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ABSTRACT 

Ceramic-metal matrix composites produced by powder metallurgy provide a solution in 

engineering applications where materials with high wear resistance are required. In the 

mining industry, the wear of materials is a crucial and widely recognized industrial problem 

as over 50 % of components fail as a result of wear damage. Increasing the wear resistance 

of these components will contribute to a reduction in maintenance and thereby increase 

efficiency. 

In this present research, SS316L-50wt.% Al2O3 composites were fabricated using the 

powder metallurgy route. The effects of the powder metallurgy processing parameters were 

studied. The produced cermet composites were characterized with respect to microstructure, 

density, hardness and toughness. Furthermore, the wear behavior of the composites was 

studied using pin-on-disc testing under dry sliding conditions. The produced test results 

were used to improve existing wear models, particularly the Wayne’s model.  

The highest hardness of 1085.2 HV, the highest density of 94.7 % and the lowest wear rate 

of 0.00397 mm3/m were obtained at a milling speed of 720 rpm, a compaction pressure of 

794.4 MPa and sintering at 1400 °C in an argon atmosphere. Compared to commercial 

SS316 and fabricated SS316L, the composites had 7.4 times and 11 times lower wear rate, 

respectively. However, it is shown that using better densification methods such as hot 

isostatic pressing (HIP) or hot pressing can further substantial enhanced densification and 

improve of the composites wear resistance. 

Similar to its effects of the strength and the toughness, the remaining porosity was found to 

substantially affect the wear resistance of the sintered composites. Therefore, the porosity 
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was used to correct the abrasion parameter in the first step of wear model improvement. The 

porosity represented a further consideration of the microstructure in addition to the 

reinforcement particle size introduced earlier by Wayne. In a second model improvement 

step, the test conditions were introduced in the wear resistance calculation. This model 

allowed the prediction of corrected wear resistance values that are characteristic of the 

individual test materials and are widely independent of wear test conditions. The coefficient 

of correlation of the model was 0.91 with respect to Wayne's data and wear test results from 

this study, and was 0.66 after generalization to a large range of wear data measured on 

multiple materials tested under varying test conditions. This opens a potential avenue for a 

model-based assessment of the wear resistance of novel materials as well as changes that 

can be expected under different wear conditions. 
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1        INTRODUCTION 

1.1  Motivation  

  Increasing the wear resistance and the lifespan of wear components would contribute 

to reducing maintenance, wear damage costs and ultimately to increasing the equipment 

efficiency. Ceramic metal composites are known as excellent candidates to meet this 

challenge. Therefore, this research focuses on the fabrication and the wear investigation of 

SS316L-Al2O3 composites. SS316L and Al2O3 are widely available and at low cost making 

them viable for potential industrial use. Moreover, both constituents possess excellent 

properties as detailed in the introduction.  

1.2  Research objectives 

The specific objectives of the research are: 

• To investigate the effects of fabrication process parameters on the 

microstructure of powder, green and final composites well as on the 

mechanical properties. 

• To evaluate the wear properties of SS316L-Al2O3 composites and compare 

them with the commercially available 90WC-Co composites, SS316 and 

unreinforced lab fabricated SS316L. 

• To propose improved model approaches relating the mechanical properties 

and the microstructure to the wear behaviour of the composites.  
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1.3  Background 

Mining and exploration involve rock fragmentation in the form of drilling, cutting, 

digging, crushing and grinding. Machines, equipment and other devices that are designed or 

adopted for such activities are subject to harsh wear conditions. They are exposed to direct 

contact with abrasives that are entrapped between the components during operation resulting 

in 50 % of components failure by abrasive wear [1]–[4]. Component loading during mining 

can include heavy abrasion, chemically induced wear, fatigue, impact loading, high local 

temperature and severe temperature gradients [5]. As a result, machines, pumps and other 

equipment used in such environment can fail prematurely leading to short lifecycles, 

increased maintenance and replacement costs in addition to the loss of revenue in downtime 

[6]. Therefore, mining components must possess high hardness to prevent wear, excellent 

hot strength to prevent distortion, sufficient toughness to prevent cracking due to impacts 

and fatigue strength to prevent failure due to vibrations. 

WC-Co composites is commonly used as a highly wear resistant material in cutting 

tools, drilling and mining equipment because of its exceptional combination of strength, 

hardness and wear resistance [7], [8]. However, its toughness and impact resistance are often 

limited. Therefore, steel components are generally preferred for heavy wear applications 

such as mining due to their higher toughness and impact resistance. 

Considering the above, stainless steel is chosen as matrix for the investigated 

composites due to its excellent corrosion resistance, high impact resistance and high strength 

[9]. Aluminum oxide is chosen as hardening particles due to its low cost, chemical inertness, 

resistance to abrasion and thermal stability [10] during manufacturing.  
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The present work will focus on investigating the fabrication process; microstructure 

and mechanical properties of SS316L-Al2O3 composites for wear applications. The powder 

metallurgy (PM) processing route will be used since it offers low consumption of energy, 

high utilization of material as well as dimensional accuracy [5], [11]. PM involves the 

milling/blending of powder followed by compaction and sintering of the composites. It is 

very important that the particles are homogenously dispersed to obtain a uniform 

microstructure [12]. To assess the performance of the fabricated samples, mechanical testing 

including hardness and wear testing will be performed. Microstructural characterization of 

the samples will be done using optical microscopy (OM) and scanning electron microscopy 

(SEM).  

1.4 Thesis structure 

The thesis is structured as follows: The literature review is presented in Chapter 2, 

the experimental procedure and the employed fabrication processes are described in detail in 

Chapter 3. Chapter 4 reports the results discussed in Chapter 5 while the conclusions are 

summarized in Chapter 6. An outline of recommended future work is presented in Chapter 

7. 
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2        LITERATURE REVIEW 

2.1  Powder metallurgy technology and composite materials 

        Powder metallurgy is the art and science of producing metal powders and the 

utilization of primarily metal powders for the production of bulk materials and shaped 

objects [5]. It allows the production of materials that cannot be made through conventional 

casting processes. Casting difficulties can include reinforcement segregation and clustering, 

detrimental interfacial chemical reaction, highly localized porosity and poor interfacial 

bonding which result in deterioration of material properties [13].  

Mechanical alloying (MA) is a prominent method for composite powder preparation 

that allows homogeneously dispersing fine hard particles in a softer matrix [14], [15]. The 

primary parameters of MA include: the milling time, the milling speed and the ball-to-

powder ratio. Fine particles produced by MA show a significant fraction of interface 

boundaries, a large ratio of interface area-to-volume, and a high degree of disorder of atoms. 

This results in improvements of the mechanical, chemical and physical properties such as 

strength, hardness, ductility, toughness, specific heat, diffusivity and excellent tribological 

properties compared to coarse particle materials made by conventional fabrication processes 

[16], [17].  

The properties of composite materials are influenced by the particle size, the grain 

size, the dimensionality of systems, the alloying elements, the atomic structure, porosity and 

other defects. Improved properties of composite materials are primarily based on efficient 

impediment of dislocation motion. Barriers to dislocation motion can include fine particles, 

grain boundaries and solute atoms, which increase material’s hardness and strength. 
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Particularly for materials with small grain size, grain boundaries can become a major 

obstacle to dislocation movement [12].  

Lately, powder metallurgy (PM) stainless steel components have been largely used 

for automotive and structural applications and are becoming more important in high 

technological areas [5], [18] because of their higher stiffness, strength and toughness 

compared to aluminum [9], [19]. Powder metallurgy can be used to produce finished or 

semi-finished products by blending or mechanical alloying, powder compaction and 

sintering. PM offers advantages such as lower processing temperature below the melting 

point, near net shape, high final density, greater material utilization and a more refined 

microstructure with superior material properties as compared to the conventional casting 

techniques [9], [20]–[22].  

Powder metallurgy is an attractive processing route for steel matrix composites 

because the distribution of the reinforcement is more uniform [9]. It has some limitations 

including relatively high costs for simple materials and shapes as well as potential hazards 

during powder handling. However, it allows the flexibility of tailoring the microstructure 

and properties, and has been proven effective in fabricating high strength and wear resistant 

powder metallurgy stainless steel through particulate dispersion [23]. Among various grades 

of PM stainless steels, the austenitic grades are the most widely used with 316L based alloys 

alone accounting for more than one-third of existing PM stainless steels [6], [14]. Steel 

matrix composites have been proposed for use as replacement for more costly cemented 

carbides [9]. The components made of SS316L powder have good mechanical strength, 

wear and corrosion resistance [18]. 	  
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2.1.1  Mechanical alloying 

          Mechanical alloying (MA) is one of the most effective modern approaches used in 

the production of dispersion-strengthened composite materials (CM). The advantage of MA 

is its flexibility to produce materials with a microstructure that is often impossible to obtain 

by conventional casting methods.  However, a major limitation that impedes the widespread 

use of MA is the considerable cost of production [11], [24], [25]. During mechanical 

alloying the kinetic energy of a milling medium is converted into mechanical work in the 

powder. Due to its special attributes, this simple and effective technique has been applied to 

metals, ceramics, polymers and composite materials. Particularly, it enables production of a 

fine dispersion of second phases (usually oxide particles), extension of solid solubility 

limits, refinement of grain size, blend of novel crystalline and quasicrystalline phases, 

development of amorphous (glassy) phases, disordering of ordered intermetallics, alloying 

of difficult to alloy elements, inducement of chemical (displacement) reactions at low 

temperatures, scalability of the process [15], [26], [27].  

 Several researchers have used MA to produce ceramic-metal composites with 

distinct properties. This is because the microstructure can easily be altered to produce 

different properties for various applications through dispersion strengthening by embedding 

a reinforcing phase into the matrix. This leads to properties improvement as compared to 

mixing or blending of the constituents [28]. Final ball milled powders usually have a high 

surface area-to-volume ratio, enhanced diffusion rates due to a reduction in particle size 

during the milling process as the initial constituents are subjected to fracturing, deformation 

and welding.  

MA is a complicated process and hence requires the optimization of a number of 
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variables or parameters to attain the desired microstructure and properties. The effects of 

parameters such as type of mill, type and size of the grinding medium, ball-to-powder 

weight ratio, milling time, milling speed or rate, milling aids, milling atmosphere and energy 

input have been studied. However, these parameters are not completely independent of one 

another. For example, the optimum milling time is dependent on the type of mill, size of the 

grinding medium, temperature of milling, ball-to-powder ratio, etc.  

During the initial stages of milling, ductile metal powder particles plastically deform upon 

ball to powder collision while the brittle oxide particles get fragmented as shown in Figure 

2.1.  

 

Figure 2.1: Deformation, fracturing and alloying of powders during mechanical 

alloying [13]. 

	  
These fragmented brittle particles tend to become obstructed by the ductile 

constituents. With further milling, the ductile powder particles become work hardened; the 

lamellae become elongated and refined; the lamellae spacing decreases and the brittle 

particles get uniformly dispersed if they are not soluble in the ductile matrix. On the other 

hand, if the brittle phase is soluble, alloying occurs between ductile and brittle constituents. 

However, alloying will also depend on the solid solubility of the brittle material in the 

ductile matrix.  
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Sometimes, metal powders are milled in a liquid medium and this is referred to as 

wet milling. If no liquid is involved, it is referred to as dry milling. Cryomilling is wet 

grinding with the liquid used at cryogenic temperatures. It has been reported that wet milling 

is more suitable than dry milling to obtain finer ground materials because the solvent 

molecules are absorbed on the newly formed surfaces of the particles lowering their surface 

energy. It has also been reported that the rate of amorphization is faster during wet milling 

than during dry milling. However, the disadvantage of wet milling is the increased 

contamination of the powder [14].  

2.1.2  Powder compaction 

          The compaction of powder is an important stage in the powder metallurgy process. 

The green density (density of compressed powder) has a great effect on the final composite 

[29]. The governing mechanism of the powder compaction process initially starts with rotary 

rearrangement or restacking processes of the particles. This leads to the collapsing of 

bridges and the filling of cavities, thereby enhancing the density of the powder. Thereafter, 

there is an increase of the particle-to-particle contact due to plastic deformation enhancing 

the green strength and shaping it into the desired geometry of the die cavity. The particles 

are flattened, oxide films are broken up, powder aggregates are built by mechanical 

interlocking, and particles become cold-welded [30], [31].  

In general, the green density is increased with increasing compaction pressure as 

reported by several authors [30]–[33]. Simply stated, the role of the compaction pressure is 

to compress powder particles into a shape, increase the density, and provide strength to the 

compact [34]. However, increasing green density by compaction has its limitations; beyond 

a maximum compaction pressure value, only negligible increase in green density can be 
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obtained [29] and the green compact starts cracking resulting in a reduction of its green 

strength. Eventually, adhesion between the particles is enforced with further growing of 

contact surfaces. Methods used for compaction include uniaxial pressing, extrusion, shaping 

and hot isostatic pressing (HIP) [33], [35]. During HIP the powder is filled into a capsule, 

which is placed into a heatable pressure tank. The powder is then compacted under a high 

pressure and simultaneously sintered close to the melting point of the lower melting 

constituent. The uniaxial powder compaction is probably the most economical and 

commonly used method. The three stages of the compaction cycle are the filling of the die 

cavity, the powder compaction and the ejection of the green compact [34], [36].  

2.1.3  Sintering 

          Sintering is defined as a thermal treatment for the bonding of particles into a 

coherent, predominantly solid structure via diffusion that occurs at the atomic scale [37]. 

When no external pressure is exerted, the process is known as pressureless sintering. 

Pressureless sintering is an inexpensive consolidation method that can produce a wide range 

of sintered geometries. However, without external pressure there is no restriction on the 

deformation of the specimen during sintering, which can lead to severe differences in 

shrinkage. Despite this challenge, pressureless sintering in a high temperature furnace 

provides a simple consolidation method well suited for the bulk manufacturing of multiple 

products. Sinter bonding tends to be temperature sensitive. As the sintering temperature is 

increased, sintering kinetics generally accelerate. Particle cohesion increases as the porous 

interfaces between particles are consumed to enhance diffusion between the powder 

particles in order to achieve grain coalescence. Grain and pore size and shape change during 

sintering. The initial particle size also has a significant role in sintering kinetics. Important 
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sinter parameters include sintering temperature, time, atmosphere, additives (compounds 

mixed with the powder in small quantities), as well as the cooling technique of the sintered 

product.  

2.1.3.1 Sintering temperature 

            The sintering temperature is significant to the final composite properties. It classifies 

the type of sintering for a particular material into solid state sintering, liquid phase sintering, 

super-solidus sintering, etc. During sintering, high temperature causes particle-to-particle 

diffusion with the formation of grain boundaries and the closing of voids. In most cases, PM 

stainless steels are consolidated through solid-state sintering at temperatures ranging from 

1100 °C to 1350 °C [38]–[42], whereby the compacts are sintered at temperatures below the 

melting points and the densification of the compact is controlled by solid diffusion [5]. 

However, sintered materials do have residual porosity, which limits their application.  

Several chemical reactions may occur during sintering and a considerable mass 

transport takes place between particles via the weld bounds. These weld bounds are 

developed as cohesive necks grow at the points of contact. This means, sintering is a 

spontaneous process and the difference in free energy between initial (unsintered compact) 

and final state (sintered compact) is its driving force, as the sintered particles tend to 

coalesce together minimizing their surface energy. At lower sintering temperatures, 

densification enhancement can be obtained by using sintering aids that can form a liquid 

phase.  
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2.1.3.2 Sintering aid 

            Sintering is not always a solid-state process, it can also be provided in the presence 

of a liquid phase. In some cases, especially in the sintering of ceramics, certain additives 

with low melting point and good wettability are added to the powder. At the sintering 

temperature, these additives melt and form a thin film of liquid between solid particles to be 

sintered. The presence of a small amount of liquid phase improves diffusion rates during 

sintering and stabilizes the desirable crystal structures. This type of sintering is known as 

liquid-phase sintering, during which both liquid and solid coexist as a result of chemical 

reaction, partial melting or eutectic liquid formation. Despite densification enhancement 

however, additives can result in poor mechanical properties, as they tend to segregate at 

inter-granular regions to form brittle phases. 

2.1.3.3 Sintering time 

            In sintering, densification changes with sintering time during the three stages of 

sintering:  

• Rearrangement: melt flow and penetration repacking, rapid densification, particle   

sliding. 

• Solution-reprecipitation: diffusion controlled densification takes place in areas 

where the capillary pressures are high, the atoms going into solution favorably and 

forming precipitates in areas where the chemical potential is lower. That is, where 

the particles are not close or in contact. This can be accompanied by shape 

accommodation, grain growth, and neck formation.	   

• Solid state: This is the final densification stage accompanied with rigid structure 

neck growth, grain growth, coalescence, and pore coarsening. 
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The effect of sintering time on densification of different material compacts is similar. 

For a given temperature, a corresponding sintering time is required for the three sintering 

stages to be completed [8]. It must be pointed out that too long sintering time can lead to 

grain growth. In various studies on particle size and sintering atmosphere, it has been shown 

that finer particle size and higher hydrogen content in the atmosphere lead to faster sintering 

rate and better densification [38].  

2.1.3.4 Chemical composition and particle size of materials 

            The compositional variation and particle size of composite materials have an effect 

on their properties before and after sintering. Poor mechanical properties are often obtained 

from the solid-state sintering of aluminum oxide and steel composites. Yotkaew et al. 

recommended that further process optimization be made to improve the mechanical 

properties of SS316L-Al2O3 composites by super-solidus sintering and mechanical milling 

of the powder [43]. Also, they noted that the increase in aluminum oxide particle content in 

SS316L could reduce the sinter density, the tensile strength, the yield strength and the 

ductility of the composite, which was attributed to sintering prohibition by Al2O3 particle 

aggregates. This might be improved by enhancing the wettability of SS316L on Al2O3 

particles. 

2.1.3.5 Sintering atmosphere 

            The sintering atmosphere is a critical parameter to consider during the sintering 

process in order to avoid unwanted chemical reactions. Some sintering processes prove their 

effectiveness with pure gases or custom mixtures. In some cases, air is used as working or 

sintering atmosphere. For most composites however, sintering is done in vacuum or inert gas 
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such as argon or nitrogen to avoid the presence of oxygen and oxidation. The use of inert 

gases also reduces contamination levels. The most commercially used sintering atmosphere 

for stainless steel is the dissociated ammonia, which is made up of 75 vol.% of hydrogen 

and 25 vol.% of nitrogen in composition. However, nitrogen based atmosphere with 

composition between 5 vol.% and 10 vol.% of hydrogen can be used in some cases [44]. 

Pure hydrogen atmosphere can be used, but it is not readily used in industrial scale, as this is 

very expensive and not cost effective. The major or principal alternatives to dissociated 

ammonia are the vacuum and argon. Vacuum tends to conserve more energy and is more 

ecological [44] compared to the use of gases or chemicals. On the other hand, argon 

atmosphere is low cost and easier to maintain as well as control than vacuum. In this study, 

the sintering will be done in argon and air atmosphere.  

2.2  Wear 

        The wear of materials is a major and widely recognized industrial problem in 

engineering applications [45]. The direct cost of wear failures includes wear part failures 

and replacements, increased work and time, loss of productivity, as well as indirect losses of 

energy and increased environmental burden. Improving the wear resistance will go a long 

way in lowering excavation and production costs, increasing work efficiency and in 

reducing operational downtime [6]. For wear resistant components, materials with higher 

hardness and toughness are required such as high strength steels, high strength low alloy 

steels, refractory metals, and refractory ceramics. For most wear applications, high-speed 

steel and cemented carbides are used in most types of wear conditions. Heavy wear 

components can undergo fatigue; impact loading and abrasive wear during operation.  
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2.2.1  Types of wear 

           In the exploration and mining industries, components such as jaw crashers and cone 

crushers undergo heavy wear during operation. Types of wear include abrasive wear, erosive 

wear, fretting wear, fatigue wear and adhesive wear. If wear problems are not treated in due 

time, then huge operational costs and losses can be incurred in downtime as it will lead to 

structural changes, plastic deformation and surface cracking of the component. Different 

wear mechanisms can occur depending on the lubrication, nature of surfaces, chemical 

environment and operation conditions. Predominantly for most mining or exploration 

equipment, the erosive and abrasive wear is of great concern due to its destructive nature 

and high rate of occurrence (over 50 % of total wear failure) [46]–[48]. Erosive and abrasive 

wear is produced by loose hard particles. In studying the wear behavior of materials, a 

distinct mechanism of material removal may be predominant, but several wear mechanism 

generally operate at the same time [49]. 

2.2.1.1 Adhesive wear  

          Adhesive wear is a wear mechanism with the removal of material caused by adhesive 

forces [50]. It occurs when two solid surfaces in contact are in relative motion [2], leading to 

the transfer of material between the two solid surfaces or loss of material from either of the 

surfaces. If the strength of the soft material is less than the adhesive force, the relative 

motion will deface the soft material, and results in a huge amount of plastic deformation 

occurring in the contact region producing some wear particles or asperities. Further sliding 

action causes the asperities on the two surfaces of the materials to adhere or push onto each 

other. If the contact area between the two asperities is small, the stress around the surface 

can be sufficiently high to deform the asperities in contact and weld them together, especial 
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when the temperature around the contact area increases [2]. If the weld strength is greater 

than the shear strength of the soft asperity material, the soft asperity will be cut by the shear 

stress and removed from the surface of the soft material. There are several factors that affect 

adhesive wear: the materials compatibility, the grain size and the lubrication [2], [51]. 

• Materials compatibility: The similarity between the physical and mechanical 

properties of both materials is termed their compatibility. The more similar the 

materials are, the higher their compatibility. Mostly, materials with high 

compatibility level are more soluble in each other. Therefore, the likelihood of 

readily forming more atomic bond is high leading to high adhesive wear. However, 

some metals with low mutual solubility may also have strong adhesion as a result of 

their electronic structure. For example, transition metals with a d band that is not 

filled usually bond in the d bands that aren’t filled to form strong bonds [2], [51].  

• Grain size: The microstructure involves the grain size of the material. According to 

Hall Petch, the finer the grain size, the higher the material yield strength, and 

therefore, the greater the material resistance to shear during relative motion [2]. 

• Lubrication: When the wear surface is lubricated, the contact between surfaces in 

relative motion is reduced and it is difficult for atomic bonds to form between the 

surfaces [2], [51].  

2.2.1.2 Fatigue wear 

           Fatigue wear is a material removal as a result of repeated or cyclic stress, giving rise 

to deformation of the material subsurface in contact with the grits during operation or sliding 

action. Failure occurs due to repeated deformation of the asperities of the rubbing bodies in 

contact. At the subsurface, there is usually a high shear stress, which can cause the initiation 
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and propagation of micro cracks through the material, especially if there are inclusions in 

this high stress areas. These micro cracks form an isolation when they reach the surface of 

the material resulting in the detachment of a material lump forming wear particles. Fatigue 

wear is often affected by the presence of defects in materials such as incoherent inclusions 

as the stress concentration might be high enough to initiate micro cracking and surface 

material removal. High hardness, which usually corresponds to a high fatigue resistance, and 

a smooth surface finish (surface treatment) can improve the fatigue life as well as diminish 

stress raisers, thereby enhancing surface fatigue resistance as this results in fewer chances to 

initiate micro cracking [52]. 

2.2.1.3 Fretting wear 

          This type of wear is common when two contacting components undergo relative 

oscillatory motion of very small amplitudes (100 µm - 250 µm). It is usually combinations 

of several wear mechanism, including adhesive and abrasive wear. Eventually when the 

wear particles are oxidized, the three-body abrasive wear mechanism can be initiated [51]. 

2.2.1.4 Erosive wear 

Erosive wear is surface damage produced by hard particles in a fluid that strike the 

surface. It could also be caused by impingement of particles (solid, liquid or gaseous), which 

remove fragments of materials from the surface due to momentum effect. There are three 

types of erosive wear [53].  

Solid particle erosion is caused by particles in a gas or fluid, liquid drop erosion, 

cavitation erosion where the fluid becomes unstable and bubbles up, thereby causing 

degradation on the surface of the solid; and erosion-corrosion that is caused by low-stress 
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scratching abrasion in a corrosive environment. The behavior of engineering materials to the 

impingement of the solid particle changes significantly depending on the type of material, 

material properties and environmental parameters related with erosion wear such as impact 

velocity, impact angle, hardness, shape and geometry of the particles. 

	  

 

 

 

	  
	  
	  
	  
	  

Figure 2.2: Wear produced by hard particles strike to a flat surface [53]. 

	  
Figure 2.2 shows erosive wear produced by solid particle A, striking a solid surface B, 

which results in the removal of material from the solid surface B.   

2.2.1.5 Abrasive wear 

    Abrasive wear is classified as the removal of material from a surface by loose hard 

particles sliding between two surfaces [53] and also wear due to particle or protuberances 

forced against and moving along a solid particle. In machinery, wear occurs most frequently 

as an abrasive process. It is a common wear type related to earthmoving, mining and 

minerals processing equipment.  Mechanism of abrasive wear include:  

• Ploughing: This mechanism is typically governed by plastic deformation. The 

material is shifted to the sides away from the wear particles resulting in the 
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formation of a wear groove. The material is not removed from the surface. 

• Cutting: This is also governed by plastic deformation. The abrasive particles act as a 

cutting tool and a chip forms in front of the cutting edge of the particle. The material 

removed (lost) from the surface has the same volume as the volume of the wear track 

(groove). 

• Cracking: The material cracks in the surface regions surrounding the wear groove 

when highly concentrated stresses are imposed by the abrasive particles. The volume 

of the lost material is higher than the volume of the wear track when considering the 

physical interaction between abrasive particles and surface material as a result of a 

poor plastic deformation ability of the considered material. Therefore, large wear 

fragments are removed from the wearing surface owing to micro-crack formation 

and propagation. 

The first two mechanisms are the results of ductile material behavior, while cracking is 

typical for brittle material behavior. Abrasive wear is usually subdivided into the following 

classes:  

• Gouging abrasion (the removal of large volumes of material per event from the wear 

surface). The stresses are high at the contact points, but low on the remaining surface 

similar to a shovel digging into a rock pile. 

•  High-stress grinding abrasion (the abrasive particle is crushed during the wear 

interaction). It normally occurs under a low load and high local stress. The wear 

situation is influenced by two main factors [54]. The properties of the abrasive 
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particles and those of the material.  

• Low-stress scratching abrasion (the abrasive particle remains intact as it moves 

freely across the wear surface). The stress induced in the abrasion is primarily from 

the velocity, which is not enough to cause much fragmentation of the abrasive [54]. 

Abrasive wear depends on material properties like grain size, abrasive particle size, 

binder content, hardness, fracture toughness and properties of the counter body [55]. 

The way the abrasives pass over the worn surface determines the type of abrasive wear: 

a) Two-body abrasive wear is caused by a hard protuberance on the counter face or 

hard particles embedded into the counter face. The hard abrasives pass over the 

surface like a cutting tool and are held rigidly [56] as shown in Figure 2.3. Examples 

in mechanical operations are grinding such as the action of sand on a surface, cutting 

and machining. 

 
 

	  

 

 

	  
 

Figure 2.3: Illustration of two-body abrasive wear [53]. 

	  
b) Three-body abrasive wear is caused by small particles or abrasives that are free to 

roll or slide between the contact surfaces since they are not held rigidly as shown in 

Figure 2.4. The loose abrasive particles are mostly trapped between the rolling or 

sliding surfaces and often indent and settle into the softer surface. Wear of bearings 
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is one example when the grits are trapped at the interface of the bearing.  

It is important to know the properties of the abrasive particles to understand what 

kind of damage they can produce. The hardness of the abrasive particles can 

influence the rate of material removal from the surface. 

 
 
 

	  

	  	  	  	  	  	  	  	  	  	  	  	  	  

	  

	  
Figure 2.4: Illustration of three-body abrasive wear [53]. 

	  
Abrasive particles (Ha) must have higher hardness than the hardness of the surface (Hs) 

to be able to scratch it. The rate of material removal decreases significantly when the 

hardness of the surface approaches the hardness of the abrasive. The wear rate is much more 

sensitive when Ha/Hs is less than ≈1 [57]–[59]. Depending on the hardness of the abrasive 

(Ha), the following damages can occur during operation: 

a) If Ha/Hs >1.2, plastic indentation is produced on the surface. This is known as hard 

abrasion [60]. 

b) If Ha/Hs <1.2, there is no plastic indentation produced on the surface. This is known 

as soft abrasion [60], which exhibits a lower wear rate [61], [62] or material loss. 
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2.2.1.5.1 Abrasive wear testing 
	  

Abrasive wear can be tested using different methods including the pin-on-disc test. 

Hereby, a pin shaped sample fixed on an arm is pressed under a constant load against an 

abrasive disk or a rotating wheel, and is made to slide against a pin sample with loose 

abrasive particles continuously fed between the abrasive disk and the pin during the testing 

process [63], [64] as shown in Figure 2.5. 

	  

	  

Figure 2.5: Schematic illustration of the pin-on-disk wear tester [63]. 

	  
The material removal is usually measured by weighing the sample before and after 

each wear test. The wear rate varies with factors such as the load applied, the type of 

abrasive disk, the rotating speed of the disk and the sample or specimen material. 

2.3     Characteristics of wear components 

 Mining wear components are often subjected to heavy abrasion, chemically induced 

wear, fatigue and impact loading during operation. Therefore, wear components must be 

designed to have sufficient toughness in order to withstand high impacts to minimize crack 

initiation and propagation. In addition, excellent hot strength and thermal stability are 
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required to prevent plastic deformation at high temperature during operation, high hardness 

to reduce indentation; as well as fatigue strength to prolong the durability or lifespan of the 

component.   

2.3.1  Hardness  

Hardness is a critical parameter influencing wear resistance. It is a parameter 

describing the material’s resistance to indentation, scratch and deformation by means such 

as abrasion, drilling, impact, scratching or wear. Increased hardness results in increased 

wear resistance, reduced wear rate and prolonged lifespan [6]. The hardness of ceramic-

metal composites is mainly improved or enhanced by increasing the ceramic content. 

Imbaby et al.  [65] and several other researchers have reported great increase in the hardness 

of alumina-stainless steel composites, as the volume content of Al2O3 (ceramic phase) is 

increased [38], [43], [65]–[67]. However, as the hardness is increased, the toughness is 

decreased leading to brittleness. Therefore, the best combination of hardness and fracture 

toughness has to be determined in order to achieve an optimum performance.  

2.3.2   Fracture toughness  

Fracture toughness is a measure of the material’s resistance to the propagation of 

cracks. It is used extensively to characterize the fracture resistance of ceramics and 

composite materials [68]. The fracture toughness may serve as a basis for structural flaw 

tolerance assessment. Awareness of differences that may exist between laboratory test and 

field conditions is required to make proper flaw tolerance assessment. Wear can occur by 

fracture only when a critical load on individual abrasive particles is exceeded [2]. The 

toughness of composites is highly dependent on the structure of the materials, which 
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includes the size, amount and distribution of hard particles in the matrix. The sample 

preparation for the measurement of fracture toughness is usually time consuming and 

expensive as most of the conventional techniques require very precise notch geometries. 

Therefore, the fracture toughness is often evaluated using the Vickers hardness indentation 

method. In this method, the toughness is accessed using cracks created at indentation corners 

as shown in Figure 2.6.  

 

 

 

 

 

Figure 2.6: Vickers indentation mark with c: crack length; and a: indent diagonal [68]. 

	  
However, various models have been developed for the computation of the fracture 

toughness by several researchers either using experimental or empirical methods. The 

fracture toughness measured is often dependent on the micro-indentation hardness of the 

material, the crack length ‘c’, the indentation diagonal half-length ‘a’ and the applied load 

on the material during Vickers indentation. However, some models require the values of the 

Young modulus and Poisson ratio [68]. The indentation fracture toughness is computed 

using the direct crack measurement method. The crack formation often falls into two 

classes: median or Palmqvist cracks. Palmqvist cracks form under small indentation loads as 

small cracks at indent corners as seen in Figure 2.7b. At high loads, fully developed median 

cracks form joining opposite indent corners and running beneath the indent in a half penny 

shape geometry as seen in Figure 2.7a. 
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Figure 2.7: Crack configuration around hardness indentation: (a) Median and radial 

crack configurations; (b) Measurement of crack length 2c and indent diagonal 2a [68]. 

	  

2.4  Wear resistance 

The combination of hardness and toughness is a very important factor in determining 

the wear resistance of materials [69]. Wear depends on the resistance of the material to 

penetration by the abrasive particles during contact or sliding action as well as on the 

obstruction of plastic flow and fracture. Therefore, increasing hardness and toughness in 

metallic or ceramic materials improves the wear resistance of components used in wear 

environments. However, increasing the hardness generally also results in a reduction in 

toughness. Introducing a secondary phase can enhance the wear resistance [5], [6], [12], [16] 

of particle-reinforced metal matrix composites.  

The abrasive wear resistance can be improved by optimizing the mechanical 

properties of both the matrix and the reinforcement phase [70]–[72], the microstructure [71], 

[73], [74], size and volume fraction of the reinforcing phase, as well as the nature of the 

interface between the matrix and the reinforcement [75]. This can be achieved by controlling 

the various process parameters during production. Gulsoy et al. observed that an increase in 

the volume fraction of reinforcement, longer sintering time at 1405 °C and strong interfacial 
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bond strength reduced the wear rate of composites [66]. Allen et al. observed in ultra fine 

grain (0.49 microns) WC-Co hard metals that the wear resistance increased to about twice 

that of the fine grade (0.81 microns) of WC-Co composite [76]. 

2.5  Abrasive wear modeling 

            Abrasive wear modeling is a subject of concern that aims at a continuous study in the 

improvement and the prediction of material removal during operation in applications 

involving wear. It provides a relationship between wear, design parameters and application. 

This enables the prediction or estimation of component failures, repairs and maintenance 

requirements, materials and energy saving, and design optimization. The most widely used 

model for wear prediction is the Archard’s wear equation for abrasive wear because of its 

simplicity as seen in Equation 2.1.  

 

    𝑸 =   𝑲.𝑭
𝑯𝑽

                                                   (2.1) 

 
Where Q is the volume of material removed from the surface per unit sliding surface; F is 

the normal load applied; HV is the hardness of the material; and K is the coefficient of wear 

[4], [77], [78].  

 Khrushov and Babiched related the wear resistance of composites to that of their 

constituent phases using the inverse rule of mixture as in Equation 2.2. The approach is 

based on the assumption that the constituents of the composites wear at an equal rate during 

operation.  

 
𝑹 = 𝟏

𝑾𝒊

𝒎
𝒊!𝟏   = (𝑽𝟏

𝑾𝟏
+ 𝑽𝟐

𝑾𝟐
+⋯+ 𝑽𝒎

𝑾𝒎
)                                      (2.2) 
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Where R is the wear resistance; W is the wear rate; V is the volume fraction; and the indices 

1 and 2 represent phase 1 and phase 2, respectively. However, it is often recognized that 

primarily the wear behavior of most composites is strongly determined by the volume 

fraction of the reinforcement [75], [79]–[81]. 

Zum-Gahr et al. developed a second wear equation for multiphase materials in order 

to explain experimental data. The approach is known as the linear rule of mixture. They 

argued that the wear behavior of a multiphase material is not dominated by a single phase, 

but rather that the contribution of each individual constituent is linearly proportional to its 

volume fraction in the composite as described in Equation 2.3 [75], [81].  

 
 𝑾 = 𝑽𝒊𝑾𝒊 =𝒎

𝒊!𝟏   (𝑽𝟏𝑾𝟏   +   𝑽𝟐𝑾𝟐 +⋯+ 𝑽𝒎𝑾𝒎)                           (2.3) 

 
Evans and Marshall [82], [83] proposed a model based on lateral cracking in the 

material considering all particles involved. The number of particles N was calculated as the 

cross sectional area of the sample divided by the diameter of the particle. The volume loss 

per unit sliding distance Q was given by; 

 

        𝑸 = 𝜶𝟑  𝑵
𝑬
𝑯𝑽   𝑭𝟗/𝟖

𝑲𝑰𝑪
𝟏/𝟐    𝑯𝑽𝟓/𝟖

                                                    (2.4) 

              
Where α3 is a material independent constant; N is the number of particles each carrying the 

load F; E is the modulus of elasticity; KIC is the fracture toughness; and HV is the hardness 

of the worn material. In another approach, the volume loss per sliding distance Q is written 

as in Equation 2.4 [84]. 
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    𝑸 = 𝑲   𝑭𝟓/𝟒

𝑲𝑰𝑪
𝟑/𝟒𝑯𝑽𝟏/𝟐

                                              (2.5) 

 
Where K is a constant known as the abrasion wear resistance coefficient.  

Equation 2.5 suggests that the material wear depends stronger on the toughness (raised to the 

power of ¾) than on the hardness (raised to the power of ½). The different exponents in 

Equation 2.5 are determined semi empirically and may vary with respect to different models 

or materials [2].  

Wayne et al. [85], [86] observed from previous work that the abrasion wear 

resistance of a material cannot be based on its mechanical property alone. Therefore, he 

proposed Equation 2.6 that includes the grain size as microstructural parameter.  

 

            𝑹 = 𝑲 𝑲𝑰𝑪
𝟑/𝟖    𝑯𝑽𝟏/𝟐

𝑫𝑾𝑪
                                                        (2.6) 

 
Where R is the abrasion resistance; KIC is the fracture toughness; HV is the hardness; and 

DWC is the carbide grain size. For brittle ceramics where there is no ductile phase to prevent 

large scale brittle fracture, a higher dependence on the fracture toughness and a 

correspondingly lower dependence on the hardness were observed [87] as in Equation 2.7.  

 
𝑹 ∝ 𝑲𝑰𝑪

𝟑/𝟒    𝑯𝑽𝟏/𝟐                                                    (2.7) 

 
Bodhak et al. [88] suggested the abrasive model in Equation 2.8 for cases where 

abrasive wear is controlled by substantial plastic deformation accompanied by ceramic 

particle fracture. 
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             𝑽𝑳 ∝
𝑭𝟏/𝟖

𝑲𝑰𝑪
𝟏/𝟐𝑯𝑽𝟓/𝟖

                                           (2.8) 

 
Where VL is the wear volume loss (normalized with respect to the normal load); F is the 

contact force; KIC is the fracture toughness; and HV is the hardness.  

2.6  Improving wear resistance in composites 

            Introducing a secondary phase into a matrix material [4], [75], [89] can enhance its 

wear resistance. Such a composite then basically consists of a matrix and reinforcement 

often in the form of particles or fibers, and the interface between the matrix and the 

reinforcement. The improvement of wear resistance of a composite depends on the 

morphology, distribution, volume fraction and mechanical properties of the reinforcing 

phase [2], [64], [90]. Also, the wear resistance can be varied significantly by alteration of the 

microstructure. The composite properties are defined by the weakest links in their structure. 

Therefore, the strength of composites also widely depends on the strength of the bond 

between the reinforcement and the matrix [50]. A strong interfacial bond can transfer and 

distribute the load efficiently from the matrix to the reinforcement. The lower hardness of 

metals compared to ceramics leads to relatively rapid material removal during the wear by 

harder ceramic abrasives. Ceramic materials on the other hand, lack the necessary toughness 

and the impact resistance required for many mining and oil sands applications. Ceramic-

metal composites owe their excellent tribological properties to a combination of high 

hardness of the ceramic particles along with the toughness of the more ductile metal matrix 

[6], [91]. However, increasing the hardness mostly results in loss of toughness. Therefore, 

an optimum combination of hardness and toughness must be achieved. Microstructure 

refinement has been proven to potentially increase both the hardness and toughness as seen 
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in Figure 2.8 [92]. 

	  

Figure 2.8: The hardness vs. toughness relationship of metal-based materials [92]. 

	  

2.7  Current wear resistant materials 

2.7.1  High strength low alloy steel (HSLA) 

          HSLA steels or micro-alloyed steels are designed specifically to provide better 

mechanical properties and/or greater resistance to atmospheric damage than conventional 

carbon steels. HSLA steels are designed to meet specific mechanical properties such as a 

yield strength greater than 275 MPa. They are much stronger and tougher than ordinary 

carbon steels; they are ductile, highly formable, weldable and highly resistant to corrosion. 

The extra strength of HSLA steels makes them more durable and gives them a longer life 

span. However, high strength low alloyed steels still have great difficulty in meeting 

challenges that result in failure of metal parts due to dual effects of wear and oxidation at 

high temperature. They often fail to simultaneously provide for impact resistance, excellent 

wear, and sufficient toughness and oxidation resistance. Therefore, they are often 

inappropriate for heavy wear application. Instead, they are widely used as stationary 
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structural components and for mobile equipment such as lighting poles, oil storages, 

automobile components, earth moving and mining equipment [93].  

2.7.2  WC-Co composites 

           Tungsten carbide cobalt (WC-Co) hard materials have been widely used for 

producing cutting, drilling, and forming tools because of their high hardness and relatively 

high fracture toughness. WC-Co possesses high wear resistance and rupture strength, which 

makes it a promising material for applications where good wear resistance is required [94]. 

It provides increased tool lifetime compared to conventional high-speed steel. It is in the 

class of hard metals known as cemented carbides. The WC grains provide high hardness and 

wear resistance. However, the main microstructural characteristics that govern the wear 

behavior are related to the grain size of the WC, the interfacial bonding between the two 

phases and the volume fraction of the binder [60], [95], [96].  

 
Table 2.1: Properties of representative grades of cemented carbides [80]. 

Cemented 
carbide 

Room 
Temp. 
Hardness 
HV 

Modulus of 
elasticity 
GPa 

Transverse 
rupture 
strength 
MPa 

Coefficient 
of thermal 
expansion 
10-6  /K 

Thermal 
conductivity 
W/m.K 

Density 
g/cm3 

WC-20 
wt.%Co 1050 490 2850 6.4 100 13.55 
WC-10 
wt.% Co 1625 580 2280 5.5 110 14.50 
WC-3 
wt.% Co 1900 673 1600 5.0 110 15.25 
WC10 
wt.% Co-
22 wt.% 
(Ti, Ta, 
Nb)C 1500 510 2000 6.1 40 11.40 
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A good combination of these conditions yields optimal properties for wear applications. The 

properties of sintered WC-Co composites are critically dependent on their final composition 

and structure [26], [27] as summarized in Table 2.1. Important advantages of WC-Co 

composites are high hardness, high elastic modulus, high thermal conductivity and low 

thermal expansion. The limitations of WC-CO composites are that they can deform 

plastically at high temperatures, they are economically unattractive for some applications 

and their corrosion resistance is low in an aggressive environment [60]. When plastic 

deformation occurs, the hard phase breaks down, and the binder phase between the grains 

slides causing grain boundary slide [53], [97].  

2.7.3  Aluminum oxide and steel composites  

          Hard ceramic particles can be incorporated into steel using powder metallurgy to 

produce metal matrix composites that would otherwise be difficult to produce by 

conventional methods. Metal matrix composites involving high-speed steels and stainless 

steel have been studied in recent years. These studies have revealed that the addition of 2.5 

to 5 wt.% of Al2O3 or Y2O3 and Al5Y3O12 promotes better corrosion resistance and wear 

properties in stainless steels [66]. In addition, metal matrices with high strength sustain 

ceramic particles effectively for improved wear resistance [98], [99]. The choice of alumina 

comes from the fact that it is very hard with a Vickers hardness of HV=24 GPa [100]. In 

addition, it possesses good thermal and dimensional stability [101], high thermal expansion 

coefficient of 8.8 x 10-6 /o C, high melting point, good chemical inertness, high wear 

resistance and is low cost [98], [99].  

Gulsoy et al. reported that a clean interface free from any diffusion alloying or 

reaction was obtained when reinforcing SS316L with Al2O3 particles using hot isostatic 
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pressing. However, the composites reinforced with the Al2O3 particles resulted in low wear 

resistance particularly at high volume fraction [66]. Also, Panda et al. examined the addition 

of  (5 and 10 wt.%) yttria alumina garnet in SS316L and reported no improvement in the 

mechanical properties and wear resistance in the compacts sintered in microwaves compared 

to conventional sintering, which was attributed to an elongated irregular pore structure [38]. 

Tongsri et al. investigated the effect of powder mixture conditions with addition of 2 wt.% 

Al2O3 powder particles in SS316L using ball milling and reported a decrease in strength as 

well as high amount of void or porosity as result of poor distribution of Al2O3 particles in 

the composites and poor sintering between both constituents [21].  

However, Vardavoulias et al. showed improved wear resistance after 5 wt.% Al2O3 

particle additions in two PM austenitic stainless steels (316L and 304L) using two sintering 

activators (BN and B2Cr) [67]. Shamsuddin et al. investigated the fabrication of Fe-12Cr-

Al
2
O

3 
composites by blending all constituents in a drum for 30 minutes and varying the 

wt.% of alumina addition in the matrix. They reported that beyond the 20 wt.% addition of 

alumina, clustering of the reinforcement was observed, which caused a higher porosity and 

reduction in the density, and hence resulted in a decrease in hardness [102]. Auger et al. 

investigated the sintering of alumina matrix-stainless steel dispersion composite and the 

interaction between chromium, carbon, and alumina during the powder metallurgy process. 

They reported the formation of chromium carbide in some experimental conditions. They 

observed that samples with 30-50 vol.% steel showed a different behavior compared to 

others because the remaining carbon content in alumina was observed not high enough for 

carbide formation in stainless steel, as the carbon is totally absorbed. Therefore, its 

inhibiting effect does not occur, as there is no formation of chromium carbide. Above 50 
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vol.% metal fractions, the densification was controlled by stainless steel and was 

independent of the carbon and chromium contents [103].  

Rahimian et al. [104] studied the effect of production parameters on the 

microstructure and wear resistance of powder metallurgy Al-Al2O3 composites using ball 

milling. They varied the particle size of the alumina powder in the aluminum matrix as well 

as the sintering time and temperature. They reported a decrease in the density with an 

increase in the wt.% of alumina addition to the matrix, an increase in the hardness and wear 

resistance as well as the microstructure. They also reported that inappropriate sintering 

conditions resulted in the deterioration in hardness and a reduction in the wear resistance of 

the composites. The reduction of the particle size from 48 µm to 3 µm led to a 16 % increase 

in volume loss. However, the drop in wear resistance was particularly strong in the lower 

particle size range (from 12 µm to 3 µm) raised the volume loss by a factor of 10 as the 

particle size decreases into the nano-scale using a AISI4140 steel disc counter surface, a 

load of 5N, a sliding distance of 1500 m and a velocity of 1 m/s.  

Tjong et al. investigated the abrasion resistance of SS304 reinforced with TiB2 hard 

particles. The composites were fabricated using the isostatic pressing (HIP). The wear test 

was done using pin-on-disk testing with a 240 grits SiC abrasive disk. They reported an 

increase in abrasive wear resistance and a decrease in the volume loss of the composite 

when the TiB2 content increases. The addition of TiB2 to SS304 was found beneficial as it 

improved the wear resistance of the stainless steel alloy by approximately factor 10 due to 

the high hardness of the TiB2 particles [62]. 
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2.7.4 Research work 

In this research, the fabrication, microstructure and mechanical properties of SS316L-  

Al2O3 composites are investigated. The two composite constituents are used at an equal ratio 

of 1 to 1 or 50 wt.% to 50 wt.% in an effort to achieve both sufficient hardness and 

toughness. The powder metallurgy route is used for fabrication and the wear behavior of the 

composites is studied under dry sliding wear conditions using pin-on-disk testing. Model 

correlations are developed considering the microstructure parameters, mechanical properties 

and wear conditions.   
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3        MATERIALS AND METHODS 

3.1  Materials and mechanical alloying 

        Water atomized SS316L powder of irregular shape with 12-44 µm particle sizes and 

Al2O3 powder with 10-44 µm particle sizes were purchased from Atlantic Equipment 

Engineers (AEE) and used as starting materials. Al2O3 powder was of 99.5 % purity. The 

chemical composition of SS316L powder is shown in Table 3.1 and the relevant properties 

of both raw materials are summarized in Table 3.2 as specified in the AEE product chart.  

 
Table 3.1: Chemical composition of SS316L powder. 

 C Ni Cr Mo Mn O2 Si P    S Fe 

Wt.% 0.02 11.69 16.74 2.15 0.08 0.37 0.63 0.02 0.001 Balance 

	  
 

Table 3.2: Some relevant properties of SS316L and Al2O3. 

Parameters SS316L Al2O3 

Melting Point 1425 °C 2072 °C 

Density 7.9 g/cm3 3.965 g/cm3 

Vickers Hardness 165 HV 2285 HV 

 
 
The experimental flow process chart  is shown in Figure 3.1 using the powder metallurgy 

fabrication route with SS316L and Al2O3 as the starting powder constituents.  
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Figure 3.1:  Experimental flow chart of the PM process route. 

	  
SS316L and Al2O3 powders were used at a weight ratio of 1:1. Ball milling was done 

using a custom-made attritor mill comprising a stainless steel vial and a rotating shaft. 

Stainless steel milling balls were used.  The ball diameter was 3 mm and the ball-to-powder 

ratio was 10:1. Ethanol 99 % was used as milling aid and cold tap water was circulated 

around the vial for cooling.	  Two shaft-rotating speeds were used for mechanical alloying. 

SET1 powders were milled at 720 rpm and SET2 powders at 800 rpm. Mechanical alloying 

was done in cycles of 120 minutes milling and 60 minutes resting periods. Powder samples 

were taken after every 5 cycles; that is, after every 10 hrs effective milling time. The final 

milling duration was 30 hrs for SET1 (720 rpm), 20 hrs, 30 hrs and 50 hrs for SET2 (800 

rpm). The custom-made attritor mill and the inside of the milling process are shown in 

Figures 3.2 and 3.3. Two drying methods were investigated: for air-drying (SET1A and B), 

the powder was spread in a pan and placed in the fume hood for 24 hrs, while for heat-

drying (SET1H) the pan was placed on a tabletop heater for 3 minutes at 60 °C. A 
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thermocouple was used to monitor the temperature. Table 3.3 highlight the parameters used 

for the mechanical alloying of the SS316L-Al2O3 composite powders. 

	  
Table 3.3: Parameters used for mechanical alloying experiments. 

No. Constituents 
Weight 
(grams) 

Powder-to-powder ratio 
Ball-to-powder ratio 

Time 
(hrs.) 

Speed 
(rpm.) 

SET1 
(A,B,H) 

SS 316L 
 

Al2O3 

 
Balls 

 

50 
 

50 
 

1000 
 

1:1 
 

10:1 
 

30 720 

SET2A 20 800 

SET2B 30 800 

SET2C 50 800 
 

 
         

 

 

            	  

Figure 3.2: Custom-made attritor mill.             

Figure 3.3: Inside of a milling vial [14].  

	  

3.2  Compaction and sintering 

        The SS316L-Al2O3 composite powders were uniaxially compacted using a 10 mm 

diameter die (Figure 3.4). A Rodgers hydraulic press and a custom-made tool steel die were 

used. Hi-Temp1800 Barium nitride powder mold release was applied to the inner surface of 

the die to reduce friction, improve compaction and ease sample ejection.   

Rotating impeller 

Steel balls 

Cooled stationary tank 
Gas seal 

Ball mill 
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Figure 3.4: Compaction set-up in hydraulic press. 

	  
The die was then filled up with a desired amount of powder. Uniaxial pressure was 

applied using the hydraulic press. At the start of the powder compaction, the powder 

particles are loose and as the pressure is applied they begin to glide over each other without 

any resistance resulting in the rearrangement of the powder particles.  

 
 

 

 

 

 

 

 
Figure 3.5: Schematic diagram of a uniaxial compaction set-up [105]. 

	  
As the pressure is increased, plastic deformation of the powder takes place as the 

particles become interconnected. When the desired pressure is reached, the upper punch is 

! Hydraulic press 

Upper punch 

Lower punch 

Compressed powder 

Hydraulic press 

Springs 

Die 

Upper punch 

Lower punch 
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moved back up and the green compact is ejected from the die. Figure 3.5 shows a schematic 

set-up of a uniaxial compaction die as used in this study. 

Different compaction pressures ranging from 595.8 MPa to 1125.4 MPa were used in 

order to determine the optimum compaction pressure. Four samples were compacted for 

each compaction pressure and sample type or variant. The compaction displacement was 

measured using a linear variable differential transformer (LVDT) while the compaction load 

was measured using a load cell. The green and sinter densities were determined using the 

Archimedes’ principle. 

 
Table 3.4: Summary of the various manufactured SS316L-Al2O3 composites. 

       
 

       SET1A and SET1H samples were sintered at 1150 °C in an electric Lindberg furnace in 

air atmosphere (Figure 3.6a). Slow heating and cooling were used as the samples were left in 

the furnace during both heating and cooling. All other fabricated samples as seen in Table 3.4 

above were sintered in an Oxygon FC700 vacuum furnace (Figure 3.6b) under argon 

atmosphere. The sintering was performed at a temperature of 1400 °C with a holding time of 

60 minutes. A heating rate of 12 °C/min was used and the samples were also furnace heated 

and cooled.  

!

Composites 

Wt. 
Al2O3 
(%) 

Milling 
speed 
(rpm) 

Milling 
duration 
(hrs) 

Drying 
method 

Sinter 
holding 
time 
(mins) 

Sinter 
temperature  
(°C) 

Sinter 
atmosphere 

Furnace  
heating 
rate 
(°C/min) 

SET1A 50 720 30 Air 60 1150 Air 10 

  SET1H 50 720 30 Heat 60 1150 Air 10 

  SET1B 50 720 30 Air 60 1400 Argon 12 

SET2A 50 800 20 Air 60 1400 Argon 12 

SET2B 50 800 30 Air 60 1400 Argon 12 

SET2C 50 800 50 Air 60 1400 Argon 12 
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Figure 3.6: Furnace used for sintering: (a) Lindberg furnace;  (b) Oxygon FC700 

Vacuum furnace. 

	  

3.3  Metallography and hardness testing 

       Metallographic samples were hot mounted in epoxy resin using a Struers Labopress-

3 press. A temperature of 150 °C and a 20 kN press force were used. The mounted samples 

were ground and polished using a Struers TegraPol-31 machine and etched using Nital (a 

solution consisting of 25ml methanol, 25ml HCl and 5ml HNO3). Etching time ranged 

between 20 and 30s. The microstructures of milled powder, green compacts and sintered 

samples were characterized using optical (CLEMEX) and scanning electron microscopy 

(CARL ZEISS).  

 

	  

Figure 3.7: Clemex optical microscope (OM). 
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The Clemex Vision-Lite Version 5.0 image analysis software was used for 

quantitative microstructure characterization as seen in Figure 3.7. Powder characterization 

allowed the study of the milling process and its progression. The analysis of the green 

compacts and sintered samples allowed assessing the homogeneity of phases, porosity and 

microstructure.  

Scanning electron microscopy (SEM) was used for the investigation of the alumina 

particle structure, homogeneity and distribution employing both secondary electron (SE) and 

back scattered electron (BSE) imaging to study the morphology. Also, energy dispersive x-

ray (EDX) analysis was done for qualitative compositional analysis on some samples as 

shown in Figure 3.8. The SEM samples were cleaned with ethanol and blown to dry using 

compressed air to remove any dust particles on the surfaces. The samples were gold coated 

in a sputtering coater vacuum chamber. The gold platted samples were mounted on a metal 

stub with adhesive tape and a copper tape is placed from the top surface of the sample to the 

holder.  

 

	  

Figure 3.8: ZEISS Scanning electron microscope (SEM). 

	  
The porosity level of the green and sintered compacts was measured on the SE/BSE 

micrographs at various magnifications up to 2000X using the Clemex Vision-Lite, Version 
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5.0 image analysis software. The average values were attained from eight (8) images for 

each fabricated sample. 

The Buehler Wilson hardness micromet 6030 tester (Figure 3.9) was used to measure 

the Vickers hardness at a load of 500 grams and a dwelling time of 10 secs. The micro 

hardness was measured on green (compacted) and sintered samples. Approximately 15 micro 

hardness readings were taken on each sample to determine average values and standard 

deviations.  

 

	  

Figure 3.9: Buehler Wilson hardness micromet 6030 tester. 

	  

3.4  Volume fraction of phases and Al2O3 grain size analysis 

The phase volume fractions were analyzed using image analysis. The constituents 

and the reinforcement grain sizes were estimated from SEM/BSD images using the line 

intercept method on high magnification micrographs. A set of lines was drawn in a 

systematic sequence across the micrographs of the powder composites and the lengths of all 

alumina intercepts were measured in order to avoid biased measurements. 
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3.5  Porosity measurement 

	  	  	  	  	  	  	   The porosity of the fabricated composites was determined using image analysis. The 

SEM and BSD images taken from polished samples and the image J software were used. For 

each sample, six (6) images were used to calculate the average pore volume fraction. 

3.6  Fracture toughness measurement 

       The fracture toughness of the SS316L-Al2O3 composites was assessed by the 

indentation method. The Vickers indentation fracture toughness measurements were done on 

the sintered samples using a load of 5 kgf. The length of indent cracks was measured using 

the Clemex optical microscope with the lite vision 5 image software, at magnifications 

between 100 to 400 using 10 indentations for each material state. The indent diagonal half-

length (a)  and the crack half-length (c) measured from the centre of the indent were used for 

the calculation of the fracture toughness. The fracture toughness (KIC) was calculated using 

the Palmqvist equation [106], [107] that applies to c/a ratio below 2.5 [108] which was found 

to be the case for the investigated composites. 

 

𝑲𝑰𝑪 = 𝟎.𝟎𝟕𝟗   𝑭
𝒂𝟑/𝟐

  𝐥𝐨𝐠 𝟒.𝟓 𝒂
𝒄
                          (3.1) 

 
Where F is the indentation load, c is the crack length from the centre of the indent to the crack 

tip; and a is the indentation half diagonal.  

3.7  Abrasive wear testing 

      Abrasive wear tests were performed using a custom-made pin-on-disc 

tribometer as shown in Figure 3.10 according to the ASTM G132 standard. The samples for 

the wear testing were cylindrical with a diameter of 8.5 mm and a height of 13 mm. The 
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samples were grounded and polished with a 3 µm dia pro MD mol suspension prior to 

testing. A P120 grit silicon carbide (SiC) grinding paper was used as the counter-face. The 

samples were cleaned with ethanol and dried prior to weighing. Weighing was done at 

intervals of 300 meters at the end of each wear test using a digital Sartorius electronic scale 

with 0.1 mg accuracy.  

 
 

	  

	  

	  

 

Figure 3.10: Photograph of the pin-on-disk wear test set-up. 

	  
Dry sliding experiments were carried out under a normal load of 2 N at a sliding 

velocity of 1 m/s. A new abrasive paper was used for each test sample. The mass loss was 

recorded for a total track length of 3000 meters attained at an effective duration of 

approximately 50 minutes for each sample. Four wear tests were conducted for each 

material under identical conditions for averaging. Figure 3.11 shows the wear track of the 

different fabricated samples during the wear testing on the SiC abrasive disk under same 

testing conditions. This shows the virtual examination of material removal of the 

unreinforced SS316L, the commercial SS316, SET1B and the SET2A composites.  

 

 

Load 

Sample holder 

Rotating disk 

Abrasive disc 
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Figure 3.11: Counter-face of wear track of materials with deposited debris: (a) 

fabricated SS316L; (b) commercial SS316; (c) 720 rpm for 30 hrs (SET1B) composites; 

(d) 800 rpm for 20 hrs (SET2A) composites. 

	  
Abrasive wear tests were carried out on fabricated samples, commercial 90WC-Co 

composites and SS316 materials under the same testing conditions. The volume loss (VL) of 

the samples after sliding distance of 3000 meters was calculated using Equation 3.2. 

 
𝑽𝑳 =   ∆𝑴 𝝆                                                   (3.2) 

 
Where ΔM is the change in mass (difference between the initial and the final mass after test) 

and ρ is the density of the composite [109], [110] .  

The specific wear rate of the worn samples was calculated using Equation 3.3 [108, 

109]. 

𝑾𝒆𝒂𝒓  𝒓𝒂𝒕𝒆  (𝒎𝒎
𝟑

𝑵𝒎
) =    𝑽𝒐𝒍𝒖𝒎𝒆  𝒍𝒐𝒔𝒔  

𝑵𝒐𝒓𝒎𝒂𝒍  𝒍𝒐𝒂𝒅    ×  𝑺𝒍𝒊𝒅𝒊𝒏𝒈  𝒅𝒊𝒔𝒕𝒂𝒏𝒄𝒆  
                  (3.3) 

 
The wear mechanisms were investigated by examining the morphology of the worn surfaces 

of the samples after 3000 meters by scanning electron microscopy (CARL ZEISS). 

Secondary electron (SE) back scattered electron (BSE) and energy dispersive x-ray (EDX) 

analyses were used.  
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4         RESULTS  

4.1 Powder microstructure evolution during mechanical alloying 

	  

	  
	  
	  

Figure 4.1: Microstructure evolution during mechanical alloying of SS316L-Al2O3 

powders: (a) As-received; (b) After 10 hrs milling at 720 rpm (SET1A-H); (c) After 20 

hrs milling at 720rpm; (d) After 30 hrs milling at 720 rpm; (e) After 20 hrs milling at 

800 rpm (SET2A). 

	  
       Figure 4.1 shows the optical micrographs of the microstructure evolution of SS316L-

Al2O3 powders during mechanical alloying as a function of milling time and milling speed. 

For the as-received powder shown in Figure 4.1a, the pure SS316L particles appear brighter 

with an irregular morphology and aluminum oxide particles are gray and exhibit an angular 

morphology. After 10 hrs of milling at 720 rpm (SET1A-H) (Figure 4.1b), the 

microstructure exhibits a lamellar structure as a result of plastic deformation and cold  
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welding of the SS316L particles [113]. With an increase in milling time to 20 hrs, the 

lamellar structure is observed to be continuously refined as shown in Figure 4.1c. A 

homogeneous dispersion of alumina in stainless steel matrix was achieved after 30 hrs of 

milling at a speed of 720 rpm (SET1A-H, Figure 4.1d) and 20 hrs at 800 rpm (SET2A, 

Figure 4.1e) for a 1:1 powder–to-powder weight ratio (PPR) and a ball-to-powder ratio 

(BPR) of 10:1. A uniform distribution of reinforcements is known to result in composites 

with improved mechanical properties [64], [114]. Please note that the deep dark phase in the 

images of Figure 4.1 are the epoxy used to mount the samples for metallographic 

preparation and investigations.  

4.2   Powder compaction behaviour 

         Figure 4.2 shows the variation of the powder compaction force with punch 

displacement for all fabricated SS316L-Al2O3 composites. The displacement was measured 

using a linear variable differential transformer (LVDT) and the force was measured using a 

load cell. For all composite powders the initial stage (0 to 10 mm displacement) occurs at  

near zero force, as the powder particles rearrange and slide by each other with practically no 

resistance. The compaction force then increases exponentially in the second stage as the 

powder agglomerates break and necks are formed between adjacent particles [115]. This is 

known as the apparent yield point (AYP) that leads to a substantial further increase in green 

density. Hereby, the broken agglomerates slide into the remaining voids eliminating the 

inter-agglomerate pores [32], [115]. Finally, the compaction force continues to increase as 

pores are further closed, powder particles deform and cold hardening takes place. A 

maximum displacement of 20 mm was reached for SET1 powder. For the SET2C composite 

powders, the total displacement was 11 mm shorter compared to the SET1 powders. This is 
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probably due to the longer milling duration and higher milling speed of SET2C leading to a 

stronger reduction of the particle size and formability of the powder. 

 

 
	  

Figure 4.2: Force-displacement curves during the compaction of SET1A powders (720 

rpm for 30 hrs); SET2A (800 rpm for 20 hrs); SET2B (800 rpm for 30 hrs) and SET2C 

(800 rpm for 50 hrs). 

	  
Figure 4.3 shows the variations of the green densities of the SET1A and SET2A-C 

samples with compaction pressure. It can be seen that the peak density of 59.0 % is obtained 

at a compaction pressure of 794.4 MPa for all samples. The increase in green density up to 

the peak value is due to more advanced closing of gaps between individual powder particles. 

Beyond the peak value, further increase in compaction pressure leads to sample cracking, 

primarily during sample ejection, that results in a drop in density.  

In addition, air-dried powder seems to yield higher green density compared to the 

heat dried powder, probably due to the lubrication effect of the remaining milling aid 

(ethanol) in the powder which reduces friction and improves compressibility during pressing 

[32]. For the sake of completeness and simplicity, the green densities of SET2B and SET2C 

were also measured for a 794.4 MPa compaction pressure which is assumed to also apply as 
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the optimum compaction pressure for these two sets of samples. The results are plotted in 

Figure 4.3 as well. 

 
 

	  
	  
	  
	  
	  
	  
	  
	  
	  	  
	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  

	  
Figure 4.3: Effects of ball milling parameters, compaction pressure and drying 

methods on the density of SS316L-Al2O3 green compacts. 

	  

4.3  Sinter behaviour of SS316L-Al2O3 composites 

       Samples compacted at the optimum pressure of 794.4 MPa also yielded the highest 

air sintering density of 66.2 % (SET1H) as shown in Figure 4.4. In contrast to greens, the 

sinter density of the heat-dried samples was slightly higher compared to air-dried samples. 

This may be due to the evaporation of remaining milling aid (ethanol) in air-dried samples 

that results in internal gas pressure and thus hindering densification during sintering.  

      Overall, solid state sintering in air resulted in lower density due to the presence of 

oxygen and the relatively lower sinter temperature of 1150 °C compared to the liquid phase 

sintering in argon at 1400 °C. In liquid phase sintering, the solid grains are surrounded by 

liquid. The ensuing higher diffusion rates and capillary forces can assist in pulling the grains 

together by easier sliding and motion of entire grains [116]. In addition, the softening of the  
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solid grains at high sinter temperatures further promotes grain accommodation and better 

closing of cavities resulting in enhanced densification [116]. As can be seen in Figure 4.4, 

the liquid phase sintered samples in argon did show higher sinter density that increased up to 

the optimum compaction pressure of 794.4 MPa where the highest sinter density of 94.7 % 

is achieved. The highest density was attained with the SET1B samples. Samples compacted 

at pressures higher than 794.4 MPa showed excessive plastic deformation, cracking and 

resulted in lower densities. The difference in the sinter densities between both drying 

methods was marginal and was in the ± 0.5 % range. Therefore, the simpler and cost 

effective air-drying method was chosen for further investigation in this research. 

 
 

	  
	  

Figure 4.4: Effects of compaction pressure, powder-drying methods, milling 

parameters and sinter conditions on the sinter density of SS316L-Al2O3 composites. 
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4.4  Microstructural evaluation  

4.4.1  Optical microscopy analysis 

          Figure 4.5a shows the micrograph of the homogeneously milled powder for the 720 

rpm composite powder. Figure 4.5b shows the green compact at 794.4 MPa containing 

porosity shown as dark spots. Figure 4.5c shows the air sintered composite with 

inhomogeneity probably due to the presence of oxygen during sintering causing oxidation 

with the appearance of bright patches on the surface. The microstructure of the composites 

sintered in argon atmosphere produced the best microstructure with a homogenous 

distribution of Al2O3 particles in the steel matrix as shown in Figure 4.5d. 

 

	  

Figure 4.5: Optical micrograph of SS316L-Al2O3 composite: (a) Powder after 30 hrs 

milling at 720 rpm (SET1A); (b) Green compact at 794.4 MPa; (c) Air sintered 

composite; (d) Argon sintered composite. 

	  
Figure 4.6a shows the microstructure of SS316L fabricated under identical conditions as for 

the composites. The black spots indicate the presence of pores and inhomogeneity. A refined 
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improved microstructure was attained as seen in Figure 4.6b with the addition of Al2O3 

particles after sintering. 

	  

               	  

Figure 4.6: Optical microscopy images of materials fabricated under identical 

compaction (794.4 MPa) and sinter conditions (1400 °C in argon): (a) SS316L; (b) 

Fabricated SS316L-Al2O3 composites. 

	  

4.4.2  Homogeneity of the microstructure 

           Figure 4.7a shows the chemical composition of the sintered composites as 

determined using SEM EDX (Energy-dispersive x-ray spectroscopy). The brighter phase is 

SS316L and contains iron, chromium and Nickel with elemental weight percentage as 

tabulated in Table 4.1. The relatively high O and Al contents shown in Table 4.1 reflect the 

fact that the EDX spots during analysis did cover some Al2O3 particles embedded in the 

matrix. The chemical composition of the alumina particles in the SS316L-Al2O3 composites 

is shown in Table 4.2. Here again, the relatively high contents of Fe, Cr and elements other 

than Al and O reflect the size of the EXD analysis spots that cover the steel matrix 

surrounding the Al2O3 particles.  
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Table 4.1: Chemical composition of the SS316L matrix with some few embedded Al2O3 

particles. 

Elements       O       Al       Cr        Ni       Fe 

Wt. % 3.51-
5.01 

3.94-
6.05 

14.86-
16.90 

10.65-
12.5 Balance 

	  
	  

	  
Figure 4.7: SEM EDX area mapping and point spectrum analysis on sintered SET1B 

composites: (a) brighter steel matrix phase; (b) darker alumina particles. 

	  
Table 4.2: Chemical composition of alumina particles in SET1B with some 

surrounding steel matrix. 

Elements        Al        O       Fe        Cr        
Others 

Wt. %  36.56-
40.62 

 36.98-
41.09 

6.5- 
8.12 

 6.34-
7.93 

1.79-
2.24 

 
 

Table 4.3: Chemical composition of MA SET2C composites. 

Elements O Al Fe Cr Others 

Wt. % 18.67-
22.74 

 21.88-
26.75 

 27.62-
30.62 

 13.09-
16.66 

 2.1-
3.8 

 
 
Figure 4.8 shows the EDX area analysis of the SET2C (800 rpm for 50 hrs) powder 

after mechanical alloying. The elemental compositional is given in Table 4.3.  
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Figure 4.8: SEM EDX area mapping of MA SET2C powder composites.  

4.4.3  Porosity analysis 

          The porosity analysis was done on SEM micrographs using the Image J software. 

The theoretical porosity was calculated as 5.3 vol.% and the porosity percentage from the 

Image J software was approximately 5.5 vol.% for the fabricated SET1B.  

 

	  

Figure 4.9: Porosity contrast on samples using SEM microscopy and the Image J 

software: (a) SET1B; (b) SET2C. 

	  
The image J software images showing the porosity in SET1B and SET2C composites are 

shown in Figures 4.9(a-b), respectively. As expected, all sintered samples showed lower 

porosity as compared to the green compacts, which illustrates the success of the sintering 

process both in air and under argon atmosphere. 
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As can be seen in Figures 4.10 and 4.11, the samples compacted at the optimum 

pressure of 794.4 MPa showed the lowest porosity.  

 

	  

Figure 4.10: Porosity of  SS316L-Al2O3 green compacts as a function of compaction 

pressure and milling parameters. 

	  
Compared to all other composites, SET1B (720 rpm for 30 hrs) samples showed the lowest 

porosity in both the green and sintered state. 

 

 

Figure 4.11: Porosity of sintered SS316L-Al2O3 composites as a function of compaction 

pressure, milling parameters and sinter conditions.  
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4.5  Mechanical properties 

4.5.1   Hardness  

         Figure 4.12 shows the green hardness as a function of milling parameters and 

compaction pressure. It is observed that as the compaction pressure increases, the hardness 

first increases and then decreases with the peak hardness achieved at the optimum 

compaction pressure of 794.4 MPa. The SET2A-C samples showed that excessively long 

milling durations could lead to decreased hardness as seen on SET2B and C (800 rpm for 

30hrs and 50 hrs) greens measured at the optimum compaction pressure. This is primarily 

due to contamination from the steel milling balls. SET2C (800 rpm for 50 hrs) samples had 

the lowest green hardness. 

 

	  
 

Figure 4.12: Variation of the green hardness as a function of compaction pressure and 

milling parameters. 

	  
The results of the hardness after sintering are shown in Figure 4.13. It is observed 

that the highest hardness was attained at the optimum compaction pressure of 794.4 MPa for 

all two sinter conditions. Sintering at 1400 °C in argon atmosphere and milling at the 720 

rpm for 30 hrs (SET1B) provided the overall highest hardness.  
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Figure 4.13: Variation of sinter hardness of SS316-Al2O3 composites as a function of 

compaction pressure, milling parameters and sinter conditions. 

	  
The sinter hardness decreases for compaction pressures beyond 794.4 MPa similar to 

the trend for the green hardness. The superior hardness exhibited by the SET1B composites 

is due to the absence of oxygen, better evaporation of milling aid (ethanol), controlled argon 

atmosphere and higher temperature of 1400 °C during sintering as well as less 

contamination during milling.  

4.5.2  Fracture toughness  

The fracture toughness of the composites was obtained from Vickers indentation testing 

under a 5 kgf load. The crack length and the indentation diagonal were used. At low loads 

the Palmqvist crack mode prevails [117] as the c/a ratio was determined to be approximately 

1.7, which is below the transition value of 2.5 [108], [118].  
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Table 4.4: A comparison of different modeling approaches for estimating the 

composite fracture toughness. 

 
 

Experimental data yielded fracture toughness values of 30 MPa√m and 23.7 MPa√m 

for SET1B (720 rpm for 30 hrs) and SET2A (800 rpm for 20 hrs) composites respectively as 

seen in Table 4.4.  

Table 4.4 summarizes the model approaches used to estimate the fracture toughness. 

The parameters used include the indentation test load F; the Vickers hardness HV; the 

indentation half-length diagonal a; the elastic modulus E; and the crack length c. The 

variations in the calculated fracture toughness values in the Table 4.4 results from the 

different types of crack formation modes and models used. Equation 2 applies to the 

Palmqvist crack mode observed on the investigated composites. As such, it proved to better 

!

Eqn. 
No 

Crack 
Types Ref. 

 
 

KIC Equations 

SET1B 
(720  rpm, 

30 hrs, 
794.6 
MPa, 

1400°C, 
Argon). 
MPa√m 

 
SET2A (800 
rpm, 20 hrs, 
794.6 MPa, 

1400°C, 
Argon). 
MPa√m b 

1 Palmqvist [106] !!" = 0.0515 !
!!/! 3.7 2.4 37 

2 Palmqvist 
[106] 
[107] !!" = 0.079 !

!!/! !log!(4.5
!
!) 30 23.7 5.2 

3 Palmqvist [117] !!"! = 0.0246 !
!"

!/!!
!".! !/!! 1.8 1.7 45 

4 Palmqvist [117] !!"! = 0.0889 !".! !/!! 2 1.7 44 

5 Median [106]  !!" = 0.0726 !
!!/! 5.2 3.3 32 

6 Median 
[117] 
[68] !!" = 0.016 !

!"
!/!! !

!!/! 5.0 3.9 31 

7 Median 
[117] 
[68] !!" = 0.028! !".!!/! ! !

!"
!/!! !

!
!!/!!

 3.9 3.2 35 

8 Median [117] !!" = 0.010 !
!"

!/!! !
!!/! 11.6 10.8 18 

9 Median [106]  !!" = 0.014 !
!"

!/!! !
!!/! 5.4 3.5 31 

10 
Curve-
fitting [106] !!"! = 0.0089 !

!"
!/!! !

!. !!/!
!
 3.6 2.9 35 

11 
Curve-
fitting [106]  !!" = 0.018 !

!"
!/!! !

!!/! 12.7 11 17 

12 
 

Curve-
fitting [106]  

!!"! = 0.0889 !".!
!!!

!!!

!/!!
 

8.8 8.0 22 
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represent the fracture toughness of the composites after validation using Equations 5.2 and 

5.4 as discussed in section 5.4.  

Figure 4.14 shows an optical microscopy of the Vickers indentation on a SET1B 

composite. At least ten (10) indents were measured to calculate the average fracture 

toughness value according to the Evans and Wilshaw model as seen in Equation 3.1 [107].	  	  

	  

	  

Figure 4.14: Crack length measurement on a SET1B (720 rpm 30 hrs) composite for 

the Vickers indentation fracture toughness test. 

	  

4.5.3  Wear resistance 

           Figure 4.15 shows the volume loss versus the compaction pressure for SET1B and 

SET2A-C samples. It can be observed that the volume loss for SET1B samples decreases as 

the compaction pressure increases up to the optimum compaction pressure and then 

increases slightly with further increase in compaction pressure. The lowest volume loss of 

11.9 mm3 was measured on SET1B and was 2.8 times lower than that of the best composites 

from powders milled at 800 rpm (SET2A). As can be seen in Figure 4.16, this also translates 

into a 5 and 7.3 times decrease in volume loss compared to the commercial SS316 and 

unreinforced SS316L fabricated under identical conditions. 
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Figure 4.15: Effects of compaction pressure, milling parameters and sinter conditions 

on the dry abrasive  volume loss of SS316L-Al2O3 composites. 

	  
      However, compared to commercial 90WC-Co, 6 times and 16.6 times higher volume 

loss was measured for SET1B (720 rpm for 30 hrs) and SET2A (800 rpm for 20 hrs) at a 

sliding distance of 3000 meters.  

 

	  

Figure 4.16: Comparative plot of volume loss against sliding distance for fabricated 

unreinforced SS316L, SS316L-Al2O3 composites (SET1B, and SET2A-C), commercial 

SS316 and 90WC-Co composite. 

	  
This corresponds to an increase in wear rate by 83.2 % for SET1B and 94 % for SET2A. 

0 

10 

20 

30 

40 

50 

60 

70 

80 

90 

550 600 650 700 750 800 850 900 

Vo
lu

m
e l

os
s (

m
m

3 ) 

Compaction Pressure (MPa) 

Sliding distance 3000 m 
Sliding speed 1 m/s 
120 Grit SiC paper  

Load 2 N 

SET1B  SET2A SET2B SET2C 

0 

10 

20 

30 

40 

50 

60 

70 

80 

90 

100 

0 500 1000 1500 2000 2500 3000 3500 

Vo
lu

m
e 

L
os

s (
m

m
3 )

 

Sliding Distance (m)  

Sliding distance 3000 m 
Sliding speed 1 m/s 
120 Grit SiC paper 

Load 2 N 

 Unreinforced SS316L Commercial SS316  SET1B 
SET2A 90WC-Co SET2B 
SET2C 



61	  

	  

SET1B had a wear rate of 0.004 mm3/m compared to the least worn SET2A (800 rpm for 20 

hrs) sample with a wear rate of 0.011 mm3/m, commercial SS316 with a wear rate of 0.0195 

mm3/m and the fabricated unreinforced SS316L with a wear rate of 0.0288 mm3/m.   

4.5.4  Wear patterns 

           Figure 4.17 shows SEM micrographs of worn surfaces of the SET1B (720 rpm for 30 

hrs) and SET2A-C (800 rpm samples) composites. Wear takes place primarily by micro 

cutting with occasional chips, ploughing and grain pull out as seen along the sharp grooves 

or wear track primarily observed on the SET2B-C (800 rpm for 30 hrs and 50 hrs) worn 

surfaces (Figures 4.17c-e).  

 

 

 

 

 

 

 

	  
	  
	  

Figure 4.17: SEM image of the composite worn surfaces: (a) SET1B; (b) SET2A; (c) 

SET2B; (d) SET2C; (e) A magnified image of wear scar in figure 4.17d; (f) 

Unreinforced SS316L; (g) Commercial SS316; and (h) Commercial 90WC-Co. 

	  
From the SEM images of the fabricated SS316L and the commercial SS316 samples 

(Figures 4.17f and 4.17g), it is seen that both are typified by extensive plastic deformation 
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and relatively rapid material removal characterized by deep grooves, smearing, and 

indentation pits. Figure 4.17h shows the wear patterns for the commercial 90WC-Co 

composite. The worn surface exhibits only few wear scratches and grooves characteristics 

for slow material removal. 

4.5.5  Wear surface profile 

  Figures 4.18-4.24 below show the wear profile of the worn surface after each wear 

testing for the various fabricated composites, commercial samples and unreinforced 

SS316L. SET1B (Figure 4.18) showed the lowest wear scar depth compared to the other 

fabricated materials, and 90WC-Co samples had the overall lowest wear scar depth.  

 

	  

Figure 4.18: Wear surface profile of SET1B (720 rpm for 30 hrs) composite. 

	  
 

Figure 4.19: Wear surface profile of SET2A (800 rpm 20 hrs) composite. 
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Figure 4.20: Wear surface profile of SET2B (800 rpm for 30 hrs) composite. 

	  
This higher wear resistance of WC-Co composites is probably due to the lower 

Ha/Hc ratio compared to the other materials, as well as to its higher ceramic content (90 

wt.%) compared to the fabricated composites (50 wt.%). Figure 4.22 shows the surface 

profile of the fabricated unreinforced SS316L after the wear testing. Macro-surface scars 

were observed with the highest wear depth as a result of its low hardness compared to the 

hardness of the SiC abrasive disk.  

	  

	  

Figure 4.21: Wear surface profile for SET2C (800 rpm for 50 hrs) composite. 

	  
As a result, the rate of material removal was higher  (approximately 0.0288 mm3/m) 

compared to the fabricated composites. The wear groove depth for the SS316L was 11 µm 

compared to the groove depth for the best fabricated composite SET1B (720 rpm for 30 hrs) 
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with a groove depth of 2.3 µm as seen in Figure 4.18. This corresponds to groove depth 

reduction by 79.1 %.   

 

	  	   	  

Figure 4.22: Wear surface profile of unreinforced SS316L. 

	  

	  

Figure 4.23: Wear surface profile of commercial SS316. 

	  

	  

Figure 4.24: Wear surface profile of commercial 90WC-Co composite. 

	  



 

5       DISCUSSION 

5.1  Effects of Al2O3 particle addition in SS316L 

The overall effect of Al2O3 particles on the wear resistance of SS316L depends on 

the achieved changes in both hardness and toughness [119]. In this study, the addition of 

Al2O3 to SS316L led to a drastic increase in hardness from 121 HV to 1085 HV. This 

increase by a factor of 9 can be expected to substantially limit indentation, plug-in and 

ultimately wear loss [28], [102], [114]. The effect of Al2O3 addition on the fracture 

toughness of SS316L is more nuanced and depends strongly on the processing parameters, 

primarily on the uniformity of the reinforcement particle distribution. While SS316L-Al2O3 

composites generally show a decrease in toughness compared to unreinforced SS316L, a 

refined and more homogeneous microstructure as seen in Figure 5.1 can provide an 

optimum combination of hardness and toughness resulting in excellent wear resistance [21], 

[28], [43], [102], [120]. The brighter phase is steel and the darker phase is alumina as seen in 

Figure 5.1. 

 

	  

Figure 5.1: Homogeneous microstructure of SET1B composites.  
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On the other hand, Al2O3 particles addition reduces compressibility leading to increased 

porosity and lower density. This is most likely due to the inherently higher hardness of 

Al2O3 and its action as dislocation barriers that reduce the deformability and ductility of the 

composite powders [21], [102]. Furthermore, alumina particles tend to locate at grain 

boundaries, which tends to produce a weak interfacial strength resulting in easy crack 

initiation and lower toughness [121]. This result in easier surface material removal during 

wear loading by cracking or fragmentation of the heavily deformed subsurface [83], [122]. 

Therefore, the overall improvement of the tribological properties of the composite depends 

on the amount, size, shape and distribution of the dispersed second phase particles [123]. In 

this respect, previous literature reported that the addition of 5 wt.% Al2O3 improved the 

wear resistance of 304L stainless steel by factor 3.5 and that of SS316L by factor 2 [67]. For 

the present work, an improvement by factor 7.3 was achieved with the addition of 50 wt.% 

Al2O3. 

 
Table 5.1: Wear coefficients (K) of different steels and cermets.   

No. Ref. Materials K 
Types of 
abrasive Types of test 

1 [78] Mild steel 7 x 10-3 Tool steel Pin-on-disk 

2 [78] Hard tool steel 1.3 x 10-4 Tool steel Pin-on-disk 

3 [78] 
Ferritic stainless 
steel 1.5 x 10-5 Tool steel Pin-on-disk 

4 [78] Sintered WC-Co 4 x 10-6 Mild steel Ring-on-ring 

5 [62]  SS304-TiB2-HIP Range 10-5 SiC  Pin-on-disk 

6 [60] WC-Co Range 10-7 Silica sand Block-on-ring 
7 

Research 
Materials 

SS316L 1.4 x 10-2 SiC Pin-on-disk 

8 SS316L-Al2O3 1.9 x 10-3 SiC Pin-on-disk 

9 Commercial WC-Co 3 x 10-4 SiC Pin-on-disk 
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For comparison, the wear coefficients (K) of different steels and cermets are 

summarized in Table 5.1. It shall be noted that the wear coefficient can be affected by both 

the material composition as seen for the different steels and the wear test conditions such as 

the type of abrasive and the test set-up. 	  	  

5.2  Effects of fabrication parameters  

The optimum compaction pressure was found to be 794.4 MPa, which yielded a 

sinter density of 94.7 % and the highest sinter hardness of 1085 HV (for SET1B powder: 

720 rpm for 30 hrs). This compaction pressure represents the optimum balance between 

improved densification with increasing pressure and the limitation of defects such as cracks 

created at excessively high pressures. Moreover, the lower milling speed of 720 rpm results 

in relatively larger composite powder particles that favor plastic deformation and 

densification during compaction [32], [115], [124].  

As the milling speed increases, the composite powders and the alumina particles tend 

to undergo more cold work and excessive refinement [125] resulting in harder powders with 

reduced compressibility, ultimately leading to lower sinter density. Overall, ball milling 

initially refines, embeds and distributes the Al2O3 particles in the steel matrix yielding 

composites with improved properties. However, longer milling durations lead to more 

contamination and deteriorated hardness and wear resistance [14], [126], [127].  

The samples sintered at 1400 °C showed the highest sinter density, hardness and 

wear resistance as the sintering temperature has a strong effect on the diffusivity and neck 

growth [104], [128]. Specifically for the fabricated SS316L-Al2O3 composites, 1400 °C is 

slightly above the melting point of the steel matrix, which led to liquid phase sintering and 

the observed lowest porosity  and highest densification. Similarly, the samples sintered in 
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argon had better microstructure, mechanical properties and higher density as a result of 

reduced oxidation. As the sinter chamber was first evacuated prior to introducing argon, 

improved degassing by evaporation of the milling aid (ethanol) also contributed to the better 

properties of argon sintered composites.   

Figure 4.15 shows the abrasive volume loss as a function of compaction pressure. It 

can be seen that the wear rate decreases with increasing compaction pressure. However, 

beyond the optimum compaction pressure, the wear rate increases as a result of pre-damage 

and pre-cracks causing higher porosity and lower hardness in the samples (Figures 4.11 and 

4.13). It is also observed that with an increase in hardness, the wear rate decreases (Figure 

5.2) according to the tribology principle that wear is inversely proportional to hardness 

(Equation 2.1) [129], [130].   

5.3 Correlation between hardness and wear resistance 

  The best composite (SET1B) shows a significant increase in micro hardness by 

approximately factor 9 compared to unreinforced SS316L primarily due to the addition of 

Al2O3 particles. This resulted in a reduction in wear volume loss by 86 % when compared to 

the unreinforced matrix. The much higher wear rates of unreinforced steel (commercial  and 

lab fabricated) are due to their much lower hardness (121 HV) compared to the SiC abrasive 

used for wear testing with a hardness of  2500 HV. The abradents can therefore remove 

material more rapidly from the wear surface [6] by deep plug-in and rapid micro-cutting 

[67]. The lower composite hardness resulting from higher milling speed and excessive 

milling duration also led to lower wear resistance as seen in Figure 5.2 showing the 

comparative plot between the specific wear rates and the hardness of the various fabricated 

and commercial composites. Here, lower hardness and wear resistance are primarily due to 
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contamination and excessive refinement of Al2O3 particles. The potential increase in wear 

rate caused by ultrafine particles when tested using coarsed abrasives was earlier reported in 

literature [69], [80], [131], [132]. It was rationalized by the fact that fine particles easily 

detach from the matrix during wear due to the smaller interface area between the binder 

phase and the hard particle. Also, finer Al2O3 particles tend to dissolve faster during 

sintering leading to a stronger formation of brittle oxide and alumide phases and ultimately 

to reduced toughness and wear resistance. 

 

 

Figure 5.2: Comparative plot of specific wear rate and hardness of fabricated 

unreinforced SS316L, commercial SS316, fabricated SS316L-Al2O3 composites 

(SET1B, and SET2A-C) and commercial 90WC-Co composite. 

	  
The relationship between the hardness and the wear rate is nonlinear. At the same 

level of hardness, the wear resistance may differ by up to 50 % [123], [129], [133]. This is 

because the wear resistance depends on both the hardness and the toughness [69], and an 

increase in hardness mostly leads to some reduction in toughness. Therefore, an optimum 

balance must be obtained to prevent the material from being either too soft or too brittle.  
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5.4.  Effect of porosity on fracture toughness, Young’s modulus and wear rate 

   Using the rule of mixture and toughness values of SS316L and Al2O3 obtained from 

literature [134], [135], the theoretical composite toughness was estimated to be 39.64 

MPa√m. However, experimental toughness values of 30.0 MPa√m and 23.7 MPa√m were 

determined for SET1B and SET2A using the indentation method, respectively, as seen in 

Table 4.4. The rule of mixture is accurate for dense and non-porous materials when the 

relative density is close to 100 % [119]. However, the SET1B samples had 5.3 vol.% 

porosity, which seems to result in the observed 24 % toughness drop. Similarly, SET2A 

samples had a porosity of 9.9 vol.% leading to the observed 40 % drop in toughness. This 

can be rationalized by the action of flaws and pores as crack initiation sites or stress raisers 

in the composites [136]. Chmielewski et al. [137] reported a similar effect of porosity in 

Molybdenum composites containing 25 % and 40 % Al2O3 with a drop in fracture toughness 

between 22 and 27 %. The effect of porosity on the fracture toughness was described in 

earlier literature using Equations 5.1 and 5.2 suggesting an exponential relationship [91], 

[138]–[141].  

𝑲𝑰𝑪(𝒑) = 𝑲𝑰𝑪 𝟎   (𝟏 − 𝑷)𝒎!𝟎.𝟓     (5.1) 

𝑲𝑰𝑪(𝒑) = 𝑲𝑰𝑪(𝟎)𝐞𝐱𝐩  (−𝒃𝑷)                (5.2) 

 
Where KIC(p) is the fracture toughness of the porosity containing composite and KIC(0) is the 

fracture toughness of the dense material without porosity calculated from the rule of 

mixture; P is the porosity; t = m+0.5; t is the exponent and m is an empirical constant 

depending on the fabrication parameter, shape and distribution of pores. When low porosity 

is assumed (≤10 % or 0.1), Equation 5.1 is reduced to Equation 5.2 [141] and the empirical 
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constant b is the same as the exponent t described above [141], [142]. The estimated b 

values are provided in Table 4.4. Equation 5.2 was used in this study, as the remaining 

porosity was less than 10 vol.%. 

Similar to the toughness, the Young Modulus can be related to the porosity as in 

Equation 5.3 [134], [136], [139], [141]–[144]. 

 
𝑬(𝒑) = 𝑬(𝟎)(𝟏 − 𝑷)𝒎     (5.3) 

𝑬(𝒑) = 𝑬 𝟎   𝐞𝐱𝐩  (−𝒃𝑷)    (5.4) 

 
Where E(p) is the Young’s modulus of the experimental material with porosity; E(0) is the 

Young’s modulus of the fully dense material; P is the porosity; and m is an empirical 

constant. The elastic modulus was calculated using Equations 5.4. The relative elastic 

modulus from Equations 5.3 and 5.4 and the relative fracture toughness from Equations 5.1 

and 5.2 were found to be in agreement with experimental data for m = 4.7 and b = 5.2. This 

value of the constant b is within the expected range as can be seen in Table 4.4. For most 

properties such as the compressive strength, the hardness and the wear for which the primary 

mode of loading is compressive, greater porosity dependence is observed with b values in 

the range of 6  ±  3. Spriggs et al. [139] reported the relationship between the elastic modulus 

(E) and the porosity (P) for polycrystalline alumina. They observed that the porosity range 

has a significant influence on the empirical factor b, which also depends on fabrication 

parameters as well as on the shape and distribution of pores [139], [145]. 

The porosity has long been linked to the degradation of the strength, hardness and 

toughness of materials. Yet, little has been done on the influence of the porosity on the wear 

resistance [133], [146], [147]. As can be seen in Figure 5.3, the results of this study show 
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that the wear rate increases with increasing porosity as also reported in literature [148]. This 

will be further discussed in subsection 5.8. 

 

	  

Figure 5.3: Porosity and wear rate for the fabricated SS316L-Al2O3 composites. 

	  

5.5  Abrasive wear of SS316L-Al2O3 composites 

  The SEM images of the wear scar surfaces (Figures 4.17a-h) confirm that the 

material removal depends on the material type, hardness and fabrication parameters. For the 

SET2A-C samples with lower hardness (Figures 4.17b-g), micro cutting with deep grooves 

and pullout of the Al2O3 particles was the dominant mechanism. Plastic deformation and 

fatigue due to the repeated indentation by abrasive particles lead to rapid material removal 

followed by the weakening of the steel matrix-alumina particles interface bonding. This 

results in the eventual pullout of the reinforcement particles [149], [150] as seen in the worn 

surface images (Figures 5.4a-b). The SiC abrasive particle indentation into the unreinforced 

steel materials was largely due to a high degree of plastic deformation resulting from the 

much lower hardness of the steel. This in turn results in severe wear compared to the 

fabricated composites. The higher hardness of the composites allowed only micro ploughing 
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and scratches on the sample surfaces producing shallow groves as seen in the images of the 

wear scars for the fabricated SET1B and commercial 90WC-Co composites (Figures 4.17a 

and 4.17h). This is in agreement with literature reports that the wear rate decreases with the 

reduction in the binder phase volume fraction and the hardness increases with the increase in 

ceramic phase content [120], [129], [137]. 

The wear rate decreases as the sliding distance increases. This can be due to strain 

hardening effects, sample realignment and increase in effective sample surface hardness as 

the steel matrix is preferentially removed exposing the harder alumina particles. All 

fabricated composites exhibited similar wear mechanisms as discussed earlier and seen in 

Figures 4.17(a-d).  

 

	  	  	  	  	  	  	  	   	  

   Figure 5.4: Images of worn surfaces of SET2C: (a) SEM;  (b) BSD. 

	  
Though, the difference in scar penetration depth varied from material to material. 

Among the composites, the highest mass loss was recorded on SET2C (800 rpm for 50 hrs) 

samples probably as a result of the high milling intensity and long milling duration that led 

to high contamination, excessive cold work and excessive refinement of the Al2O3 particles.  

Ultrafine reinforcement particles provide low wear resistance against coarse abrasives [127], 

! b a 
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[149]. The movement of the abrasive particles over the surface of the samples resulted in the 

distortion of the matrix (SS316L) along the sliding direction (arrows) as seen in Figure 5.4b. 

In this Figure, the dark spots reveal Al2O3 particles and the lighter spots show the SS316L 

matrix.  

5.6  Abrasive wear models 

There have been numerous attempts to predict abrasive wear rates using different 

methods as discussed in chapter 2. Most of the wear models primarily relate the material 

loss to the mechanical properties and wear conditions involving either two or more bodies in 

relative motion. For two or three body abrasive wear, the Archard model (Equation 2.1) 

together with the Rabinovicz model [4], [77], [78], [151], [152] are the most widely 

accepted approaches. However, both consider neither the fracture toughness nor 

microstructure parameters in their approach.  

5.7  Analysis of the different abrasive wear models  

The Archard wear model (Equation 2.1) is predominantly used for sliding wear by 

micro cutting or/and ploughing by hard abrasives on a soft material [153]. In this study, it 

was used to calculate the specific wear rates for SET1B (720 rpm for 30 hrs) and SET2A 

(800 rpm for 20 hrs). The challenge with the Archard wear model is the unknown value of 

the wear coefficient K that can only be determined experimentally although Bodhak et al. 

reported that K typically ranges between 10-6 and 10-1 [88]. Also, it does not include the 

fracture toughness [154], [155] or any microstructural parameters. Equations 2.5 and 2.8 

represent improved formulations in this aspect. They assume that the wear rate is 
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proportional to the applied load and inversely proportional to the product of the hardness 

and fracture toughness.  

Equation 2.6 looks at the relationship between the abrasive wear resistance 

(reciprocal of wear rate) and the abrasion parameter (AP) defined as in Equation 5.5. The 

abrasive wear resistance is directly proportional to the abrasion parameter. The uniqueness 

of this equation is the consideration of the grain or strengthening particle size Dc as 

microstructural parameter, suggesting that smaller grains or strengthening particle sizes can 

lead to higher abrasion parameter and wear resistance [86]. 

 

          𝑨𝑷 = 𝑲𝑰𝑪
𝟑/𝟖    𝑯𝑽𝟏/𝟐

𝑫𝑪
                                                [86] (5.5) 

5.8  Correlation of the abrasive wear resistance to mechanical properties using 

semi-empirical models 

  The wear resistance of most cermet composites is related to their hardness and 

fracture toughness as can be seen from most abrasive wear models (Table 5.3). The product 

of the hardness and fracture toughness (KIC
a.HVb) was proven to be related to the resistance 

to material removal caused by plastic deformation and fragmentation [85]–[88], [156], 

[157]. From Equation 5.6 and Figure 5.5a it is observed that the abrasive wear resistance 

increases nearly linear with such product in agreement with earlier works [156], [158]. This 

confirms the well-known tribology principle that an optimum balance must be reached to 

avoid too hard or too brittle material behavior.  

 
𝑹 = 𝟏

𝑸
= 𝑲.𝑲𝑰𝑪

𝒂 .𝑯𝑽𝒃                [85]–[89], [157], [158] (5.6) 
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Where R is the abrasion wear resistance; K is the wear coefficient; KIC is the fracture 

toughness; HV is the hardness; and a, b are the exponents. Table 5.2 shows the different 

models relating the hardness (HV), the fracture toughness (KIC) and the abrasive wear 

resistance for various materials. 

However, as seen in Figure 5.5a, while existing models (1 to 15 in Table 5.3) seem 

unanimous in the value of the hardness exponent b = 1/2, they have so far yielded different 

values for the fracture toughness exponent a, making them materials and test conditions 

dependent [148]. As such, existing model approaches do not allow generalization in order to 

predict the wear resistance of novel materials. 

According to literature [87], the discrepancies in the a and b exponents is due to the 

fact that brittle materials such as ceramics are more sensitive to changes in fracture 

toughness [159] yielding a higher fracture toughness exponent a = 3/4. In contrast, more 

ductile materials such as cermets are less sensitive to relatively small changes in fracture 

toughness yielding a lower exponent a = 3/8. In agreement with this argumentation, a similar 

correlation developed in this study using the nonlinear optimization toolbox in Matlab 

yielded exponents a = 3/8 and b = 3/4 (16 to 19 in Table 5.2). The higher b exponent 

determined in this work indicates that the fabricated cermet composites with 50 wt.% steel 

matrix are considerably tough making the wear resistance even less sensitive to changes in 

toughness (low a value) and more sensitive to the hardness (high b value).  
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Table 5.2: Different models relating the hardness HV, the fracture toughness KIC and 

the abrasive wear resistance R for various materials. 

	  
No. Ref. Materials Equations 

 
1 [86] WC-6Co 

R =K.KIC
3/8.HV1/2 

 

2 [86]  
WC-6Co 

3 [86]  
WC-6Co 

4 [86]  
WC-12Co 

5 [86]  
WC-12Co 

6 [86]  
WC-12Co 

7 [87]  
WC-6Co 

8 [87] 
 

 
WC-6Co 

9 [87]  
WC-6Co 

10 [87]  
WC-6Co 

11 [87] Tool steel 

12 [87] Al2O3 

R = K.KIC
3/4.HV1/2 

 

13  
[87] Al2O3-30 TiC 

14 [87] Si3N4 

15  
[87] Si3N4-30 TiC 

16 

Current 
study 

SET1B 
(SS316L-50 wt. % Al2O3) 

R = K.KIC
3/8.HV3/4 

 

17 SET2A 
(SS316L-50 wt. % Al2O3) 

18 SET2B 
(SS316L-50 wt. % Al2O3) 

19 SET2C 
(SS316L-50 wt. % Al2O3) 
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Waynes et al. [86] noted that the models could be more accurate if microstructure 

parameters are considered in the abrasion parameter calculation. Accordingly, they added 

the grain or strengthening particle size as seen in Equation 5.7 and in Figure 5.5b.  

 

𝑹 = 𝟏
𝑸
= 𝑲.𝑨𝑷 = 𝑲   𝑲𝑰𝑪

𝟑/𝟖𝑯𝟏/𝟐

𝑫𝑪
                      (2.6; 5.7)  

    
Where R is the abrasion wear resistance; K is the wear resistance coefficient (proportionality 

constant); AP is the abrasion parameter; KIC is the fracture toughness; H is the hardness; and 

DC is the reinforcement particle size.  

However, Figure 5.5b also shows a lack of consistency in the way the model 

describes Wayne’s data and the composite wear resistance data generated in the current 

study (resulting different slopes). Therefore, as discussed earlier in subsection 5.4, the 

porosity P is considered as further microstructure parameter in this study as shown in 

Equation 5.8 and Figure 5.5c. As can be seen, Figure 5.5c shows a better consistency in 

modeling both sets of data, opening the possibility of interpolation to predict further data 

sets. The porosity exponent 11 and the particle size exponent 1/8 were also determined using 

the optimization toolbox in Matlab. 

 

𝑹 = 𝟏
𝑸
= 𝑲.𝑨𝑷 = 𝑲   𝑲𝑰𝑪

𝟑/𝟖    𝑯𝑽𝟑/𝟒  (𝟏!𝑷)𝟏𝟏

𝑫𝑪
𝟏/𝟖             (5.8) 
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Figure 5.5: Abrasion resistance as a function of AP: a) AP as calculated using only KIC 

and HV in different literature approaches; b) AP as calculated using the Wayne’s 

model, Wayne’s data and the wear data from this study; c) AP as calculated using the 

new model proposed in this study, Wayne’s data and the wear data from this study. 
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In addition to microstructure and mechanical properties, the wear resistance is 

known to also strongly depend on wear conditions. Therefore, a further improvement step 

was undertaken in this study by incorporating test conditions in the abrasive wear resistance 

calculation as shown in Equation 5.9 and Figure 5.6 [160].  

 

𝑹𝑪 =
𝟏
𝑸

𝑯𝒂
𝑯𝒄

𝟒/𝟓
  𝑨𝒑𝟏/𝟖    𝑽𝟑/𝟖               (5.9) 

 
Where RC is the corrected abrasive wear resistance; Q is the specific wear rate; Ha/Hc is the 

hardness ratio with Ha the abrasive hardness and Hc the composite hardness; Ap is the 

abrasive grits size and V is the sliding speed or velocity. 

The objective of the correction is to obtain a corrected wear resistance RC that is 

characteristic of the individual composites and is substantially independent of the test 

conditions [160]. This correction was generated using the optimization toolbox in Matlab as 

well and can be intuitively understood as follows. First, the ratio of abrasive particle 

hardness -to- composite hardness (Ha/Hc) can be expected to substantially affect the wear 

resistance. Harder abrasive particles (higher Ha/Hc ratio) indent into the composite surface 

easier causing more rapid composite wear and leading to lower wear resistance [53], [84], 

[161]–[163]. Second, larger abrasive particles (larger Ap) are known to lead to deeper plug-

in and correspondingly faster wear resulting in lower composite wear resistance [131], 

[164]–[167]. Finally, higher sliding speeds V can lead to stronger heating in the used test 

conditions of dry wear. Stronger heat input can soften materials making them more 

vulnerable to abrasive wear [168]. The result of the correction is a further improvement of 

the model. The model improvement achieved through the correction is particularly evident 

in the data point highlighted green and circled in Figure 5.5c that falls closer to the model 
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line in Figure 5.6. 

 

 

Figure 5.6: Corrected abrasion wear resistance as a function of the abrasion parameter 

using Wayne’s data and the wear resistance results from this study. 

	  
The adequacy of the model is assessed using the coefficient of correlation r [169] for 

all fabricated composites. For the proposed model, r is found to be 0.99 after AP and RC 

corrections, which is close to the ideal value of 1.0 indicating a high degree of agreement 

between the predicted and the experimental data. Thus, the proposed model can be used to 

assess and evaluate the abrasive wear resistance (dry sliding wear) of SS316L-Al2O3 

composites and probably other cermets. 

To verify the generalization capacity of the above discussed model improvements, 

further literature [60], [86], [88], [170], [171] data, as shown in Table 5.3 and Figures 5.7a 

to 5.7c were used. It shall be noted that it was necessary to include fretting block-on-ring 

and slurry erosion test data due to the lack of literature publications providing further pin-

on-disc wear data together with all the materials properties and test conditions required for 

the improved models. This led to substantially poor model performance prior to wear 

resistance correction.  
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Figure 5.7: Abrasive wear resistance as a function of AP for literature data and the 

wear resistance results from this study: a) AP calculated using Wayne’s model; b) 

After porosity correction of AP; c) After the wear resistance correction to eliminate the 

effect of major test conditions. 
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Despite the inclusion of microstructure parameters (DC and porosity) in the abrasive wear 

parameter AP calculation as can be seen in Figures 5.7a and 5.7b. However, the wear 

resistance correction through incorporation of the different test conditions produced a useful 

correlation despite the substantially dissimilar test conditions as seen in Figure 5.7c. 

	  
Table 5.3: Wear testing conditions for all data 

 

Sintering conditions: 
*(x,y) ratio of Ni to Mo 
** 1500 ºC, 1hr. 
*** 1450 ºC, 1hr and 1500 ºC, 1hr. 
**** 1400 ºC, 1hr; 1450 ºC, 1hr and 1500 ºC, 1hr.  
***** 1500 ºC, 1hr. 

No. Ref. Materials 
Testing 
conditions Wear tester 

1 

Cu
rre

nt 
stu

dy
 

SET1B 
(SS316L-50 wt. % Al2O3) Dry Pin-on-disk 

2 
SET2A  
(SS316L-50 wt. % Al2O3) Dry Pin-on-disk 

3 
SET2B 
(SS316L-50 wt. % Al2O3) Dry Pin-on-disk 

4 
SET2C 
(SS316L-50 wt. % Al2O3) Dry Pin-on-disk 

5 [86] WC-6Co  Dry Pin-on-disk 
6 [86] WC-6Co  Dry Pin-on-disk 
7 [86] WC-6Co  Dry Pin-on-disk 
8 [86] WC-12Co  Dry Pin-on-disk 
9 [86] WC-12Co  Dry Pin-on-disk 
10 [86] WC-12Co  Dry Pin-on-disk 
11 [60] WC-6Co Wet (Slurry) Block-on-ring 
12 [60] WC-15Co Wet (Slurry) Block-on-ring 
13 [60] Cr3C2-10Ni Wet (Slurry) Block-on-ring 
14 [60] Cr3C2-20Ni Wet (Slurry) Block-on-ring 
15 [60] Cr3C2-30Ni Wet (Slurry) Block-on-ring 
16 [170] TiC-20NiMo (4:1)* Wet (Slurry) Block-on-ring 
17 [170] TiC-20NiMo (2:1)* Wet (Slurry) Block-on-ring 
18 [170] TiC-20NiMo (1:1)* Wet (Slurry) Block-on-ring 
19 [170] TiC-30NiMo (4:1)* Wet (Slurry) Block-on-ring 
20 [170] TiC-30NiMo (2:1)* Wet (Slurry) Block-on-ring 
21 [170] TiC-30NiMo (1:1)* Wet (Slurry) Block-on-ring 
22 [170] TiC-40NiMo (4:1)* Wet (Slurry) Block-on-ring 
23 [170] TiC-40NiMo (2:1)* Wet (Slurry) Block-on-ring 
24 [170] TiC-40NiMo (1:1)* Wet (Slurry) Block-on-ring 
25 [170] TiC-50NiMo (4:1)* Wet (Slurry) Block-on-ring 
26 [170] TiC-50NiMo (2:1)* Wet (Slurry) Block-on-ring 
27 [170] TiC-50NiMo (1:1)* Wet (Slurry) Block-on-ring 

28 [88] 
(W, Ti)-20Co 
(solid solution powder) ** Fretting Block-on-ring 

29 [88] (W,Ti)-20Co *** Fretting Block-on-ring  
30 [88] (W,Ti)-20Co **** Fretting Block-on-ring  

31 [88] 
(W,Ti)-20Co  
(premixed  powder) ***** Fretting Block-on-ring  

32 [167] Cr3C2-10Ni Wet (Slurry) Block-on-ring 
33 [167] Cr3C2-20Ni Wet (Slurry) Block-on-ring 
!
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6       CONCLUSIONS 

SS316L-Al2O3 composites were investigated for improved wear resistance. Samples 

were fabricated using the powder metallurgy (PM) route. Four sets of mechanical alloying 

parameters, different compaction pressures and two sets of sintering conditions were 

studied. The wear rates were compared to those of commercial 90WC-Co, commercial 

SS316 and unreinforced SS316L manufactured under the same conditions as the SS316L-

Al2O3 composites. The following conclusions can be drawn at this stage: 

• The lower milling speed of 720 rpm combined with a longer milling duration of 30 

hrs is more appropriate for the mechanical alloying of SS316L-Al2O3 composites as 

it yielded lower porosity, higher hardness, and higher wear resistance.  

• The compaction pressure of 794.4 MPa yielded the highest density, hardness and 

wears resistance.  

• The sintering temperature of 1400 °C, which is above the melting point of SS316L, 

led to liquid phase sintering. In addition, with the use of argon sintering 

environment, this temperature enhanced diffusion and produced good densification, 

hardness and wear resistance.  

• The addition of 50 wt.% particles resulted in up to 7.4 times lower wear rate 

compared to the fabricated unreinforced SS316L. However, the commercial 90WC-

Co composites showed about 6 times lower wear rate compared to the best SS316L-

Al2O3 composite sample fabricated so far. This is thought to be primarily due to the 

higher WC ceramic content of 90 wt.% compared to the 50 wt.% Al2O3 particle 

content used in the present work. The remaining porosity found in the fabricated 

SS316L-Al2O3 composites is a further cause of their relatively poor wear 
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performance. Therefore, more efficient compaction methods such as HIP or hot 

pressing could allow further improvement. 

• The addition of the porosity as a further microstructural parameter to the abrasion 

parameter (AP) led to a considerable improvement of the Wayne’s model. 

• A correction of the abrasive wear resistance parameter is introduced in which the 

effects of major test conditions, including the sliding velocity, the abrasive grit size 

and the abrasive particle-to-composite hardness ratio, are considerably eliminated. 

The corrected abrasive wear resistance proved to better characterize the individual 

composites. 

• The coefficient of correlation of the proposed model including the porosity 

correction of the abrasion parameter and the test condition correction of the wear 

resistance was determined to be 0.91 for fabricated composites and Wayne’s 

composites. This is close to the ideal value of 1 providing a high level of confidence, 

and opening the possibility of interpolation to predict the wear behavior of novel 

materials and the influence of wear conditions. 
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7         FUTURE WORK  

The research investigation so far has successfully produced SS316L-Al2O3 

composites with a ceramic particle size around 1 µm. A homogeneous microstructure and a 

uniform particle distribution were achieved. The new composites were proven to possess 

higher wear resistance compared to the fabricated unreinforced SS316L and commercial 

SS316. However, the wear rate was observed to be higher as compared to commercial 

90WC-Co composites. 

Therefore, a wide scope of future researches can be envisaged with the goal of further 

improving the microstructure, the density and the mechanical properties of Steel-Al2O3 

composites for wear applications. Few recommendations include: 

• The ball milling process can be further optimized in order to achieve nano-size 

ceramic reinforcement particles. Nanostructured cermets were proven to potentially 

lead to improved wear properties, particularly in fine abrasive and sliding wear 

applications [96], [172], [173].  

• Also, hot pressing or hot isostatic pressing (HIP) shall be considered in order to 

further improve the densification process and sintering. The composites fabricated in 

this study using cold pressing followed by pressureless sintering contained porosities 

of 5 % or higher. Eliminating porosity and achieving densities close to the theoretical 

density can be expected to substantially improve the hardness, toughness and wear 

resistance of the composites.  

• Although the models achieved useful correlations after corrections of both the 

abrasion parameter and the wear resistance, a more advanced consideration of the 

test set-up is recommended as it could produce even better model performance. In 
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fact, the current model does not make any specific differentiation between test set-

ups [160]. For instance, slurry erosion versus pin-on-disk abrasive wear testing. It is 

known that loose abrasives such as in erosion testing are less aggressive and can be 

expected to produce lower wear rates than bounded abrasives such as in the case of 

pin-on-disk abrasive wear tests.  
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SCIENTIFIC CONTRIBUTIONS 

The following contributions had been made in this study: 

1. SS316L-Al2O3 composite samples were successfully fabricated. The relatively 

low costs, availability and known excellent mechanical properties of steels and 

alumina make them outstanding candidates for fabricating composites for highly 

demanding wear applications. Presently, WC-Co composites are widely used for 

wear applications. However, WC-Co composites are known to have a low impact 

resistance during operation.   

2. The Fabrication parameter effect was studied with respect to the mechanical 

properties; the microstructural parameters and the abrasive wear behaviour under 

dry sliding condition for SS316L-Al2O3 composites.  

3. For the fracture toughness, various indentation fracture toughness equations were 

studied and the Evans and Wilshaw (for Palmqvist cracks) was found to be most 

accurate for SS316L-Al2O3 composites in this study.  

4. A model was developed to relating the mechanical properties and microstructure 

parameters in the assessment of the abrasion parameter of cermets by introducing 

the porosity as further microstructural parameter.   

5. Furthermore, a model was proposed for correcting the abrasive wear resistance 

by eliminating the test conditions (the hardness ratio, sliding velocity and 

abrasive grits size). The model was validated with multiple sets of data from 

literature generated under different wear testing conditions. Therefore, the 

proposed model opens an avenue for interpolation allowing prediction or 
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assessing the wear behaviour of novel materials or the effect of new testing 

conditions. 
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