reinforcement particles showing an increase in the tendency of
cluster formation. A homogeneous mixture of reinforcement particles in a metal matrix
allows improving properties of MMC. Author explains that there is an increase in
porosity when an increase in weight percentage of SiC reinforcement in aluminium
[11]. Reviewed that cluster formation of particles and weak bonding between
reinforcement and metal matrix results increase in the formation of void nucleation
[12]. Reviewed that adhesive wear of composite was decreasing with increase in the
volume fraction of reinforcement and proposed reinforcing SiC particles showing great
wear resistance than alumina [3].

2.1.2 Tribofilm or Tribolayer
Tribolayer is the layer forms when two metal surfaces slides against each other from
the wear debris of the two metal surfaces. The wear debris from the surfaces undergoes
some environmental reaction like oxidation and forms like a protective layer on the
metal surface. During dry sliding wear test, these kind of layer plays an important role
in defining the wear loss of the metal [3]. The chemical composition of tribo-layer is
the mixture of both base materials used in the test [3]. Author conducted dry sliding
wear test using block on ring apparatus. 52100 bearing steel is used as ring material in
the test and aluminium composite is used as block material. EDXA analysis was
conducted on the samples after the test showed an iron rich layer formation on the
surface [13].
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2.1.3 Effect of Reinforcements on wear surface
Investigated wear properties of aluminium matrix composite reinforced with SiC
particles of different volume fraction [11]. Wear resistance of aluminium matrix
composite increased with increase in weight percentage of SiC particles [11][4].
Observed adhesive wear in terms of adhesive pits during the sliding test and grooves
are observed due to the abrasion effect of hard SiC particles [4]. As per the Sajjad Arif,
when sliding speed increases, the wear rate is decreasing because SiC particles are
tough enough to prevent the wear and controlling the delamination of the composite
[4]. Jaswinder Singh conducted dry sliding wear test on aluminium matric composite
reinforced with graphite and SiC particles [12]. Author monitored, sic particles
enhance the strength properties, which allows the composite to resist the plastic
deformation at the subsurface level of composite and author also observed less
formation of wear debris near the worn surface. A stable tribolayer is formed on the
worn composite surface due to the presence of SiC particles. Observed delamination
wear of composite resulting from crack nucleation near SiC particles [13]. Korkut
observed grooves on the worn-out surface because of reinforcing particles and fracture
of the surface occurs [14]. These fractures appeared due to crack nucleation and
growth, which lead to the formation of debris using thin sheets. Zhang conducted
single and multiple scratch test of aluminium composite reinforced with alumina and
silicon carbide [9]. Abrasive wear was observed in the form of fractured particles as
debris in case of aluminium reinforced with alumina. The particles under indenter
could not bear the indentation load during the test. When it comes to SiC
reinforcement, there was a smooth and uniform groove was observed in the
topography of the composite. Debonding and fracturing of the particle are very small
due to the fine small size SiC particles in the matrix. The author is also explained about
the wear rate of the composite, depends on the mechanical properties of the indenter.
Venkatraman conducted the dry sliding wear test on Al-SiC of SiC composition ranging
from 10%-40%. The test was carried out at two different test loads of 52N and 122N
[15]. The wear rate for the higher test load is more than, the lower test load. Wear turns
out to be severe wear for a higher test load. The volume fraction is also playing an
important role in influencing the wear rate of the composite. The author observed
extensive lips along the groove walls, which indicates extensive plasticity. Fracture of
the surface is observed on the worn-out surface of the pin in the form of white shear
dimples due to the recent removal of wear debris from the surface.
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2.2

Theory of wear testing

2.2.1 Dry Sliding Wear Test
The general method to define the wear properties of a material for brake disc is
conducting a dry sliding wear test of the material [5]. The material should have good
wear properties to use the material for brake discs. For long-time equipment brake
application, wear is the crucial property for the material. Sliding speed during the
brake operation is 0.5 to 1.0 mm/s and the range of clamping pressure is from 2MPa
to 20 MPa. Pin on disc and reciprocating pin on plate are the two tests that can replicate
those conditions to quantifying wear of a material. In each test, two different samples
will be there. For pin on the disc, the two samples are pin and disc, and for the pin on
a plate, pin and plate are the samples. Pin material and disc or plate material can be
the same or different. Pin on plate test rig operates in a reciprocating manner, as shown
in Fig 3 and pin on disc can set up to operate either in reciprocating or unidirectional
motion. Pin end is one of the crucial factors for both pin on disc and pin on a plate. Pin
end can be either spherical or flat. The advantage of having spherical or tapered is for
moderate normal force, a great contact pressure can be achieved. Nevertheless, the
disadvantage of having spherical end pins is contact pressure is not even because when
pin starts to wear then pin losses the spherical shape to create high contact pressure.
This kind of drawbacks is not there in flat endpins. However, flat end pins suffer from
high edge loads during pin material is stiffer than other surface material or both are of
the same material. ASTM standards provide information about pin dimensions and
disc or plate dimensions. ASTM G133 provides more information about a pin on a plate
test rig. Moreover, ASTM G99 explains more about a pin on the disc test rig. The wear
behaviour of the material depends on several characteristics like hardness,
microstructure, strength, applied load, lubrication, cracking tendency etc. Lubricating
conditions for the wear test are different, it may be dry, semi-solid, liquid and solid.
In ASTM standards, various possibilities of wear measurement for the pin on disc and
pin on the plate are provided. For quantifying the wear during and after the test,
difference of weight of the pin before and after the test or profilometric measurement
of the worn-out path of the disc or plate. With the help of linear displacement sensor,
we can record vertical displacement of the pin on the test rig, i.e., plate or disc. There
are two approaches for measuring the friction force, one is recording the reaction
forces of the pin, and another way is to record reaction forces or moments of the plate.
The common approach of measuring these forces is using strain gauges or commercial
force transducers. With the help of dead weights, normal force can be applied on the

13

Findings and analysis
pin.

Fig 3 Schematic diagram of reciprocating pin on plate wear test[16]

2.2.2 Scratch Test
For some past few decades, the scratch test became a crucial test for determining the
surface properties of the material. Scratch test examines the metal removal process by
hard particles causing abrasive wear and grinding [16]. Scratch test is normally
employed to determine the adhesion strength and scratch resistance of the coatings
[17]. When it comes to bulk materials, the scratch test is used to determine the fracture
toughness, scratch resistance, scratch hardness, and to determine the plastic
deformation of materials under nano and micro scale [17]. With the help of the scratch
test, a specific variation of hardness along the scratch distance can be determined [18].
Scratch hardness of a material determines the resistance to surface deformation using
an indenter, which propagate a groove on the testing material. Sometimes crack
propagation occurs when indenter is unloaded immediately after scratching the
surface. Scratch load, scratch velocity and scratch distance, etc., are the main test
parameters of the scratch test [19]. In addition to these parameters’ material mode of
deformation like brittle, ductile also influence the scratching of the material. The
schematic diagram of the scratch test can be seen in Fig 4 . Difference between normal
indentation method and scratch hardness is, in normal indentation process, only
specific region of surface suffers the indentation and area under the indenter deform
plastically under less strain of the material [20]. However, in scratch hardness, the
indenter is passed over a distance on the surface of the sample. Due to the application
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tangential scratch force on the surface, the surface will undergo plastic or elastic
deformation and brittle cracking. The scratch hardness of the material can generally
be defined by [21]
𝐻𝑠 =

𝑊
4𝑊
=𝑞
𝐴
(𝜋𝑑2 )

Where Hs is the scratch hardness of the material, W is the applied scratch load on the
sample surface, q is the material parameter depends on the response of the material
during the test. q=2 for rigid-plastic materials, for visco-elastic material q>1 and d is
the width of the scratch.

Fig 4 Schematic diagram of the micro-scratch test [22].
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3 Methods and implementation
3.1 Casting and composition
Materials were casted using two different technique. One of them is stir casting or rheo
casting and other one is liquid casting. Rheo casting is the semi-solid casting, the
molten aluminium poured into ladle and reinforcing elements i.e., silicon carbide is
added to the slurry and stirred till the slurry formation. Using high pressure die casting
technique the material is casted further in to desired moulds. In liquid casting, the
material is casted in liquid state of the aluminium.
Spectrometer and EDS analysis are used to get the information about chemical
composition of the material. The chemical composition of the material is presented in
the findings and analysis.

3.2 Microstructural analysis
3.2.1 Optical Microscope
For microstructure analysis, Olympus GX microscope is used. Olympus GX is used to
inspect the microstructure of polished samples. The microscope is accompanied by
Olympus stream image analysis software. With the help of Olympus stream TM image
analysis software, live image navigation and analysis of the microstructure can be
performed such as phase analysis, size and distribution analysis. The polished samples
are placed in the microscope and pictures are taken with different magnification aided
by stream motion software. Particle distribution analysis is carried out on the pictures
taken at specified magnification and scale is provided for Al-20%SiC and Al-15%SiC.

3.2.2

Polishing the Samples

Polishing is a technique of planning and smoothing the surface from scratches,
deformation and creating a highly reflective surface for microstructural examination
of the surface [23]. Initial steps are coarse and fine grinding of the sample surface and
then polishing the sample for a smooth surface. First samples are machined, and
machined samples are embedded with poly fast resin in struers citopress-1 of 30mm
diameter. First samples are ground with SiC paper grit size of 200. In the next step,
samples are polished with MD-Largo polishing disc. After that, samples are polished
with MD-Mol disc. The last step, samples are polished with MD-Nap polishing disc.
After every step samples are cleaned with ethanol after and dried with the help of air
blower.
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3.2.3 Etching Solution
Etching the surface of a polished sample exposes the microstructural details of the
surface. Etching is an empirical method to clean the surface from grease and dust.
Etching process regarded as forced corrosion of the surface [23]. Sometimes etching
error leads to wrong microstructural interpretations. Surface of the sample gets
destroy by improper etching as like etching longer than required. Etching solution
prepared for aluminium Silicon Carbide is 10% concentration NaOH, i.e. for 100 gms
of solution, 10 gms of NaOH is mixed in 90 gms of distilled water. All the polished
samples are etched with an etching solution for 20 seconds thoroughly rinsed with
ethanol and dried with an air blower.

3.3 Hardness Test
Hardness of the composite was evaluated using Rockwell C and Vickers hardness test.
The test was carried out in room temperature, and 50 kgf load is dwelled for 10-15
seconds at six different positions, on each sample to acquire the mean value. The
samples are embedded and coarsely polished before the test. The hardness of the
composite was found out to be increasing with increase in weight percentage of sic. The
Vickers hardness test is also conducted on the samples. The test was carried out in
room temperature and 100gms load is applied and dwelled it for 10-15 seconds. The
results are analysed and presented in findings and analysis. Vickers hardness for
aluminium with 20% of sic is 45 which is double the hardness of aluminium [11]. The
Vickers hardness of unreinforced aluminium is 24.5 [11].

3.4 Nano Scratch Test
Nano Scratch test and Nano indentation test were carried out on Nano vantage test
machine with optical microscope and depth sensor. Concerning scratch test, on every
samples three Nano scratches are made. Samples are attached to the holder which
moves in vertical direction. Scratch test was carries out under Progressive load
condition. The load was progressively increasing form 5 mN to 1000 mN during each
scratch and scratch length is 1000µm. The test was carried out under ISO 145771:2002 conditions at room temperature of 25°c. Sphero-conical shaped diamond tip of
cone angle 2θ=900, presented in Fig 5b is used for scratch resistance test. To analyse
the topography of the sample, three scratches were made on the surface. After the test,
sample surface topography was analysed using SEM. The images from SEM are
presented in Fig 16. The results of the scratch are analysed according to the width and

17

Findings and analysis
depth of the scratch formed on the surface 0f the sample. The analysis is presented in
findings and analysis.

Fig 5 (a) Schematic diagram of nanoindentation and nano scratch test setup, (b) schematic
diagram sphero-conical diamond indenter.

3.5 Dry Sliding Wear Test
Sliding wear test were carried on using reciprocating pin on plate in dry condition
without any lubricants. Samples are prepared in the form of pins with flat ends of size
8mm diameter and 20mm height. And plates of dimension 50mm length, 20mm width
and 15mm of thickness. Pins are made from every material (L15, L20, S15, S20). L20
is used as a base material to prepare the plates. Test was carried out in loading
condition of 20N load, applied with the help of dead weight. A load cell is attached to
the wear machine, to measure the load applied on the pin. Before every test, load cell
is used to measure the load applying on the pin. For each batch of test, five pins are
used. Test was designed to run the test for five different time intervals, 15mins, 30mins,
60mins, 90mins and 120mins.
Wear loss of the samples are calculated with the help of measuring weights of the
samples before and after the test. The electronic weighing machine with accuracy of
0.0001 gms is used for weighing the samples. Each sample are cleaned ultrasonically
in acetone and dried before weight measurement. All tests were carried out at room
temperature. The worn surfaces of the pin are examined in the SEM. Wear tracks and
wear debris formation are also examined with the help of SEM. The test was repeated
two more times and analysed data of weight loss are presented in findings and analysis.
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Wear rig is accompanied with lab view to define the parameters for running the test.
And excel is also prepared to design the test according to these parameters speed,
frequency and stroke length.

Fig 6 Reciprocating pin on plate rig (sliding wear rig for sliding wear test)
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4

Results and analysis

4.1 Composition
The chemical composition of the samples is analysed from the results of the
spectrometer and EDS test. Silicon percentage in the composition obtained are
combination of silicon percentage in aluminium phase and silicon percentage in silicon
carbide. But the percentage of the silicon carbide in the material is already known.
Silicon percentage in the above table showing the silicon in metal phase i.e. aluminium
phase and SiC percentage shows the silicon carbide percentage in the material. L15
means liquid casting and with 15 percent of silicon carbide in the composition and S15
indicates the semi-solid casting or stir casting and 15 indicates the percentage of silicon
carbide in aluminium matrix.
Materials
L15
L20
S15
S20

Si
2.94
1.82
2.38
1.94

SiC
15
20
15
20

Fe
1.09
1.23
1.11
1.32

Mg
0.51
0.57
0.54
0.58

Ti
0.04
0.025
0.04
0.023

Al
81.36
76.17
81.31
76.07

Table 1 Chemical composition

4.2 Microstructure
Microscopic pictures of the polished and etched surface of the sample are taken at 2.5x, 5-x, 10-x, and 20-x magnification. Formation of α aluminium(α-Al) and eutectics of
aluminium are observed in all composites. Whereas, in semi-solid casting, the size of
α-Al is bigger compared to liquid casting. α-Al in liquid casting are of dendritic shape
can be seen in Fig 7. Whereas in semi-solid casting, α-Al are rosette shape and globular
shape. Silicon Needle like structure are also observed in the matrix from the SEM
images of the scratch, which can be seen in Fig 16.

Fig 7 Image of Al-SiC composite taken at 20x magnification stir casting and liquid casting
respectively
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4.3 Particle Distribution Analysis

Fig 8 (a-a’) the pictures of L20%SiC at 10x, 20x magnification respectively, (b-b’) are the
pictures of L15%SiC at 10x, 20x magnification respectively, (c-c’) are the pictures of S20%SiC
at 10x, 20x magnification respectively, (d-d’) are the pictures of S15%SiC at 10x, 20x
magnification respectively.
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In this analysis, samples are polished according to the steps mentioned in the sample
polishing mentioned in methods and implementation. Samples are etched with 10%
concentration of NaOH solution for 20 seconds and cleaned with ethanol. These
polished samples are investigated in Olympus microscope accompanied with stream
image analysis software. For particle distribution analysis, stream image analysis
software served to analyse the pictures from the microscope. For each sample, three
different magnification pictures are taken for particle and distribution analysis. Each
pictures are modified using Adobe Photoshop. Count and measure function are used
to detect the different phases in the matrix using manual threshold. This function helps
to measure the particle radius, diameter, area, Perimeter and shape factor. For particle
radius, three different measurement techniques are there Maximum radius, minimum
radius and mean radius. Maximum radius gives the maximum radius of each particle
and minimum radius gives the minimum radius gives the minimum radius of each
particle. Mean radius is the mean of all radiuses measured by the software. And
considering the mean radius, other parameters values are calculated. Mean radius
measurement is considered for analysing the data. From this technique, data about SiC
particles in the aluminium phase are collected. An analysis is conducted on data
collected from the software. The analysis is mainly concentrated on SiC particles
distribution.

Fig 9 (a) Particle frequency for L20%SiC, (b) Particle frequency for L15%SiC, (c) particle
frequency for S20%SiC, (d) particle frequency for S15%SiC
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The collected data is analysed according to the mean radius of the SiC particle. These
SiC particles are segregated according to 2µm range from minimum mean radius to
maximum mean radius. From the above graphs, Fig 9, particles ranging from 2.01µm
to 4µm are having the highest frequency. Frequency particles ranging from 4.01µm to
6µm are comparatively more than other range particles. When the size of the particle
is increasing, then the frequency of the particles decreasing except for particles ranging
from 0µm to 2µm. The frequency for the particles more than 20µm mean radius is very
low, i.e., bigger size particles are very less in the aluminium phase. The particle
frequency for all range of particles is more for both L20%SiC and S20%SiC than
L15%SiC and S15%SiC. The average mean radius for L20%SiC, L15%SiC, S20%SiC, and
S15%SiC is 4.40µm, 4.04µm, 4.09µm, 3.74µm respectively. The area covered by
particles ranging from 4.01µm to 6µm is higher than other range of particles except for
S15percentageSiC as you can see in Fig 10. Particles ranging from 2.01µm to 4µm are
relatively covering more area after particle ranging from 4.01µm to 6µm. from the
pictures of the microscope, SiC particles are distributed well in aluminium phase
moreover we can see very less formation of clusters of SiC particles in Fig 8 and good
bonding between SiC particles and aluminium metal matrix. However, nonhomogeneous distribution of SiC particles in aluminium phase can be seen in Fig 8 and
some aluminium matrix areas without SiC particle inclusions.

Fig 10 (a) graph showing percentage area covered by SiC particles for L20%SiC, (b) graph
showing percentage area covered by SiC particles for L15%SiC, (c) graph showing percentage
area covered by SiC particles for S20%SiC, (d) graph showing percentage area covered by
SiC particles for S15%SiC.
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Nearest neighbouring distance (NND) are also measured for all the composites and
presented below in Fig 11. The nearest neighbouring distance for L20 and S20 are less
compared to L15 and S15 because the particle frequency is more in L20 and S20 than
L15 and S15. Lot of soft surface is between the particles for L15 and S15 than L20 and
S20. From all the composites, the nearest neighbouring distance is more for S15.

Nearest neighboring
distance(µm)

Nearest neighbouring distance
25.0
20.0
15.0
10.0
5.0
0.0

L20

L15

S20

S15

Aluminium Silicon carbide grades
Fig 11 Nearest neighbouring distance for all composites

Fig 12 frequency of particles for different nearest neighbouring distance for L20, L15, S20 and
S15

The frequency of particles for high NND is more for L15 and S15 than L20 and S20.
The particle frequency is considerably low for all NND in S15 when compared to all
composites and highest NND is also found in S15. In L20 and S20 the particle
frequency is more for low NND’s and less for high NND’S can be seen Fig 12. The
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particle frequency for high NND’s is considerably more for L15 and S15 than L20 and
S20.

4.4 Hardness
Rockwell c hardness and Vickers hardness test were conducted on samples. The
indentation for Rockwell c hardness was carried out on five different areas, and the
mean of the value is presented in Fig 13. Rockwell Hardness values for L15 are more
than other composites. The hardness of every composite is increased when compared
to unreinforced aluminium. The Rockwell hardness of composite decreased with
increase in volume fraction of SiC reinforcement for liquid casting. It is another way
around for stir casting. The Vickers hardness of all composites are almost same. When
percentage of SiC is increasing there is an increasing trend of Vickers hardness in both
liquid casting and stir casting.

Fig 13 Rockwell c and Vickers hardness

4.5 Scratch Test
Scratch test was carried on the samples, with help of SEM pictures were taken at 750x magnification and presented in Fig 16. Three scratches were made on the surface of
every sample. Width of the scratch is measured at load of 100, 200, 400, 600, 800,
1000mN and presented in Fig 15. As you can see in the graphs, the width of the scratch
is increasing progressively because load condition is progressive. At low load condition,
L15%SiC showing good scratch resistance than other composites. The scratch
resistance for all composites is better when the indenter met the hard particles, i.e.,
silicon carbide particles. This can be seen in the case of S15%SiC at load of 400mN;
scratch width is very less compared to other composites. From this, hard particles are
resisting the indenter to indent the surface deeper. Silicon carbide particles are broken
when indenter met the particle in some cases. When the scratch load is higher, then
hard particles of small size are broken. In some cases, the hard particles of big size are
resisting the indenter. In other cases, some part of big hard particles are broken, which
are under the indenter. There was a plastic deformation of the aluminium occurred

25

Findings and analysis

Fig 14 Graphs presenting scratch width and scratch hardness for L15%SiC, L20%SiC,
S15%SiC, S20%SiC.

along the grooves. This is severe when the indenter load reached its maximum limit.
There are some grooves appeared in the SEM images of the scratch. These grooves are
encountered because of the broken particles from the hard phase. The width of the
scratch is varying for the composites at every load because of the SiC particles in the
phase. Scratch hardness is calculated and presented in Fig 14. The scratch hardness of
the composite is calculated with the help of scratch width. The expression for
calculating the scratch hardness is presented in theoritical background.
Scratch Width
L20

L15

S20

S15

70
60

Width(µm)

50
40
30
20
10
0
100

200

400

600

800

1000

Scratch Load(mN)

Fig 15 Graph presenting the width of the scratch at different loads of 100, 200, 400, 600, 800,
1000mN for L15%SiC, L20%SiC, S15%SiC, S20%SiC respectively.
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Fig 16 SEM micro scratch images taken at 750-x magnification of progressive load for a)
L20% SiC, b) L15%SiC, c) S20%SiC, d) S15%SiC
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Fig 17 Graphs presenting the scratch depth and friction force along the scratch L20, L15, S20,
S15 respectively.

Whenever the width of the scratch is decreasing due to the presence of silicon carbide
particles causing increase in the scratch hardness. The scratch hardness of every
composite is decreasing with increase in width of the scratch and normal applied load.
The above graphs Fig 17 representing the scratch depth and friction forces recorded
along the scratch. Scratch depth is gradually increasing along the scratch because of
progressive load condition. The width and depth of the scratch is increasing when
scratch load is increasing. Whenever the indenter met the SiC particles, there is a
difference in the scratch depth on the sample. Even friction is also changing when
indenter encountered the sic particles. Some cases, the indenter broke the SiC particles
and followed normally. But if there are any cluster of SiC particles, the indenter is
resisted to make deep scratch on the surface. Depth of the scratches is almost equal in
the cases of L20 and S20. But the highest depth recorded for S15 and L15 is less
compared to L20 and S20. Depth of the scratch is almost parallel along the scratch in
S15. Friction forces are also altering when there is a change in the depth. This means,
there is drop in the friction force when indenter passes the SiC particles. The drop of
friction forces is high when the scratch load is high. And aluminium phase is deformed
elastically, microstructure of the composite was not changed during low loads. when
load is increasing, the material deformed plastically, microstructure of the composite
has changed appropriately. The material is piled up on sideways is more at the end of
the scratch, where the load is high.
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4.6

SlidingWear Test

4.6.1 Wear loss
Sliding wear test was carried out using reciprocating pin on plate wear machine. 20N
load was applied with the help of dead weight. Every test was carried out under load of
20N including pin weight. Test was carried out for five different time intervals.
Polished and cleaned samples are used for every test. Wear loss is measured by means
weight loss of the samples. Weight of the samples are measured before and after every
test. The weight loss of liquid casted and stir casted composites are presented in Fig 18
Fig 19 respectively.

Weight Loss
Weight loss(gms)
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L15

0.003
0.002
0.001
0
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60

90

120

Test Duration(min)
Fig 18 Weight loss of L20 and L15 at different time intervals

Weight Loss
Weight loss(gms)

S20

S15

0.003
0.002
0.001
0
15

30

60

90

120

Test duration(min)
Fig 19 Weight loss of S20 and S15 at different time intervals

All the composites are showing less wear loss when compared to pure aluminium. The
author foundout thay wear loss of pure aluminium is 2mg for 1 hour of test at a load of
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17.2N [16]. For L15, the wear loss is increasing with increasing in test duration. But it
is diferent for L20, wear loss is less than L15 for 120mins test duration. The wear loss
for both the composites is same for less test duration. It is almost similar in both liquid
casting and stir casting. S15 is showing stable weight loss of material for entire test you
can see in Fig 19. When it comes to S20, showing increase in the weight loss when
sliding duration is increasing. S20 is showing high wear loss of 2.7mg for 120 minutes
of sliding duration.

4.6.2 Wear surface
The worn out surface of all the samples are analysed in SEM after every test. The
images were taken at different magnification to analyse the wear behaviour of the
surface. Lot of grooves were observed on the surface of the samples. In most cases, the
abrasion wear is predominant on all the sample surfaces. When the test duration is
increasing the grooves are more deep. And delamination of layer on the surface was
also observed in the SEM images. In some cases, the wear debris from the surfaces are
stucked in grooves. All these wear debris are accumilating on grooves and forming into
a layer. These layers under went some abrasion wear and protecting the surface from
further wear.

Fig 20 Worn out surface of (a) L20, (b)L15, (c)S20, (d)S15, test was carried out for 30 mins
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For high sliding duration, the material removal from the surface is high and lot of deep
grooves are fromed on the surface, which are allowing the wear debris to accumulate
and helping them in formation of a large layer at random location. These locations are
deep enough for accumalation of the debris. Major portion of wear debris are
accumalated at the ends of sliding direction of the pin surface. The plastic deformation
was also observed on the sample surface.
The above pictures are the worn surfaces of the L20, L15, S20 and S15. More wear
debris are formed in L15 see in Fig 20. And surface has more grooves than L20. Both
surfaces experienced abrasion wear, but more in the case of L15. Because of more
percentage of silicon carbide in L20 resisting the material from wear. Grooves are liitle
deepper in L15 than L20. It almost the same condition for S20 and S15. There more
delamination wear occurred for S15 than S20. The grooves are much deeper for S15
than any other material.
The accumalation of wear debris is increasing with increase in the test duration. When
the sample surfaces of 60 mins test compared with 30 mins test, wear tracks are more
deeper on 60 mins test duration sample surfaces. The delamination of the material is
much more deeper for S15 and L15. The crack propogation was parallel to the sliding
direction of the pin. L20 and S20 are showing better wear resistance than L15 and S15.
SiC particles are not exposed on the worn out surface in all the cases.

Fig 21 Worn out surface of (a) L20, (b)L15, (c)S20, (d)S15, test was carried out for 60 mins
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The counter surface material used for the wear test is also aluminium composite(L20).
SiC is a load bearing element in aluminium silicon carbide. These counter surface
silicon carbides are causing more delamination of the material. The counter surface
has more percentage of SiC in the aluminium matrix than S15 and L15. Because of the
more hard particles protrusions during the test causing more wear to the L15.

Fig 22 Worn out surface of (a) L20, (b)L15, (c)S20, (d)S15, test was carried out for 90 mins

4.6.3 Coefficient of friction
Friction forces are recorded during the test, helping in deriving the friction coefficient
values. According to author, friction coefficient is decreasing with increase in volume
fraction of SiC particles [2]. Friction coefficient for L15 is slightly lower than L20. Both
L20 and L15 are showing same trend. Friction coefficient is increasing till 90 mins and
decreasing for 120 mins test. L15 showing very less of decreasing trend for 90 mins and
120 mins. The friction coefficient of L15 is almost similar for all test durations. The
friction coefficient of S20 showing an increasing trend for sliding duration more than
60 mins. The friction coefficient of S20 is less than S15 for 15mins, 30mins, 60mins
and 90 mins tests. S20 peaked the friction coefficient for 120mins test. Friction
coefficient for L15 and L20 are better than S15 and S20. Liquid casting composites are
showing stable friction coefficient than stir casting. The friction coefficient for all the
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composites are comparable to pure aluminium. Because the plate surface is also
consisting of silicon carbide in the matrix.
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Fig 23 Coefficient of friction of L15 and L20

Coefficient of Friction

Friction Coefficient
S20

S15

1.2
1
0.8
0.6
0.4
0.2

0
15

30

60

90

120

Test time duration(mins)
Fig 24 Coefficient of friction of S15 and S20

4.6.4 Transfer layer (tribo layer)
During wear test, wear debris from both the surfaces are clustered and formed into a
layer on the worn-out surface. The EDS analysis was conducted on the worn-out
surface, to analyse the composition of the transfer layer. The transfer layer consisting
a generous amount of aluminium and silicon traces are also found in the transfer layer.
All composites showing aluminium and silicon rich layer formation on the worn-out
surface. And very less traces of other elements are found in the composition of transfer
layer. Silicon volume in the transfer layer are similar for all sliding durations. But in
some cases, there is an increase in Silicon volume percentage. For L15, increase in
Percentage of silicon for 90mins and 120 mins. When it comes to S15 and S20, both
the materials are displaying the more percentage of aluminium and very low traces of
iron. Silicon volume are almost identical for all the tests for stir casting materials. But
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S20 are showing little extra volume of silicon than S15. In general, silicon presence in
transfer layer is increasing with increase in silicon and silicon carbide volume in the
matrix. Below pictures showing the results of L15, L20, S15 and S20 respectively

Fig 25 EDS spectrum for L15

Fig 26 EDS spectrum for L20

Fig 27 EDS spectrum for S15
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Fig 28 EDS spectrum for S20
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5 conclusions
5.1

Discussion of method

Reciprocating pin on plate wear rig is used as a method for dry sliding wear test. The
test can be performed at different loads and for different time durations. Load applied
during the test is 20N and conducted for 15mins, 30mins, 60mins, 90mins and
120mins time durations. Friction forces can be recorded during the test for every
second. Temperature arose during the test has not investigated during the test and
considered it as drawback of the sliding wear test. Test was restricted to only one load
condition and for further investigation test can be conducted for different load
conditions. The pins of dimensions 8mm diameter and 20mm length of flat end ae
prepared for the test. Even tapered or hemi spherical end pins can also be used for the
test. the advantage of having tapered or hemispherical end, is the point end create high
pressure than the flat end pins.
For particle distribution analysis, stream motion software is used to analyse the
particle data. From this, particles information like perimeter, shape factor, area and
radius are measured. Software helps to measure the maximum, minimum and mean
radius of each particle in the matrix. Mean radius is considered to measure other
parameters like area, perimeter etc of the particles. In order to detect the silicon
carbide particles by software, the pictures of the microstructure are photoshopped
using adobe photoshop.
Scratch test was conducted with the help vantage nano scratch test machine. The
machine is accompanied with optical microscope to define the parameters accurately.
The scratch was made under progressive loading from 1µN to 1000µN for a length of
1000µm. Friction forces, coefficient of friction and depth are measured during the test.
The scratch was analysed with the help of SEM and scratch pictures are taken at 750x
magnification.

5.2

Discussion of findings

5.2.1 Particle distribution
From particle distribution analysis, silicon carbide particles are well distributed over
the aluminium matrix and some cluster of particles are also observed. Most of the
particles are found out to be coarser in structure. Most of the particles in the matrix of
radius ranging 2 to 4µm is observed. Big particles are very less in the matrix of radius
18 to 20µm. Particle frequency is more in L20 and S20 than L15 and S15 over a selected
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area of image. The nearest neighbouring distance for S15 is more compared to other
composites. L15 and L20 are showing low nearest neighbouring distance than S15 and
S20.

5.2.2 Scratch test
Scratch test, scratch hardness is calculated with the help of the width of the scratch
over the length of the scratch. Scratch hardness is decreasing with increase in the width
of the scratch. The silicon carbide particles in aluminium phase are resisting the
indenter to cause deep deformation on the surface i.e., width of the scratch is
decreasing when the indenter passes over the particle. Depth of the scratch is also
varying when the indenter passes over the silicon carbide particles. The friction forces
recorded are dropping when the indenter passes over the silicon carbide particles i.e.,
whenever the depth of the scratch is decreasing then the friction forces are also
dropping. Silicon carbide particles are broken in some cases, when the indenter load is
higher. These broken particles are trapped under the indenter causing in formation of
grooves in the scratch. S15 and S20 scratch depths are lesser than the depths of L15
and L20. From all the composites, S20 showing good resistance in forming of deep
scratches. The depth of scratches for S20 is less compared to all composites. L15 and
S20 are having low and high Vickers hardness values which exhibited low and high
scratch resistance.

5.2.3 Sliding wear test
Wear loss is measured in terms of weight loss of the pin. Wear loss for liquid casting
composites are consistent than stir casting composites. According to author, wear loss
is decreasing with increase in volume of silicon carbide reinforcement [25]. But the
results are showing the same trend for stir casted composites and vice versa for L15
and L20. SiC particles in aluminium phase are causing the abrasion of pin surface. Lot
of wear debris are also formed and adhered to surface. Abrasion wear, adhesive wear
and delamination wear are observed on the worn-out surface. The protrusion of sic
particles in counter surface causing in formation of grooves on the pin surface. These
grooves are getting deeper when sliding duration is increasing. Loose particles from
both the surface are trapped in the groves caused by abrasion effect of sic particles.
These wear debris are forming in to clusters and followed in forming into layers. These
layers are considered as tribo layer or tribo film. These layers are protecting the pin
surface from causing further wear loss. The composition of tribo layer are showing high
fraction of aluminium and silicon. Very minor fractions of iron, magnesium and
titanium. In some cases, the traces of silicon are increased to 30 percent in tribo layer.
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The wear loss for S15 is less compared to other composites. Weight loss of S15 is less
than 1.2mg for every sliding duration and showing good wear resistance. Weight loss
of S20 is increasing with increase in sliding duration. Wear loss of the composites are
decreasing with increase in hardness of the material for liquid castings. But for stir
casting materials, wear loss is increasing with increase in hardness of the material.
Even though the nearest neighbouring distance for S15 is showing more, the wear loss
of the composite is less compared to other composites. Nearest neighbouring distance
controls the friction causing during the surface contact. If nearest neighbouring
distance is more i.e., more soft area between the particles which will increase the
friction which will tend to increase in coefficient of friction. Because in scratch test,
there is drop in friction force whenever the indenter passed over the silicon carbide
particles. The mean nearest neighbouring distance for S15 and S20 are more than L15
and L20 which causing more fluctuations in coefficient of friction.

5.3

Conclusions

The following conclusions are drawn from the sliding wear test, hardness results, nano
scratch test and particle distribution analysis.
•

Silicon carbide particles are well distributed over aluminium matrix and some
small cluster formation of silicon carbide particles are also observed in the
microstructure.

•

The silicon carbide particles are resisting the indenter in forming deep
scratches. Among all composite, S20 is showing better scratch resistant than all
the composites.

•

Hardness of composited is increased with increase in volume fraction of silicon
carbide for stir casting and vice versa for liquid castings.

•

Weight loss for S15 composites is less compared to other composites. As
Rockwell hardness value increases there is an increase in wear loss of material
for stir casting composites and vice versa of liquid casting materials. The
Vickers hardness, the composites are showing increasing trend of weight loss
with increase in the hardness value i.e., wear loss is increasing with increase in
SiC volume fraction.

In future, the wear test can be carried out for different load conditions and for different
sliding speed conditions. The temperature arising during the wear test can also be
considered in influencing the wear rate of the composite. Even the composites can be
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tested under lubricating conditions. Load acting system in wear rig need to be
developed for accurate load acting conditions.
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