TRIBOLOGICAL PERFORMANCE OF HYBRID COMPOSITES
BASED ON PALM KERNEL ACTIVATED CARBON AND
ALUMINA BLEND

CHEN WEI WEI

UNIVERSITI TEKNIKAL MALAYSIA MELAKA



TRIBOLOGICAL PERFORMANCE OF HYBRID COMPOSITES BASED ON
PALM KERNEL ACTIVATED CARBON AND ALUMINA BLEND

CHEN WEI WEI

A report submitted
in fulfillment of the requirements for the degree of

Bachelor of Mechanical Engineering

Faculty of Mechanical Engineering

UNIVERSITI TEKNIKAL MALAYSIA MELAKA

2018



DECLARATION

I declare that this report entitled “Tribological Performance Of Hybrid Composites Based
On Palm Kernel Activated Carbon And Alumina Blend” is the result of my own research
except as cited in the references. The report has not been accepted for any degree and is not

concurrently submitted in candidature of any other degree.

signatullc TSN B ... N 4 T 8 M.
Name ; CHEN WEI WEI

Date g O AT T I



APPROVAL

I hereby declare that I have read this report and in my opinion this report is sufficient in

terms of scope and quality for the award of degree of Bachelor of Mechanical Engineering.

Signature  ——t M N W

Supervisor Name : PROF. MADYA DR. MOHD FADZLI BIN ABDOLLAH

Date S ——E it e e



DEDICATION

Dedicated to my beloved father and mother,
my friends and family members

for their encouragement and supports throughout the research.



ABSTRACT

Nowadays, it is expected the demand of new composites with optimum tribological
performance is growing in industry applications. Hybrid composites are finding increased
applications because of the improved mechanical properties and wear resistance and hence
are better substitutes for single reinforced composites. On the recent global green technology
trend, innovative and sustainable raw materials are becoming a priority choice for
manufacturer. Agricultural wastes may consider as potential sustainable materials such as
carbon consisting wastes to be treated as new reinforcement substitutes in enhancing
tribological properties. There are limited tribology studies regarding to reinforcement of
agricultural wastes carbon with good wear properties metal. The objectives of this study
were to determine optimal composition and tribological properties of blended hybrid
composite sample of Palm Kernel Activated Carbon (PKAC) with Aluminium Oxide/
Alumina, AL>O3 and to compare its wear performance with conventional composites, SK2
carbon steel disc by conducting ball-on-disc tribometer dry sliding test. Basically, PKAC
and AL>O; were measured according to the set compositions and pressed into disc shaped
with size of 74mm diameter using hot compaction technique. Some basic mechanical tests
were done when the disc specimens were ready such as surface roughness and hardness tests.
Then, specimens were tested through ball-on-disc tribometer test under unlubricated
condition at room temperature and surface morphology of specimens were studied by using
3D Surface Profilometer. Collected data were analyzed through qualitative and quantitative
approaches. This study has found that friction coefficient and wear rate are highly affected
by composition percentages with respect to weight of samples due to the amount of content
of PKAC, AL:0O; and epoxy. Through the comparison between two hybrid composites,
PKACHAL/E (60/40) exhibit lower friction coefficient than PKAC+AL/E (50/50) with
difference of 0.057 while for specific wear rate, PKAC+AL/E (60/40) is slightly higher than
PKAC+AL/E (50/50) with insignificant difference of 8.530x10® mm?*Nmm. Hence,
PKAC+AL/E (60/40) was suggested as optimal composition hybrid composites which
exhibited better wear performance in this study.



ABSTRAK

Pada masa kini, permintaan komposit baru dengan prestasi tribologi optimum telah

berkembang dalam aplikasi industri. Aplikasi komposit hibrid meningkat kerana sifat-sifat
mekanikal dan rintangan haus yang lebih baik. Oleh itu hibrid dianggap sebagai pengganti
yvang baik berbanding dengan komposit bertetulang tunggal. Mengenai trend teknologi hijau
global baru-baru ini, bahan mentah yang inovatif dan mampan menjadi pilihan utama bagi
industri. Bahan buangan agrikultur boleh dipertimbangkan sebagai bahan berpotensi yang
mampan terutamanya bahan buangan yang mengandungi karbon dianggap sebagai
pengganti tetulang baru dalam meningkatkan sifat-sifat tribologi. Berdasarkan kajian-
kajian sebelum ini, kajian tribologi masih terhad tentang pengukuhan antara bahan

buangan agrikultur yang mengandungi karbon dengan logam yang mempunyai prestasi
tribology yang baik. Objektif kajian ini adalah menentukan komposisi optimum dan sifat-
sifat tribologi tentang campuran komposit hibrid antara kernel sawit diaktifkan karbon

(PKAC) dengan aluminium oksida / alumina, AL>O3 serta membandingkan prestasi
tribologinya dengan komposit konvensional, disk keluli karbon SK2 dengan menggunakan

tribometer “‘ball-on-disc” dalam keadaan yang tiada pelinciran. Pada asasnya, PKAC dan

AL>0;s diukur mengikut komposisi yang ditetapkan dan ditekan ke bentuk disk dengan

diameter 74mm menggunakan teknik pemadatan panas. Beberapa ujian mekanikal asas

telah dilakukan seperti ujian kekasaran permukaan dan ujian kekerasan. Kemudian,

spesimen diuji melalui tribometer “ball-on-disc” di bawah keadaan tiada pelinciran pada

suhu bilik dan morfologi permukaan spesimen telah dikaji dengan menggunakan 3D Surface
Profilometer. Data yang dikumpulkan dianalisiskan melalui cara kualitatif dan kuantitatif.

Kajian ini mendapati bahawa faktor yang mempengaruhi pekali geseran dan kadar haus

ialah peratusan komposisi yang berdasarkan berat sampel, jumlah kandungan PKAC,

AL>0Os dan epoksi. Melalui perbandingan antara dua komposit hibrid, PKAC + AL/ E (60/40)
mempunyai pekali geseran yang lebih rendah daripada PKAC + AL / E (50/50) dengan

perbezaan 0.057 manakala untuk kadar haus spesifik, PKAC + AL / E (60 / 40) lebih tinggi
daripada PKAC + AL / E (50/50) dengan perbezaan yang tidak signifikan 8.530 x 10" mm’
/ Nmm. Oleh itu, PKAC + AL / E (60/40) dicadangkan sebagai komposit hibrid yang
mempunyai komposisi optimum dan memaparkan prestasi tribologi yang paling baik dalam

kajian ini.
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CHAPTER 1

INTRODUCTION

1.1  Background of Study

During the previous decade, the need for the new wear resistant material for high
performance tribological applications has been one of the major driving forces for the
tribological development. Importance of tribological properties influenced many researchers
to study friction and wear behavior of lubricant materials and at the same time to identify
the best composition of composites for various industrial applications (Kathiresan and
Sonarkumar, 2010). This is due to the rapid growth of automotive, aerospace and biomedical
fields which cause the growing demand of generating improved composites with optimum
wear performance for certain harsh industrial applications (Jost and Peter, 1966). Previous
tribology studies have introduced a few methods to enhance wear properties such as coating,
alloying and composites reinforcement. In this study, the method used to test and enhance
the wear properties of hybrid composites is composites reinforcement. Hybrid composites
are finding increased applications because of the improved mechanical and wear resistance
and hence are better substitutes for single reinforced composites (Slobodan et al., 2011).
Hybrid materials are composites consisting of two constituents at the nanometer or
molecular level. Commonly one of these compounds is inorganic and the other one organic
in nature. The hybrid composites used in this study consist of palm kernel activated carbon-
epoxy (PKAC-E) and alumina (with the chemical formula of Al,O3) which are the organic

and inorganic compound respectively. Nowadays, activated carbon started emerged in
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tribological applications due to its high porosity which provide large surface area. By
referring to Yusoff et al. (2010), graphite and porous carbon such as palm shell activated
carbon exhibited its potential to act as a self-lubricating material when reinforced in
aluminum alloy, which significantly improved wear resistance by increasing palm shell
activated carbon (PSAC) content up to 10 wt.% (Yusoff et al., 2010). Due to the potential of
PSAC, PKAC has become an interesting research material in tribology field. Based on the
previous studies, researchers stated a hypothesis that the excellent performance shown by
the materials (PSAC) were obtained through residual oil from the palm fruit. Hence, the
hypothesis supported the possibility of PKAC may also carry the residual oil from palm oil
fruit (Tahir et al., 2017). Zamri (2012) found the content of reinforcement (PSAC and slag)
had significant effect on wear resistance of aluminum matrix composite. The results showed
the wear resistance of hybrid composite is better than un-hybrid composite due to the good
bonding of slag particles in aluminum matrix causing improved the ability in supporting load.
Prasad and Shoba (2014) have studied the dry sliding wear behavior of unreinforced alloy
and hybrid composites through pin-on-disk wear test and the result showed the hybrid
composite (aluminium, Al/ rice husk ash, RHA/ silicon carbide, SiC) exhibit higher wear
resistance than the unreinforced alloy. Thus, a few of these previous studies proved that there
are possibilities and potentials exhibited for activated carbon (PSAC/PKAC) and aluminum
as one of the major research materials in tribological applications development. Last but not
least, the global awareness of promoting the sustainable and environmental friendly products
had influenced the increasing of demand in replacing synthetic composites materials with
natural-based or secondary source of materials such as wastes or biomass products. Hence,
this is one of the motivations for researchers to investigate the new reinforcement substitutes
from agriculture wastes in order to be used in fabrication of composites which able to be

classified as one of the effective self-lubricating materials.



1.2 Problem Statement

The global impact of friction and wear on energy consumption, economic expenditure,
and carbon dioxide emissions are still considerable (Jost and Peter, 1966). Based on
“Influence of tribology on global energy consumption, costs and emissions” which published
by Holmberg and Erdemir (2017), they considered four main energy consuming sectors
which are transportation, manufacturing, power generation and residential. In these four
sectors, 23% of the world total energy consumption originates from tribological contacts. Of
that 20% is used to overcome friction and 3% is used to remanufacture worn parts and spare
equipment due to wear and wear-related failures. Lubrication technologies for reduction of
friction and wear in automation and machinery can reduce energy losses by 40 % in 15 years
and by 18% in 8years. These savings would amount to 1.4% of GDP (Gross Domestic
Product) per year and 8.7% of the long term total energy consumption on a global scale
(Holmberg and Erdemir, 2017). Although there were many researches about tribological
studies, few of them focused on friction and lubricants of hybrid composites. A clear
understanding of effect of the composites’ compositions on wear behavior is very essential
for maximized the work efficiency. Therefore, a basic awareness of tribology in wear is
important to increase the work performance efficiency of machinery without wasting

valuable resources, reduce the cost of maintenance and avoid common manufacturing issues.

Previously, there are several studies on wear behavior of hybrid composites which
undergoes hard reinforcement by using silicon carbide or soft reinforcement by using carbon.
However, the studies and information available recently for natural-based material
reinforcement such as PKAC is limited. Yusoff (2012) has done a similar research on
physical and wear properties of hybrid biomass by-product particulates reinforced aluminum
matrix composite (AMC) which the reinforcement is using PSAC and slag. His study’s result

showed that hybrid composite (undergoes PSAC and slag reinforcement) has better wear



resistance than un-hybrid composite. Hence, PKAC similar with PSAC as one of the palm
oil extraction wastes is chosen in this study because it may be a potential self- lubricating

material as well.

Malaysia palm oil production is the world's second- largest producer of the commodity
after Indonesia. The biomass produced by Malaysia oil palm industries has created severe
disposal problems. The solid wastes produced are empty fruit brunches (EFB), oil palm
trunks (OPT), oil palm fronds (OPF) palm pressed fibers (PPF) and palm kernel shells (PKS)
and palm oil mill effluent (POME). POME digestion gas which consists of methane will
cause the ozone depletion and reduce the air quality. Incineration of EFB can be used for
power generation and PKS is potential to be used as self-lubricating materials by
transforming it into activated carbon. However, current practice is actually wasting the
potential renewable energy resources. Moreover, by looking into the conventional hybrid
composites recently, there i1s limited creation of the renewable sources-based hybrid

composites which able to turn the biomass wastes residues into wealth.

In conclude that maximizing the usage of secondary resources and renewable energy
is desirable for both economic and environmental reasons. In this study, an attempt is made
in developing a new reinforced hybrid composite as one of the alternative self-lubricating

material which is sustainable, effective and environmental friendly.



1.3 Objectives

Objectives of this study are:

a) To determine the optimal composition of the hybrid composites based on palm kernel

activated carbon and alumina blend;

b) To investigate the tribological properties of the hybrid composite samples under dry

sliding conditions;

¢) To compare the tribological performance of the hybrid composites with the

conventional composites, SK2 carbon steel disc;

1.4  Scope

Scope of this study:

1. Materials

2. Samples compositions

3. Machine

4. Load

5. Sliding Speed

6. Sliding Distance

7. Surrounding Temperature

8. Sliding Test Standards

: Palm Kernel Activated Carbon, Alumina and Epoxy

: Shown in Table 1.1 below

: Ball-on-disc Tribometer

£ 49.05N (5kg)

: 400rpm

:3000m

: Room temperature

: ASTM G99-95a



Table 1.1: Composition percentages of testing composites

Sample Palm Kernel Alumina Epoxy, %
Activated Carbon (ALO3), %
(PKAC), %
PKAC+AL/E 25 25 50
PKAC/E 50 - 50
AL/E - 50 50
PKAC+AL/E 30 30 40
PKAC/E 60 - 40
AL/E - 60 40
PKAC+AL/E 35 35 30
PKAC/E 70 - 30
AL/E - 70 30




CHAPTER 2

LITERATURE REVIEW

2.1 Introduction

There is an increasing worldwide need for high wear performance materials such as
hybrid composites. Recently, many researches have been conducted in the development of
materials to investigate suitable materials with broad spectrum of properties combinations
which to fulfill the demand of wide range engineering applications. For example, those
combinations are high specific strength, low coefficient thermal expansion and high thermal
resistance, good damping capacities, superior wear resistance, high specific stiffness and
satisfactory levels of corrosion resistance (Ravindran et al., 2012). Previous studies have
found that the hybridization of two reinforcements able to improve wear resistance, to reduce
wear loss and have a lower friction coefficient which are the major topics in tribology

(Bodunrin et al., 2015; Guo and Tsao, 1999; Ravindran et al., 2012).



2.2 Tribology

2.2.1 Friction

Tribology is a term which defined based on Greek word and including three keys
topics which are friction, wear and lubrication. Friction is a resistance to attempted motion
of two objects which moving relative to another. Based on Amonton’s and Coulomb’s Law
of Friction which known as classical laws of friction which not fundamental stated that
friction is proportional to normal load, friction is independent of the apparent area of contact,
friction is independent of sliding velocity, friction is independent of temperature and friction
is independent of surface roughness. These classical laws of friction are not applicable for
ceramics and polymers. In years 1930-1970, Philip Bowden and David Tabor conducted
analysis of contact mechanics and they concluded that friction consists of adhesion force and
deformation of ploughing force at micro contact level. Adhesion force associated with real
contact area at asperity level while ploughing is the force needed for harder surfaces’
asperities to plough through softer surface. Normally metal-ceramic and metal-polymer
contacts exhibit elastic deformation at asperity level. Polymers considered as viscoelastic
material with strong time dependence of mechanical properties. In addition, friction of
polymers is highly affected by surface roughness due to the ploughing effect which
contribute to high friction if high surface roughness detected. Presence of tribofilms or
generated debris will affect the friction of polymers as well. Operating temperature is
important to be taken into account in friction analysis of polymers because the mechanical
properties of polymers is sensitive to temperature and an elevated temperature will result in
softening the polymer material. Frictional behavior of materials often represented by
coefficient of friction which can be obtained from equation below, where u is coefficient of

friction, F'is frictional force (N) and W is applied load (N) (Tahir et al., 2015).



2.1)

Sl

2.2.2 Wear

Wear happened due to sliding and cause loss of materials. Wear is crucial to be
studied as it may lead to components failure, system malfunction, shorten components’
performance lifetime, reduce work efficiency and produce unwanted noise. For example,
loss of materials from the sliding surfaces will reduce the dimension of the component and
cause the clearance increases between the two moving parts. This may further be leading to
catastrophic failure due to fatigue fracture of the components. In addition, the wear debris
produced may cause contamination especially in food manufacturing industry. The wear
debris which trapped in machines will block the vessels, pipelines, affecting the normal
function of the system. Maintenance cost of wear is enormous thus wear is vital to be studied
and eliminated since the early ages of industry. Possible parameters which affect the dry
sliding wear are speed, load and time. A general formula used to calculate wear rate is as

shown below (Agunsoye et al., 2013).

wear volume loss
sliding distance x applied load (2.2)

wear rate —

There are two types wear which are adhesive and abrasive wear. Adhesive wear
occurred between two surfaces which rub together and cause removal of material from softer
material surface especially when the load applied is high enough and both surfaces adhere

to each other and form micro-joints. The continuous sliding motion will cause the rupture of



the micro-joints and the fragment of the softer material is transferred and adhered to

countersurface. Figures 2.1 and 2.2 shows the adhesive wear between two surfaces.

Figure 2.1: Adhesive wear between two surfaces (Kopeliovich, 2017)

By referring to Archard wear model, the calculation of adhesive wear under sliding
condition is by using the equation below where Vua is the adhesive wear volume, K is the
wear coefficient, P is the normal load, A is the hardness of material, and L is the wear stroke

distance (Yunxia et al., 2016).

Vian=K = L (2.3)

Study by Li (n.d.) stated that enhancing hardness and strength of materials and conducting
surface engineering to change the surfaces’ chemical nature will effectively minimize the
adhesive wear rate. On the other hand, abrasive wear may occur under two situations which
are either three body abrasion or two body abrasion. Two body abrasion normally occur in
metal to metal contact situation when harder material abrading against the softer material
which hardly to be eliminated through polishing. While three body abrasion consists third
rigid particles which trapped in between two surfaces and rubbing against the soft surface.

Both two body abrasion and three body abrasion are demonstrated in Figure 2.2 and 2.3.

10



Two Body Wear ' '
- -

Figure 2.2 Two body abrasive wear (Kopeliovich, 2017)

Three Body Wearw_> W

- -

Figure 2.3: Three body abrasive wear (Kopeliovich, 2017)

There is an alternative way of prediction of abrasive wear rate is h, the depth of hard
particles penetrates the material surface is linearly proportional to applied load, P and
inversely proportional to hardness of surface being rubbed, H. With the sliding distance of
L, wear volume of V" and wear coefficient of &, the formula or the Archard’s wear equation

can be expressed in the form which shown at below (Velickovic et al., 2017).

K_VxH
T WXL (2.4)

By referring to formulae of abrasive wear rate, the hardness of material, H is a most
adjustable parameter if the function of a machine is needed to be maintained. Surface
hardness can be changed by changing materials, undergoes heat treatment and surface

engineering to prevent abrasion wear in machines.
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2.2.3 Lubrication

Lubrication referred to as “lube” that a substance introduced in between two
contacting bodies to reduce friction between them, improving efficiency and reducing wear.
Lubricant helps to avoid direct contact between objects and is also act as cooling agent and
to carry away contaminants other than only to reduce friction and wear. It can be in solid,
semisolid, liquid or gaseous form (Shaffer, 2013). Solid lubricant characteristics of hybrid
composites is important to be studied in this current research. A few typical harsh
applications require solid lubricant instead of liquid because liquid Iubricant will squeeze
out especially during the sliding or reciprocating motion. Solid lubricant often used in
applications with high loads applied to sliding surfaces in boundary or mixed lubrication
regimes, over wide range or elevated temperature conditions (Bart et al., 2013). Solid
lubricants are classified as structural lubricants, mechanical lubricants, soaps and chemically
active lubricants. Lubricating properties of structural lubricants such as graphite and metal
dichalcogenides are depends on their layered lattice structures. Previous study of frictional
wear stability mechanisms of an activated carbon composite derived from palm kernel by
phase transformation study supported that PKAC transferred layer is an effective medium
contribute to low friction and low wear at certain applied loads (Mahmud et al.,2017). The
study analyzes that phase transformation of PKAC changed from carbon-like-structure to
graphite-like-structure (sp?) which also known as layered structure during sliding motion.
Low shear strength bonds of sp” rich structure consistently produced a low friction

coefficient (Abdollah et al., 2010).
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2.3 Hybrid Composites

As the ways of improvement of wear which mentioned above, both adhesive and
abrasive wear can be minimized through changing materials and improving the surface
hardness. According to previous studies, the results shown that hybrid composites will
exhibit higher wear resistance than unreinforced alloy (Prasad and Shoba, 2014; Surendran
etal.,2017; Yusoff, 2012). Composites is produced by hybridization of two or more different
materials with different properties. The different materials blended together to provide a
unique property. A material is classified as composite when the blended materials show
significant property changes, constituents content is more than 10% and property of one of

the constituents is five times greater than the other.

2.3.1 Definition of Hybrid Composites

There are several definitions for hybrid composites materials. The first definition by
Fukuda (1984), hybrid composites defined as materials which made by mixing two or more
type of fibers or constituents in a matrix (Fukuda, 1984). It is a weighed sum of different
materials where there is a balance between the strength and weakness of both materials so
the strength of one of the fibre can complement what lacking in the other fibre (Jacob et al.,
2014). Hybrid composites defined consists of organic and inorganic hybrid materials or
inorganic biomaterials. They stated that hybrid materials are less than 103 nanometers and
the materials and composites are classified according to the scale levels as shown in Figure

2.4 below.
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Figure 2.4: Classification of materials according to different scale levels (Nanko and

Makoto, 2009)

Other than that, “hybrid” in hybrid composite materials means hybridization of composites
materials which also known as the composites that reinforced with fibers or material
consisting reinforced metals and thin foil metals (Nanko, 2009). Composites consists of
matrix and reinforcement. Matrix typically has good shear properties and low density which
suitable to be used to hold the reinforce fibres together in positions, protect fibres from
surrounding disturbances or abrasion and distributes the loads evenly between fibres.
Whereas reinforcement is commonly in high strength, high stiffness which able to help in

maintain the strength of matrix, withstand load and to provide desired properties.

Figure 2.5: Fibre reinforcement composites (Tamas and Turcsan, 2016)

14



2.3.2 Classification and Applications of Hybrid Composites

Classification of composites materials is shown in the Figure 2.6 (Kumar and Kuppan,
2017). There are two categories under composites materials which are either fiber-reinforced
or particle-reinforced composites. Particle- reinforced is separated into two types which are
random or preferred orientation while fibre-reinforced is separated into single or multi- layer
composites. Single layer composites consist of continuous or discontinuous fibres.
Continuous fibres consist unidirectional or bidirectional reinforcement and discontinuous
fibres consist of random or preferred orientation. Multi-layer composites separated into

laminates or hybrid composites.

Composite materials

!

Fiber-reubfirced composites Particle-re ul?firced composites
I : Random'oriemation Preferred c!nemation
| .
Single layer composites Multi layer composites
[ A 1
Laminates Hybrids
Continuous fibers Discontinuous fibers
Unidirectional reinforcement Bidirectional reinforcement Random orientation Preferred orientation

Figure 2.6: Classification of composites materials (Kumar and Kuppan, 2017)

There are a few types of composites exist in the world and one of it is known as
natural composites. Example of natural composites such as wood, it is made from long

cellulose fibres that held together by lignin. Lignin is a complex organic polymer deposited
15



in the cell walls of many plants, making them rigid and woody. Lignin and cellulose fibres
are both weak materials and they merged together to form a strong wood trunk. Besides,
human bone is also considered as a composite which combine hydroxyapatite and collagen
which is strong enough to provide sufficient support to human body. Hydroxyapatite is a
brittle material and mainly is calcium phosphate while collagen is only a soft and elastic
material which can found in hair and nails. Early man-made composite example is mud
bricks. Mud bricks have good compressive strength and poor tensile strength. By combining
mud and straw, a brick which resistant to both compressing and cracking can be achieved.
Concrete is a compound of small stones, cement and sand with good compressive strength.
It can be reinforced by adding metal rods or wires to increase its tensile strength which is
good for construction purpose. The first modern composite is fiberglass which widely used
in aeronautics, automotive and ocean engineering applications. Matrix is a plastic which
reinforced by glass fine threads which often woven in sort of cloth. Glass is strong and brittle
so the plastic matrix able to hold the glass fibres together without damage by helping to
evenly distribute out the forces acted on them. A more advanced composite is using carbon
fibres or carbon nanotubes instead of glass because it is stronger and lighter than glass fibres.
It is commonly found to be used in aircraft structures or sports equipment due to its lightness
and strength which promote the possibilities for developing lighter transportation vehicle or
aircraft which will use lesser fuel compare to recent transportation in the world. The world’s
largest passenger airliner, Airbus A380 is a double-deck with four engine jet aircraft which
manufactured by European manufacturer Airbus. More than 20% of the structures are made
up of modern composites materials such as plastic reinforced with carbon fibres. In addition,
a new glass-fibre reinforced aluminium composites is being used and it is 25% stronger and
20% lighter weight than conventional aircraft structures. Hybrid composites has special

abilities to be used to fulfill different design requirements in a more economical way. For
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example, the more expensive substances such as boron and graphite can be substitute by
glass fibres and Kevlar. Comparison between hybrid composites with the common
composites is result in hybrid composites exhibit balanced strength and stiffness, balanced
bending, balanced thermal distortion abilities reduced weight, improved fracture toughness
and improved impact resistance (Chamis and Lark, 1977). Hybrid composites are the
potential composites to be used in this study due to its combination properties that cannot be
found in single type of composites materials. Hybrid composites generally considered
promoting low density, high strength, high stiffness and high wear resistance. This is the
main reasons that the investigations of hybrid composites have been one of the deep interest
for researchers to be developed in order to fulfill the demand of industry. Those industries
which bring up the trend of examination of hybrid composites are such as automotive

industries, electronic components industry, aeronautics and transportation industry.

2.3.3 Researches and Studies of Hybrid Composites

Previous researches have concentrated on tribological potential or wear behavior on
different hybrid composites materials (Mitrovic, 2012; Prasad and Shoba, 2014; Ravindran
et al.,, 2012; Surendran et al., 2017; Uthayakumar et al. 2012; Yusoff, 2012). The
investigations by all these researchers have presented that hybrid composites possess better
tribological behavior, better mechanical properties and higher wear resistance than un-hybrid
composites. This is also proved that hybrid composites considered as an outstanding
potential material where high strength, light weight and wear resistant materials are the
major demand in aerospace, automotive and engineering sectors in recent times. Moreover,
some effort should be done to carry out a low-cost reinforcement to produce a high-quality

hybrid composites by using secondary source materials or biomass wastes products
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(Pruthviraj, 2014). Prasad and Shoba (2014) found that the composites hardness increased,
wear rate decreased, and the wear resistance increased with the increasing of reinforcement
percentages of rice husk ash content (Prasad and Shoba, 2014). Blaza and Lozica (2015)
proposed that the hybrid composites compounded is aimed to enhance the structural,
tribological, thermal, chemical and material properties of it. Besides, the hybrid composites
with aluminium matrices are having higher wear resistance, higher specific stiffness and

higher fatigue resistance (Blaza and Lozica, 2015).

Rajesh and Kaleemulla (2016) conducted an experimental investigation on
mechanical behavior of aluminium metal matrix composites. Table 2.1 shows the sample
specimen composition used in the experiment which are pure aluminium alloy 7075 (Al-
7075), aluminium oxide or alumina (Al203) and silicon carbide (SiC) (Rajesh and
Kaleemulla, 2016). Hardness test is carried out by using Vickers hardness tester and results

of hardness against samples composition variation is shown in Figure 2.7.

Table 2.1: Composition of sample specimen of Al-7075-A1,0s- SiC (source: Rajesh and

Kaleemulla, 2016)
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Figure 2.7: Vickers hardness test against variation of composition of specimen samples

(Rajesh and Kaleemulla, 2016)

Experiment result reveals that the addition of silicon carbide and alumina particles in
aluminium matrix improved the mechanical properties with the prove of wear rate decreased
after reinforcement of composites. The optimal composition obtained from the experiment
analysis to have the highest hardness property is 80%-10%-10% for Al 7075-SiC-Al1203

(Rajesh and Kaleemulla, 2016).

Previous study by Surendran et al. (2017), they had examined the wear behavior of
aluminium casting alloy LM25 reinforced with various weight ratios of alumina, Al2Os. The
alumina weight ratios are 1%, 1.5%, 2% and 2.5%. Wear behavior of hybrid composites are
investigated by using pin-on-disc machine under load and unload conditions. The results
obtained are similar to other studies where the wear rate is decreased and wear performance
is improved with the increase of reinforcement content, alumina in LM25. The best
performance achieved for the composition of 97.5% LM25 and addition of 2.5% of alumina

(Surendran et al., 2017).
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Hitnesh (2011) proved that microhardness and wear resistance of the composites
increases after the addition of silicon carbide, alumina and red mud. Wear rate decreases as
the weight percentages of silicon carbide and alumina increases up to 2.5-10% (Hitnesh,

2011).

According to Ravindran et al. (2012), they investigated tribological properties of
powder metallurgy that processed aluminium self-lubricating hybrid composites with SiC
additions. The researchers have tested both hard reinforcement and soft reinforcement which
are silicon carbide, SiC and graphite, Gr to produce Al-SiC-Gr hybrid composites. Wear
mechanism is examined through the worn surface, wear track and wear debris analysis. Hard
ceramic in SiC helps in enhancing wear resistance and increase friction coefficient at the
same time. They found that Al-SiC-Gr hybrid composites exhibit higher wear resistance and
higher friction of coefficient than matrix. This proved that wear resistance increases with the
increasing of reinforcement SiC content due to hardness of composites increased (Ravindran

etal., 2012).

The research study by Uthayakumar et al. (2012) also conducted similar investigation
about the wear performance of Al-SiC-B4C (aluminium- silicon carbide- boron carbide)
hybrid composites under dry sliding conditions. Intention of the researchers is trying to
improve wear performance of aluminium matrix with hard reinforcements. Researchers
emphasize the dry sliding wear test on aluminium matrix with 5% of SiC and 5% of B4C.
The effect of reinforcement on wear mechanism is examined through detailed metallurgical
and energy dispersive analysis. The experiment is done with different normal load and
sliding speed with the use of pin-on-disc machine. They proposed the result of hybrid
composites able to maintain wear resistance properties up to 60N with the sliding speed

range of 1 to 4 meter per second. Besides, wear rate and friction coefficient are decreased up
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to 4 meters per second and the result is reversed in sliding speed which higher than 4 meters
per second. Worn surface of the composites is study by using FIB (Focused Ion Beam)
technique to examine the subsurface deformation. Deformation is increased with increasing
of normal load applied. The lower the deformation of subsurface, the lower the wear debris
formation. Plastic deformation of the wear mechanism is driven by abrasion at sliding speed
ranges of 1 to 4 meter per second and load ranges of 20 to 60 N and 80 to 100N. High order
of local stress due to higher sliding speed and higher applied load causes melt wear occurred

(Uthayakumar et al., 2012).

Furthermore, a research with the topic of the physical and wear properties of hybrid
biomass by-product particulates reinforced aluminium matrix composite by Yusoff (2012)
concluded that the bulk density, hardness and wear resistance of hybrid composites is better
than un-hybrid composites with 7.5 wt.% Slag/7.5 wt. %PSAC content in aluminium matrix.
This is due to the high strength of slag which help in withstanding the load and presence of

smear debris particle in between the sliding surface which help to reduce wear rate.

Velickovic et al. (2016) have carried out optimization of tribological properties of
aluminum hybrid composites using Taguchi design. The study analyzed the effect of
reinforcement of graphite on A356 aluminium matrix composites with various load and
sliding speed by taking the constant sliding distance. Taguchi method is used in the
experiment to figure out the optimal composition by investigating the wear mechanism and
performance with the use of block-on-disc tribometer to perform dry sliding test. Al-SiC-Gr
(aluminium-silicon carbide-graphite) is used in the experiment and the optimal composition
and parameters obtained are 3wt% of graphite, 10N load and 0.25 meters per second sliding
speed after carried the ANOVA analysis and Taguchi method. The impact on the specific

wear rate is represent in percentages where impact from load is 69.16% and impact from
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sliding speed is 14.43%. Researchers concluded that the optimal composition of the
composite which exhibit the best tribological properties is A356/10SiC/3Gr. The wear
mechanism in this study is justified as adhesive wear due to the formation of pits which
discovered after conducted the worn surface analysis by using SEM (scanning electron

microscope) (Velickovic et al., 2016).

Sliding direction

—_——
Sliding direction

(a) (b) (©)

Figure 2.8: SEM analysis: (a) A356/108SiC; (b) A356/10SiC/3Gr; (c) A356/10SiC/5Gr with

load of 10N (Velickovic et al., 2016)

It appears from the aforementioned investigations that numerous investigations have been
conducted the tribological studies on hybrid composites. The studies validated the desirable
properties of reinforcement are high strength, low cost, chemically stable, low density, well
distribution and easy to fabricate. Most of the published literatures recently were focused
mainly on the wear behavior of reinforcement aluminium matrix with graphite or carbides.
However, there is no attempt was made to investigate wear performance of hybrid
composites based on alumina and palm kernel activated carbon (PKAC). There are limited
studies which indicated and revealed the potential of alumina and carbon in tribological

application studies so this was the motivation behind the present study.
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2.4 Alumina / Aluminium Oxide (Al203)

Alumina is also known as aluminium oxide (aluminium and oxygen compound) with
the molecular formula of Al,Os. It appears as a white odorless crystalline powder. Naturally
in mineral corundum form and protected by aluminium oxide layer from corrosion. Alumina
is produced from refining process of bauxite, an aluminium ore. Alumina is extracted from
bauxite through bayer process which including crushing and milling, filtration, precipitation
and calcination. Hot solution of sodium hydroxide and calcium oxide is used to differentiate
alumina from bauxite. The mixture is heated in high pressure container and precipitation of
alumina from saturated solution is dissolved by sodium hydroxide. It is being heated to
remove water and make it dry. Then, alumina is being washed to recover the sodium
hydroxide solution and the filtrate obtained after filtration is dried into powder form. Figure

2.9 show the flow chart of the alumina extraction process.

Figure 2.9: Operations principle in Bayer process to extract alumina through refining

process of bauxite (Lancashire, 2014)
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Molecular weight of alumina is 101.96 g/mol, 2980°C of boiling point and 2000°C of melting
point. Alumina has no reaction with air and no rapid reaction with water. It is insoluble in
water, an electric insulator but a thermal conductor. Alumina is selected as reinforcement in
this study due to its interesting combined properties, hardness, light weight and able to
withstand elevated temperature. It can be considered as one of the most widely used
materials in tribological research. Properties of alumina are shown in the Table 2.2.
Characteristics of alumina which make it to be a potential reinforcement composite are

shown in Table 2.3.

Table 2.2: Properties of auminium oxide (Al20O3) (source: Adams, 2013)

Properties Aluminium Oxide (Al203)
1. | Hardness (kg/mm?) 1175
2. | Density (g/cm?’) 3.69
3. Coefficient of thermal expansion (pm/m°C) 8.1
4. | Fracture toughness (MPa-m'?) 3.5
5. | Poisson’s ratio 0.21

Table 2.3: Characteristics of reinforcement composites of aluminium oxide (Al>O3)

(source: Adams, 2013)

Characteristics of Auminium Oxide (Al>O3) / Alumina

1. | High hardness

High wear resistance

Inert / no chemical reaction with acids or alkali at high temperature

High thermal conductivity

Excellent forging ability

AL Il I e I

High stiffness
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Composites which reinforced with alumina is better than unreinforced composites in terms
of greater abrasion and adhesion wear resistance, greater strength, greater stiffness, lower
density (light weight) and improved properties at elevated temperatures. The provided
chemical, physical and mechanical properties of alumina have revealed the reasons of great
attention given by researchers on alumina in tribological researches (Hitnesh, 2011;

Surendran et al., 2017).

2.5 Palm Kernel Activated Carbon (PKAC)

There have been several studies in the literature reporting about the oil palm wastes
produced will cause the wastes of energy, pollutions and some of the other environmental
issues in all around the world such as Indonesia, Malaysia, Thailand, Nigeria and Columbia.
Oil palm wastes consists of oil palm trunks (OPT), empty fruit bunch (EFB), oil palm fronds
(OPF), oil palm mesocarp fibre (OPMF), oil palm kernel (OPK) and oil palm shell (OPS)

which shown in the Figure 2.10 below.

Figure 2.10: Types of biomass in oil palm (source: palm biomass waste pellet production

line, n.d.)
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Figure 2.11: Oil palm fruit structures (source: modern oil palm cultivation, n.d.)

Palm kernel shell is one of the oil palm biomass residues which possesses potential
applicable characteristics to serve as bio-fuels, bio-oils bio-gas and solid lubricant by
converting in activated carbon form. After the oil is extracted from oil palm kernel, the palm
kernel cake consists of 42.73% of carbon, 67.71% of volatile matter and 4031 Kcal /kg of
calorific value. The Figure 2.12 shown the composition of wastes which used in composting
process. Carbon content in palm kernel cake is about 96.21% which is the highest compared

to other wastes (Kolade et al., 2005).

Table 2.4: Wastes composition in composting process (source: Kolade et al., 2015)
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By referring the references above, palm kernel consists of high amount of carbon
which can be fully utilized in tribological applications. Nevertheless, there have been
relatively few recent studies on wear properties or tribological applications of Palm Kernel
Activated Carbon (PKAC) (Chua et al., 2014; Mohmad et al., 2017; Tahir et al., 2015; Tahir,

2016).

Study by Chua et al. (2014) on potential of palm kernel activated carbon epoxy
(PKAC-E) composite as solid lubricant with the diferent variable parameter which is effect
of load on friction and wear properties. Pin-on-disc machine is used to run dry sliding test
on specimen with different load applied. Result of specific wear rate, k (mm?/Nmm) against

normal load (N) is shown in Figure 2.13.

Figure 2.12: Graph result of specific wear rate against normal load (Chua et al., 2014).

Researchers have observed the worn surface of PKAC specimen after dry sliding test and
discovered adhesive and abrasive wear occurred on the surface. The finding of the study
proposed that friction coefficient of specimen will decrease with the increasing applied load

and suggested PKAC as solid lubricant at low load, dry sliding conditions (Chua et al., 2014).

A similar investigation is conducted by Tahir et al. (2015) to study about the effect
of the temperature on the tribological properties of palm kernel activated carbon-epoxy

composite. The investigation is carried out by using pin-on-disc dry sliding test and the
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PKAC specimen is prepared in pin formed. The variation of temperatures in this test is from
27°C to 150°C. The results of the test showed that frcition coefficent increases as the
temperatures increases and significantly increases after 90°C because of the epoxy bond
failure. Besides, wear rate is also inreases as the temperature increases due to the reduction
in hardness of PKAC specimen. The results of specific wear rate, steady state of coefficient
of friction and hardness against temperatures are represent in two graphs and bar chart

respectively which shown in Figure 2.13, Figure 2.14 and Figure 2.15.

Dry shiding test of PRAC-E composite agants EN-31 stecl
1 Load = 49 08N (0. 65\ Pa)

10 4 Speed = S00rpm (2.618m x)

Distance = 2500m

Nmm] x 10

e

Specific wear rate

1] b i) ] i s0 10 120 140 160

Temperature, 7]

Figure 2.13: Graph of specific wear rate against temperatures (Tahir et al., 2015)

Figure 2.14: Graph of Steady state coefficient of friction (Tahir et al., 2015)
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Figure 2.15: Bar chart of hardness against temperatures (Tahir et al., 2015)

The wear mechanism of the spcimen is being observed after the sliding tets and crack
formation is discovered on the worn surface and it is classified as abrasive wear (Tahir et al.,

2015).

In addition, same group of researchers investigated about the effect of sliding
distance at different temperatures on tribological properties of palm kernel activated carbon
(PKAC). The examination on friction coefficient and wear rate of PKAC is carried out by
using pin-on-disc machine to run the dry sliding test. The results show that sliding distance
will not affect the friction coefficient significantly whereas critical operating temperature
will significantly increse wear rate and friction coefficient of the composite specimen. Based
on the collected data shown in Table 2.5, friction coefficient and specific wear rate of PKAC
are lower than the other composites. They concluded that PKAC is a potential self-

lubricating carbon under temperature of 90°C (Tahir et al., 2015).
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Table 2.5 Result and data for friction coefficient and specific wear rate for synthetic and
agriculture wastes- based polymeric composites under dry sliding test at room temperature

(source: Tahir et al., 2015)
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CHAPTER 3

METHODOLOGY

3.1 Introduction

The general process flow of the study is shown in Figure 3.1. The study begins with
identifying objectives, sample preparation, tribometer testing, surface morphology, results

validations, analysis and discussion and documentation of report writing.

3.2 Sample Preparation

First, palm kernel activated carbon (PKAC) coarse powder is being crushed into fine
powder by using crusher. Then, the fine PKAC powder with the size of 250 micrometer can
be obtained by using sieve. For the first trial of composition test, the prepared PKAC and
Alumina (A>O3) fine powder are weighed at 25 wt.% each and mixed with 50 wt.% high
density epoxy (E) with the ratio of 4:1 for resin and hardener respectively (West system 105
epoxy resin (105-B) and West system 206 slow hardener (206-B)). PKAC was obtained from
manufacturer and the preparation is confidential. The Al,O3-PKAC-E mixture is placed in a
mold, hot-pressed at approximately 80°C with pressure of 1.839 MPa for approximately 40
minutes. This process is known as hot compaction technique or hot compression molding
process. Then the composites mixture together with the mold is left to cool at room
temperature for approximately 15 to 20 minutes before being expressed from the mold. The
disc is taken out from the mold after cooled and left to cure for one week. Observation on
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disc’s surface conditions is needed after cured to make sure that the disc is at suitable and
acceptable conditions (good and flat surface condition without ruptures or pits). Next, all the
cured specimen samples are polished evenly with sandpaper. The polishing process is
conducted gradually started from 1000 grit, 1500 grit, 2000 grit and followed by 3000grit
size of sandpapers. The polished samples are subjected to surface roughness and hardness
tests. A ground surface roughness of arithmetic average 0.8 um (32 pin.) or less is usually
recommended by ASTM G99 testing standards for specimen. Table 3.1 shows composition
percentages of testing composites, Table 3.2 shows optimum range of values of fixed testing
parameters and Table 3.3 shows mechanical properties of ball and disc samples. Figure 3.2

shows the disc samples after curing process and before polishing and laser cutting process.
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Figure 3.1: General methodology flow chart
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Table 3.1: Composition percentages of testing composites

Sample Palm Kernel Alumina Epoxy, %
Activated Carbon (AL03), %
(PKAC), %
PKAC+AL/E 25 25 50
PKAC/E 50 - 50
AL/E - 50 50
PKAC+AL/E 30 30 40
PKAC/E 60 - 40
AL/E - 60 40
PKAC+AL/E 35 35 30
PKAC/E 70 - 30
AL/E - 70 30

Table 3.2: Optimum values of fixed testing parameters

Fixed Parameters Optimum Values
Sliding Speed (rpm) 400

Sliding distance (m) 3000

Load (N) 49.05

Hot Press Temperature (°C) 80

Hot Press Pressure (MPa) 1.838746
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Table 3.3: Mechanical properties of ball and disc samples (source: Mohmad et al., 2017;

Adam, 2013)
Properties PKAC-E disc Carbon-Chromium | Alumina, Al2O3
steel ball
Hardness (GPa) 8.36 7.45 14.12
Density (g/cm?) 1.40 7.81 3.89
Arithmetic  surface 0.40 0.02 -
roughness (umRa)
(a) (b)

Figure 3.2: a) Alumina-Epoxy (60%-40%) disc before polishing and laser cutting b)

PKAC-Epoxy (60%-40%) disc before polishing and laser cutting

3.3 Ball-On-Disc Tribometer Test

Carbon chromium steel ball is clean with ultrasonic cleaner at temperature of 40°C
by immerse it into hexane for duration of five minutes before running the test. The
composites disc is ready for ball-on-disc tribometer testing after four holes are created by
laser cutting with CO, LST machine. The tribometer test is carried out by using DUCOM
Ball-On-Disc Tribometer with the constant sliding speed of 400rpm, sliding distance of

3000m and applied loads of 49.05N which shown in Table 3.2. Test standards provided by
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DUCOM are shown in Table 3.4 and ASTM (G 99 — 95a) Standard Test Method for Wear
Testing with a Pin-on-Disk Apparatus is also used in this tribometer test. Tribometer test is
carried out two times for each sample with different track diameters, 40mm and 30mm or
20mm in order to obtain the average readings of coefficient of friction and frictional force.
The average coefficient of friction can be obtained by using the equation 3.1. Where u is

coefficient of friction, F is frictional force (N) and W is applied load (N) (Tahir et al., 2015).

_ F
=W (3.1)

The steps from sample preparation to tribometer testing are repeated 8 times for the
following different compositions percentages as shown in Table 3.1. Figure 3.3 is schematic
diagram of ball-on-disc tribometer machine. Figure 3.4 shows the disc samples after
conducted the tribometer test. Specimens after test, materials used and ASTM (G 99 — 95a)
Standard Test Method for Wear Testing with a Pin-on-Disk Apparatus are shown in

Appendix D1 and D2.

Table 3.4 Testing standards used in testing (source: Celis and Ponthiaux, 2012)

Standard codes Evaluations

ASTM G 133-95 | Standard test method for linear reciprocating ball-on-flat sliding

wear

DIN 50324 Tribology; testing of friction and wear model test for sliding

friction of solids (ball-on-disc system)

DIN 51834-1 Testing of lubricants- Tribological test in the translator

oscillation apparatus- Part 1: general working principles
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Ball Lever mechanism

Specimen

Load

Figure 3.3: Schematic Diagram of Ball-On-Disc Tribometer Machine (source: Miramontes

etal., 2016)

(a) (b)

Figure 3.4: a) Alumina-Epoxy (50%-50%) disc after laser cutting and sliding test b)

PKAC-Epoxy (50%-50%) disc after laser cutting and sliding test

3.4 Calculation of Specific Wear Rate

Specific wear rate is calculated with Equation 3.2 and 3.3, where Vi is loss of
volume (mm?), Mg is loss of mass after tribometer test (kg), p is density (kg/mm?), k is
specific wear rate (mm?/ Nmm), L is sliding distance (m) (Tahir et al., 2015). Values needed
for specific wear rate calculation are mass before sliding test, M} (g), mass after sliding test,

M, (g), radius of disc sample, » (mm), thickness of disc sample, ¢ (mm), load applied, W (N)
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and sliding distance, L (mm). Weights of samples are measured before and after the test.
Loss of mass is measured and converted to volume loss (in cubic millimeters) using an

appropriate value for the specimen density.

Vo= Mloss
loss — (3.2)
. Vioss
T WXL (3.3)

3.5 Surface Morphology Observation

The wear topography of the worn surface will be conducted by using 3D Surface
Profilometer to observe the tracks’ surfaces on the disc and carbon chromium steel ball after
the ball-on-disc tribometer test. The surface morphology will be presented in data of 2D
view camera zoom image. Types of dominant wear mechanism can be justified as either

adhesive wear or abrasive wear through surface morphology observation.

3.6 Result and Data Collection

Results and data such as surface roughness, hardness readings, coefficient of friction
(CoF), specific wear rate and worn surface morphology images are collected and average
values of the readings are calculated. The collected readings are presented in tables. Bar
charts are used to visually compare average readings across all samples. Line graph is used

to demonstrate the trends of frictional force and coefficient of friction, CoF against time.
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CHAPTER 4

RESULTS AND DISCUSSION

Surface roughness analysis, hardness test analysis, ball-on-disc tribometer testing,
specific wear rate calculations and wear morphology of samples are all conducted in this
study. Samples PKAC+AL/E (70/30) are broken after removed from the mold. AL/E (70/30)
sample is cracked after the curing process and before the ball-on disc tribometer test is
carried out. It is assumed that both samples are fragile and brittle due to the small proportion
of epoxy (30%) for embedding the two materials. Hence, surface roughness and hardness
data in Table 4.1 are not including sample PKAC+AL/E (70/30) and data results of
coefficient of friction, specific wear rate and wear topography study are not including sample
PKAC+AL/E (70/30) and AL/E (70/30). The images of specimens for PKAC+AL/E (70/30)

and AL/E (70/30) are shown in Appendices.
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4.1 Physical Mechanical Properties

The surface roughness and hardness test are done for all specimens by repeating five
times for each in order to obtain average readings which shown in Table 4.1. Data collected
for surface roughness and hardness are presented in bar chart form in Figure 4.1 and Figure
4.2 respectively for comparison purpose. From the Figure 4.1, it shown that PKAC+AL/E
(50/50) is the smoothest and PKAC/E (70/30) is the roughest among all the samples. The
surface roughness for samples 1, 2 and 3 which have 50% of epoxy content is relatively
lower than samples with the epoxy content of 40% and 30%. The conclusion from the bar
chart is the higher the content of epoxy, the lower the surface roughness. However, the data
shown is approximation data because all the cured specimen samples are polished with
sandpapers manually. The polishing process is conducted gradually started from 1000 grit,
1500 grit, 2000 grit and followed by 3000grit size of sandpapers. Based on ASTM G99
testing standards, a ground surface roughness of 0.8 pm (32 pin.) arithmetic average or less
is recommended for specimen in tribometer tests. Hence, the surface roughness data shown
above is not the exact smoothest surface roughness can be achieved for the hybrid
composites in real. This is because the polishing process of the samples is considered done
when the surface roughness of the samples met the ASTM G99 testing standards which less
than 0.8 pm. Thus, surface roughness shown below are the acceptable values fall in the

standard range for purpose of conducting ball-on-disc dry sliding test.

The hardness readings obtained are converted into unit of GPa by using conversion
chart shown in Appendix B. The hardness readings in GPa are shown in Table 4.1 and
presented in the form of bar chart in Figure 4.2. The readings obtained show that
PKAC+AL/E (60/40) has the highest hardness value, 8.493GPa whereas AL/E (70/30) has
the lowest hardness value of 6.645 GPa. The overall readings for all the samples are quite
similar which in the range of 8.14 to 8.493 GPa except AL/E (70/30). AL/E (70/30) is the
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specimen which consists the highest alumina content but exhibits the lowest hardness
property and this reflects the findings of Rajesh and Kaleemulla (2016), the optimum
composition to have highest hardness property is not the highest alumina content composites
(Rajesh and Kaleemulla, 2016). AL/E (70/30) sample fractured after the curing process and
before the ball-on disc tribometer test is conducted. It is assumed that the sample are fragile
and brittle which supported with the low hardness value shown in Table 4.1 and Figure 4.2.
This might due to the small proportion of epoxy (30% which consists 4:1 resins and hardener)

for embedding particles and insufficient epoxy for adhesive system in sample.

Table 4.1: Average surface roughness and hardness for specimens

Sample Composition | Average surface roughness Average hardness (GPa)
(umRa)

PKAC+AL/E 50/50 0.201 8.218
PKAC/E 50/50 0.274 8.140
AL/E 50/50 0.319 8.267
PKAC+AL/E 60/40 0.205 8.493
PKAC/E 60/40 0.337 8.306
AL/E 60/40 0.301 8.258
PKAC+AL/E 70/30 Sample broken (No data obtained)
PKAC/E 70/30 0.677 8.473
AL/E 70/30 0.612 6.645
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4.2 Coefficient of Friction (CoF)

In Appendix E, coefficient of friction against time for all the specimens including
conventional SK2 disc are shown in line graph form. Most of the graphs are increasing
abruptly at initial stage in a short time and slowly decreasing to reach the steady state at the
end of the graph. Some of the samples experienced a short term of fluctuation during the test.
Fluctuation may cause by the increasing sliding temperature due to high speed and high load
which applied in this ball-on-disc dry sliding test. Throughout the test, the ball and disc
temperatures were slightly increased due to the high sliding speed with long sliding distance
of 3000m. At higher temperature, it will thermally affect the epoxy layer due to resin
softening and reduction of matrix adhesion. This producing larger contact area and higher

friction of coefficients which lead to the occurrence of fluctuation during the test.

By referring to Table 4.2 and Figure 4.3, the results suggest that composition
percentages of 60/40 (60% composites and 40% epoxy) contribute to lower CoF because the
overall CoF values for PKAC+AL/E (60/40), PKAC/E (60/40) and AL/E (60/40) are lower
compare to PKAC+AL/E (50/50), PKAC/E (50/50) and AL/E (50/50) respectively. While
for both composition of 60/40 and 50/50 in Figure 4.3, the data show the same ascending
order for CoF values of the samples which PKAC/E exhibit lowest CoF follow by
PKAC+AL/E and AL/E. This trend pointed out the higher the PKAC content, the lower the
friction coefficient of the samples or the higher the alumina content, the higher the friction

coefficient.

The friction was found to depend on surface roughness where the rougher surfaces
gave higher friction coefficients (Svahna et al., 2003). Friction refers to the forces that resist
the relative motion of two sliding surfaces. A rougher surface means the average

irregularities on the surface higher. This requires higher abrasive force to break over or to
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move up and down over the surface which may lead to abrasive wear. However, this is not
relevant in this study because the surface roughness of specimens are approximate values
which met standard of testing less than 0.8 um and not the exact smoothest surface roughness
can be achieved for the hybrid composites in real. PKAC was justified as a good self-
lubricating carbon as stated in previous researches (Tahir et al., 2015). PKAC play a
dominant role as self-lubricating material in this tribometer test. The study revealed that the
hybrid composites of PKAC+AL/E (60/40) exhibit lower CoF compare to PKAC+AL/E
(50/50) which proved that 60/40 is the optimum composition for hybrid composite to achieve
lowest friction in this study. This is because PKAC+AL/E (60/40) reinforced with higher
percentage of PKAC than PKAC+AL/E (50/50) which are 30% PKAC and 25% PKAC

respectively.

Moreover, for 60/40 composition, PKAC/E (60/40) has lower CoF than
PKAC+AL/E (60/40) because of former sample has 60% of PKAC and 40% of epoxy
whereas the latter consist of 30%PKAC, 30%AL and 40% epoxy. The lower PKAC content
in PKAC+AL/E (60/40) hybrid composite minimizing self-lubricating properties of the

sample and hence contribute to higher CoF.

SK2 Carbon Steel is conventional disc which used in the study as comparison
specimen with hybrid composites. It is a carbon tool steel that used in wide range of fields
from hard applications that require elasticity and toughness. SK2 disc was tested under the
same condition with same testing parameters and the result indicates that CoF of SK2 is
higher than CoF of all specimens (PKAC+AL/E, PKAC/E and AL/E) for both composition
of 50/50 and 60/40. PKAC+AL/E (60/40) hybrid composite is justified as better lubricating
material compare to SK2 Carbon Steel in this study. Hybrid composites exhibit lower
friction coefficient can be supported with wear morphology shown in section 4.4,

micrograph of PKAC+AL/E (60/40) shows that PK AC transferred layer is formed at counter
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surface of carbon chromium steel ball. This is supported with previous study that PKAC
undergoes phase transformation changed from carbon-like-structure to a graphite-like
structure (sp?) with lower shear strength bonds and adhere to counter surface during sliding
motion. Transferred layer would help to break adhesive joints between asperities and leads

to low friction (Mahmud et al., 2017; Abdollah et al., 2010).

This CoF result conclude that 60/40 (60% composites and 40% epoxy) is the
optimum hybrid composites composition also the result reveals that alumina exhibit highest
CoF and PKAC exhibit lowest CoF which contribute to the ascending CoF trend of PKAC/E,

PKAC+AL/E and AL/E for both 50/50 and 60/40 compositions.

Table 4.2: Average coefficient of friction of samples

Samples Composition Average Coefficient of Friction, p
PKAC+AL/E 50/50 0.270
PKAC/E 50/50 0.202
AL/E 50/50 0.514
PKAC+AL/E 60/40 0.213
PKAC/E 60/40 0.111
AL/E 60/40 0.505
PKAC+AL/E 70/30 Sample broken (No data obtained)
PKAC/E 70/30 0.858
AL/E 70/30 Sample broken (No data obtained)
SK2 Carbon Steel - 0.515
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Figure 4.3: Average coefficient of friction of samples among composition percentages
under dry sliding condition at room temperature with applied load of 49.05N, sliding speed

of 400rpm and sliding distance of 3000m.
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4.3 Specific Wear Rate

Table 4.3 shows the specific wear rate of samples and it is illustrated in Figure 4.4
for comparison purpose. The result clearly shows that samples composition of 50/50 exhibit

lower specific wear rate compare to samples with 60/40 composition.

By comparing the hybrid composites of both composition of 50/50 and 60/40,
specific wear rate, k of PKAC+AL/E (60/40) is 5.125x1077 mm?/Nmm which is slightly
higher than PKAC+AL/E (50/50) with k value of 4.272 107" mm*/Nmm. The difference is
insignificant with value of 0.853x10”7 mm?*/Nmm. Specific wear rate, k is volume of material
removed per unit load and sliding distance. Percentage of epoxy content is decisive in
contributing to high or low specific wear rate of samples. Trend of results show higher epoxy
content contributes to lower specific wear rate. Sample with 50/50 composition consists of
50% of composites (PKAC, AL or PKAC+AL) and 50% of epoxy whereas sample with
60/40 composition consists of 60% composites and 40% of epoxy. There have been several
tribological studies of self-lubricating and wear resistant of epoxy and its coatings in dry
sliding applications which proved that epoxy is one of the self-lubricating materials that
desired to prevent and minimize the wear (Khun et al., 2013; Kumar et al., 2015). Hence,
these previous findings agree and giving support on higher content of epoxy in 50/50
composition samples will contribute to lower specific wear rate. Furthermore, epoxy consists
of 4:1 of resin and hardener which act as an epoxy bonding and adhesive systems in the
samples. Samples with 50/50 composition has higher epoxy content of 50% which able to
form more thorough joint connection between composites particles such as PKAC crushed
powder or AL nano-powder compare to 60/40 composition samples which have only 40%
epoxy content. Since the bonding or connection of particles is better in 50/50 composition
samples, the particles will not easily pull out during the dry sliding test and less likely to
occur two body and third body abrasion thus contribute to low specific wear rate.
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In addition, alumina is significantly harder than PKAC particles which means it may
act as third body abrasive increasing the composite wear rate when the alumina debris are
generated during the sliding motion (Godet, 1984). The chemical properties of alumina
exhibit poorer adhesion to epoxy matrix which caused the easy pull out under high contact
pressure and sliding speed. Vasconcelos et al. (2005) justified that the lower material
integrity where interface resistance affects the large production of debris derived from
particles pullout during the sliding test (Vasconcelos, Lino, Baptista, and Neto, 2005). Hence,
a trend of higher alumina content contribute to higher wear rate was presented in this study.
For samples of both 50/50 and 60/40 composition, AL/E exhibit highest wear rate follow by

PKAC+H+AL/E and PKAC/E with lowest wear rate.

SK2 Carbon steel possess good steel tools properties of high hardness, wear
resistance and toughness which cause it has the lowest specific wear rate among the samples.
Besides, all the disc samples or specimens were prepared manually started from initial stage
of powder crushing process to the final stage of hot press process to form a disc whereas
SK2 Carbon Steel disc was provided by faculty in good condition. For the comparison
between hybrid composites PKAC+AL/E (60/40) and PKAC+AL/E (50/50) with SK2
Carbon Steel disc, experimental limitation needed to be considered throughout the samples
preparation processes especially mixing process which will affect wear rate result. Complete
mixing of powders or microparticles is needed to prevent the formation of lumps which
results in incomplete recombination of materials. Complete mixing defined as complete
break-up and uniform distribution of materials and this is incapable perform by low-shear
device (Hogg, 2009). Hence, the agglomeration of materials or formation of lumps may
occur in mixture due to the lower mixing speed and low-shear mixing tools used during the
manual samples preparation process in this study. Once after the outmost smoothest surface

layer worn out during the sliding test, carbon chromium ball will penetrate deeper into
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samples, uneven mixtures and agglomerated particles in the samples will be pulled out easily
and contribute to higher mass loss, higher volume loss and higher specific wear rate to the
samples (PKAC+AL/E (60/40) and PKAC+AL/E (50/50)). Images of worn surface of these
samples shown in Figure 4.5 in section 4.4 are providing evidence for this justification. It is
clearly shown the uneven mixtures and lumps formations are present on the worn part of

samples whereas the unworn surface is smooth and fine.

Conclusions of specific wear rate results are the optimum hybrid composites
composition for lowest specific wear rate is PKAC+AL/E (50/50) with minor difference
with PKAC+AL/E (60/40) and higher epoxy content contribute lower specific wear rate

whereas higher alumina content contribute higher specific wear rate.

Table 4.3: Specific wear rate of samples

Samples Composition | Loss of mass, | Loss of Volume, | Specific wear rate,k
Mioss (2) Vioss (mm?’) (X107 mm*/Nmm)
PKAC+AL/E 50/50 0.098 62.861 4.272
PKAC/E 50/50 0.028 19.872 1.350
AL/E 50/50 0.200 129.032 8.769
PKAC+AL/E 60/40 0.162 75.419 5.125
PKAC/E 60/40 0.039 29.208 2.036
AL/E 60/40 0.260 146.182 9.934
PKAC+AL/E 70/30 Sample broken (No data obtained)
PKAC/E 70/30 0.035 30.568 4.794
AL/E 70/30 Sample broken (No data obtained)
SK2 Carbon Steel - 0.120 15.699 1.067
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4.4 Surface Wear Morphology

Morphology of wear track and worn surfaces of samples were conducted by using
3D surface profilometer. By referring to Table 4.4 (g), the micrograph reveals the presence
of cracks and crater on the wear track of PKAC+AL/E (60/40) which is more obvious
compare to PKAC+AL/E (50/50) in Table 4.4 (a). Besides, it is clearly shown in Figure 4.5
(d) there is more debris generated on the wear track of PKAC+AL/E (60/40) compare to
PKAC+AL/E (50/50) in Figure 4.5 (a) and the wear track width of PKAC+AL/E 60/40
(4.5mm) is wider than PKAC+AL/E (50/50) (4mm). This could imply that the lower content
of epoxy in the samples, the weaker the joint connection between the particles. Hence, more
particles in PRKAC+AL/E (60/40) being pulled out easily and more debris are formed on the
wear track surface. This could have contributed for higher specific wear rate with lower
coefficient of friction for PKAC+AL/E (60/40). The pulled-out particles contribute to higher
wear rate due to higher mass loss and volume loss. While a formation of transfer film was
observed on the counter surface of carbon chromium steel ball in Table 4.4 (h) which helps
to stabilize friction due to the surface contact changes from carbonized-steel to carbonized-
carbonized materials. The adhering film breaks adhesive joints between asperities and

contribute to low friction coefficient (Mahmud et al., 2017).

For the wear track worn surface comparison between hybrid composites
PKACH+AL/E (50/50), PKAC+AL/E (60/40) and conventional SK2 Carbon disc which
shown in Table 4.4 (a), Table 4.4 (g) and Table 4.4 (o) respectively, there is no cracks and
craters observed on SK2 Carbon Steel Disc track surface. Wear track width of SK2 Carbon
Steel Disc (Figure 4.5 (h)) is obviously narrower than PKAC+AL/E (50/50) (Figure 4.5 (a))
and PKACH+AL/E (60/40) (Figure 4.5 (d)). Thus, SK2 Carbon wear rate is much lower
among all the specimens. However, there is no formation of transfer layer observed in Table
4.4 (p) for carbon chromium ball of SK2 Carbon Steel disc. It is believed that with the
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absence of carbon transfer layer formed on the counter surface would contribute to higher

friction coefficient when compare with PKAC+AL/E (50/50) and PKAC+AL/E (60/40).

Worn surface of wear track for hybrid composites PKAC+AL/E for both 50/50 and
60/40 composition (Figure 4.5 (a) and Figure 4.5 (b) respectively) are obviously rougher and
wider compare to PKAC/E (Figure 4.5 (b) and Figure 4.5 (e)). This may due to the alumina
particles inside the hybrid composites have increased the overall shear modulus of samples
and cause the hybrid composites exhibit higher wear rate. This is contradicted with the good
wear resistant properties of alumina which able to minimize wear. As mentioned in previous
studies, PKAC is a good self-lubricating material. It is believed that in this case, the addition
of alumina will increase wear rate of sample although alumina is excellent with its wear
resistant properties because PKAC is exhibit better wear resistant and contribute lower wear
rate than alumina. This is also proven in previous wear rate result discussion which shown
in Figure 4.4, pure AL/E exhibit higher wear rate than pure PKAC/E samples for both

composition which justified that alumina exhibit higher wear rate than PKAC.
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Table 4.4: Micrographs of worn surface of samples and carbon chromium steel ball

Samples Micrograph of the worn surface on | Micrograph of the worn surface on
the wear track of samples the carbon chromium steel ball
PKAC+AL/E
(50/50)
(a) (b)
PKAC/E
(50/50)
(c) (d)
AL/E (50/50)
(e) ®
PKAC+AL/E
(60/40)
(2) (h)
PKAC/E
(60/40)
(1) W)
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Figure 4.5: Wear track images of (a) PKAC+AL/E (50/50), (b) PKAC/E (50/50), (c) AL/E
(50/50) (d) PKACH+AL/E (60/40), (e) PKAC/E (60/40), (f) AL/E (60/40), (g) PKAC/E

(70/30), (h) SK2 Carbon Steel Disc
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4.5 Discussions Summary

Table 4.5 is the summary of data and results of this study. The finding highlights
60/40 is the optimal composition for hybrid composite PKAC+AL/E because it exhibits
lower friction coefficient compare to 50/50 hybrid composition and conventional SK2
Carbon Steel disc. Although PKAC+AL/E (60/40) exhibited slightly higher specific wear
rate than PKACH+AL/E (50/50) and SK2 Carbon Steel, but the differences of the values are
minor and insignificant so PKAC+AL/E (60/40) is a preferable choice in this case. For the
new generation of hybrid composites which involve the agriculture waste, PKAC improved
the performance of hybrid composites in terms of friction and wear. Whereas a further study
should be conducted on how much improvement of hybrid composites in terms of
tribological performance is obtained by adding alumina in samples. In summary, the

optimum composition of hybrid composite PKAC+AL/E is 60/40 and it is suitable to be

treated as a solid lubricating material under unlubricated condition at room temperature.

Table 4.5 Collected data for surface roughness, hardness, coefficient of friction, specific
wear rate and wear track width of samples under dry sliding ball-on-disc test at room

temperature.
Samples Composition | Surface Hardness | Coefficient | Specific Wear | Wear Track

Roughness | (GPa) of Friction, | Rate, k (x10~ | Width

(umRa) i "mm?*/Nmm) | (mm)
PKAC+AL/E (50/50) 0.201 8.218 0.270 4.272 4.0
PKAC/E (50/50) 0.274 8.140 0.202 1.350 1.0
AL/E (50/50) 0.319 8.267 0.514 8.769 5.0
PKAC+AL/E (60/40) 0.205 8.493 0.213 5.125 4.5
PKAC/E (60/40) 0.337 8.306 0.111 1.985 1.0
AL/E (60/40) 0.301 8.258 0.505 9.934 4.0
PKAC+AL/E (70/30) Sample broken after cured
PKAC/E (70/30) 0.677 8.473 0.858 4.794 5.0
AL/E (70/30) 0.612 6.645 Sample broken before tribometer test
SK2 Carbon - - - 0.516 1.067 2.0
Steel Disc
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CHAPTER 5

CONCLUSION AND RECOMMENDATION

5.1 Conclusion

Generally, the research is conducted in order to identify the optimal composition and
investigate the tirobological properties of the blended hybrid composite sample
(PKAC+AL/E) under dry sliding ball-on-disc tribometer test. Tribological performance of
the samples which obtained from the tribometer test is taken to compare with conventional
composites, SK2 Carbon Steel Disc. There are nine samples with different composition
percentages with respect to weight were prepared for this study. The composition
percentages for hybrid composites (PKAC/Alumina) used with respect to weight are 50%,
60% and 70% whereas for epoxy are 50%, 40% and 30% respectively. Coefficient of friction
(CoF), specific wear rate, k and wear morphology of worn surface are the three essential
elements in studying wear performance of hybrid composites. However, there are two
specimens PKAC+AL/E (70/30) and AL/E (70/30) became brittle and ruptured after hot
press process and curing process which believed that it may due to lack of epoxy for
embedding the particles. Hence, these two specimens are unable to run under the test, no
friction coefficient and specific wear rate results shown, and no comparison can be done for

70/30 composition.

The results from tribometer test revealed that among all specimens, PKAC/E (60/40)

exhibit lowest coefficient of friction and PKAC/E (70/30) exhibit highest friction coefficient.
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While for comparison between hybrid composites, PKAC+AL/E (60/40) exhibit lower
friction coefficient than PKAC+AL/E (50/50). The result proved that 60/40 is the optimal
composition for hybrid composites of PKAC+AL/E in this dry sliding test at room
temperature. In addition, friction coefficient of PKAC+AL/E (60/40) is much lower than
conventional disc SK2 Carbon Steel which also supported that PKAC+AL/E (60/40) is

considered a good self-lubricating material in this study.

Specific wear rate of samples was calculated based on mass loss after performed
tribometer tests. The results suggested that specimen of 50/50 composition exhibited lower
specific wear rate than 60/40 composition with minor differences. From the wear rate results
shown in both composition provide the evidence that higher PKAC content contribute lower
wear rate whereas higher alumina content contribute higher the wear rate. It is proven that
although alumina has been justified as a good wear resistant material in previous tribological
studies and applications but PKAC exhibited better wear resistant than alumina. This is the
reason alumina being treated as high wear material in this study. Specific wear rate of
PKAC+AL/E (50/50) is slightly lower than PKAC+AL/E (60/40) which suggested that
50/50 composition is optimal composition for hybrid composites to achieve lower wear rate.
SK2 Carbon Steel Disc exhibited lower specific wear rate than hybrid composites in this
study which it is believed that the wear rate difference between PKACH+AL/E (50/50 and
60/40) and SK2 Carbon Steel disc was affected by experimental limitations during sample

preparation process of hybrid composites.

Wear morphology of specimens shown that wear tracks of AL/E are the widest and
roughest with the significant microcracks and irregularities on the surface compare to
PKAC/E and PKAC+ALJE. It is believed that presence of alumina will increase wear rate
of sample although alumina is excellent with its wear resistant properties because PKAC is
exhibit better wear resistant and contribute lower wear rate than alumina. Hence, AL/E has
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highest wear rate follow by PKAC+AL/E and PKAC/E. Moreover, wear morphologies for
PKAC+H+AL/E (50/50) and PKAC+AL/E (60/40) are consistent with specific wear rate results.
PKAC+AL/E (60/40) exhibit higher wear rate, wider wear track and more cracks, craters are
shown in micrograph compare to PKACH+AL/E (50/50). The results suggested that the higher
epoxy content contribute to lower wear due to the better adhesive bonding system in samples

prevent the particles being pulled out easily during the high-speed sliding motion.

In summary, the current study reveals that for hybrid composites of PKAC+AL/E,
60/40 composition is the optimal composition which exhibit low friction coefficient, 0.213
and low specific wear rate, 5.125%107 mm?*/Nmm. Although PKAC+AL/E (50/50) exhibit
lower wear rate compare to PKAC+AL/E (60/40) but PKAC+AL/E (60/40) is chosen as
optimal hybrid composites composition because the difference of the wear rate, k values is
0.853x 10”7 mm*/Nmm which is minor and insignificant. So, lower friction coefficient
specimen is chosen in this study. PKAC improved the performance of hybrid composite in
terms of friction and wear. Whereas a further study should be conducted on how much
improvement of hybrid composites is obtained by adding alumina in samples in terms of
higher operating temperature. The overall findings suggested that the PKAC+AL/E (60/40)
is suitable to act as solid lubricating material under unlubricated condition at room

temperature.
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5.2 Recommendation for Future Study

L.

IIL.

Methodology of samples preparation process for future study is recommended to use
the laboratory mixer or blender and grinding and polishing machine. Laboratory
mixer use to break-up and mix the materials or powders completely to prevent
formation of lumps in the specimens. Grinding and polishing machine is used to
polish the specimens automatically with even distributed force on the samples to
avoid the uneven grinding force applied on the surfaces and to ensure to obtain
reliable surface roughness analysis.

PKAC was proven as a good self-lubricating material and it contributed in
improvement of wear performance of hybrid composites. Alumina exhibit excellent
characteristics of high hardness, high wear resistance and high thermal conductivity.
However, improvement contributed by alumina is insignificant in this study where
the tribometer test operate at room temperature. Hence, the future study for the effect
of different temperatures on tribological performance of hybrid composites based on
PKAC and alumina blend is suggested for investigate the improvement of hybrid
composites in terms of different operating temperatures. Table 5.1 shows the
composition percentages of testing composites suggested for future study. Since
composition of 60/40 is the optimal composition found in this study and it is
consistent with optimum composition used in previous researches (Mohmad et al.,
2017), hence these compositions are suggested for future research to investigate the
more specific optimal composition under different operating temperatures. The
results of this suggested study will help to reveal a more specific composition of how
many % of PKAC combine with how many % of AL with 40% epoxy will give a
best tribological performance of low friction and low wear under different sliding

temperatures. The example of CoF result could be obtained is shown in Figure 5.1.
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Table 5.1: Composition percentages of testing composites suggested for future study

Sample Palm Kernel Activated Alumina Epoxy, %
Carbon (PKAC), % (AL203), %

PKACH+ALJ/E (1:5:4) 10 50 40

PKACH+ALJ/E (2:4:4) 20 40 40

PKAC+ALJ/E (3:3:4) 30 30 40

PKACH+ALJ/E (4:2:4) 40 20 40

PKAC+ALJ/E (5:1:4) 50 10 40

Coefficient of Friction, CoF

I1I.

Dry Sliding Tribometer Test of samples against operating temperature

Load: 49.05N
Sliding Speed: 400rpm
Sliding Distance: 3000m
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Figure 5.1: Example of CoF result for future study

Scanning Electron Microscopy (SEM), Energy Dispersive X-ray spectroscopy (EDX)

and Raman spectroscopy analysis are suggested to examine the worn surfaces,

chemical composition and phase transformation of the specimens respectively.
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APPENDICES
APPENDIX A

Standard test method for wear testing with a pin-on-disk apparatus

qﬁ"’ Designation: G 99 + 95a (Reapproved 2000)21

Standard Test Method for

Wear Testing with a Pin-on-Disk Apparatus’

This setadand 5 sl wmider the Baal desgnatios G 09 the pember immedzikly Towmy ke desipiation mdicaies the year of
origieal adoplion or, m lhe coe of reveaon, the Yo o kol sevisin. A aumber o parealbeses mdioiles the Vear of lasl reappesial. &
waperanpl epeadon () miicales in adiloeial change snce lhe Lis ] reviaon or rapseci

¢! MomeBEdiomial cormecsions were made tenughout im Wy H000.

1. Scope

1.1 Thiz test rethod describes a laboratary procedure for
deternining the wear of materials duing sliding using & pin-
oa-disk apparstos. Mlzterizls ave tested I pair:  wader
naninally mon-abrasive conditions. The principal areas of
experimentz]l zttenfion in uzing this type of apparabas fo
measure wear are described. The coefficient of fichon may
alza be determined.

1.2 The vahies stated in 51 umits are to be regarded 2=
stamdard.

1.3 Thir ssndard does not purport to address all of the
sgfety concerns, F e asochaed wiith it we RO the
responsibiliny of the wer of this stamdard o establizh gopro-
prumte ngiely aad health praciices o determine the applice-
Buility qf repularory Iiminarions pricr to use

1. Referenced Documents

2.1 ASTM Stamlids

E 122 Practice for Choice of Sampls Zize to Estimate a
hlpasare of Quality for a Lot or Proceas™

E 177 Practice for Use of the Tenms Precizion and Bias in
AZTH Test hlethads"

E 178 Practics for Dealing with Chatlying Ohservations”

G 40 Terminology Relating to Wear and Erosion’

2.2 Other Standard* DIN-50324 Tasting

of Frictiom and Weaar

3. Summary of Test MMethod

3.1 For the pin-on-disk wear test two specimens are Ie-
guired. Oma, 2 pin with a radiuzed tip, i= posidoned parpen-
dicular to the other, nzually a " at circuler disk. A ball, rizidiy
hald, iz often wied a2z the pin specimen. The test machine
canses aither the disk spacimen ar the pin specimen to revolve
ahout the disk center. In either caze, the shiding path 1= 2 circle
on the disk surface. The plane of the disk may be oriemted

! Thas el mectbind 15 under the peemedicteen of ASTR Commulies GO on Wear
aed Erosum and ik the d&Eeccl nspoesihilily of Sehomsaie: GI2A0 an MNea-
Albemsive Wear

Cureenl aditien apzeevad Mov, 18, 1995 Pubkshad Feuery 1990, Crgimll
Jrut =hed s G 90200, Lasd previnie ediliom G 99 + 05

" dAnnuai Faok of ASTA Steaderds, Vel 1401
" dnual Fack of ASTM Dimederds, Vel 0101

A aownibiible o B uith Voerkion Gk, Brraprafenstrsa 5, | 000 Berlia 30,
Ceermany

ASTRY, W20 S Harsor Dyan Wizd Comlo=ocken 1% THHEH-SEE, U-ded Shian

Copyghi &
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ajther horizontally or vertically,
More 1B ear resulis may differ for different onentations

3.1.1 The pin specimen iz pressed against the disk at 2
speci@ed losd uwsuslly by mean: of an amm or lever and
attached weaights. Other loading method: have been uzed, such
as, hydranlic or prenrmnatic.

Mow 2 differ for different kading neethods.

3.2 Wilear results are reportsd as volume loss in cubic
millimetres for the pin and the disk zeparately. When two
different materials are tested, it i3 recommended that each
materizl be tested in both the pin and disk positans.

3.3 The amount of wear iz determined by measuring aporo-
prizts linear dimensions of hoth specimens before and after the
test, or by weighing both specimens hefore and after the test
If lingar magsures of wear are usad, the length changze or shape
change of the pin, and the depth or shape change of the disk
waar Tack (in millimers:) are determined by any soitzble
metrological techaigque, such as elecronic distance gazing or
syl pro@lme Linear measures of wear are comverted to
waar vohme [ cubic millimeoes) by using appropriste
geometric Telations. Limear meanmoes of wear are used
frequently I practice simce maess loss is offen too =mall to
mezsure precizaly. If loss of mass is mezsured, the mass loss
valoe iz comverted to volumne loss (n cabic millimetres)) name
an gpproprizte value for the specimen density.

34 Wear results are ususlly obtzined by conducting 2 test
for 2 selected sliding distance and for selected vahies of load
and spesd. Ome sst of test conditions that was used moan
imterlaboratory meanmement series iz given in Table 1 and
Tablz 2 a3 a guida. Other test conditions may be selected
depanding on the purposs of the test.

3.5 Wear resulis may in some cases be reportad az plots of
waar volume versus sliding distance nsing differsnt spacirpens
for diffsrent distamces. Such plots may display noa-linsar
relationships hetween wear vohme and distance over certam
portions of the total sliding distance, and linear relationships
over other portions. Causes for suoch differing relationships
inchode imitizl “oreak-in® processes, transibons bebaeen re-
gions of different dominant wear mechanizms, etc. The extant
of such non-linear periods depends on the detzils of the test
systam, materials, and test conditions.

3.6 Itis not recormmended that cartinuous wear depth data

W air Tesalts m
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obtained from position-zenzing zzges be used becanse of the
complicated effects of wear debriz and transfer Elms prasant
in the contact gap, and imterferences fom thenmal expansion
of confraction.

4. Simni®cance and Tze

4.1 The amount of wear m any system will, I genaral,
depend apon the mumber of system factors such as the applied
laad machine characteriztics, shding spead, slidng distamce,
the enviromment and the material properties. The valoe of any
waar test method lies in predicting the relative ranking of
material combinstions. Since the pin-oan-disk test method does
nat atempt to duplicate all the conditions that may be
exparignced in service (for exampls; lubrication, load, pres-
sre, contact geompetry, removal of wear debriz, and presence
of corrozive environment), there is no ensurance that the test
will pradict the wear rate of a given material inder conditioms
differing from thoss in the test

& Apparatusz

5.1 Gemeral DescripiionBFig. 1 shows a schematic draw-
inz of a typical pin-on-disk wear test systemn, and photosraphs
of two differently desizned apparemses.” Ome tvpe of typical
system consizts of 3 driven spindle and chmck for bolding the
revolving disk 3 lever-am device to hold the pin and
attachmments to allow the pin specirmen to be forced azamst the
revolving dizk specimen with 8 controlled load. Another type
of zystem loads 2 pin revaolving shout the disk certer azzinst 2
stationary dizk. In amy case the wear frack on the disk is &

“ A mummber of ofker rportal designg for pon-on-disk sysiess sre geven A
Caitalgg of Frecliom snd Wear Devases, ™ Amermsan Socety' o Debocalios Etgicers
(1373, The sele anmee of susply of ally Baili I krsran 1o the
cemmilies s ks me s Falew Cop, D030 Asepark D Sugar Garove, Il 60554 11
i gee awdme ol allemalive sipplens, plae previds k= infomalion b ASTY

Hezauda ark il wezive canciul comsideritien al a mesting of the

ek voul oy sk

L Ve
responiitle iocheical commilize,
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More 1EF is the normal dorce o thie fin. d as e panoor Gall dismeser, O e the disk diameter, 8 is the wear treck radies, amd @ is the mtation weleity
of the disk

FIG. 1 (g} Schematic of pin-on-diek wear test syatem. [0 | Photographs of two different dealgna.

circle, mvolving maltiple wear passas on the

szame frack. The syvsbem may have 2 friction force messrng
gystern, for example a load cell, that allows the coefficient of
friction to be determined.

5.2 Mbtor DeiveBrA variable spesd motor, capahles of main-
taining constant speed (1 % of rated fll load motor speed)
under load is reguirad. The motor should be mounted in swch s
manner that s vibration does not afect the test. Flotsing
gpeads are Typically in the ramge 0.3 to 3 rad® (60 to 600
T/mim).

5.3 Revolution CountsrEThe machine shall be eguipped with 2
revolution couster or ity egunvalent that will recond the number of
disk revolutions, and preferably have the ability to shut off the
machine after a pre-zelected number of revelutions.

34 Pin Specimen Holder and Lever ArmD In ome typical
Tystem, the statonary specimen holder is attached to 2 lever amm
that has a pivet Adding weizhis, as one option of loading,
produces a test farce proporiiomal to the mass of the weight:
applied Ideally, the pivot of the armm should be located in the
plane of the wearing contact te avoid epraneeas loading forces

due to the shiding friction The pin holder and sym nmst be of
sabstantiz]l comstroction to reduce vibrational motion during
the tast.

5.5 Wear Momuwring SymesmsBlnemonents to obtain linear
meazuras of wear should haws 2 sensitivity of 2.5 pm ar hetter.
Any balamce used to measure the rmasz loss of the test
specimen shall have a sensitivity of 0.1 mgz or better; in low
waar siniations sreater sensitivity may be needad.

6. Test Specimens and Sampls Preparation

6.1 MmerialsBThis test method may be applied to 2 varety
of materizl:. The oahy requirement iz that specimens having
the speci@ied dimenzions can be prepared and thar they will
withstand the stresses mposed during the test withoat fzibare
or sxcessive emme. The materials baing tested shall be
dezcribad by dimensions, surface Emizh material fype, fom
composition, micostucturs, processing  weatments,  and
inden-fation hardness (if appropriate).

6.2 Test SpecimersBThe typical pin specimen is cylindrical
or sphearical in shaps, Typical cvlindrics] or spherical pin
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specimen dizmeters range from 2 to 10 nuon. The typical dizk
specimen diameters range from 30 to 100 mm and have &
thickmess in the range of 2 to 10 nem. Specimen dimemsions
uzed in an imterlaboratory test with pin-on-disk systeme are
given in Table 1.

43 Surfcs FinishBA ground surface ronglmess of 08 ym
(32 pin) arithenetic averaze or leas is usually reconunendad.

More 3EiRcuagh surfaces make wear scar messarement diffioal

§.3.1 Care must be faken in surface prepamtion to awvoid
subsurface damage that alters the material sizni@camthy. Special
surface preparation may be appropriate for some test programs.
State the fype of surface and surface preparation in the report.

7. Test Parameters

7.1 LomadEiValnes of the force in Mewtons at the wearing
contact.

7.2 SpeedBiThe relative shiding speed bebhween the comtact-
ing murfaces in metres per sacand.

3 DetorceB) The acopmlated slidng distance i metars.

T4 TemperaureEIThe tempersioe of one or both sped-
mens 3t locations close to the wearmg cantact.

7.5 AvmosphereBEThe amosphere (laboratory air, relative
homidity, arpon, lubricant, etc) suromding the wearing con-
tact.

§. Procedure

8.1 Invmadiataly prior to testing, and prior to measuring or
weighing, clean and dry the specimens. Take cars fo remove
all dirt and foreign matter from the specimen: Tz noa-
chlarinated non-Blm-forming clesning azents and =obvents.
Doy materizls with open grams to remove all waces of the
cleaning “wids that may be entrapped in the materizl Stesl
(ferromammetic) spacirnens having residual mazmet=m dhoald
be demagnetized Feport the methods vsed for cleanime.

8.2 Meszare spprogriste specimen dimensions 1o the nesvest
2.5 um or weizgh the spacimens to the neavast 0.0001 =

8.3 Insart the disk securely in the holding device zo that the
disk iz Exed perpendicular {617 to the @iz of the resolotion.

2.4 Insert the pn specimen securely m i holder and. if
necessary, adjust so that the specimen iz parpendicular (61%) to
the dizsk surface when in contact, in order to maint@in the
necessary contact conditions.

8.5 Add the propar mass fo the =ystem lever or bale to
devalog the selected force pressing the pin against the disk.

2.6 Btart the motor and adjust the speed to the desired valoe
while holdng the pin specimen out of contact with the disk
Stop the motar.

8.7 Bet the revolution counter {or equivalent) to the desired
nwmber of revolations.

2.8 Eegin ths test with the specimens in contact under load.
The test is stopped when the desired mumber of revelotions is
achieved. Tests should not be interrupted or restarted.

2.9 Femove the specimens and clean off any loose wear
debriz. Mote the existence of faanmes on or near the wear scar
much as: protrusions, displaced metal, discoloration, mibcroc-
racking, or spomme.

2.10 Femezzure the specimen dimenzions to the nearest 2.5
um or rewsigh the specimens to the mearest 00001 g, as
approprista.

G 58

211 Pepeat the test with additional specimens to obtaim
anfficient data for statistically sizneEcant results.

B Calculation and Reporting

01 The wear meazurements shoold be reported as the
viohmae loss in cubic millimetres for the pm and disk, sepe-
rately.

0.1.1 Tsa the following equations for caloulating vohme
losses when the pin has initially & spherical end shape of
radivz R and the disk is mitially ~af, wider the conditions that
onby ane of the two members wears aniEcamthy:

7
ein =spherical ead! valome less, mm [L]

_ I
S weEr sard licmeter, mis!
i ~sphere mdis, min! 1

aszuming that Lbere iz o signi@comur disk wear. This i= an
approsimate Eeometric relation that is correct to 1 % for (wear
scar diameter'sphers radiug) < 0.3, and is comect to 5 % for
{wear scar diameter'sphere rading < 0.7. The exact equoation iz
Eiven in Appendiz 31,

1 L] T P
sk wodume loss, nen i (2

L]
[ ~swear track radius, mmd- track width, mm!

L T [T

assuming that there iz no sigre@cow pin wear. Thiz i3 an
Approcimate zaometric relation that is correct to 1 %% for (wear
track width/sphere radins) < 0.3, and Iz corract to 5 %% for
{wear ack width/sphere radivs) < 8. Tha ewact equation is
Eiven in Appendiz 31,

012 Calculation of wear volumes for pin chapes of other
geumeuiE uze the sppropriaie gsometric relations, recommiz-
ing that szzumptions regarding wear of each member may be
required to justify the assumed Enal geometry.

013 Wear scar measuwremants should be done at least at
twa repressntative locations on the pin murfares and disk
surfaces, and the Enal results averazed.

014 In simstions where both the pin and the disk wear
signiBcantly, it will be necessary to measuoe the wear depth
profls on both members. A suitghle method wses stus
profling. ProBling i3 the oaly spproach to deterrmine the
exact Enal chaps of the wear surface: znd thereby to caloulate
the volume of materizl lost dus to wear. In the case of disk
waar, the sverage wear track pro®le can be intesrated to
obigin the frack cross-section area and moltiplied by the
averzge rack length to obtain disk wear volume In the caze of
pin wear, the wear scar pro@le can be meanred i two
orthogonal directions, the pro®ile results averaged, and uzed
a Eeure-af-revolution caloulzted for pin wear vobams,

0.1.5 Whils mazs lpzz resultz may be used intemnally m
lzhoratories to compare materials of equivalsnt densities thix
test method reports wear as vohume loss so that there is no
confusion cawed by variations in density. Take care to uze
and repart the best available density value for the materials
tested when calculsting volume lozs from measured mass loss.

016 Use the following egqustion for comversion of mass
lass to volume logs.

aass |oss, g

3
wiolumse boss, pam- 5

ensity, glom
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0.2 If the materials being tested exhibit considerable trans-
fer banwaen specimens without loss from the system volme
loss may not adsquataly re ect the actual amount or savarity
of wear. In these cases this test method for reparting wear
should not be nzed.

0.3 Friction coefficient (de@mned in Terminalogy & 400
should be reparted when available. Describe the conditions
azzocizted with the FictHon mesgsurements, fior example, inftial,
steady-state, ete,

0.4 Adequate speci@cation of the marerizls tested iz mpar-
tant As 3 minminmmn, the repart should specify material fpe,
fomn, processing trestments, warface @mish, and specimen
preparation procedurss. If spproprizte, indemtstion hardness
should be reportad.

10. Precizion and Bias ®

10.1 The precizion and bias of the measoements obtamed
with thiz test method will depend upon the test parameters
chozan,

10.2 The reproducibility of repeated fesizs on the zame
materizl will depend wpon material homogenesity, machina and
materizl imteraction, and careful adhersnce to the speci@ed
procediure by the machine oparator.

10.3 Normal variations in the procedure will tead to reduce the
acruracy of the fext method a3 compared to the accaracy of such
material property tests as hardness, density, or thermal expansion
rate. Property condwcted tests should, however, maintain 2 within-
laborztory coefficient of variation of 200 % or less for wear losz
values. Table I confains wear data obtained

fromn inferlaboratory tests (see Mote 4) Standard devistion
values are given for the messorad quantities. Limitz of 95 %
repeatzhility can be obtained by nmlbdplying those standard
deviztion valoes by the factor 2.8 3. Feproducibility lmits
{hetween lzboratories) are not available ut are estimated to be
twice 23 large as the repeatabiliny limits.

104 Mo bias can be zssiged to thess resulis since thers are
na absohite accepted valwes for wear.

More 40The imerlaboratory data given in Tabde | and Table 2 resulsed
thromigh the cooperation ol thisty oo Ns2inicds @ seven oountries witl
the belp of national representatives within the Vemsailles Advanced

Slaserials amd Standards (VY AMAS) WK party on wear lest methnds !

103 In amy test series, all data mmust be considsred in the
calmlation, mcluding outhiers {data excesding the obvious
range); they are treated according to Practice E 178

1006 While two or more lzboratories may develop test data
that iz within the acceptable coefficient of variation for their
omm individus] test apparstas, the acms] data of each labora-
tary may be relatively far apart. The selection of zample zize
and the test method for establishing the sizmi®cance of the
difference m averages shall be asresd wpon bebaeen labarato-
ries and shall be bazed on estzblished statistical methods of

Practice E 122, Practice E 177, and 3TP 15D.°
11. Kevwords

11.1 ceramic wear; friction; metal wear; non-ghrasive; pin-
on-dizsk; wear

[m.‘hln- H., Becker, ‘1 and Lo, 1., Fear, Wl D14 1987, pp LOSE] 30 and
Wezr, Wal 11E, 19647 33l
® Akl dia are avachible o ASTR Henlgamers M mull o TSN |.quu| of Maler= A5TM STP 150, ASTR, 195
APFENDIX
(Fonmandstory Ieformation)
Kl EQUATIONS

X1l Esact equarions for detenmining wear volume loss ave | Assuming o sigmi®cant diskwear.
as follows for: H11.2 A disic

2 Il 1 .
-l el D llidi-ade™ 2 7T A

¥1.1.1 A spherics] endad pin disk volunee boss 3 3pR @ sin
Pk woluime boss 3 -kt d E 1X11)
where: where:
B Sr-[r- 4] R 5 vear wack radivs, and J
5 wear track width

d 5 wear scar dismeter, and »
5 pin end radins.

Aznuming po 3iERFECANT pin Wear.
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APPENDIX B
Hardness conversion chart

(] i 3.5 &= ] 07 |_ias0 3 G 320 327
EoXi] B T80 = H 104 | 7015 = EX) EE] FIL
320 08 355 E 143 | == BT BE2 320 308
K] 0 F.60 & a1 T i) £ BET 0.0 300
=T =) 355 &1 135 [ T & 5 8.8 252
) ) 370 &) 13z ] il 7 £33 780 784
FiE 8 575 = 130 T &R Ed 5 TG Fi
X3 E=) 380 | 255 | 255 E3 125 BR | =% 35 B3 S I
52 E N F 55 123 BT | &9 = E29 5.0 760
EX] 255 380 | 241 221 5 I8 G £ B3 223 255
=0 i 385 | 235 FE 51 TIE & TET 7 20 FERT 247
=0 3 200 | 229 22m B Tz 7™ | 7 il G 220 781
o8 ) T05 | 23 723 (5] (i 77| 7% Ex] BT Fig FEL]

B R i = 07 TE | 721 - - 228

Hardniss Harnass|

B Scala 'E Scale

HRE HRE
E3 22 a6 | 212 712 [ LE T | 70 = 0 TR 722
Ed BE s20 | 207 207 [ 01 T EH = C o7 218
E3 BH Zan | 197 oy = £ BE | o Fd 0 Ed i
3 = s | 17 AT [ 3 BE | 62 =5 C ] B
Ell e T T7n = BE B2 | Sz . - B TEE |
EH [ C AL 170 E3 B 5T B 24 C BE.G 178
E3 7 a0 | 16d & 3 TH T =0 - B T
B = ZE0 | 156 | 15E ) & ] 5 == E Ba.2 5
3 5= Za0 | 18 | 149 2 72 & = - B2 i
3 T To0 | 123 ZE] E] & | 4 = . B ]
7T = 50 | 137 EG 30 &7 | 45 2T - T 123
7E i I R N & ol =3 05 . 75 E
725 [ 5l | 126 126 = BE | aE =0 - T35 S
70 127 Tl | 120 L = & | = 0 i i
& 122 550 | 118 116 = £ 22 | 01 15 - BT 122

"Thisa charls were prepared using infamation contained in B&aﬁﬁ?. This slandard difers significantly from the superseded standard B.5.

BE0M1938, and difiers skghthy from tha corvarsion scaies adopiod by BAE and ASTM sources.

* Whare handness acteptancs values ane spedfed and a conversion ¥om ana scak to another is recassary the sounce of the conversion data
should b stated and undershocd by the parties ireohmd.

Hardness Conversion Chart
Faockwal Fockwed Supericial Briral ickars Ehore
2 B c ] E = 150 | oom fasu | 307 | sookg | socoug 135 Apprs
D 10mkg | 1m0k | p0oks | 100k | ED 1 3wy | & 0 10mm | 10mm Bal | Damend | Sciere- | Tensiie
E;g 1 St | B | B | v e Iﬂé’lgal B?':E Braa | Bran | 116" Shond Etoal | Pramid | scope | Strangth ipsn
BES = m | =5 = = 0 I d ] = = 2 1076 11 =
B = =0 ok = = w5 | e | TES = = = 1082 2] -
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BS - 0 7T - o935 B56 TES - - - 1082 = -
BEE - EB TE.D - 233 | 248 || TEL - - - =40 ar -

BS - ET TEA - 920 § 236 | 742 - - - 200 a5 =
BLE - BB TEA - 92.5 | 228 | |32 - - - EEL 1 =
B35 - EG T4.5 - 2922 | =4 72 - - 738 032 M -
B34 - (=) T3.8 - 21.8 | &4 T - - T2 E00 Bs -
B28 - E3 T3 - 914 § a0 | 558 - - TOG T2 ar -
223 - B2 722 - 211 | ™3 | 28 - - 528 745 a5 -
B2 - &1 T1.5 - 0.7 | TEL | & - - &7 T 83 -
Bz - B0 TOT - 202 | TT.5 | SEE - - = == a1 3E0,000
0.7 - 50 9.0 - E9.8 | TEE | 655 - - 534 =T B0 310,000
B0.1 - 58 5.2 - 83 | TRT | 43 - - E15 B53 T8 300,000
TE - 1) B2.5 - E20 | 748 | =22 - - 565 &33 TE& 250,000

= - 56 &7.T - 23 | Taa B2 - - 57T &13 TS 222000
THE 120 EG .0 - E7.0 73 0.9 - - S0 5B5 T4 274,000

T2 120 =4 (=8 - 7L 72 528 - - =43 57T T2 256,000
T4 119 53 E5A - 20 | T2 | 6 - - 525 =0 Ti 257,000
TEE 119 52 (=] - 4 | o2 | 5T - - 500 s =] 245,000
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TAE 115 4B el - E3.5 § e4.8 | 503 - - 432 458 Bz 212,000
i1 115 45 592 - B3 (=) 40 - - Ll 445 B0 206,000
725 114 = 58.5 - E25 | 531 | 478 - - 408 434 53 200,000

T2 113 43 57.T - 22 622 | 467 - - 400 433 57 156,000
TE 113 41 .0 E15 | 513 | 455 - 350 55 154,000
TS 112 41 S E0.0 | el || 443 - 321 402 55 187,000
o4 112 40 554 0.4 § 55 | 434 - - 3T 352 G4 182,000
618 1 23 .6 720 ) 6 | 413 - - 352 2 52 177,000
G4 110 38 53.8 - T34 § 57T | 408 - 353 T 51 173,000
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B E I 33 &0 - 4.0 - - L 33T = 15,000
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B5E 106 21 424 325 - o 310 &3 144 0o

G653 s a0 477 - a3 - 286 02 2 140,000

BaT A0 2g, 47 - 01 - - I e &1 137 000
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B3E i 7 2TH - 2EL 120,000

B33 L o} ZE.T - pac: | 125,000

2.2 Mz - 43.8 - 5.5 - - 3 124,000
B24 0 ) 431 - Ti.6 45 4.3 - - 247 121,000

B2 e 3 421 - 71 e 24 22 2M 112000
615 pcl 2 416 - TON § 432 23 81.5 135 34 115000

E1 o2 H 408 - 2.0 § 423 | 3T 21 188 228 112 000
B05 a7 0 401 - ol | 415 | 196 EDO 184 108,000
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08 a5 16 - - - - - 70 175 Z10 103,000
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APPENDIX C
Alumina material properties datasheet
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APPENDIX D1
Images of specimens

PKACH+AL/E (50/50) PKAC/E (50/50)
ALJE 50/50 PKAC+ALJ/E (60/40)
PKAC/E (60/40) ALJE (60/40)
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PKAC+AL/E (70/30) PKAC/E (70/30)

ALJ/E (70/30) SK2 Carbon Steel Disc
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APPENDIX D2
Images of materials

1. Palm Kernel Activated Carbon (PKAC)

2. Alumina, AL,O3

3. Carbon chromium steel ball
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1.

f Friction, p

APPENDIX E

Frictional force and coefficient of friction (CoF) against time graphs

Frictional force and coefficient of friction (CoF) results for PRAC+AL/E (50/50)

Dry Sliding Tribometer Test of Sample PKAC+AL/E (50/50)
Load= 49.05N (5kg)

Sliding Speed= 400rpm

Sliding Distance= 3000m

T

CcC
[\e]
W

2 10 ts =1366.1015 s

Frictiona
[
o

0 500 1000 1500 2000
Time, t (s)

Frictional force of PKAC+AL/E (50/50) against time

Dry Sliding Tribometer Test of Sample PKAC+AL/E (50/50)
Load= 49.05N (5kg)

Sliding Speed= 400rpm

Sliding Distance= 3000m

0.7
0.6 133.680, 0.579
0.5
~ 04
©0.3
S 0.2
0.1

Average CoF= 0.26955

nt

Coeffici

0 500 1000 1500 2000
Time, t (s)

Coefficient of Friction of PKAC+AL/E (50/50) against time
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2. Frictional force and coefficient of friction (CoF) results for PKAC/E (50/50)

Frictional Force, N

Coefticient of Friction, p

40

30

20

10

0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

Dry Sliding Tribometer Test of Sample PKAC/E (50/50)
Load=49.05N (5kg)

Sliding Speed= 400rpm

Sliding Distance= 3000m

£.=1685.5315s

0 1000 2000 3000 4000

Time, T (s)

Frictional Force of PKAC/E (50/50) against time

Dry Sliding Tribometer Test of Sample PKAC/E (50/50)
Load= 49.05N (5kg)

Sliding Speed= 400rpm

Sliding Distance= 3000m

125.665, 0.667

Average CoF= 0.20168

1000 2000 3000 4000
Time, t (s)

o

Coefficient of Friction of PKAC/E (50/50) against time
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3. Frictional force and coefficient of friction (CoF) results for AL/E (50/50)

Dry Sliding Tribometer Test of Sample AL/E (50/50)
Load=49.05N (5kg)

Sliding Speed= 400 rpm

Sliding Distance= 3000 m

/”‘"\"\\ te=3122.25

L

¥4
(e

w
o O

o)
e

[a—
S

Firctional Force, N

o

0 1000 2000 3000 4000 5000 6000
Time, t (s)

Frictional Force of AL/E (50/50) against time

Dry Sliding Tribometer Test of Sample AIVE (50/50)
Load= 49.05N (5kg)

Sliding Speed= 400 rpm

Sliding Distance= 3000 m

<
o

Coefficient of friction, p

0 1000 2000 .3009 4000 5000 6000
Time, t (s)

Coefficient of Friction of AL/E (50/50) against time
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4. Frictional force and coefficient of friction (CoF) results for PKRAC+AL/E (60/40)

Dry-Sliding Tribometer Test of Sample PKAC+AL/E (60/40)
Load= 49.05N (5kg)
Sliding Speed= 400rpm
Sliding Distance= 3000m
30
Z 95 AN
2 %0 [\
£ / AN I t,=2892.937
<
510 / A
2
=5
0
0 1000 2000 3000 4000 5000 6000
Time, t (s)

Coecfficient of Friction, p

Frictional force of PKAC+AL/E (60/40) against time

Dry Sliding Tribometer Test of Sample PKAC+AL/E (60/40)
Load=49.05N (5kg)
Sliding Speed= 400rpm

0.7 Sliding Distance= 3000m

0.6 - 1,488.765, 0.572
0.5
0.4
0.3
0.2
0.1

Average CoF= 0.21342

0 1000 2000 3000 4000 5000 6000
Time, t (s)

Coefficient of Friction of PKAC+AL/E (60/40) against time
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5. Frictional force and coefficient of friction (CoF) results for PKAC/E (60/40)

Dry Sliding Tribometer Test of Sample PKAC/E (60/40)
Load=49.05N (5kg)

Sliding Speed= 400rpm

Sliding Distance= 3000m

o}
=)

[a—
(9]

t=1533.359s

Fricitonal Force, N
=

5
0
0 1000 2000 3000 4000
Time, t (s)
Frictional force of PKAC/E (60/40) against time
Dry Sliding Tribometer Test of Sample PKAC/E (60/40)
Load= 49.05N (5kg)
Sliding Speed= 400rpm
- Sliding Distance= 3000m
g“ 0.35
£ 03 123,900 , Q.54
= 0.2
B 02
§ 0.1 Average CoF= 0.110523
&2 0.1
g 0.05
) 0
0 500 1000 1500 2000 2500 3000 3500 4000

Time, t (s)

Coefficient of Friction of PKAC/E (60/40) against time
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6. Frictional force and coefficient of friction (CoF) results for AL/E (60/40)

Dry Sliding Tribometer Test of Sample AL/E (60/40)
Load=49.05N (5kg)

Sliding Speed= 400rpm

Sliding Distance= 3000m

'//wl‘\\ t. = 4700.641s
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Fricitonal Force, N
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0 2000 4000 6000 8000
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Frictional Force of AL/E (60/40) against time

Dry Sliding Tribometer Test of Sample AL/E (60/40)
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7. Frictional force and coefficient of friction (CoF) results for PKAC/E (70/30)

Fricitonal Force, N

1

N e
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(e}

Dry Sliding Tribometer Test of Sample PKAC/E (70/30)
Load=49.05N (5kg)

Sliding Speed= 400rpm

Sliding Distance= 3000m
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Dry Sliding Tribometer Test of Sample PKAC/E (70/30)
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Sliding Distance= 3000m
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8. Frictional force and coefficient of friction (CoF) results for SK2 Carbon Steel

Dry Sliding Tribometer Test of Conventional Disc- SK2 Carbon Steel
Load= 49.05N (5kg)

Sliding Speed= 400rpm

Sliding Distance= 3000m
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APPENDIX F

Specific wear rate calculations

1. Specific Wear Rate Calculation of PKAC+AL/E (50/50)

Parameters used in specific wear rate calculation of PKAC+AL/E (50/50)

PKAC+AL/E (50/50)
Mass before sliding test, My(g) 33.515
Mass after sliding test, M, (g) 33.417
Radius of Disc Sample, r (mm) 37
Thickness of Disc Sample, t (mm) 5
Load Applied, W (N) 49.05
Sliding Distance, L (mm) 3x10°

a) Volume of PKAC+AL/E (50/50), V pacso/s0) = Tir’t

= (37)° (5)

=2.150 X 10* mm?

Mass before sliding test

b) Density of PRAC+AL/E (50/50), p pacsors0) =

Volume

33515
2150 X 10°4

=1.559 X 107 g/mm°

¢) Loss of mass of PRKAC+AL/E (50/50) after sliding test, M 10ss PA(50/50)
=33.515-33.417

=0.098¢
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M loss PA(50/50)

d) Loss of Volume of PKAC+AL/E (50/50), V 1oss PAG50/50) = >

_0.098
1.559 X 1073

=62.861 mm?

Vloss PA(50/50)

e) Specific Wear Rate of PKAC+AL/E (50/50), k pacsors0) = WL

_ 62.861
49.05 x 3000000

=4.272 x 107 mm?/Nmm

The specific wear rate calculated for PKAC+AL/E (50/50) is 4.272 X 107" mm?/Nmm.

88



2. Specific Wear Rate Calculation of PKAC/E (50/50)

Parameters used in specific wear rate calculation of PKAC/E (50/50)

PKAC/E (50/50)
Mass before sliding test, My(g) 27.272
Mass after sliding test, Ma (g) 27.244
Radius of Disc Sample, r (mm) 37
Thickness of Disc Sample, t (mm) 4.5
Load Applied, W (N) 49.05
Sliding Distance, L (mm) 3x10°
a) Volume of PKAC/E (50/50), V p(s0/50) = Tr’t
=1 (37)* (4.5)

=1.935 x 10*mm°

Mass before sliding test

b) Density of PKAC/E (50/50), p ps0/50) =

Volume

27.272
©1.935 x 10”4

=1.409 X 107 g/mm°

¢) Loss of mass of PKAC/E (50/50) after sliding test, M 10ss p(50/50)= 27.272—27.244

=0.028¢
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M loss P(50/50)

d) Loss of Volume of PKAC/E (50/50), V 1oss P(50/50) = >

_0.028
1.409 X 1073

=19.872 mm?

Vloss P(50/50)

e) Specific Wear Rate of PKAC/E (50/50), k ps0/50) = WL

_ 19.872
49.05 x 3000000

=1.350% 10”7 mm?/Nmm

The specific wear rate calculated for PKAC/E (50/50) is 1.350 X 10”7 mm?/Nmm.
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3. Specific Wear Rate Calculation of AL/E (50/50)

Parameters used in specific wear rate calculation of AL/E (50/50)

AL/E (50/50)
Mass before sliding test, My(g) 29.990
Mass after sliding test, M. (g) 29.790
Radius of Disc Sample, r (mm) 37
Thickness of Disc Sample, t (mm) 4.5
Load Applied, W (N) 49.05
Sliding Distance, L (mm) 3x10°

a) Volume of AL/E (50/50), V acsoi50) = Tr’t

=1t (37) (4.5)

=1.935 x 10*mm’

M bef lidinge test
b) Density of AL/E (50/50), p acs0/50) = ass before sliding tes

Volume

~29.990
©1.935 x 10"4

=1.550 X 107 g/mm’

¢) Loss of mass of AL/E (50/50) after sliding test, M 10ss A50/50) = 29.990—29.790

=0.200g
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M loss A(50/50)

d) Loss of Volume of AL/E (50/50), Viess a50/50) = >

0200
1.550 X 10~-3

=129.032 mm?

Vloss A(50/50)

e) Specific Wear Rate of AL/E (50/50), k a¢s0/50) = WL

_ 129.032
49.05 x 3000000

=8.769% 107 mm> /Nmm

The specific wear rate calculated for AL/E (50/50) is 8.769 x 107" mm® /Nmm.
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4. Specific Wear Rate Calculation of PRAC+AL/E (60/40)

Parameters used in specific wear rate calculation of PKAC+AL/E (60/40)

PKAC+AL/E (60/40)
Mass before sliding test, My(g) 36.938
Mass after sliding test, M. (g) 36.776
Radius of Disc Sample, r (mm) 37
Thickness of Disc Sample, t (mm) 4
Load Applied, W (N) 49.05
Sliding Distance, L (mm) 3x10°

a) Volume of PKAC+AL/E (60/40), V pao/40) = Trt

=m (37’ (4)

=1.720 X 10*mm?

M befi liding test
b) Density of PKAC+AL/E (60/40), p pa0/d0) = ——— 78 €5

Volume

_ 36.938
©1.720 X 10°4

=2.148 X 107 g/mm°

¢) Loss of mass of PKAC+AL/E (60/40) after sliding test, M 10ss PA(60/40)
=36.938—-36.776

=0.162¢g
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M loss PA(60/40)

d) Loss of Volume of PKAC+AL/E (60/40), V 1oss PA(60/40) = >

_0.162
2.148 X 1073

=75.419 mm?

Vloss PA(60/40)

e) Specific Wear Rate of PKAC+AL/E (60/40), k pa(so/40) = WL

_ 75.419
49.05 x 3000000

=5.125 x 107 mm?/Nmm

The specific wear rate calculated for PKAC+AL/E (60/40) is 5.125 X 107" mm?/Nmm.
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5. Specific Wear Rate Calculation of PKAC/E (60/40)

Parameters used in specific wear rate calculation of PKAC/E (60/40)

PKACI/E (60/40)

Mass before sliding test, My(g) 22.966
Mass after sliding test, Ma (g) 22.926
Radius of Disc Sample, r (mm) 37
Thickness of Disc Sample, t (mm) 4

Load Applied, W (N) 49.05
Sliding Distance, L (mm) 3x10°

a) Volume of PKAC/E (60/40), V po/a0) = Tr’t
=1 (37)° (4)

=1.720 x 10*mm?

Mass before sliding test

b) Density of PKAC/E (60/40), p pso40) =

Volume

22966
©1.720 X 1074

=1.335 X 107 g/mm’

¢) Loss of mass of PKAC/E (60/40) after sliding test, M 1oss p(s0/40)= 22.966—22.926

=0.039g
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M loss P(60/40)

d) Loss of Volume of PKAC/E (60/40), V 10ss P(60/40) = >

0039
1335 X 10~-3

=29.957 mm?

Vloss P(60/40)

e) Specific Wear Rate of PKAC/E (60/40), k pso/40) = WL

_ 29.957
49.05 x 3000000

=2.036X 10”7 mm? /Nmm

The specific wear rate calculated for PKAC/E (60/40) is 2.036 X 107 mm?*/Nmm.
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6. Specific Wear Rate Calculation of AL/E (60/40)

Parameters used in specific wear rate calculation of AL/E (60/40)

AL/E (60/40)
Mass before sliding test, My(g) 38.240
Mass after sliding test, M. (g) 37.980
Radius of Disc Sample, r (mm) 37
Thickness of Disc Sample, t (mm) 5
Load Applied, W (N) 49.05
Sliding Distance, L (mm) 3x10°

a) Volume of AL/E (60/40), V a040) = Tr’t

=1 (37 (5)

=2.150 X 10*mm?

M bef liding test
b) Density of AL/E (60/40), p a0/40) = ———————B "

Volume
_ 38.240
2150 X 10°4

=1.779 X 107 g/mm’

¢) Loss of mass of AL/E (60/40) after sliding test, M 10ss a60/40) = 38.240—37.980

=0.260g
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M loss A(60/40)

d) Loss of Volume of AL/E (60/40), Vioss a(60/40) = >

0260
1.779 X 10~-3

=146.182 mm’

Vloss A(60/40)

e) Specific Wear Rate of AL/E (60/40), k a0/40) = WL

_ 146.182
49.05 x 3000000

=9.934% 107 mm> /Nmm

The specific wear rate calculated for AL/E (60/40) is 9.934 x 107" mm® /Nmm.
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7. Specific Wear Rate Calculation of PKAC/E (70/30)

Parameters used in specific wear rate calculation of PKAC/E (70/30)

PKAC/E (70/30)

Mass before sliding test, My(g) 24.612
Mass after sliding test, Ma (g) 24.577
Radius of Disc Sample, r (mm) 37
Thickness of Disc Sample, t (mm) 5

Load Applied, W (N) 49.05
Sliding Distance, L (mm) 1.3 x10¢

a) Volume of PKAC/E (70/30), V pro/30) = Tr’t
=1 (37)° (5)

=2.150 X 10*mm°

Mass before sliding test

b) Density of PKAC/E (70/30), p p7030) =

Volume

24.612
2150 X 1074

=1.145 X 107 g/mm°

¢) Loss of mass of PKAC/E (70/30) after sliding test, M 10ss p70/30)= 24.612—24.577

=0.035g
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M loss P(70/30)

d) Loss of Volume of PKAC/E (70/30), V 10ss P(70/30) = >

_0.035
1.145 X 1073

=30.568 mm?>

Vloss P(70/30)

e) Specific Wear Rate of PKAC/E (70/30), k p(7030) = WL

_ 30.568
49.05 x 1300000

=4.794% 10”7 mm?/Nmm

The specific wear rate calculated for PKAC/E (70/30) is 4.794 X 107" mm*/Nmm.
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8. Specific Wear Rate Calculation of SK2 Carbon Steel Disc

Parameters used in specific wear rate calculation of SK2 Carbon Steel Disc

SK2 Carbon Steel Disc
Mass before sliding test, Mu(g) 131.500
Mass after sliding test, Ma (g) 131.380
Radius of Disc Sample, r (mm) 37
Thickness of Disc Sample, t (mm) 4
Load Applied, W (N) 49.05
Sliding Distance, L (mm) 1.3 x10¢

a) Volume of SK2 Carbon Steel Disc, V sk = mr’t

=1 (37)*(4)

=1.720 X 10*mm’

Mass before sliding test

b) Density of SK2 Carbon Steel Disc, p sk2 =

Volume

131500
©1.720 X 1074

=7.644 X 107 g/mm’

Loss of mass of SK2 Carbon Steel Disc after sliding test, M 10ss sk2= 131.500—131.380

=0.120g
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M loss P(70/30)

c) Loss of Volume of SK2 Carbon Steel Disc, V 10ss sk2 = >

_ 0.120
7.644 X 10"-3

=15.699 mm?

Vloss P(70/30)

d) Specific Wear Rate of SK2 Carbon Steel Disc, k sk2 = WL

_ 15.699
49.05 x 3000000

=1.067x 107 mm?/Nmm

The specific wear rate calculated for SK2 Carbon Steel Disc is 1.067 X 107 mm?/Nmm.
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APPENDIX G1

Project timeline Gantt Chart for PSM 1

No Task Week
8
1 | Collect Information
2 | Project Planning
3 | Preparation of Chapter 1 Introduction
4 | Literature Study
5 Preparation of Chapter 2 Literature
Review
6 | Methodology Planning
7 | Preparation of Chapter 3 Methodology
8 | Preparation of Specimens
9 | Preliminary Tribometer Test
10 Preparation of Chapter 4 Preliminary
Results and Discussions
11 | PSM 1 Draft Report Submission
12 | PSM 1 Presentation

103




APPENDIX G2

Project timeline Gantt Chart for PSM 2

No Task WeSek
1 | Collect Information
) Preparation and Correction of Chapter 3
Methodology
3 | Preparation of Specimens
4 | Literature Study
5 | Ball-on-Disc Tribometer Test
6 | 3D Surface Morphology
7 Preparation of Chapter 4 Results and
Discussions
Preparation of Chapter 5 Conclusion
8 !
and Recommendations
9 | Review PSM 2 Draft Report
11 | PSM 2 Draft Report Submission
12 | PSM 2 Presentation
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