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ABSTRACT 
In recent year, powder metallurgy (PM) has been widely used for producing aerospace, 

marine and automotive composite parts due to versatile ability of PM process to combine 

various types of reinforcements and matrices. One promissing sintered composite type is 

a self-lubricating material, with a high mechanical strength and wear properties of low 

friction coefficient and wear rate. A sintered seld-lubricating composite has high potential 

for tribological applications because it has solid lubricant particles embbeded in a matrix. 

In this work, self-lubricating composites, metal matrix composites embedded with in-situ 

generated solid lubricant particles, were prepared from different iron and iron alloy 

powders, such as Fe, Fe-0 .50Mo-0 .15Mn, Fe-0 .85Mo-0 .15Mn and Fe-1 .50Mo-0 .15Mn 

powder, mixed with fixed 4  wt. % silicon carbide powder. All experimental sintered 

composites were processed by using uniaxial die pressing and sintering method. It was 

revealed that the common microstructural feature of the sintered Fe-Si-C composite 

consisted of a black particle enveloped with ferrite and pearlite. For Mo-containing 

sintered composites, they showed different matrices. With 0.5 wt.% Mo, the sintered 

composite had the same microstructural feature as the sintered Fe-Si-C composite. With 

0.85 and 1.50 wt.% Mo, the sintered composite matrices showed ausferrite (bainitic ferrite 

+ austenite) coexisting with pearlite. The fraction of ausferrite increased with increasing 
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Mo content. The refinement of pearlite interlamellar spacing had strong influence on 

hardness of sintered composites. The increase fraction of pearlite + ausferrite led to the 

increase of tensile strength. It was revealed that friction coefficient and wear rate of 

sintered composites decreased with increasing fractions of black particles and increasing 

mechanical strength and hardness. 

Keywords:  sintering, Fe-Mo-Mn-Si-C, self-lubricating composite, mechanical properties, 
tribological properties 
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CHAPTER 1 

INTRODUCTION 
 

1.1. Research Background 

In recent year, utilization of powder metallurgy has been rapidly increasing in the 

aerospace, marine and automotive component in order to fulfil the requirements of 

suitable mechanical and physical properties. However, these materials limit their 

application usage due to the tribological properties [1]. Tribology involves the friction, 

adhesion, wear, and lubrication of solids in contact. Friction and wear are importance 

when considering the efficiency or operating lifetime of a product because wear often a 

major factor in limiting the suitable lifetime of a component. Wear is a materials removal 

from the contact surface between two surfaces in relative motion. The wear behavior of 

wrought materials is totally different from the powder metallurgy (PM) materials due to 

the pores in the PM materials. The wear rate of alloys is directly proportional to the 

amount of porosity. Because of alloys formed through PM route are typically porous. The 

presence of pores in the sintered PM materials acts as main source for crack initiation, and 

wear follows crack propagation which further leads to weakness [2]. 

Thus, lubricants are applied for extend service lives and reduce maintenance 

operation of moving components because it reduces heat between contacting surfaces in 

relative motion and tends to improve wear properties. A solid lubricant is suitable for 

applying in the asperity’s regions, where a liquid lubricant is uncomfortably refilled during 

maintenance. Such as lubrication under extreme environment, where tribological contact 

surfaces still need to be efficiently, solid lubricants are needed. One simple way to apply 

a solid lubricant is to impregnate in a metal matrix of a moving part. Sintering a mixture 

of metal powder and solid lubricant is a traditional method for processing a self-lubricating 

composite. 
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A self-lubricating composite material with high mechanical strength, great wear 

resistance and low friction coefficient are recommended for improve the tribological 

properties of sintered composite materials. Self-lubricating composite materials are 

produced by adding solid lubricants in the matrix phase. The addition of solid lubricants 

in the matrix phase as reinforcing elements create a new material for reducing friction. 

These solid lubricants form a tribofilms during the in-service wear of the component which 

will help to reduce the friction of the components. 

Among various types of solid lubricants, sintered Fe-Mo-Mn-Si-C composites were 

selected for study in this work because it commonly applied as train brake linings. These 

sintered composites showed promising mechanical properties and had graphite-containing 

particles embedded in iron base matrices, act as solid lubricant, which are the important 

role on braking performance.  

This present work is focused on the influence of molybdenum content in pre-

alloyed powders, used for making composite matrices, on microstructure, mechanical 

properties and tribological properties of sintered composites. Pure iron powder with 4% 

SiC was also used for producing a sintered composite as the reference material. 

 

1.2. Objective  

1) To produce sintered Fe-Mo-Mn-Si-C composite and sintered Fe-Si-C composite as 

self-lubricating materials. 

2) To investigate the effects of Molybdenum on microstructure and mechanical 

properties of sintered Fe-Mo-Mn-Si-C composite and sintered Fe-Si-C composite. 

3) To investigate the effects of Molybdenum on tribological properties and wear 

behavior of sintered Fe-Mo-Mn-Si-C composite and sintered Fe-Si-C composite. 
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1.3. Scopes 

1) Mixing Fe-Mo-Mn powder which have varies Molybdenum content 0.50, 0.85, 1.50 

wt.% and Fe-Si-C powder with 4 wt.% SiC.   

2) Compacting the mixed powder and sintering at 1250oC for 45 minutes under 

vacuum and slowly cooled in the furnace. 

3) Characterization microstructure and phase analysis of sintered Fe-Si-C composite 

and sintered Fe-Mo-Mn-Si-C composite specimens by optical microscope (OM), 

scanning electron microscope (SEM) and X-Ray Diffraction (XRD) 

4) Mechanical properties investigation of sintered Fe-Si-C composite and sintered Fe-

Mo-Mn-Si-C composite by Rockwell hardness test and tensile test. 

5) Tribological analysis of sintered Fe-Si-C composite and sintered Fe-Mo-Mn-Si-C 

composite by pin on disc test. 

6) Characterization of worn surfaces and wear debris of sintered Fe-Si-C composite 

and sintered Fe-Mo-Mn-Si-C composite by SEM and EDS. 

1.4. Expected Benefits 

The sintered Fe-Mo-Mn-Si-C composite and sintered Fe-Si-C composite for applying 

in train brake lining of high-speed train with great mechanical properties and excellent 

tribological properties for long life cycle time.  
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CHAPTER 2 

LITERATURE REVIEW 
2.1. Powder metallurgy (PM)  

Powder metallurgy is a metal forming process that widely used in many 

applications including automotive part [3] as show in Figure 2.1. Because PM is a 

sustainable technology, cost and energy saving, reliable precision parts consistently which 

offer a high performance and greater flexibility of designing, and parts can be produced 

with complex shapes and functions compared with traditional manufacturing methods 

such as extrusion, casting, stamping, forging, and machining. The one of main advantage 

of PM is the wide variety of materials used which can be mix the different metal powders 

together. This leads to the possibility to create new composite materials with special 

physical and mechanical properties in a component [4]. 

The process of powder metallurgy is shown in Figure 2.2. The first step starts from 

powder selection by the requirements of the part to be produced and mixing powder 

together. The mixed powders are pressed into the desired shape by high pressure pressing 

machine, then heating the compressed or green material in a controlled atmosphere for 

bonding the powder particles.  

 

Figure 2.1 Powder metallurgy application areas in automotive [3]. 
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Figure 2.2 Powder metallurgy process [5]. 

 

2.1.1. Powder characteristic 
The characteristics of metal powders and alloy chemistry depend on the 

manufacturing processes used for their production. Powders can be characterized by 

several parameters such as particle size and shape, distribution of particle, surface area, 

and ability of powder to flow which influences it fills a die cavity [6]. All of powder 

parameters influence are important for the powder density which referred to the 

mechanical properties of PM materials. The degree of densification (Do) is a useful quantity 

that indicate the consolidation of powders which can defined as Equation 2.1. Where the 

ρa express the apparent density, and ρs is the density of the fully consolidated metal. 

                                                 Do=
ρa

ρs

×100                          (Equation 2.1) 
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2.1.2. Powder mixing 
The powder mixing process employed to mix the raw powder with some alloy 

elements and by adding lubricant or some special additives to achieve the desired 

properties of the materials [5]. Powders with desired amounts are mixed until a 

homogeneous mixture is obtained in a suitable mixing machine for a proper time.  

 

2.1.3. Compaction 
The aim of compaction step is obtained mixed powder into mold and die, and 

compact to maintain required shape and size. Compacting is carried out with sufficient 

strength and density with hydraulic pressures. The compaction operation must ensure that 

the green density is as uniform as possible, to achieve the maximum final product 

mechanical quality. The improvement of uniformity of the green density is apply the 

pressure from both ends [6]. Figure 2.3 show the schematic of tool set for compaction, it 

consists of upper punch, lower punch and die for pressing the powder to green specimen.  

 

 

Figure 2.3 Schematic of tool set for compaction [6]. 
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2.1.4. Sintering 
 The sintering process refers to the application of heat to the green compact for 

increasing of strength and structural integrity by the powder particles bonding. The driving 

force for increasing the density and particle contact area during sintering is the reduction 

of the surface energy of the powder particles by a decrease in the total surface area of 

the compact, due to the closure of pores between powder particles. Not only the 

reduction of the surface energy is the driving force, but also diffusion mechanism is leads 

to the increase in density. The diffusion mechanism can define as Equation 2.2, where D0 

is the frequency factor, Q is an activation energy, T is the absolute temperature, and R is 

the universal gas constant. For each material, the activation energy and frequency factor 

are characteristic thermal constants. Therefore, increasing the sintering temperature 

significantly increases the rate at which a powder compact density [6].  

 The sintering process are dividing into three stages. The initial stage is heating the 

specimen to evaporated or decompose the wax lubricant or binder that added to the 

powder for the easier in compaction process. The intermediate stage is sintering stage, the 

sinter neck formation and merge between particle result in increasing of density and 

strength and progressed through atomic and particles diffuse as Figure 2.4. In this stage, 

the grain size is increase while the pore size is shrinkage led to volume decreasing. The 

last is cooling stage, the cooling rate is depended on the final structure and mechanical 

properties needed.  
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Figure 2.4 Schematic diagram of sintering process 

 

2.1.5. Sintering atmosphere 
The sintering process should conduct under good protective or vacuum 

atmosphere to prevent excessive oxidation of the powder surfaces. The heat for sintering 

is produced by hydrogen (H2), CO, and CO2 which can prevent of the powder surfaces 

during sintering. Alternatively, nitrogen (N2) mixed with hydrogen atmospheres can be 

used. 

 

2.2. Alloying Element 

Alloying element were added in base metals for changing the chemical 

composition with purpose to improve or adjust its material properties. While there are 

many alloying elements used to achieve various enhanced properties. Each alloying 

elements have their own effect on the properties of materials.  
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2.2.1. Effects of alloying element on transformation diagrams 
The alloying element that influent on transformation diagram of austenite, pearlite, 

bainite and martensite can divide into two types. The first type is alloying elements that 

dissolve only in ferrite and cementite without the formation of carbide such as Ni, Mn, Si. 

Figure 2.5a show the transformation diagrams of carbon steel and steel alloyed with no 

carbide forming elements. The results show that these steels alloyed slow down the 

transformation time (shifting of start curves to longer times). The second type is carbide-

forming elements such as Cr, W, V, and Mo. Figure 2.5b show the transformation diagrams 

of carbon steel and steel alloyed with carbide forming elements. Its changing in the 

kinetics of isothermal transformations differently at different temperatures. Therefore, this 

type of steel alloyed have different transformation rate separated by a region of relative 

stability undercooled austenite [7]. However, the presence of alloying element reduces 

the critical cooling rate and shifts the transformation start curves on isothermal 

transformation diagrams (IT) to longer times which lead to hardenability improvement [8]. 

 

 

Figure 2.5 Isothermal transformation diagrams. (a) Carbon steel and steel alloyed with 

no carbide forming (b) carbon steel and steel alloyed with carbide forming [7]. 
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2.2.2. Effect of alloying element on ferrite hardness 
The hardness value of ferrite is also affected by formation of solid solution. The 

solid solution produced by additional alloying element in base metal. Figure 2.6 show the 

effect of substitutional alloying element additions on hardness of ferrite. The results show 

that hardness increase caused by substitutional solution. Si and Mn element gives high 

hardness increase, on the other hand, Cr show the smallest relatively effect on hardness 

of ferrite [7]. 

 

Figure 2.6 Effect of alloying element additions on ferrite hardness [5]  

 

2.2.3. Effect of alloying element on the formation of alloy carbides 

(Secondary hardening) 
 In the secondary hardening process of material which add the alloying element 

such as Cr, Mo, V, and W, the carbides in coarse cementite dispersion are replaced by a 

new and finer alloy carbide dispersion, results in higher hardness. Figure 2.7 show the 

effect of molybdenum on hardness of secondary hardening. The results show higher 

hardness value while increase percent of molybdenum [7]. 
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Figure 2.7 The effect of molybdenum on the tempering of quenched 0.1 wt% C steels 

 

2.3. Self-lubricant material 

Self-lubricant material is one type of solid lubricant which is suitable for the 

applications in the asperity regions. While liquid lubricant is uncomfortably to refilled 

during maintenance. Because liquid lubricant can oxidize and decomposed when 

performed at high temperature led to decreasing in its efficiency and performance. On the 

other hand, self- lubricant or solid lubricant can utilize lubrication at various condition 

such as high temperature, strong radioactivity, high-pressure, corrosive environments, and 

vacuum atmosphere. While two components move sliding each other, a self-lubricant 

material will create lubricant film on surface by release a solid lubricant to prevent the 

directly contact between their surfaces results in the reducing of friction and mechanical 

interactions between surfaces in relative motion. There are various types of solid lubricants 

such as graphite, molybdenum disulfide (MoS2), and boron nitride (BN) [9]. 
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2.3.1 Graphite 
Graphite is a solid lubricant which has a hexagonal crystal structure. The crystal 

structure of graphite consists of thin parallel planes (graphene) which bonded by weak 

Van der Waals forces to each other as Figure 2.8. Each carbon atoms of graphene are 

bonded by strong covalent bond to three other atoms with angle 120o. The weak bond 

between the graphenes cause easily shearing of the planes toward the direction of the 

force. The graphene that released from graphite crystals by lamellar displacement create 

graphite films on surfaces results in lower coefficient of friction. However, application of 

graphite in practical is limited at high temperature because of oxidation. But additives 

composed of inorganic compounds can added to enable use. 

 

 

Figure 2.8 Crystal structure of graphite 
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2.4. Microstructure 

The microstructure used to describe the structure of material such as phase, 

arrangement of phases and defects of material in a microscopic scale, which can be 

observed by microscopic techniques. The microstructure of material depends on many 

factors such as chemical composition, homogeneity, processing, and section size. 

Moreover, it can strongly influence to properties of material such as strength, ductility, 

toughness, hardness, corrosion and wear resistance, and temperature behavior, which 

depend on phase structure of it. Figure 2.9 shows hardness of various microstructure of 

steels containing up to about 1.2wt.% carbon. Martensite demonstrates the highest 

hardness, while hardness of tempered martensite and bainite have slightly lower. 

However, pearlite and ferrite show significantly lower hardness, whereas ferrite and 

spheroidized carbide indicated the lowest hardness compare with others. 

 

 

Figure 2.9 Hardness of various microstructure of steels containing up to 1.2wt.% C [10] 
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2.4.1. Ferrite microstructure 
 Ferrite microstructure presented in body centered cubic (BCC) crystal structure 

which stable at the temperature under 912oC. The solubility of carbon atom in ferrite 

phase is very low, maximum soluble is 0.022% at 727oC and 0.008% at room temperature. 

This phase has low dislocation motion resistance due to its crystal structure, which effect 

to low in its strength. Figure 2.10 illustrates the micrograph of ferrite microstructure. 

 

Figure 2.10 The micrograph of ferrite microstructure of low carbon steel. 

 

2.4.2. Pearlite microstructure 
Pearlite microstructure is a metastable lamellar that mixed of two phases, ferrite, and 

cementite (Fe3C) which forms at temperatures below the lower critical temperature. 

Cementite is a metastable phase which has compound of carbon and iron with the 

orthorhombic crystal structure. Under proper temperature, cementite can transform to 

graphite. The distance layer between ferrite and cementite is known as the interlamellar 

spacing [11]. The mechanical properties such as hardness of a fully pearlitic steel are 

varying with the interlamellar spacing. The small interlamellar spacing is known as fine 

pearlite, while large interlamellar spacing known as coarse pearlite which has lower 

hardness. The pearlite can made finer by heat treatment process. Figure 2.11 and Figure 
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2.12 illustrates the micrograph and crystallographic orientation image of pearlite 

microstructure. The orientation image indicate that the crystallographic orientation is 

homogeneous within a pearlite colony. 

 

Figure 2.11 The micrograph of pearlite microstructure of low carbon steel. 

 

 

Figure 2.12 An orientation image of pearlite colonies. 
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2.4.3. Martensite microstructure 
Martensite microstructure presented in body-centered tetragonal (BCT) crystal 

structure which formed by rapidly cool of austenite to below martensite start temperature 

(MS) results in diffusionless transformation of carbon atom [11]. Because of high cooling 

rate, carbon atoms do not have enough time to diffuse completely into cementite phase. 

Figure 2.13 illustrate BCT structure of martensite, where circles are presented of iron atoms 

and x are presented of carbon atoms. Figure 2.14 shows micrograph of martensite with 

magnification of 1220x. The hardness and strength of martensite varies relational with 

carbon in austenite up to about 0.5% C. For carbon more than 0.5% in the austenite 

increases, the hardness and strength go down due to the austenite unable to convert to 

fully martensite (retained austenite becomes increasing). 

 

Figure 2.13 Body-centered tetragonal crystal structure of martensite 
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Figure 2.14 Micrograph of martensite microstructure (1220x) 

 

2.4.4. Bainite microstructure  
Bainite is microstructure that consist of ferrite phase and finely dispersed cementite 

as Figure 2.15 which formed by decomposition of austenite at above martensite start 

temperature and under pearlite finish temperature in time-temperature-transformation 

diagram. Bainite can exist without presence of cementite, where martensite-austenite (M-

A) constituent would be found instead. 

 

Figure 2.15 Micrograph of bainite microstructure. 
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2.5. Porosity  

Figure 2.16 show the optical micrograph of various particle size, the evident show 

that small particle (SP) size gives the lowest porosity, while the large particle size (LP) 

shows the highest porosity. Moreover, the mixture of medium and large powders size 

(MLP) showed an increase in porosity, when compare with medium particle size (MP). 

Porosity, hardness, and porosity for large pores are shown in Table 2.1.  It can be 

concluded that this sequential order for porosity is from SP to MP, MLP and LP with 

increasing in porosity. Pore size distribution is shown in figure 2.17, to study that both total 

porosity and the size of the pores have an influence on the tribological behavior [12].  

 

Figure 2.16 The optical micrograph of various particle size (a) SP (b) MP (c) MLP (d) LP 
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Table 2.1 Porosity, hardness, and porosity for large pores 
Sample Porosity (%) Vickers Hardness, 30 HV Porosity for large pores (%) 

SP 7.6 123 0 

MLP 22.2 101 14.3 

MP 24.4 72 17.0 

LP 28.8 69 21.4 

 

 

 

Figure 2.17 Pores size distribution of all PM samples 
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Figure 2.18 shows normalized wear scar depth of all sintered samples under dry sliding 

condition, respectively. Its evident that the total wear scar depth increasing depend on 

decreasing in porosity. Its shows that LP which has the highest porosity, have the lowest 

wear scar depth compare with others. It can be concluded that the amount of material 

removed is lower when the pores are present, because of the increasing of porosity. 

However, after the pores are closed (at after 200 m), all the samples demonstrate the 

same wearing process as they are the same material. Figure 2.19 present SEM micrograph 

of LP sample after 200 m of dry wear, the pores are closed with flake-like shape. The 

same result is found in the other samples. This because the plastically deformed of 

material around the pores and elongate in sliding direction at the surface and sub-surface, 

then the propagation of elongated pores near the surface form flake-like debris during 

repeated revolutions. Figure 2.20 shows coefficient of friction of all sintered samples under 

dry sliding condition. At the first few meters of sliding of COF, the result shows the 

influence of pore on the COF at this initial transient. After the pores are closed, the COF 

are constant at values around 0.70–0.75. As a conclusion, pores can be affecting the wear 

properties of the material until they closed [12]. 

 

Figure 2.18 Normalized wear scar depth of all samples under dry sliding condition 
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Figure 2.19 SEM micrograph of LP sample after 200 m under dry sliding condition 
 

 

Figure 2.20 COF of all sintered samples under dry sliding condition. 
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2.6. Density  

In sintered composite materials, the green densities were lower than sintered 

densities because of densification of particle bonding. Green density is the ratio of external 

and metal powder volumes before being sintered which indicates that how the powder 

particles are packed together. Powder compact of high green density helps accomplish 

densification during sintering. Improvements in green density may also be affected by 

employing smooth and regularly shaped annealed particles with high particle densities.  

During the sintering process, powder particles bond to each other. The particles 

do not actually reach melting temperature during sintering, but rather neck is formed on 

the contacting areas at elevated temperatures. Due to sintered neck growth, the pores 

were filled, cause densification and shrinkage of the component, then the void spaces 

between the powder particles were removed [13], [14]. Sintered density increased with 

increasing sintering temperatures (Figure 2.21) and the amount of time spent at 

temperature as in Figure 2.22. In general, the open porosities of all the sintered alloys 

decrease with the increase of the isothermal holding time. However, further increasing the 

isothermal holding time has a limited effect on eliminating the open porosities [15], [16]. 

While the part was heated, the size of the part is reduced along with the porosity size. 

Hence, higher temperatures and longer sintering will form the particle better bonds. 

 

Figure 2.21 The particles bonding at difference temperature. 
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Figure 2.22 Relative densities and open porosities of the Fe-Mn-Si compacts sintered at 

1200 °C as a function of the isothermal holding time. 

 

2.6.1. Effect of SiC on sintered density 
The sintered density of various SiC particle is presented in Figure 2.23. The 

theoretical density illustrates maximum densification in theoretical state. Because this 

state can ascribe as no void in density of composite, which is higher compared to 

experimental density. The electric resistance setup (ERS) shows better density than 

conventional sintering (CS) because ERS contribute an improved consolidation, grain 

refinement, and particle surface heating, which all result in higher densification. Moreover, 

the graph indicates that the addition of SiC increases the density of composites, as SiC 

particles provide higher density compared to the matrix material. 
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Figure 2.23 The sintered density of various SiC particle. 

 

2.7. Wear testing  

Wear testing is carried out to determine the amount of materials removed, to 

predict the wear performance and to investigate the wear mechanism of a component 

after service for a period of time. The wear properties can be expressed by various way 

such as mass loss, volume loss, the geometry and size of wear debris, the character of 

worn surface, and type of wear. Wear measurement can be done in a common technique 

using precision digital balance to measure the mass loss. The microscope also used for 

measuring the wear depth and cross section area of a wear track to define the wear 

volume loss. The wear testing is performed to evaluate the wear properties to determine 

whether material is appropriate for a specific wear application, to select the proper surface 

engineering technology to reduce wear, and to investigate the effect of treatment 

conditions on the wear performance. There is various type of wear test such as an abrasive 

wear tester, a rolling sliding wear tester, and a pin on disc wear tester.  
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2.7.1. The pin on disc wear tester 
The pin on disc test is widely used to determine the wear properties because 

economic cost, short testing period, and easy to access [17]. The schematic of pin on disc 

wear tester is show in Figure 2.24. The pin on disc tester machine consists of a pin with 

various geometry, which attached with the precisely weight at a specified load. The most 

popular geometry of the pin is cylindrical and spherical due to the uniform loading. The 

pin on disc wear testing is carried out to evaluate friction and wear properties of materials 

under sliding condition in relative motion. Commonly, the tests are performed under 

various testing standards such as ASTM F732, ASTM G133, and ASTM G99. While testing 

was performed, the normal load is transferred from pin to the contacting surface results 

in wear mechanism on pin and surface of tested specimen. The temperature, wear and 

friction force are continuously monitored during the test which can be convert to the 

tribological properties such as Friction coefficient (COF), wear rate, and wear resistance. 

 

 
Figure 2.24 The schematic of pin on disc wear tester. 
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2.7.2. The friction coefficient 
The friction coefficient (µ) obtained from the wear test, which indicate the ratio of 

the friction force and the normal applied load between two counterpart specimens. The 

equation 2.2 express the friction coefficient equation, where f defined as friction force and 

Fload defined as normal applied load. Figure 2.25 present the typical curve of friction 

coefficient and time [18]. It shows two sections of COF, the transition section and the 

steady state section. The transition section is attributed to the run-in state. During the run-

in state, some chemical reactions occur, and the surface roughness changes until the 

system comes to a steady state. The second section is call as steady state because the 

friction coefficient in this state is already stable. The steady state may either decrease or 

increase from the run-in state, depend on the types of material contact and parameters 

of contact pairs. 

Friction Coefficient (µ)= f/Fload    (2.1) 

 

 
Figure 2.25 The typical curve of friction coefficient and time. 
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2.7.3. Wear rate 
Wear rate can describe the material removal per unit sliding distance or time by 

reflecting mass loss, volume loss or linear dimension change. The common unit of wear 

rate is m3/m or mm3/mm.  

2.7.4. Mass loss 
Mass loss is a mass difference between initial mass and final mass which cause 

from wear. Mass loss obtained by precision digital balance measurement, which is the 

convenient method for wear measurement, especially when the worn surface is irregular 

shape. Before the weight measurement, the specimen must be carefully cleaned. The 

common unit of mass loss is gram (g) and milligram (mg). 

 

2.7.5. Volume loss 
Volume loss is one of factor that can describe the wear behavior. Normally, volume loss 

calculated from length and width of wear scar track, or scar profile according to the 

geometry of the wear track. The measurement of length and width of wear scar track can 

be performed by a microscope. The common unit of volume loss is mm3, mm3/m, mm3/N, 

and mm3/N.m. Volume loss enables a better comparison of wear among materials having 

different densities. However, this method is inappropriate for a irregular wear track. 

2.8. Wear mechanism 
Wear mechanism is the removal of solid material from surface and/or subsurface when 

two solid surfaces are in the tribological contact due to the moving components. 

Tribological contact are influenced by many properties and environment such as hardness, 

surface of materials, surface roughness, normal load, type of motion, humidity, 

temperature, and lubricant properties. The wear mechanism can characterize as severe 

and mild wear. The worn surfaces with smooth and small wear debris size not over about 

1µm is characterize as mild wear. On the other hand, the roughened worn surface with a 

large wear debris size which can be observed by naked eye can defines as severe wear. 

The large amount of wear results in low life service time of the components. Thus, the 
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components life cycle time can be developed by mainly in two ways which is applying a 

lubricant and surface modification [9]. The important wear mechanisms can be categorized 

into adhesive wear, abrasive wear, delamination wear, and corrosive wear. Table 2.2 

presents the overall of possible wear scenarios [19]. 

 

Table 2.2 Relative importance of the forms of wear 
Type of Wear Eyre (1976) Rabinowicz (1983) 
Adhesive Wear 23% 45% 

Abrasive Wear 58% 36% 

Corrosive Wear 5% 4% 

Surface Fatigue Wear 14% 15% 

 

2.8.1. Adhesive wear 
Adhesive wear is occurred from shearing of adhesive bond (cold welds) of 

asperities lead to transferring of material from one surface to another surface as Figure 

2.26. The cold welded of asperities is resulted from plastically deformed and welded 

under high temperature and load in relative motion. When considerate at the contact 

points, the cohesive bond of the weaker material is weaker than the adhesive bond of 

welded asperities.  

 

 
Figure 2.26 Schematic of adhesive wear mechanism. 
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2.8.2. Abrasive wear 
Abrasive wear is damaging of surface by plastic deformation or fracture which occur 

from asperities of a rough, hard particles or hard surfaces sliding along a softer solid 

surface. The character of damaging is wedging, cutting, and ploughing phenomena. The 

ploughing is a groove on surface of material. Abrasive wear can categorize by mainly in 

two modes of wear that is two body abrasive wear and three body abrasive wear. Figure 

2.27 show the schematic diagram of two body abrasive wear which is a simple form of 

abrasion. Its cause from the difference of degree of surface roughness and hardness of 

two solid rubbing surfaces. Hard abrasive particles are form by fracture and severe 

abrasion. However, it can be improved by reducing of surface roughness and applying 

lubrication. Figure 2.28 show the schematic diagram of three body abrasive wear. The 

abrasive particles between contact area are slide and roll on the surface, which results in 

cutting wear [20] and localized plastic deformation in relative motion of the contact 

surface [21]. The detailed of mechanism also depends on the particle size and the gap 

between the two main bodies [22]–[24]. 

 

 

Figure 2.27 Schematic of two body abrasive wear mechanism. 
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Figure 2.28 Schematic of three body abrasive wear mechanism. 

 

2.8.3. Fatigue/ Delamination wear 
Delamination wear is causing by fatigue from the cyclic loading. During the cyclic 

loading, some crack is present on surface or subsurface. Then, the surface cracks propagate 

and connect together with other cracks. Results in generate of wear particles in flake- like 

sheets and pits or voids formation on contacting surface. The propagation of crack can be 

influence by the relative humidity in the air, in the high moisture atmosphere, the crack 

propagate occurs rapidly when compare with dry atmosphere [9], [25]. Figure 2.29 and 

figure 2.30 present the SEM micrograph of severe delamination wear and mild 

delamination wear, respectively. 

This material is reserved for educational use only, not allowed for commercial use. 

Forbidden to modify the content, and cite the document when use. 



31 
 

 

Figure 2.29 SEM micrograph of severe delamination wear. 
 

 

Figure 2.30 SEM micrograph of mild delamination wear. 
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2.8.4. Corrosive/ Oxidative wear 
Corrosive or oxidative wear can occur when the oxygen or other gases have a 

reaction on the sliding surfaces results in intense damage and material losses. Sometimes 

oxidative wear can generate by the antiwear or other chemical additives because of the 

presence of the dissolved oxygen. The oxidation rate at the beginning is fast because of 

place exchange mechanism and the oxide film grows quickly on the relative surface. When 

the oxide film thickness on the surface reaches about 2-3 nm, the oxidation rate on the 

surface decrease and the oxide film continues form by oxygen diffuse into the metal [9], 

[26]. Figure 2.31 and figure 2.32 present the schematic of oxidative wear mechanism [27] 

and SEM micrograph of oxidative wear. 

 

Figure 2.31 Schematic of oxidative wear mechanism. 
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Figure 2.32 SEM micrograph of oxidative wear. 

  

This material is reserved for educational use only, not allowed for commercial use. 

Forbidden to modify the content, and cite the document when use. 



34 
 

CHAPTER 3 

RESEARCH METHODOLOGY 
 

3.1. Materials 

3.1.1. Iron base particle powder 

Iron base particle powder (MH80.23), shown in Figure 3.1, is a water atomised 

powders or sponge iron powders available from Höganäs AB, Sweden, having an apparent 

density of about 2.30 g/cm3 and a particle size substantially below 150 µm, the amount 

of particles smaller than 45 µm is about 3%. Specially designed to match the requirements 

for self-lubricating bearings. And it can also be added to powder mixes in small quantities 

to substantially improve green strength. 

 

 

Figure 3.1 Iron base particle powder 
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3.1.2. Pre-alloyed Fe-Mo-Mn powders 

Sintered Fe-Mo-Mn-Si-C composites were prepared from 3 different pre-alloyed Fe-

Mo-Mn powders as in Figure 3.2, Fe-0.50Mo-0.15Mn, Fe-0.85Mo0.15Mn and Fe-1.50Mo-

0.15Mn, namely ATOMET 4001, ATOMET 4401 and ATOMET 4901. These pre-alloyed Fe-

Mo-Mn powders is design for a highly compressible, water-atomized alloy steel designed 

for use in high strength, high performance powder metallurgy and sinter hardening 

applications. 

 

Figure 3.2 Pre-alloyed Fe-Mo-Mn powders 
 

3.1.3. Silicon carbide 

Figure 3.3 show the silicon carbide powder (SiC) which commonly employed as 

the reinforcing phase in Fe-based alloys owing to its high strength and chemical stability, 

especially in harsh environments. Moreover, it used to reduce fiction coefficient and 

mechanical interactions between surfaces in relative motion. Figure 3.4 show the SiC 

powder in SEM which supplied by AALDARICH. Its physical properties have average particle 

size lower than 40 µm (as received). 
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Figure 3.3 SiC powder. 
 

 

Figure 3.4 SiC powder in SEM. 
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3.1.4. Zinc stearate 

Zinc stearate is added as a lubricant or binding agent during mixing of iron powder 

or other metallic based composites before compaction for enhances blending properties 

and improve flow with powdered metal and imparts consistent porosity for fabrication of 

self-lubricating components. In addition, it prevents the parts from adhering to the mold 

in compaction process and leaving a better finish. The Figure 3.5 show the zinc stearate 

powder. 

 

Figure 3.5 Zinc stearate powder 
 

3.1.5. Argon gas 

Argon gas, show in Figure 3.6, were used to prevent chemical oxidation on the 

surface of sintered parts. Because Argon gas can remove oxygen from air before and after 

sintering process. 
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Figure 3.6 Argon gas cylinders. 

3.1.6. Nital etchant 

Nital etchant as Figure 3.7 is a mixture of nitric acid and alcohol commonly used 

for etching low carbon steels to reveal the microstructure of the metal through selective 

chemical attack. Etchants will preferentially attack high energy sites, such as boundaries 

and defects.  

 

Figure 3.7 Nital etchant 
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3.2. Experimental Equipment 

3.2.1. Digital balance 

Laboratory Digital balance 3-digit is used for Lab weighing and density calculation. 

It defined by high levels of accuracy and precision in analytical testing. Figure 3.8 show 

the Digital balance (3-digit). 

 

Figure 3.8 The Digital balance (3-digit). 

3.2.2. Analytical balance 

Analytical Digital balance 4-digit is used for Lab Weighing and wear analysis. It 

defined by high levels of precision, strong environmental adaptability and readability at 

0.0001g. Figure 3.9 show the Analytical balance. 

 

Figure 3.9 The Analytical balance (4-digit) 
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3.2.3. Powder blender 

Powder blender as show in Figure 3.10 is uses for mixing of the metal and additive 

powders in different area type together, operate using a rotating powder bottle at desired 

revolution per minute.   

 

Figure 3.10 Powder blender 
 

3.2.4. Hydraulic pressing machine 

The hydraulic pressing machine with load 100 Ton as show in Figure 3.11 is used 

to compact mixed powder into a green product with vary shape depend on mold and die 

by using the hydraulics pressure. 
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Figure 3.11 Hydraulic pressing machine 

3.2.5. High vacuum sintering furnace 

High vacuum sintering furnace offered by SCHMETZ D59708 MENDEN as show in 

Figure 3.12 is used for sintering the specimens under the vacuum atmosphere. After the 

sintering process, it becomes the density material. The sintering process directly affects 

the grain size, pore size and grain boundary shape and distribution in the microstructure, 

thus affecting the properties of the material. 

 

Figure 3.12 High vacuum sintering furnace SCHMETZ D59708 MENDEN 
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3.2.6. High precision cutting machine. 

High precision cutting machine which is Discotom-5 cut off machine as Figure 3.13 

is used to cut materials into specific shapes to prepare specimen for microstructure 

characterization. 

 

Figure 3.13 High precision cutting machine. 

3.2.7. Hot mounting press 

Hot mounting press as Figure 3.14 is used to prepare the sample to be grinded and 

polished. The aim of mounting is to handle small or odd shaped specimens and to protect 

fragile materials, thin layers or coating during preparation as well as to provide good edge 

retention. In hot mounting, the specimen is mounted under heat and pressure with a hot 

mounting press. 

 

Figure 3.14 Hot mounting press 
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3.2.8. Metallographic grinding/polishing machine 

The metallographic grinding/polishing machine used in this work was Labopol-5, 

as shown in Figure 3.15. It was used for both grinding and polishing processes. is a 

Metallurgical Grinding Polishing Machine which used for sample preparation process by 

grinding and polishing with high reliability of rotational speed, the ultimate goal being to 

produce a no deformation, no scratch and highly reflective sample surface. 

 

 

Figure 3.15 Metallographic grinding/polishing machine. 
 

3.2.9. Silicon Carbide paper 

Silicon carbide paper (SiC paper) grit sizes of 120, 180, 240, 400, 600, 800, 1000, 

and 4000 as shown in Figure 3.16 are used for grinding metallic specimens to remove 

surface roughness and achieve a flat, smooth, and scratch-free surface before being 

polished in the next step of metallography specimen preparation. 
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Figure 3.16 Silicon carbide paper. 
 

3.2.10. Polishing cloth 

Micron polishing cloth as Figure 3.17 is use after grinding step to remove the 

scratches produced from the finest grinding stage. The polishing step in specimen 

preparation removes the last thin layer of the deformed metal for a smooth reflective 

surface. 

 

Figure 3.17 Micron polishing cloth. 
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3.2.11. Diamond suspension size 6, 3 and 1 µm 

Diamond suspension size 6, 3 and 1 µm as Figure 3.18 is use with polishing cloth 

during the sample preparation stages for fast stock removal and to produce a perfect 

polished surface ready for analysis. The diamond suspension type to use is depends on 

the material and the surface finish required.  

 

Figure 3.18 Diamond suspension size 6, 3 and 1 µm 

 

3.3. Characterization instruments 

3.3.1. Digital vernier 

Digital vernier as Figure 3.19 is a precision instrument to measure the internal and 

external dimensions of an object by displays the reading as a numeric value. 

 

Figure 3.19 Digital vernier 
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3.3.2. Macro hardness testing machine 

Macro hardness testing machine offered by Instron-930 is show in Figure 3.20 which 

is an equipment for measuring the hardness of the macro structure by conventional 

Rockwell hardness testing with high precision tester and quick results. In the Rockwell test, 

results are rapidly and directly obtained without the need for a secondary, dimensional 

measurement requirement. 

 

 

Figure 3.20 Instron-930 Macro hardness testing machine 
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3.3.3. Universal testing machine (Instron 8801) 

A Universal Testing Machine by Instron 8801 Universal Instrument, show in Figure 

3.21, is used to test the tensile strength of materials in this research. This testing 

equipment can evaluate materials properties such as tensile strength, elasticity, yield 

strength, elastic and plastic deformation, and strain hardening.  

 

 

Figure 3.21 Instron 8801 Universal Instrument 
 

3.3.4. Optical Microscope 

Optical Microscope (OM) by Olympus STM7, Japan, show in Figure 3.22, is a type 

of microscope that uses visible light and a system of lenses to magnify images of small 

samples such as microstructure of specimens in this research. Optical microscopes were 

easy to develop and are popular because they use visible light, so samples directly 

observed by the eye. 
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Figure 3.22 Optical microscope by Olympus STM7, Japan 

 

3.3.5. Scanning electron microscope 

The scanning electron microscope (SEM) used in this work was Hitachi SU8230, 

Japan, as shown in Figure 3.23, is used to investigate microstructure of specimens, the 

worn surface, wear debris and counter ball surface in micro scale. SEM scans a focused 

electron beam over a surface to create an image. The electrons in the beam interact with 

the sample, then they produce secondary electrons, backscattered electrons, and 

characteristic X-rays. These signals are collected by one or more detectors to form images 

which are then displayed on the computer screen.  
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Figure 3.23 Scanning electron microscope by Hitachi SU8230, Japan 

 

3.3.6. X-Ray Diffraction Analysis 

X-Ray Diffraction Analysis (XRD), show in Figure 3.24., is used to Identify crystalline phases 

and orientation present in a material and thereby reveal chemical composition 

information. Identification of phases is achieved by comparison of the acquired data to 

that in reference databases.   

 

 
 

Figure 3.24 X-Ray Diffraction Analysis 
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3.3.7. Pin-on-disc testing machine 

Pin-on-disc testing machine is carried out according to ASTM G99, show in Figure 3.25, is 

used to evaluate friction and wear characteristics in sliding contacts. Sliding occurs 

between a rotating disc and a stationary pin. Wear track diameter and normal load can be 

varied. Electronic sensors are used for monitoring tangential frictional force and wear. 

 

 

Figure 3.25 Pin-on-disc testing machine (ASTM G99) 
 

3.4 Experimental procedure 

3.4.1. Powder mixing 

 Sintered 000Mo composite was prepared as the reference material from pure Fe 

powder mixed with 4 wt. % silicon carbide (SiC) powder. Other experimental sintered 

composites were prepared from 3 different pre-alloyed Fe-Mo-Mn powders, such as Fe-

0.50Mo-0.15Mn, Fe-0.85Mo-0.15Mn, and Fe-1.50Mo-0.15Mn, mixed with 4 wt. % SiC 

powder. The powder mixtures were added with 1 wt.% zinc stearate and blended in a 

powder mixer with speed 6.5 rpm for 1 hour.  The nominal compositions of experimental 

sintered composites are given in Table 3.1. 
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Table 3.1 The nominal compositions of experimental sintered composites 
Composite Metal powder SiC 

(wt. %) 
Nominal composition (wt. %) 

 C Si Mo Mn Fe 
000Mo Fe 4.0 1.20 2.80 0.00 0.00 Bal. 

050Mo Fe-0.5Mo-0.15Mn 4.0 1.20 2.80 0.48 0.14 Bal. 

085Mo Fe-0.85Mo-0.15Mn  4.0 1.20 2.80 0.82 0.14 Bal. 

150Mo Fe-1.5Mo-0.15Mn 4.0 1.20 2.80 1.44 0.14 Bal. 

 

3.4.2. Compaction 

Standard tensile test bars, conforming to the MPIF standard 10 and as given in 

Figure 3.26, were prepared from mixed powders by using 100-ton hydraulic pressing 

machine. Densities of compacted or green specimens were measured according to MPIF 

standard 42. The green densities were controlled to be 6.50 ± 0.01 g/cm3. The coin-shape 

specimens or disks for tribological testing were prepared to have the same green density 

of 6.50 ± 0.01 g/cm3. The disk dimensions are shown in Figure 3.27. To reduce the spring 

back effect, each compacted specimen was kept in a die under a compacting pressure for 

10 seconds before being ejected out of the die. 

 

 

Figure 3.26 The sketch of standard tensile test bar. 
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Figure 3.27 Green disk dimensions. 
 

3.4.3. Sintering 

  Green compacts of both standard tensile test bars and disk specimens were 

sintered in a high vacuum sintering furnace, which provided both high temperature and 

reducing atmosphere.  Sintering was performed in three stages as shown in Figure 3. 28 

under high-vacuum atmosphere.  In the first stage of sintering, green specimens were 

heated up to 600 oC, the de-waxing temperature, which was held for 60 minutes to remove 

all organic materials out of green specimens. In the second stage, brown specimens were 

heated up to 1250 oC, the sintering temperature, which was held for 45 minutes to 

facilitate the interactions between Fe/Fe-Mo-Mn metal and SiC powder particles and the 

sintering between matrix powder particles. In the last step, sintered specimens were slowly 

cooled in the sintering furnace (with cooling rate of 0.1 oC/s).  Under this slow and 

continuous cooling, relevant transformations from high-temperature to low-temperature 

phases would occur and result in microstructural development. The phase transformation 

products were identified or characterized later by using microstructural and X-ray 

diffraction (XRD) analyses. 

  Densities of sintered specimens were measured according to MPIF standard 42. 
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Figure 3.28 The sintering profile. 

 

3.4.4. Mechanical test 

1. Hardness test 

For macro-hardness, three tensile test bars of each sintered composite were used 

for Rockwell hardness testing, conforming to ASTM E-18, using ball indenter with diameter 

of 1/4 inch and Rockwell scale B (HRB). The mean hardness value defines by averaged 

value from five different areas on each specimen. This is measurement. 

2. Tensile test 

Three sintered tensile test bars of each sintered composite were tested by 

universal testing machine, Instron 8801 (according to ASTM E-8). The test process involves 

placing the test specimen and slowly extending and eventually fractures occurred. 

3. Surface preparation 

The surfaces of all specimens were prepared by grinding on silicon carbide papers 

with grits of P80 to P4000. The ground surfaces were then polished with diamond 

suspensions with sizes of 6, 3, and 1 µm. The properly polished surfaces were etched by 

2% Nital solution, cleaned with ethanol, and dried before being metallographically 

observed by using optical microscopy (OM) or scanning electron microscopy (SEM). 
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3.4.5. Wear test 

Dry sliding wear experiments were carried out on ball-on-disc wear machine in 

accordance with ASTM G99-05(2010). The sketch of ball-on-disc wear test and conditions 

are given in as Figure 3.29. The sliding velocity was 0.1 m/s at normal load 5N, 10N and 

15N. All specimens were tested under sliding distance of 1,000 m at room temperature 

with relative humidity 60%. The specimens for dry sliding test had disk shape with 

roughness of 4-5 µm. The ball, as a counterpart material, was made of SKF chromium 

steel grade G20 with diameter of 6 mm, hardness of 838 ± 21 HV, and roughness of 4 µm. 

The friction coefficient, obtained by programmatical converting the friction torque 

measured by using a load cell into coefficient, was recorded continuously. The mass loss 

was obtained from specimen mass difference before and after wear test. The volume loss 

of disk specimens was calculated according to Equation 3.1., where R was defined as wear 

track radius, and d defined as wear track width. The volume loss of a spherical ended pins 

was calculated according to Equation 3.2., where d was defined as wear scar diameter, 

and r defined as pin end radius. At the end of each test, the wear rate was calculated 

according to Equation 3.3. Worn surfaces and wear debris were investigated by using SEM 

to better understand the wear mechanism and the influences of material characteristics 

on wear behavior. 

Disk volume loss = 2πR [r2sin-1(d/2r) – (d/4)(4r2-d2)1/2] (Equation 3.1) 

Pin volume loss = (πh/6)[3d2/4 + h2]     (Equation 3.2) 

Wear rate = (volume loss/distance)     (Equation 3.3) 
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Figure 3.29 The schematic of ball-on-disc wear test set up. 
 

3.4.6. Microstructure Analysis 

Optical Microscopy and Scanning Electron Microscopy are equipment to observe 

the microstructure of specimens. Optical microscopy is a method for general inspection 

purposes but scanning electron microscopy can provide more topographical and 

compositional detailed. Thus, this thesis used Optical Microscopy for analyst the overview 

of microstructure and use Scanning Electron Microscopy for analyst the details of 

microstructure. 

3.4.7. X-Ray Diffraction Analysis 

X-Ray Diffraction Analysis (XRD) is equipment used to Identify crystalline phases 

and orientation present in a material. All specimens for XRD were prepared by cutting, 

grinding, and polishing and performed by PANalytical X'pert pro with copper source 

(wavelength of 1.5406 Å) and conditions including step size of 0.2o, time of 0.5 s/step and 

angle of 30-110o. 
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CHAPTER 4 
RESULTS AND DISCUSSIONS 

 

4.1. Density 
In this work, all green specimens in the forms of tensile test bars and disks were 

produced with green density of 6.5 g/cm3. After sintering at 1250 oC for 45 minutes, the 

sintered specimens were cooled slowly in a furnace with cooling rate of about 0.1 oC. The 

plot of average sintered density of tensile test bars against sintered composite type is 

shown in Figure 4.1. The densities of sintered 000Mo, 005Mo, 085Mo and 150Mo composite 

tensile test bars were 7.07, 7.24, 7.26 and 7.53, respectively. The plot of average sintered 

density of disks against sintered composite type is shown in Figure 4.2. The densities of 

sintered 000Mo, 005Mo, 085Mo and 150Mo composite disks were 6.94, 7.27, 7.55 and 7.60, 

respectively. As indicated by the results, most sintered composite disks showed sintered 

densities slightly higher than those of sintered composite tensile test bars. 

 

 

Figure 4.1 The average sintered density of sintered composites tensile test bars. 
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Figure 4.2 The average sintered density of sintered composite disks. 
 

4.2. Fracture surfaces analysis 
The fracture surfaces of experimental sintered composite tensile test bars were 

observed by using SEM as shown in Figure 4.3. The fracture surfaces of sintered 000Mo 

composite showed 3 different fracture characteristics, such as (1) the coexistence of 

interparticle ductile dimples and decohesion (Figure 4.3a), (2) cleavage (Figure 4.3b), and 

crack of a black particle (Figure 4.3a and 4.3b). The presence of interparticle ductile 

dimples suggests that sintered 000Mo composite undergoes plastic deformation before 

breakage. 

The crack of a black particle, shown in Figure 4.3a, revealed the core/shell nature 

of such particle. As far the composition was concerned, the solid core was the 

decomposed SiC residue consisting of Si, C, Fe and Mo constituents, while the shell 

consisted mainly of carbon [28]. Different characters of black particle cracks were observed 

on fracture surfaces on sintered composites. In one case, the crack propagated from 
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matrix/black particle interface through graphite shell, and it was followed by decohesion 

at solid core/graphite shell interface (Figure 4.3b). The cracks were also found to run 

through solid cores as shown in Figure 4.3c and 4.3e. In other case, the crack was observed 

to cut through graphite shell cap (Figure 4.3d). 

The fracture surfaces of sintered 050Mo (Figure 4.3c), 085Mo (Figure 4.3d), and 

150Mo (Figure 4.3e) composites showed 3 different fracture features, such as typical 

cleavage, cleavage with high river pattern density, and crack of a black particle. On the 

fracture surface, a broken black particle was surrounded by typical cleavage, which 

showed numerous bright crystalline cleavage facets with river pattern strips on the fracture 

surface. Typical cleavage is characteristic of brittle fracture mechanism [29], [30]. Next to 

the typical cleavage, the cleavage with high river pattern density was observed. In fact, 

this type of cleavage was characterized by clusters of planar cleavage facets separated 

from other clustered facets by ductile tear ridges. The high density of river patterns or 

cleavage step networks would involve frequent microcrack nucleation and propagation 

events. This cleavage may be identified as quasi-cleavage [31]. The fracture surfaces of 

sintered 085Mo (Figure 4.3d) and 150Mo (Figure 4.3e) composites also showed 3 different 

fracture characteristics, such as cleavage, quasi-cleavage, and crack of a black particle. 

Accordingly, the SEM results of fracture surfaces of sintered 050Mo, 085Mo and 150Mo 

composites indicate that the failure of all samples is attributed to brittle mechanism. 
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Figure 4.3 SEM fracture micrographs of sintered composites (a, b) sintered 000Mo 

composite, (c) sintered 050Mo composite, (d) sintered 085Mo composite, (e) sintered 

150Mo composite. 
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EDS analysis was performed on a fractured black particle (Figure 4.4). The whole 

particle showed red color, which corresponded to carbon element. However, this EDS 

analysis result does not mean that the whole fractured black particle is a graphite nodule. 

The presence of carbon all over the fractured black particle is due to the crack nature. 

The image given in Figure 4.4 displays that the fractured black particle is like a sunflower. 

According to the image, crack propagates from sintered composite matrix through graphite 

shells (sunflower petals). When the crack met a graphite shell/solid core interface, it did 

not cut through but decohesion occurs instead along the interface, resulting information 

of sunflower seed-like circle. 

 

 

Figure 4.4 EDS mapping of a sintered composite fracture surface. 
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4.3 Microstructure 

4.3.1 OM images 
OM images of etched surfaces of sintered composites are shown in Figure 4.5. All 

sintered composites exhibited a common microstructural feature consisting of a black 

particle surrounded with light and dark grey areas. The black particles showed different 

shapes, varied from spherical to irregular shape. The black particle sizes also varied from 

few to 100 microns. As identified above, the black particles have solid core/graphite shell 

structure. The white area surrounding a black particle was readily identified as ferrite. Due 

to ring shape, the light area is commonly known as ferrite halo. 

The dark grey areas around ferrite halos could not been resolved in OM images 

(Figure 4.5). The identification of dark grey areas needs higher resolution microscopy 

technique. It is shown later in Topic 4.3.2 that SEM images reveal that the dark grey areas 

contain sole pearlite or pearlite and ausferrite (bainitic ferrite and austenite mixture), 

depending on sintered composite chemistry. In areas with spherical black particles, the 

microstructures displayed Bull-eyes structure of a ductile iron (DI) showing halos of ferrite 

(light contrast) around black particles (dark contrast), the remaining of the matrix being 

pearlite (dark grey contrast). 

The microstructural features as shown in Figure 4.5 resemble those of sintered 

composites [32]–[36] and of ferritic-pearlitic DIs [37], [38]. The formation of ductile iron-

like microstructure was briefly explained in [35]. The conditions, under which ferrite and 

pearlite transformations occur in DIs, are clearly explained in [39]. Area fractions of 

microstructural components of sintered composites were measured and presented in 

Table 4.1. From the table, the fractions of dark grey area, which consists of pearlite and 

ausferrite and of black particle increased whereas that of ferrite halo decreased with 

increasing Mo content. 
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Table 4.1 Fraction of microstructural components in sintered materials 

Composite Area fraction (%) 

Black particle Ferrite Pearlite + Ausferrite 

000Mo 3.8 66.2 30.0 

050Mo 8.5 36.1 55.4 

085Mo 19.0 23.2 57.8 

150Mo 19.0 8.5 72.5 

 

  

(a) Sintered 000Mo composite  (b) Sintered 050Mo composite 

  

(c) Sintered 085Mo composite  (d) Sintered 150Mo composite 

Figure 4.5 OM images of sintered composites. 
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4.3.2. SEM images 
The dark grey areas observed by OM techniques were further investigated by using 

SEM. The dark grey area SEM images are given in Figure 4.6. It was found that dark grey 

areas in sintered 000Mo (Figure 4.6a) and 050 (Figure 4.6b) composites contained sole 

pearlite structure (lamellar consisting of ferrite (dark contrast) and carbide (light contrast)). 

However, the pearlite of the former composite was clearly coarser than that of the latter 

composite. Taking the compositions of both sintered composites into account, finer 

pearlitic structure in the sintered 050Mo composite could be attributed to alloying Mo 

and Mn elements. According to literatures [40], [41], Mo showed a clear role in refining 

the pearlite lamellar spacing. For Mn role, fine interlamellar spacing can be tailored by 

increasing Al content and reducing Mn content for the pearlitic steels [42]. 

The dark grey areas in sintered 085Mo (Figure 4.6c) and 150Mo (Figure 4.6d) 

composites contained pearlite and ausferrite. The fraction of ausferrite increased with 

increasing Mo content. The formation of ausferrite, the common matrix of austempered 

DI, in both sintered composites is worth discussing here. Since both sintered composites 

are produced under slow and continuous cooling, phase transformations in these 

materials should occur in series. OM images given in Figures 4.5c and 4.5d indicate phase 

transformation series including graphite shell solidification, ferrite transformation, and dark 

grey area transformation. SEM images given in Figures 4.6c and 4.6d indicate phase 

transformation series including pearlite transformation and ausferrite transformation. Thus, 

the whole series include graphite shell solidification, ferrite transformation, pearlite 

transformation and ausferrite transformation. 
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(a) Sintered 000Mo composite  (b) Sintered 050Mo composite 

 

  

(c) Sintered 085Mo composite  (d) Sintered 150Mo composite 

 

Figure 4.6 SEM micrograph of Fe-Mo-Mn-Si-C sintered composites 
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Mo has a complex effect on phase transformations and precipitation in steels 

manufactured by conventional casting. On one side, Mo addition up to around 0.5% acts 

a very powerful pearlite stabilizer and increases strength by refining pearlite [40]. On the 

other side, Mo addition to some steels results in complete pearlite formation inhibition 

[43]. The clear examples of Mo influence on ausferrite formation in as-cast irons are given 

in [44], [45]. The Mo additions of  1.0 wt. % to Fe-3.2C-1.0Cu-xMo-0.55Mn-2.0Si cast irons 

resulted in complete pearlite suppression and the whole matrices contained only 

austenite and bainite (ausferrite). The complete pearlite suppression by Mo addition can 

be explained, referring to Figure 4.7, by the shift of ferrite and pearlite transformation fields 

to the right-hand side so the slow and continuous cooling line does not enter the ferrite 

and pearlite transformation fields. This means the whole austenite matrix is stable until 

reaching the ausferrite transformation field, in which austenite transforms to ausferrite. 

In both sintered 085Mo and 150Mo composites, ferrite halo, pearlite and ausferrite 

coexist in matrices. To explain the coexistence of these 3 microstructural components, 

the shift of ferrite and pearlite transformation fields to the right-hand side is still applicable 

but the degree of shifting must be adjusted to be small, so the slow and continuous 

cooling line enter the parts of ferrite and pearlite transformation fields. This means that 

some austenite parts transform to ferrite and pearlite and the retained austenite to 

ausferrite at the last step. 

 

Figure 4.7 Schematic showing the effect of Mo addition on ausferrite formation 

promotion but pearlite formation suppression [44], [45] 
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The existence of ausferrite in both sintered 085Mo and 150Mo composites at room 

temperature is due to stability of austenite component of ausferrite. The austenite stability 

depends on following factors. The first involves carbon enrichment in austenite. In 

ausferrite transformation, the formation of bainitic ferrite platelets is associated with 

carbon diffusion from ferrite to enrich austenite to the extent that it can become thermally 

stable to well below room temperature [46]. 

The second involves the addition of judicious Si content. It is well-known that 

silicon retards the precipitation of cementite from different parent materials or phases, 

such as cast ions, martensite, and austenite [47]. This is due the fact that silicon has low 

solubility in cementite (Fe3C), i.e., up to 4.5 at. % Si [48]. Theoretical study suggests that 

the formation of (FeSi)3C carbide is associated with high formation energy [49], which is 

not thermodynamically favored.]. This results in carbon-enriched austenite.  

The third involves Mo influence on slowing down the decomposition of austenite 

in ausferrite to ferrite and carbide mixture, known as Stage II reaction of austempering 

process. It was demonstrated that 0.5 wt. % Mo addition extended the process window 

or the period of Stage I reaction or the transformation from austenite into bainitic ferrite 

and austenite components by slowing down Stage II reaction [50].  

 

4.4. XRD analysis 
The X-ray diffraction patterns of sintered Fe-Si-C composite and sintered Fe-Mo-

Mn-SiC composites are shown in Figure 4.8. The XRD patterns of all sintered composites 

show peaks corresponding to body-centered cubic (bcc) crystal structure of -ferrite and 

orthorhombic crystal structure of M3C carbide. The XRD identification of -ferrite and M3C 

carbide confirms the existence of lamellar pearlite structure in all sintered composites. 

Weak XRD peaks corresponding to face-centered cubic (fcc) crystal structure of 

M23C6 carbide were observed in the sintered 085Mo and 150Mo composites. According to 

microstructures given above, both ferrite and carbide are in the forms of lamellar particles. 
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This means that both M3C and M23C6 carbides are in the forms of lamellar particles. 

Although the existence of ferrite + M23C6 pearlite is not as common as that of ferrite + 

M3C pearlite, some previous works [51], [52]provide evidence of the former pearlite. 

Strong XRD peaks corresponding to fcc crystal structure of -austenite were 

observed in the sintered 150Mo composite. The XRD peaks of -austenite confirms the 

existence of ausferrite in this sintered composite. In the case of sintered composite with 

low volume fraction of ausferrite, XRD characterization alone may provide insufficient 

information. For example, the SEM image of sintered 085 composite (Figure 4.6c) shows 

ausferrite but there are no XRD peaks corresponding to fcc crystal structure of -austenite 

in this sintered composite. The absence of austenite XRD peaks in the sintered 085 

composite is certainly attributed to low volume fraction of austenite or ausferrite. 

 

 

Figure 4.5 The X-ray diffraction patterns of the sintered composites. 

 

000Mo 

050Mo 

085Mo 

150Mo 
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4.5. Mechanical properties 

4.5.1 Hardness 
The Rockwell hardness values of sintered Fe-Si-C composite and sintered Fe-Mo-

Mn-Si-C composites are given in Figure 4.9. The hardness of sintered 000Mo, 050Mo, 085Mo 

and 150Mo composites were 74.67HRB, 76.03HRB, 92.44HRB and 102.30HRB, respectively. 

The experimental results indicate that hardness of sintered composites increases with 

increasing Mo content. According to Table 4.1, the increase of Mo content results in 

decrease of ferrite fraction but increases of black particle and pearlite + ausferrite fractions. 

Pearlite and ausferrite can be considered as the microstructural components that 

contribute to hardness increase. In general, the hardness is inversely proportional to 

ausferrite size [53]–[55]. The SEM images of the sintered 085Mo (Figure 4.6c) and 150Mo 

(Figure 4.6d) shows no ausferrite size difference. Thus, the contribution of ausferrite on 

hardness is negligible here. The pearlite contribution on hardness increase is more 

important. As aforementioned, the pearlite interlamellar spacing decreases with increasing 

Mo content. Since the hardness is inversely proportional to the pearlite interlamellar 

spacing [56], [57], it is justifiable that the increase of Mo content leads to finer pearlite 

interlamellar spacing, which in turn causes hardness increase. 

Another Mo contribution on hardness is its solid solution strengthening/hardening 

effect in ferrite of sintered composites. This effect has been reported in both wrought 

steel [58], powder metallurgy steel [59] and cast steel [60]. 
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Figure 4.6 The hardness values of the sintered Fe-Mo-Mn-Si-C composites. 
 

4.5.2 Tensile properties 
The tensile properties of sintered Fe-Si-C composite and sintered Fe-Mo-Mn-Si-C 

composites are given in Figure 4.10. The tensile strengths of sintered composites increased 

with increasing Mo content, which was directly related to the volume fraction of dark grey 

areas consisting of pearlite and ausferrite. The measured ultimate tensile and yield 

strengths showed similar trend to that of the hardness value. The values of elongation at 

break were in the range of 2.5-4.0%. 

In general, mechanical property of a material depends on its microstructure. All 

microstructural components of sintered composites, given in Table 4.1, have contributions 

to tensile properties. Regarding the contribution of graphite nodules on deformation 

behavior of DIs, the graphite nodules are assumed as either voids or as rigid, and unbonded 

particles [61]. The impacts of graphite nodules as voids or particles on DI deformation are 

not much different. In this work the fraction of black particles (Table 4.1), which are 
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equivalent to graphite nodules in DIs, increases with increasing Mo content, which is 

directly proportional to tensile strength. This means that the increase of fraction of black 

particles has a direct relationship with the increase of tensile strength. Similar relationship 

was reported in an as-cast and as-sintered DIs [62]. 

The contribution of sintered composite matrix on tensile strengths can be 

considered from the decrease of ferrite fraction and the increase of dark grey area (pearlite 

+ ausferrite) fraction with increasing Mo content. Since the sintered composite matrix 

consists of ferrite and dark grey area it can be simply classified as dual phase material. 

Therefore, the dependence of sintered composite mechanical properties on the dark grey 

area fraction can be explained in similar fashion as that of a dual phase material consisting 

of ferrite and hard structure. According to micromechanical models for a dual phase 

material, the increase of hard phase results in enhancement of mechanical properties 

[63]–[66]. 

 

 

Figure 4.7 The tensile properties of sintered composites. 
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4.6. Friction coefficient 
The friction coefficient values of sintered Fe-Mo-Mn-Si-C composites were 

examined under following conditions. The sliding velocity was 0.1 m/s at normal loads of 

5, 10, 15N. All specimens were tested under sliding distance of 1,000 m at room 

temperature with relative humidity of 60%. The specimens for tribometer test were disks 

with roughness of 4-5 µm under a ball made of SKF chromium steel grade G20 that had 

diameter of 7 mm with hardness of 838 ± 21 HV and had roughness of 4 µm as a 

counterpart material. 

The friction coefficients of sintered composites with different Mo contents, tested 

under normal loads of 5N, 10N, and 15N, are shown in Figure 4.11-4.13, respectively. The 

friction/distance plots showed two stages, such as the run-in stage and the stable stage. 

The run-in stage appeared at sliding distance range of 0-100m, in which the unsteady 

friction coefficient was detected. When the sliding distances were longer than about 100m, 

the friction coefficient became stable. In most cases of sintered Fe-Mo-Mn-Si-C 

composites, the friction coefficient decreased from the run-in state down to a constant 

value at the steady state. This is attributed to two reasons. The first is due to the change 

of point contact to surface contact. The second is due to the fact that graphite shells of 

black particles are flaked off and graphite flakes lubricate the rubbing surfaces, resulting 

in decrease of the friction coefficient [67]. 

With exception, the friction coefficient at the steady stage was higher than that in 

the run-in stage for the sintered 000Mo composite tested at the load of 15N. The initial 

friction coefficient increases because the influence of ploughing effect, inclusion of 

trapped wear particles and roughening of the disc surface is higher than that of the flaked 

off graphite lubrication. Thus, the friction coefficient gradually increases until it reaches a 

stable value.  
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The friction coefficients at the steady stage are listed in Table 4.2. The results show 

that the friction coefficient of the sintered composite with higher Mo content is obviously 

lower than that of the sintered composite with lower Mo content. However, it does not 

mean that the Mo addition can directly improve the friction coefficient of sintered Fe-Mo-

Mn-Si-C composites but because the increase of Mo content leads to the increase of 

fraction of black particles, which act as lubricating material for reducing direct contact 

areas between two rubbing surfaces. The reduction of direct contact areas causes 

decrease in the friction coefficient. 

Experimental results show that friction coefficient increase with increasing normal 

load, which causes the increase of the adhesion strength. The explanation for the increase 

of the adhesion strength with increasing normal load is given in [68]. At a low normal load, 

the oxide film effectively separates two rubbing metal surfaces, resulting in less metallic 

contact, hence the friction coefficient is low. At a high normal load, the oxide film is 

broken, resulting in intimate metallic contact, which leads to the increase of adhesion 

strength, hence the friction coefficient is high. 

 

Figure 4.8 Friction coefficients of sintered composites tested at load of 5 N. 
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Figure 4.9 Friction coefficients of sintered composites tested at load of 10 N. 
 

 

Figure 4.10 Friction coefficients of sintered composites tested at load of 15 N. 
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Table 4.2 Friction coefficients of sintered composites under different normal loads. 
Molybdenum (wt.%) Friction coefficient 

5N 10N 15N 

000Mo 0.49 0.52 0.61 

050Mo 0.50 0.54 0.54 

085Mo 0.46 0.45 0.52 

150Mo 0.44 0.44 0.51 

 

4.7. Wear rates 
The wear rates, with respect to sliding distance and normal applied load and used 

to express the material removal during tribology test, are listed in Table 4.3. Figure 4.14 

demonstrates the effect of different normal applied loads of 5N, 10N, 15N on the wear 

rate of sintered composites at a constant sliding speed of 0.1 m/s. It is inferred that the 

wear rate of sintered composites is proportional to the normal load, i.e., the increase of 

normal load leads to wear rate increase. The increase of normal load leads to the thermal 

softening of material and crack propagation is raised resulting in easy formation of wear 

fragment. 

Under each normal load, the wear rate decreased with increasing Mo content 

(Figure 4.14). In other words, the wear resistance, the inverse of wear rate, increased with 

increasing Mo content. It is noticed that the hardness of sintered composites increases 

with increasing Mo content (Figure 4.9). This means that the wear resistance of sintered 

composites is directly proportional to hardness. This is consistent with Archard’s law 

stating that wear resistance is proportional to hardness [69]. In addition, because the black 

particle fraction increases with increasing Mo content the degree of wear is reduced due 

to higher probability of rubbing surfaces to be lubricated. 

 

This material is reserved for educational use only, not allowed for commercial use. 

Forbidden to modify the content, and cite the document when use. 



75 
 

 

Figure 4.11 Plot of wear rate against normal load for different sintered composites. 
 

Table 4.3 Wear rate of sintered Fe-Mo-Mn-Si-C composite and sintered Fe-Si-C composite 

under difference Molybdenum content 

 

 

Sintered composite Wear rate at specific normal load (mm3/m) 

5N 10N 15N 

000Mo 8.95 11.02 15.82 

050Mo 7.41 8.58 14.70 

085Mo 6.31 8.18 12.28 

150Mo 3.92 7.70 10.78 
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4.8. Worn surfaces and wear debris 

4.8.1. Worn surfaces of sintered composites tested under load of 15N 
 The SEM images of worn surfaces of sintered composites, tested under normal 

load of 15N, are shown in Figure 4.15. The wear mechanisms observed in on worn surfaces 

of sintered composites include abrasion and delamination. In abrasion wear mechanism, 

a surface, sliding against harder particles or protuberances, undergoes plastic deformation 

and scratching as abrasive grooves parallel to sliding direction [70], [71]. The delamination 

craters are formed by cracks propagating under and parallel to a rubbing surface. All worn 

surfaces of sintered composites show agglomerates of oxides, which indicate oxidative 

wear [70]. 

 
(a) 0.00Mo sintered composite  (b) 0.05Mo sintered composite 

 
(c) 0.85Mo sintered composite  (d) 1.50Mo sintered composite 

Figure 4.12 SEM micrograph of worn surface of sintered composite at load of 15N. 
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4.8.2. Wear debris of all sintered composite at normal load 15N 
The SEM images of wear debris from dry-sliding tests of sintered composites under 

normal load of 15N are shown in Figure 4.16. The debris showed particulate and flaky 

shapes. The debris formation is related to oxidation because the clean rubbing metal 

surfaces can be oxidized rapidly to form very thin oxide films and later the load-bearing 

layers formed during sliding wear contain a high percentage of oxygen [72]. The breakage 

of oxidized layers leads to either the formation of triboparticulates or formation of 

compacted oxide layers. The further breakage or subsurface delamination of the 

compacted oxide layers results in particles with different shapes due to the severe plastic 

deformation show irregular geometry which confirm the delamination wear mechanism. 

Whereas the debris formed at higher Molybdenum content was large and plate-like 

structure which also indicate the adhesion wear [73]. 

 

 
(a) 0.00Mo sintered composite  (b) 0.05Mo sintered composite 
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(c) 0.85Mo sintered composite  (d) 1.50Mo sintered composite 

Figure 4.13 SEM micrograph of wear debris of sintered composite at load of 15N. 
 

4.8.3. EDS analysis of wear debris at normal load 15N 
The EDS spectra, determined on wear debris from dry-sliding tests at normal load 

of 15N of sintered composites, are shown in Figures 4.17-4.20. All wear debris of sintered 

composites showed strong oxygen and iron peaks, which may be referred to iron oxide 

formed from oxidative wear. 

 

 

Figure 4.14 EDS spectrum of wear debris from sintered 000Mo composite. 
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Figure 4.15 EDS spectrum of wear debris from sintered 050Mo composite. 

 

 

Figure 4.16 EDS spectrum of wear debris of sintered 085Mo composite. 
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Figure 4.17 EDS spectrum of wear debris from sintered 150Mo composite. 

 

4.8.4 Worn surfaces and wear debris: Effect of normal load 

4.8.4.1 Sintered 000Mo composite 
The SEM images of worn surfaces and wear debris from dry-sliding tests under 

different normal loads on sintered 000Mo composite are shown in Figures 4.21 and 4.22, 

respectively. The severe delamination wear was observed on worn surfaces tested under 

all normal loads. The wear debris from the tests at 5N and 10N showed flakes while wear 

debris from the test at 15N showed irregular geometry. The debris morphology indicates 

the delamination wear. 

 

 

 

 

 

 

This material is reserved for educational use only, not allowed for commercial use. 

Forbidden to modify the content, and cite the document when use. 



81 
 

Load Low magnification High magnification 

5N 

 

 
 
 

 

 
 
 

10N 

 

 
 
 

 

 
 
 

15N 

 

 
 
 

 

 
 
 

 
Figure 4.18 SEM images of worn surfaces of sintered 000Mo composite. 
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(a) Wear debris at load of 5N   (b) Wear debris at load of 10N 

 

 

(c) Wear debris at load of 15N 

 

Figure 4.19 SEM images of wear debris of sintered 000Mo composite. 
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4.8.4.2. Sintered 050 Mo composite 
The SEM images of worn surfaces and wear debris from dry-sliding tests under 

different normal loads on sintered 050Mo composite are shown in Figures 4.23 and 4.24, 

respectively. The degree of surface damage increased with increasing normal load. The 

worn surfaces consisted of severe delamination and some abrasive grooves at load of 15N. 

The wear debris with flake-like shape confirm the delamination wear. 

Load Low magnification High magnification 

5N 

 

 
 

 

 
 

10N 

 

 
 

 

 
 

15N 

 

 
 

 

 
 

Figure 4.20 SEM images of worn surfaces on sintered 050Mo composite. 

This material is reserved for educational use only, not allowed for commercial use. 

Forbidden to modify the content, and cite the document when use. 



84 
 

  

(a) Wear debris at load of 5N   (b) Wear debris at load of 10N 

 

 

(c) Wear debris at load of 15N 

 

Figure 4.21 SEM micrograph of wear debris of sintered 050Mo composite. 
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4.8.4.3 Sintered 085 Mo composite 
The SEM images of worn surfaces and wear debris from dry-sliding tests under 

different normal loads on sintered 085Mo composite are shown in Figures 4.25 and 4.26, 

respectively. The worn surfaces showed characters of delamination and abrasion wears at 

all load conditions. The microcrack was observed at 15N load condition. The debris with 

flake-like shape confirm the delamination wear. 

Load Low magnification High magnification 

5N 

 

 
 

 

 
 

10N 

 

 
 

 

 
 

15N 

 

 
 

 

 
 

Figure 4.22 SEM images of worn surfaces of sintered 085Mo composite. 
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(a) Wear debris at load of 5N   (b) Wear debris at load of 10N 

 

 

(c) Wear debris at load of 15N 

 

Figure 4.23 SEM images of wear debris of sintered 085Mo composite. 
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4.8.4.4 Sintered 150 Mo composite 
The SEM images of worn surfaces and wear debris from dry-sliding tests under 

different normal loads on sintered 150Mo composite are shown in Figures 4.27 and 4.28, 

respectively. It was revealed by SEM observation that wear mechanisms included abrasion 

and delamination. The wear debris morphologies of particulate and flake confirm abrasion 

and delamination wear mechanisms. 

Load Low magnification High magnification 

5N 

 

 

 

 

10N 

 

 

 

 

15N 

 

 

 

 

Figure 4.24 SEM images of worn surfaces of sintered 150Mo composite. 
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(a) Wear debris at load of 5N   (b) Wear debris at load of 10N 

 

 

(c) Wear debris at load of 15N 

 

Figure 4.25 SEM micrograph of wear debris of sintered 150Mo composite. 
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4.9. Counter ball surfaces 
The SEM images of counter ball surfaces rubbing against sintered composites, 

tested under normal load of 15N, are shown in Figure 4.29. The results show many abrasive 

grooves parallel to the sliding direction in all specimens and wear debris glued on ball 

surfaces countered with sintered 000Mo, 050Mo, and 085Mo composites. The grooves are 

typical features associated with the abrasive wear. Few micro cracks were observed on 

the ball countered with sintered 085Mo composite, while the severe delamination wear 

was present on the ball rubbed against sintered 150Mo composite. The counter balls, 

rubbed against sintered high Mo-containing composites having high hardness, show high 

degree of surface damage. 

 

     
(a) Sintered 000Mo composite  (b) Sintered 050Mo composite 

    
(c) Sintered 085Mo composite  (d) Sintered 1.50Mo composite 

Figure 4.26 SEM images of counter ball surfaces test at load of 15N. 
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CHAPTER 5 
CONCLUSIONS AND RECOMMENDATIONS 

 

The present research was conducted to study the influence of Mo on 

microstructure, mechanical properties, and dry sliding wear behavior of sintered Fe-Mo-

Mn-Si-C composites. The major findings from experimental results are summarized below. 

1) Sintered composites showed microstructure resembling that of a ductile iron. 

2) Sintered composites showed Mo-dependent microstructural change. 

3) The fraction of ferrite decreased whereas those of black particle, pearlite and 

ausferrite increased with increasing Mo content. 

4) The hardness and tensile strength of sintered composites increased with pearlite plus 

ausferrite fraction, which was related to Mo content. 

5) Friction coefficient of sintered composites decreased with increasing black particle 

fraction, which in turn increased with increasing Mo content. 

6) The wear rate of sintered composites increased with increasing applied normal load, 

but it decreased with increasing black particle fraction, hardness, and strength. 

7) The wear mechanisms, deduced from characters of worn surfaces and wear debris, 

included delamination and abrasion. 
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APPENDIX A 
EDS MAPPING AND SPECTRUM ON FRACTURE REPORTS 

EDS mapping and spectrum on fracture of sintered 0.00Mo composite 
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EDS mapping and spectrum on fracture of sintered 0.50Mo composite 
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EDS mapping and spectrum on fracture of sintered 0.85Mo composite 
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EDS mapping and spectrum on fracture of sintered 1.50Mo composite 
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APPENDIX B 
EDS SPECTRUM OF WEAR DEBRIS REPORTS 

EDS spectrum of wear debris of sintered 0.00Mo composite 
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EDS spectrum of wear debris of sintered 0.50Mo composite 
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EDS spectrum of wear debris of sintered 0.85 Mo composite 
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EDS spectrum of wear debris of sintered 1.50 Mo composite 
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