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ABSTRACT
Aluminium alloys are becoming attractive for critical structural applications for their light weight, high
specific strength, high corrosion resistance and good heat conductivity. It is suitable for manufacturing
many components such as clutch housings in the automotive industry. These alloys can be fabricated using
powder metallurgy techniques in which porosity is a common feature. The presence of pores is responsible
for decreasing the effective load bearing cross-sectional area and act as a stress concentration site for strain
localization and damage, decreasing both strength and ductility. Not only the total area percentage of
porosity influences the degradation in properties but the size, shape and inter connectivity of the porosity
also play an important role. The present study aims to establish a better understanding of the relationship
between surface porosity and corresponding wear behavior. In this study, porous specimens were
produced using powder metallurgy techniques. The extent of wear damage and the type of wear was
investigated under low load range of 1.5-5N against a AISI 52100 bearing steel ball using a reciprocating
ball-on-flat wear configuration and frequency of 10 Hz. Scanning electron microscopy of the wear tracks
and wear debris was carried out to identify wear mechanisms. This study revealed that due to the combined
effect of the real area of contact and subsurface cracking, wear rate increased with increasing porosity
content. The friction and wear behavior of Al A380M, pure Al and Al 6061 as a function of porosity
content can be attributed to their hardness and corresponding wear mechanism.
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CHAPTER 1

INTRODUCTION

In automotive applications, aluminium is an attractive alternative to ferrous alloys due to its high strength
to weight ratio and high thermal conductivity. The combination of light weight, high strength, good
corrosion and impact resistance made aluminium alloys suitable candidates for many applications [1,2].
However, their low wear resistance compared to other materials (i.e. steels, ceramics) limits their use. The
wear response of aluminium alloys significantly depends on microstructural features such as the nature,
size, shape and distribution of micro-constituents (porosity and second phase particles) [3]. It is well
established that these microstructural features are functions of the fabrication processes employed [4,5].
High pressure die casting (HPDC) is a common method for producing aluminium parts. It is a fully
automated, large volume, high productivity process for the production of complex, thin walled near net
shape castings. Due to their smooth surface finish and excellent dimensional tolerance, most high pressure
die castings require no machining except the removal of flash around edges and possible drilling and
tapping holes. More recently, near net shape processing of aluminium by classical press and sinter powder
metallurgy has emerged as unique and important metal forming method [6]. Minimum metal loss, low
energy consumption and ability to produce variety of alloy systems have made powder metallurgy
attractive. Powder metallurgy is being used to produce complex automobile parts such as connecting rods,
cams, roller bearings, cylinder liners, etc. [7-13].
Magna powertrain, is a leading supplier for the global automobile industry in the fields of powertrain
design, development, testing and manufacturing. They manufacture the center support assembly of a
double sided clutch housing used to support the power transmission shaft. But their high pressure die cast
(HPDC) components are prone to porosity formation which leads to poor tribological characteristics. The
top view of the double sided clutch housing is shown in Figure 1.1. The cavity shown in this Figure is
known as the piston cavity and the surrounding surface of the cavity is known as the ‘seal surface.’
Porosity in the seal surface causes lack of pressure tightness and decreases the strength and ductility.
Piston slides into the piston cavity with a linear reciprocating back and forth motion. Due to the presence
of porosity, reciprocating friction between the piston and the seal surface creates wear damage leading to
premature failure.
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Figure 1.1 Top view of center support assembly

The influence of porosity on the wear behavior is not clearly understood [14,15], it has been reported in
some studies as beneficial and in others as detrimental. Chen et al. [16] investigated the influence of
porosity on composite materials and concluded that porosity could be beneficial to the performance of
materials under some conditions. They suggested that porosity may help absorb the impact energy that
accompanies crack splitting, which reduces crack propagation, thus delays rapid fracture. A study
conducted by Simchi and Danninger [17] showed a positive influence of porosity on wear behavior.
Commonly, the presence of pores has a detrimental effect on the wear performance of materials [18-30].
The potentially negative effect of porosity on the wear resistance is influenced by pore size, shape,
distribution and density. Pores act as pre-existing incipient cracks in the subsurface layer, waiting to
become unstable at an appropriate stress level [31]. Porosity is accompanied by a decrease in mechanical
properties of materials such as strength and ductility [32-34]. For instance, Hardin and Beckermann [35]
demonstrated an apparent reduction in elastic moduli of components due to the presence of pores.
Experiments performed by Deshpande and Lin [36] reported that porosity in materials decreases their
wear resistance due to the no-load bearing characteristics of pores on the wear surface. They also explained
2

that depending on pore geometry and distribution, wear resistance varies and may promote severe wear.
Suh [37] has found that an increase in porosity content reduces the required crack length needed to link
up pores which promotes delamination. The effect of porosity on the wear and friction of metals has been
studied by Vardavoulias et al. [38], they suggested that the pores enhance surface roughness of the
materials, decrease the real area of contact between two sliding surfaces and consequently increase the
contact pressure and promote particle detachment during sliding. Gui et al. [39] considered pores as crack
sources which can be created when an external force is applied. In general, high porosity in materials leads
to low strength and high wear rate [40].
Hence, a detailed understanding of the effect of porosity is necessary to assess wear properties of cast and
P/M Al alloys. In this study, an attempt has been made to identify the relationship between surface porosity
and wear behavior of aluminium alloys. In addition, wear behavior of different microstructures (from
different production methods) was investigated. A series of reciprocating wear tests have been conducted
under different loads and wear mechanisms are identified.
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CHAPTER 2

LITERATURE REVIEW

2.1 Why Aluminium Alloys
The properties of Aluminium and its alloys that make them the most economically attractive for a wide
variety of applications are:
Light weight: Aluminium weighs roughly one-third as much as most of the common metals, but is one
and a half times as heavy as Magnesium. It is employed in applications to reduce weight of components
and structures, particularly linked to transport, especially in automotive and aerospace.
High strength-to-weight ratio: Due to having high strength to weight ratio aluminium is used
advantageously in applications where high strength and low weight are required.
Ease of fabrication and machinability: It can be easily cast, rolled to any desired thickness (aluminium
foils are common), stamped, drawn, spun, forged and extruded to all shapes.
High resistance to atmospheric corrosion: When aluminium is exposed to air, a thin aluminium oxide
passive film forms on the surface, protecting the metal from corrosion. When scratched, the layer rapidly
reforms retaining the protection. This feature is utilized in construction, buildings and household utensils.
Resilience under static and dynamic loading: Aluminium products behave elastically under static and
dynamic loading conditions, that is, they have the ability to resume both shape and size, which is desirable
when flexibility is required.
Strength at low temperature: Brittle fracture problems do not occur with aluminium. Aluminium does not
undergo ductile to brittle transformation at low temperature as common in steels making them particularly
suitable for low temperature applications.
Electrical and thermal conductivity: Aluminium is an excellent conductor of both heat and electricity. The
great advantage of aluminium is that by weight, the conductivity of aluminium is around twice that of
copper. This made aluminium the most commonly used material in large power transmission lines.
Recycling: The recyclability of aluminium is unparalleled. When recycled there is no degradation in
properties compared to virgin aluminium. Furthermore, recycling of aluminium only requires around 5
percent of the input energy required to produce virgin aluminium metal.
4

2.2 Application of Al Alloy in Automotive Industry
Car manufacturers first started to use aluminium over a hundred years ago. Back then aluminium was a
new and a poorly explored metal, however its light weight and corrosion resistance showed its great
potential for application in the emerging automotive industry. The first sports car featuring a body made
of aluminium was presented to the general public at the Berlin international motor show in 1899. The first
engine with aluminium parts was made two years later in 1901. The 'light metal' added to the handling of
the car, but difficulties in metal working, lack of knowledge and its high price impeded the use of
aluminium in mass car production at the beginning of the century.
Recently, light weight, high strength alloys are in high demand in the automotive industry due to the desire
to reduce automobile weight to provide more energy efficient vehicles. Thus, using aluminum alloy is
attractive as it has excellent mechanical and fatigue properties, low density, resistance to corrosion, a high
strength to weight ratio and reasonable cost. At present, vehicles manufactured in North America use
average of 250 pounds of aluminum which is 2.5 times more than the amount of aluminum used thirty
years ago [41]. Aluminum is used in many different systems in vehicles, including:


Powertrain components (i.e. pistons, transmission cases, and engine blocks)



Radiators and heat exchangers



Wheels



Closure panels (i.e. hoods, deck lids, and fenders)



Chassis and suspension parts (i.e. brake calipers, knuckles, and cross members)

Some of these areas have covered nearly 100% of the market, such as pistons, transmission cases,
radiators, and heat exchangers. Others, such as engine blocks and wheels, have nearly 70% of the market.
The idea of using aluminum for the primary body structure has been explored, with varying success.
Currently, only a few lower-volume and higher-cost vehicles use aluminum body parts. As the body is the
single largest component of the entire vehicle, this area offers the greatest opportunity for the use of
aluminum to grow in the automotive industry. By using aluminum instead of steel, the weight of the car
body can be reduced by 40%; although strength is not the limiting factor, aluminum was found to be
lacking the stiffness that steel provides [42]. Thus, further improvements need to be made in order to fully
integrate aluminum alloys into the production of certain major automotive parts.
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2.3 Designation of Aluminium Alloys
Designation Criteria
Aluminium alloys may be divided into two broad classes, cast and wrought products. These two classes
can be further subdivided into families of alloys based on chemical composition and finally on temper
designation. The alloy and temper designation systems in use today for wrought aluminum were adopted
by the aluminum industry in about 1955, the current system for cast aluminium was developed somewhat
later. The aluminum industry managed the creation and continues the maintenance of the systems through
its industry organization, The Aluminum Association. The alloy registration process is carefully controlled
and its integrity is maintained by the Technical Committee on Product Standards of the Aluminum
Association, made up of industry standards experts.
Alloying Elements
The principal alloying elements are copper, silicon, manganese, magnesium, lithium and zinc. Elements
such as nickel, chromium, titanium, zirconium and scandium may be added in small amounts to achieve
specific properties. Other elements may also be present in small amounts as unwanted impurities. These
elements, known as tramp or residual elements have no beneficial effects on mechanical properties and
the aluminium producers attempt to eliminate these from their products. The main effects of the alloying
elements are as follows:
Manganese (Mn) and Magnesium (Mg) increase strength through solid solution strengthening and
improve work hardening ability. Copper (Cu) gives substantial increase in strength, permits precipitation
hardening, increases corrosion resistance, ductility and weldability. Silicon (Si) increases strength and
ductility and in combination with magnesium produces precipitation hardening. Zinc (Zn) substantially
increases strength through precipitation hardening. Iron (Fe) increases strength of pure aluminium,
generally is a residual element. Chromium (Cr) increases stress corrosion resistance. Nickel (Ni) improves
elevated temperature strength. Titanium (Ti) and Zirconium (Zr) are used as a grain-refining elements,
particularly in filler metals. Lithium (Li) and Scandium (Sc) substantially increase strength, Young’s
modulus and provide precipitation hardening.
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2.3.1 Wrought Aluminum Alloy Designation System
The Aluminum Association Wrought Alloy Designation System consists of four numerical digits,
sometimes with alphabetic prefixes or suffices, but normally just the four numbers: The first digit defines
the major alloying class of the series, starting with that number. The second defines variations in the
original basic alloy; that digit is always a zero (0) for the original composition, a one (1) for the first
variation, a two (2) for the second variation, and so forth; variations are typically defined by differences
in one or more alloying elements of 0.15–0.50% or more, depending upon the level of the added element.
The third and fourth digits designate the specific alloy within the series; there is no special significance to
the values of those digits except in the 1xxx series (see below), nor are they necessarily used in sequence.
Table 2.1 shows the meaning of the first of the four digits in the alloy designation system. The alloy family
is identified by that number and the associated main alloying ingredient(s).
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Table 2.1 Wrought Alloy Designation System
Alloy
1000

Main Alloying Element
Mostly pure aluminum; no major alloying additions

2000

Copper

3000

Manganese

4000

Silicon

5000

Magnesium

6000

Magnesium and silicon

7000
8000
9000

Zinc
Other elements (e.g., iron or tin)
Unassigned

Members of the 1000 series family are commercially pure aluminum or special purity versions, and as
such do not typically have any alloying elements intentionally added; however they contain minor
impurities that are not removed unless the intended application requires it. The 8000 series family is an
‘‘other elements’’ series, comprised of alloys with rather unusual major alloying elements such as iron
and nickel. The 9000 series is unassigned. The major benefits of understanding this designation system
are that one can tell a great deal about the alloy just from knowing to which series it belongs. As indicated
earlier, the 1xxx series are pure aluminum and its variations; compositions of 99.0% or more aluminum
are by definition in this series. Within the 1xxx series, the last two of the four digits in the designation
indicate the minimum aluminum percentage. These digits are the same as the two digits to the right of the
decimal point in the minimum aluminum percentage specified for the designation when expressed to the
nearest 0.01%. As with the rest of the alloy series, the second digit indicates modifications in impurity
limits or intentionally added elements. Compositions of the 1xxx series do not respond to any solution
heat treatment but may be strengthened modestly by stain hardening. The 2xxx series alloys have copper
as their main alloying element and because it will go into solid solution in aluminum in significant
amounts, will respond to solution heat treatment; which are referred to as heat treatable. The 3xxx series
alloys are based on manganese and are strain hardenable; they do not respond to solution heat treatment.
The 4xxx series alloys are based on silicon; some alloys are heat treatable, others are not, dependent upon
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the amount of silicon and the other alloying constituents. The 5xxx series alloys are based on magnesium
and are strain hardenable, not heat treatable.
2.3.2 Cast Aluminum Alloy Designation System
The designation system for cast aluminum alloys is similar in some respects to that for wrought alloys but
has a few very important differences as noted by the following description. Like the wrought alloy system,
the cast alloy designation system also has four digits, but differs from the wrought alloy system in that a
decimal point is used between the third and fourth digits to make clear that these are designations to
identify alloys in the form of castings or foundry ingot for the wrought alloy designation system.
The first digit indicates the alloy group, as can be seen in Table 2.2. For 2xx.x through 8xx.x alloys, the
alloy group is determined by the alloying element present in the greatest mean percentage, except cases
in which the composition being registered qualifies as a modification of a previously registered alloy.
Note that in Table 2.2, the 6xx.x series is shown last and are designated as the unused series. The second
and third digits identify the specific aluminum alloy or, for the aluminum 1xx.x series, indicate purity. If
the greatest mean percentage is common to more than one alloying element, the alloy group is determined
by the element that comes first in sequence. For the 1xx.x group, the second two of the four digits in the
designation indicate the minimum aluminum percentage. These digits are the same as the two digits to the
right of the decimal point in the minimum aluminum percentage when expressed to the nearest 0.01%.
The fourth digit indicates the product form. For example, xxx.0 indicates castings, and xxx.1 for the most
part indicates ingot having limits for alloying elements the same as those for the alloy in the form of
castings. A fourth digit of xxx.2 may be used to indicate that the ingot has composition limits that differ
from but fall within the xxx.1 limits; this typically represents the use of tighter limits on certain impurities
to achieve specific properties in the cast product produced from that ingot. Table 2.2 shows the cast alloy
designation system.
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Table 2.2 Cast Alloy Designation System
Alloy

Main Alloying Element

1xx.x

Pure aluminum, 99.00% max.

2xx.x

Copper

3xx.x

Silicon, with added copper and/or magnesium

4xx.x

Silicon

5xx.x

Magnesium

7xx.x

Zinc

8xx.x

Tin

9xx.x

Other elements

6xx.x

Unused series

2.4 Porosity in Al casting
Porosity is used to describe voids or cavities that form within a casting during solidification. It is often the
cause of poor mechanical properties in rejected casting, including limited strength and ductility, low
fracture toughness, irregular crack initiation and propagation characteristics, and lack of pressure tightness
[43-45]. Porosity in aluminium casting is caused by the precipitation of air from liquid solution or by
shrinkage during solidification. Blow holes, entrapped gas and mold reactions also result in porosity that
adversely affects mechanical properties as well as physical acceptability of the cast component.
Depending on its origin, porosity in high pressure die casting is usually classified as shrinkage porosity,
gas porosity and flow porosity.
The affinity for the generation of shrinkage porosity is related to both the liquid/solid volume fraction at
the time of final solidification and the solidification temperature range of the alloy. Due to volumetric
differences between liquid and solid states, shrinkage occurs during solidification. Shrinkage porosity is
formed when the gate area (from which the molten metal is injected into the die cavity) solidifies before
solidification in other areas of the casting is completed (since in this case the passage for molten metal to
feed the shrinkage due to solidification is cut off) [46]. Thermal conditions of the die (dictated by its water
cooling system, the spray settings, the thermal conductivity of the die material, the cycle time, etc.) and
the temperature of the molten metal are the major factors which affect the amount of shrinkage porosity
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for a given alloy composition and casting geometry. A typical example of shrinkage porosity is shown in
Figure 2.1 (a). Gas porosity is caused mainly by the trapped air, steam and burning products of organic
lubricants used in the shot sleeve. Two main features of conventionally produced HPDCs are the extreme
turbulence experienced by the molten metal as it is forced at high speed into a die, and the very rapid rate
at which it then solidifies [47]. Because of this, castings usually contain internal pores in which gases such
as air, hydrogen or vapors formed by the decomposition of organic die wall lubricants are entrapped. An
example of gas porosity is shown in Figure 2.1 (b).

Figure 2.1 Typical porosity in cast aluminum alloy [48]

The majority of porosity encountered in casting is due to a combination of gas and shrinkage. Small
amounts of dissolved air significantly increase the pore size when shrinkage voids form. These pores
generally occur in the inter dendritic regions, which are the last parts of the structure to freeze. Some
examples are shown in Figure 2.1 (c) and (d). Flow porosity results from inadequate pressure towards the
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end of cavity filling. Numerous factors can affect the porosity levels in a casting. For example, any factors
affecting the fluid flow conditions during cavity filling (such as the moving speed of piston in the shot
sleeve, the velocity of the molten metal flowing through the gate, geometry and location of the gate for a
given casting, pressure applied, etc.) may potentially affect the amount and distribution of entrapped air.
Planar defects such as oxide skins and cold shuts may also be present.
2.5 Powder Metallurgy Processing
Powder Metallurgy (P/M) is the science of producing metal powders and making finished or semi-finished
objects from mixed or alloyed powders with or without the addition of nonmetallic constituents. P/M parts
can be mass produced to net shape or near net shape, eliminating or reducing the need for subsequent
machining. P/M processes waste very little material, about 97% of the starting powders are present in the
final product. P/M parts can be made with a specified level of porosity, to produce porous metal parts. For
example: filters, oil-impregnated bearings and gears. The powder metallurgy process generally consists
of four basic steps: powder manufacture, powder blending, compacting and sintering. Compacting is
generally performed at room temperature, and the elevated-temperature process of sintering is usually
conducted at atmospheric pressure. Optional secondary processing often follows to obtain special
properties or enhanced precision.
2.5.1 Powder Production
The chemistry and production of metal powders used in the manufacturing of P/M components have a
large influence on the quality of the finished part. Therefore it is essential to select the appropriate starting
materials from both economical and performance points of view. There are several methods used to
produce metal powders including atomization and mechanical milling as well as chemical techniques
based on gaseous and electrolytic reaction practices. Powder fabrication methods such as atomization and
mechanical milling methods will be introduced in this section.
Atomization involves the formation of powder from the molten metal stream which is broken into droplets.
This technique is used to produce powder of any composition and is by far the most popular commercial
method. An important aspect of this technique is the rapid solidification of the powder from the melt.
Atomization is attractive for several reasons that include:
1. Particle size can be controlled to a considerable extent.
2. Can be utilized for any metal/alloy that can be melted.
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3. Powders with different chemistries can be readily produced.
4. Production rates can approach 400kg/hr.
There are many forms of atomization including gas atomization, water atomization and centrifugal
atomization. The main techniques for the production of aluminium powders are water and gas
atomization.
In a gas atomization process, the raw material is melted in a crucible and then it is allowed to flow through
a small nozzle into a vacuum chamber. The metal stream existing the nozzle is broken up by the rapid
expansion of gas, as depicted schematically in Fig. 2.2 [49]. The metal stream falls freely down to the
chamber bottom. The expanding gas causes a large depressurization and disruption of the melt stream.
Different type of gases is employed but all are either inert (N2, He, Ar) or oxidizing (air). For the
production of aluminium powder, air is the most commonly used gas, as it is less expensive than an inert
gas.

Figure 2.2 Formation of metal powder by gas atomization near the gas nozzle [49]

The design of a gas atomization system depends on the metal or alloy being atomized. Possible types of
layout include ‘horizontal’ or ‘vertical’. The latter is the more common approach and is generally used for
Al, Mg, Ni and Zn. Figure 2.3 shows a schematic diagram of a vertical inert gas atomizer. Horizontal
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atomizers are normally used for the production of low melting point powders such as Sn. The resultant
powder is typically spherical in shape when an inert gas is utilized, but of a more irregular powder shape
when an oxidizing gas such as air is employed. The spherical shape of powder is due to the slow cooling
rate and the concomitant ability to form particles with the lowest possible surface energy per unit volume
prior to solidification.

Figure 2.3 Typical air atomization process

The main advantage of gas atomization is the product homogeneity, the absence of contamination due to
totally inert processing conditions and the spherical shape of the produced powder.
Water atomization is similar to gas atomization but the molten metal stream is disintegrated by water jets
(Fig.2.4). Here, the cooling rate is higher than for gas and consequently the chemical segregation into
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powder is smaller. The resultant powder shape is more irregular, the powder surface is rougher and more
oxidized. A high water velocity causes a decrease in the mean particle size.

Figure 2.4 Water atomization process

Another way of metal powder production is mechanical milling. This method uses a mixture of balls and
elemental powder to create a micro alloyed composite powder in an attritor or another high energy ball
mill. These powders are normally greater than 1µm in diameter and angular in shape. The processes
employed include repeated milling, cold welding, impaction, shearing and compression. This leads to a
homogenized material with a uniform dispersion of inclusions. A good balance between milling and
welding can be achieved by the proper choice of organic fluids (process controlling agents). Due to heavy
cold work, mechanically alloyed powders are not easy to consolidate. Some of the drawbacks associated
with this method include extended process time and substantial machinery wear. Because of the nature of
the process powder contamination is also problematic and there is a limited control of the particle size
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distribution. Figure 2.5 shows the action of a typical jar mill used for mechanical milling of metal powder.
The jar is rotated continuously on its side and the repetitious impact of the falling balls grind the materials
into powders.

Figure 2.5 Action of a jar mill

2.5.2 Powder Mixing and Blending
Generally, the starting material is the mixture of various grades or sizes of powders. Blending and mixing
of powders ensure a uniform distribution of different constituents like powders, additives and lubricants.
A powder volume of 20 to 40% is the optimum amount of powder that can be mixed at one time [50].
However, this is determined by the type of mixer and the speed at which the mixer is being mixed. These
operations are necessary, especially if the application involves a multi-component system. Blending and
mixing are often carried out under controlled conditions (inert gas atmosphere or using a liquid medium)
to avoid contamination of powder.
Blending is the process in which powders of the same nominal composition but having different particle
sizes are integrated. Blending of metal powder is an important treatment and is done: (i) to obtain a
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homogenous distribution particle sizes, (powders consisting of different particle sizes are often blended
to minimize porosity), and (ii) for intermingling of the lubricant with powders to modify metal-powder
interaction during compaction and facilitate the compaction.
Mixing refers to the process of combining powders of different chemistries such as elemental powder
mixes or metal-nonmetal powders. In mixing, additives like graphite and lubricants are also used to obtain
a homogenous mixture. A mixing operation is a must before compaction of the powders, except in cases
where a single elemental powder is to be compacted without the addition of lubricant. In case of mixing
of two or more metal powders, particle characteristics like size and distributions play a role in influencing
the degree of mixing. This is important because many P/M applications use metal and non-metallic
ingredients of different specific gravities, particle size and shape to give optimum properties.
Mixing may be done either in wet or dry condition. Wet mixing is used to produce finer and homogenous
mixture of powders. Liquid mediums like alcohol, acetone, benzene or distilled water are used as milling
medium in wet milling. Various types of blenders and mills are used for mixing. Rod mills or ball mills
are employed extensively for mixing hard metals such as carbides. In general, Y-mixers or double cone
mixers are most popular for blending. The use of powder mixing rather than pre-alloyed powders is
attributed to both economic and technical issues. Powder mixtures are often less expensive and have better
compacting properties. Important factors affecting mixing are: i) type of powders and their characteristics,
ii) time of mixing, iii) temperature of mixing and iv) type of mixing (wet or dry mixing). Therefore, mixing
must be controlled to produce a homogenous distribution of ingredients having specific particle
characteristics.

2.5.3 Compaction
The term “compaction” is used to describe the consolidation of powder particles without the application
of heat. This is an important step in powder processing as it enables the forming of loose metal powders
into desired shapes with sufficient strength for handling for the subsequent processes. In this process, the
powder particles are mainly cold weld or interlocked as illustrated in Fig 2.6 to provide compact strength.
Compaction can be performed using a single action or double action approach. In single action, the
compact is pressed from one direction, whilst in the latter, compressive forces are applied in two
directions. In some cases, isostatic compression is employed where the compact is subjected to
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compressive forces from all directions simultaneously. Of the methods available to the industry, those
most widely used include die compaction, hot/cold isostatic compaction, direct powder forging and metal
injection molding [51-53].

Figure 2.6 Particle deformation with increasing pressure during uniaxial compaction
[54].

Uniaxial pressing is the most commonly used technique, where the powders are loaded and axially
compacted in a hard, rigid die made from tool steel or cemented carbide. Fig.2.7 illustrates the various
stages of the uniaxial powder compaction process. Prior to loading the powders, the upper punch is
retracted and the lower punch is in fill position. The next step is to load the powders into the die cavity.
The lower punch may move down to help uniform powder distribution and loading during filling. Most
compactions are performed in this manner so that both the upper and lower punches move. The feed shoe
moves back and forth to inject the powder evenly. Both punches are then loaded for generating stress
within the powder mass. At the end, the upper punch is removed and the lower punch is used to eject the
compact from the die (Fig 2.7). The pressing cycle then repeats with a new fill of powder [54].
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Figure 2.7 Sequence for die compaction [55]

The pressure acting during a uniaxial pressing cycle can be divided into three types:
1. Pressure applied directly on the compacting powder (this is assuming that no pressure is lost due to
friction of the particles and the die walls, and that there is an even distribution of pressure and density in
the compact);
2. Pressure lost due to the friction of particles against the die wall.
3. Pressure created by the uneven distribution of density in various parts of the compacts.
Here, the powder compaction takes place over a few stages (Fig 2.8). In the first stage, a rearrangement
of powder particles occurs to fill the larger voids. In the second stage, particles begin to deform on a
localized basis at the particle-particle interfaces. Uniform deformation begins in the next stage, where the
pores begin to collapse and powders become work hardened. At the final stage of compaction, particles
are heavily work hardened and act as a solid, incompressible body. Particles undergo appreciable strain
hardening, making it increasingly difficult to compact to a higher density [56]
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Figure 2.8 A plot of density versus compaction pressure during metal powder

compaction.
The largest problem associated with uniaxial die compaction is the occurrence of the die wall friction. Die
wall friction causes the applied pressure to decrease with the depth traveled into the powder bed. The
consequence of this is that the density of green body is non-uniform. Both single action (pressure applied
from one side only) and double action (pressure applied from both sides) compaction experience this type
of problem. In the former, the density is greatest near the applied load and decreases as the distance from
the load increases. On the other hand, double action compaction causes the density of the green body to
be highest at both punch faces and lowest at an intermediate point termed the density split (Fig. 2.9).

Figure 2.9 Density profile in single action and double action compaction [54]
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2.5.4 Sintering
Once green bodies of an appropriate geometry and density have been compacted they are consolidated via
thermal energy. Sintering is mainly a thermal process which increases the strength of a powder mass by
bonding adjacent particles via diffusion or related atomic level events. This diffusion amongst adjacent
powder particles and alloying additions results in the formation of strong inter-particle bonds which
improve mechanical properties. To sinter reactive metals such as Al, an essential consideration is the
surrounding atmosphere. To avoid any detrimental reactions with oxygen, inert or reducing atmospheres
are frequently used [57].
When green bodies are heated compact will reduce its energy by lowering its overall surface area. To
accomplish this, a variety of thermally activated mass transport mechanisms are engaged to form necks
between adjacent particles. Such mechanisms are divided into two categories: surface-transport and bulk
transport. Surface transport involves the migration of atoms from the central mass of a particle to a surface.
Bulk transport mechanisms include volume diffusion, grain boundary diffusion, plastic flow and viscous
flow.
From a practical perspective, the two most significant factors in sintering are sintering time and
temperature; the latter is regarded as the most important variable. Compact porosity, particle size and
powder type (elemental or master alloy) also influence sintering response. The majority of P/M materials
are sintered in a solid state manner at approximately 0.6 to 0.8 of the absolute melting point of the material.
While sintering proceeds, the microstructure changes considerably as the temperature is increased and the
time is prolonged. The associated evolution sequence can be broken down into 3 key stages - initial,
intermediate and final.
The initial stage is primarily focused on the growth of sinter bonds (necks) that form between the contacts
that exist in green compacts. Although all mass transport mechanisms are involved at this stage, those of
most important are the lower temperature mechanisms of evaporation-condensation and surface diffusion.
Vapor flows into the neck, due to the vapor pressure differential that exists, and atoms diffuse to the neck
in response to the locally high concentration of vacancies that exist. An important gauge in assessing the
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stage or degree of sintering is the extent to which the pores are rounded and their respective size. In the
initial stage, the porosity is quite coarse and shows only slight rounding as shown in Figure 2.10 (a). The
strength of a sintered product in this condition will be very low and is said to be “under sintered”.
The intermediate stage is the most important of the three as it governs the extent of densification and
largely determines the properties of the sintered product. This stage is characterized by simultaneous pore
rounding, densification and grain growth (Figure 2.10 (b)). Since the curvature gradients are largely
eliminated during the initial stage of sintering, the driving force for continued sintering becomes the
elimination of surface area energy through changes in the pore structure. At this stage, the pores can be
thought of as cylindrically-shaped regions with a high concentration of vacancies. Consequently,
vacancies diffuse away from pores, while a corresponding flux of atoms (mass) flows into them. This
reduces the amount of porosity and surface area contained within the compact and is manifested as
densification. The cylindrical pores eventually pinch-off into smaller, highly rounded pores that are
located at grain boundary intersections. At this point, the third “final stage” of sintering begins.
When compared to the initial and intermediate stages of sintering, the final stage is a very slow process.
It is rarely attained in commercial applications for P/M. The final stage of sintering commences when
closed, highly rounded pores exist at grain boundary intersections. The driving force for continued
densification in the final stage is exclusively the reduction of surface area and surface energy. When much
of the surface area is eliminated in the preceding stages, the relative magnitude of the driving force has
diminished greatly. In order to attain further improvements in densification and strength during this stage
the interaction between grain boundaries and porosity must be examined.
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Figure 2.10 Different stages of sintering, (a) initial stage, (b) intermediate stage, (c) final stage

The presence of pores is common in the P/M process. Pores are bound to grain boundaries because they
lower the grain boundary area and therefore, the overall free energy of the sintered compact. As the
sintering process continues, the porosity and the binding energy of the pore-to-grain boundary diminish.
Under this condition, the pores can eventually break free from grain boundaries by two mechanisms. One
possibility is attributed to increased grain boundary mobility. This occurs at higher sintering temperatures
and longer sintering times such that the grain boundaries move faster than the pores and eventually break
free (Figure 2.11). A second possibility is Ostwald ripening. In essence, this means that large pores will
grow at the expense of smaller ones. For this to occur at an appreciable rate, the pores must lie along grain
boundaries which act as paths for rapid diffusion. However, if the grains grow too quickly the pores will
become separated from the grain boundaries. From a practical perspective, once pores break away from
grain boundaries by either mechanism, densification stops at this point. An example of a microstructure
that can be reached in the final stage of sintering is presented in Figure 2.10 (c).
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Figure 2.11 The sequence of steps leading to pore isolation and spherodization in the

final stage of sintering via grain boundary mobility [58].

2.6 Cold Isostatic Pressing
CIP is a compaction method in which isostatic compression is introduced to a body of loose powder by
using pressurized liquid. Isostatic compression is possible as described by Pascal’s Law, which states that
pressure can be transmitted equally and in all directions through gas or liquid such that the pressure
variations (initial differences) remain the same. With applying sufficient liquid pressure, the concentration
of porosity within the loose powder can be reduced and in turn, the density of the green compact can be
increased. Generally, a liquid pressure is chosen such that the yield stress of the material is exceeded. A
typical Cold Isostatic Pressing system is shown in Figure 2.12.
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Figure 2.12 Cold isostatic pressing system
CIP has certain advantages over die compaction. First of all, as there is no rigid die, the use of lubricant
to reduce die wall friction is not needed. As lubricant is a contaminant that tends to be detrimental for
mechanical properties, its exclusion is a benefit. Another positive aspect of CIP is the ability to make large
complex parts, which can be essential in some scenarios. This is not possible with conventional die
compaction due to press capacity limitations.
2.7 Porosity in Al Powder Metallurgy
After sintering, voids may still be left within the compact. Porosity is the fraction of voids left in the total
compact volume. It may be measured by finding the weight and dimensions of the compact and comparing
the density calculated from these values to the theoretical maximum. Generally, a high density compact
that has as low porosity as possible is desired in order to attain peak mechanical properties. Even at very
low concentrations, residual porosity can still impart a negative effect overall.
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Knowledge of the bulk porosity value alone is not enough to understand the ultimate impact of porosity
on mechanical properties. In this regard, the pore structure such as size, shape, and level of connectivity
can also play a vital role. For example, a compact that has one very large pore may fail whereas another
compact with an equal volume of porosity, but with many more very small pores, may not. Moreover,
increased irregularity of the pore shape invokes the opposite behavior. Porosity has a particularly
detrimental effect on impact, fracture, and fatigue behavior. Fatigue crack initiation is thought to be
directly linked to the residual porosity in PM specimens, as pores act as stress concentrators. Kim et al.
observed that in many cases, the fatigue crack initiation site was that of a single subsurface pore [59].
2.8 Wear
Wear is the surface damage or removal of the material from one or both of two solid surfaces in a sliding,
rolling or impact motion relative to one another. In most of the cases, wear occurs through surface
interactions at asperities. During relative motion, first material on the contacting surface may be displaced
so that properties of the solid body, at least at or near the surface are altered. Such a process is complicated,
involving time-dependent deformation, failure and removal of materials at the counterface. The wear
process is actually common in machines with or without the presence of lubricant.
2.9 Mechanism of Wear
The wear processes can also be explained in terms of a “tribosystem,” which includes a solid body, a
counter-body, an interfacial element and the environment. The overall interaction between the different
parameters in the tribosystems will lead to different wear types [60-64]. There are many operative wear
mechanisms, but the most common mechanisms of wear include abrasion, adhesion, surface fatigue,
erosion and delamination. Detailed descriptions of the wear mechanisms are outlined in the following
section.
2.9.1 Abrasive Wear
Abrasive wear occurs when material is removed from one surface by another harder material, leaving hard
particles of debris between the two surfaces. It can also be called scratching, gouging or scoring depending
on the severity of wear.
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Abrasive wear has been reported to account for at least 50% of wear problems that are encountered in
industry today. It is mostly experienced when hard particles such as rocks or metal fragments slide or roll
under pressure across a surface, potentially leading to cutting of grooves in a similar manner to a cutting
tool, displacing elongated chips or slivers of metal [65]. Abrasion is categorized according to the types of
contacts as well as contact environment [66]. Depending on the way the asperities pass over the worn
surfaces, abrasive wear modes could be two-body or three-body.
Two body abrasive wear occurs when one surface (usually harder than the second) cuts material away
from the second. It occurs in a similar fashion to mechanical operations such as machining, grinding and
cutting. On the other hand, a three body abrasive wear mode is observed when a third body generally a
small particle of grit or abrasive, lodges between the two surfaces, abrades one or both of these surfaces.
In terms of comparison between two-body and three-body abrasive wear modes, two-body wear is faster
than three-body. Three-body wear is almost ten times slower than two-body abrasive wear, since it has to
compete with the other mechanisms that are taking place [67-70]. Secondly, two-body abrasive wear
occurs in a similar fashion to mechanical operations such as machining, grinding and cutting, while in
three-body abrasive wear, slower mechanisms of material removal is involved.

Two-body abrasion
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Three-body abrasion
Figure 2.13 Abrasive wear
Many mechanisms have been proposed to explain how material is removed during abrasion. These
mechanisms include fracture, fatigue, and melting. Due to the complexity of the abrasion process, no
single mechanism completely accounts for all the loss [71]. They include ploughing, wedge formation,
cutting, microfatigue and microcracking [72-73].
Ploughing results in a series of grooves as a result of the plastic flow of the softer material. In this process,
material is displaced from a groove into the sides without removal of material. This process causes surface
and subsurface cracks.
When an abrasive tip ploughs a groove, it develops a wedge on its front. It generally occurs when the ratio
of shear strength of the interface relative to the shear strength of the bulk is high. In this process, only
some of the material displaced from the groove is displaced to the sides and the remaining material shows
up as a wedge. In the cutting form of abrasive wear, an abrasive tip with large attack angle ploughs a
groove and removes the material in the form of discontinuous or ribbon-shaped debris particles similar to
that produced in a metal cutting operation. This process results in significant removal of material and the
displaced material relative to the size of the groove is very little. During cutting operations, the hard
particle is embedded in the softer material and dragged, potentially leading to intense plastic deformation
and material displacement around the edge of the hard particles. Microcracking is a mechanism that
removes material from a brittle specimen. Microfatigue is when the abrading mediums continuously slide
on the specimen and occasionally causes deformation. [74-75].
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Figure 2.14 Different abrasion mechanism

2.9.2 Adhesive Wear
Adhesion wear occurs when two solid surfaces are in sliding or in rolling contact with each other. It is
often called galling or scuffing, where tips of the highest asperities lock together as two surfaces slide
across each other under pressure. It is assumed that, these asperities welded together, deformed plastically
by high local pressure and form asperity junctions [76-78]. This sharing results in detachment of a
fragment from one surface and attachment to the other surface (Figure 2.15). As the sliding process
continues, the transferred fragments may eventually come off the surface on which they are transferred
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and be transferred back to the original surface, or they could potentially form loose wear particles.
Moreover, some of these transferred fragments could be fractured by fatigue as a result of repeated loading
and unloading action resulting in formation of loose particles or wear debris.

Figure 2.15 Schematic representation of adhesive wear
If the initial condition is boundary lubrication (only tribochemical wear), a transition to adhesive wear
may take place. Under conditions of increased contact severity, protective surface layers will not withstand
and metal metal contact will occur. First, with increasing normal force or sliding velocity, mild material
transfer will take place at a microscopic scale. This condition is called incipient or micro scuffing. At even
more serious conditions, severe adhesion wear will occur. This condition is commonly referred to as
scuffing.
Adhesive wear can be explained by Archard’s law of wear [79].

𝑊=𝐾

𝐹𝑁
𝐻𝑆

Where, W is the volume worn per unit sliding distance, FN is the applied load, HS is the hardness of the
softer materials in contact and K is the wear coefficient. Moreover, the adhesion component of friction is
due to the formation and rupture of interfacial bonds. These bonds are the result of interfacial interatomic
forces developing between two surfaces in contact. If sliding is to take place, a friction force is needed to
shear the weakest tangential planes at the area of contact.

2.9.3 Surface Fatigue
The term ‘fatigue’ is broadly applied to the failure phenomenon where a solid is subjected to cyclic loading
involving tension and compression above a certain critical stress. Due to repeated loading and unloading
cyclic stresses surface and subsurface cracks are generated which lead to failure of the component. These
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cracks initiate from the point where the shear stress is maximum, and propagate to the surface as shown
in Figure 2.16. Once the crack reaches the critical size, it changes its direction to emerge at the surface.
After repeated stress by the bearing load, these cracks spread even without additional particulate damage
and eventually the surface fails, producing a spall. In this phenomenon, wear is mainly determined by the
mechanics of crack initiation, crack growth and fracture. This process can occur only in systems where
abrasive and adhesive wear are not present, such as in systems with high surface contact loads. Erosion,
fretting and cavitations are typical examples of fatigue failure. Bearing surfaces are subjected to this type
of wear as a result of repeated stress caused by particles trapped between two moving surfaces [80].
Vibration is a common cause of fatigue wear.

Figure 2.16 Schematic of fatigue wear due to formation of surface and subsurface cracks

2.9.4 Erosive Wear
Erosive wear can be defined as the process of metal removal due to impingement of solid particles, small
drops of liquid or gas on a surface. Solid particle impact erosion has been receiving increasing attention,
especially in the aerospace industry [81]. Examples include the ingestion of sand and erosion of jet engines
and of helicopter blades. As shown in Figure 2.17, the erosion mechanism is simple. Solid particle erosion
is a result of the impact of a solid particle A, with the solid surface B, resulting in part of the surface B
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been removed. The impinging particle may vary in composition as well as in form. The response of
engineering materials to the impingement of solid particles or liquid drops varies greatly depending on
the class of material, materials properties (dependent on thermal history, exposure to previous stresses or
surface tensions) and the environmental parameters associated with the erosion process, such as impact
velocity, impact angle, and particle size / type. Movement of the particle stream relative to the surface and
angle of impingement both have a significant effect on the rate of material removal [82]. The erosive
effects on materials at high temperatures is important for the selection of turbine engine materials in the
aerospace industry [83]. Cavitation erosion occurs when a solid and a fluid are in relative motion, due to
the fluid becoming unstable and bubbling up and imploding against the surface of the solid, as shown in
Figure 2.18. Cavitation damage generally occurs in fluid-handling machines such as marine propellers,
hydrofoils, dam slipways, gates and all other hydraulic turbines. Cavitation erosion roughens a surface
much like an etchant would.

Figure 2.17 Schematic of erosive wear
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Figure 2.18 Schematic of cavitation erosion due to impingement of liquid bubbles

The distinction between erosion and abrasion should be clarified, because the term erosion has often been
used in connection with situations that might be better classed as abrasion. Solid particle erosion refers to
a series of particles striking and rebounding from the surface, while abrasion results from the sliding of
abrasive particles across a surface under the action of an externally applied force. The clearest distinction
is that, in erosion, the force exerted by the particles on the material is due to their deceleration, while in
abrasion it is externally applied and approximately constant [84].
2.9.5 Fretting Wear
Fretting occurs when two contacting surfaces rub during low amplitude oscillatory motion. The motion is
usually the result of external vibration, but in many cases, it is the consequence of one of the members of
the contact being subjected to a cyclic stress (that is, fatigue), which gives rise to another and usually more
damaging aspect of fretting, namely the early initiation of fatigue cracks. This is termed as "fretting
fatigue" or "contact fatigue." Fatigue cracks can be initiated where the contacting surfaces are under a
heavy normal load or where there is a static tensile stress in one of the surfaces [85]. Although fretting
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does not cause rapid loss of material, it generally occurs in situations where no wear is anticipated and, as
a result, can initiate serious damage and failure. For example, flywheels that are force-fit onto crankshafts
will sometimes fret, with the loss of material eventually causing the wheel to loosen on the shaft. The
fretting process induces surface defects, which, under cyclic loading, reduces the fatigue life and strength
of a part. Thus, a part designed for safe life under known fatigue loading can fail if exposed to fretting.
Fatigue failure of turbine blades at the point of attachment to the wheel is the most common example of
fretting fatigue. The contact fatigue process that results in pitting involves the high contact stress field
developed during rolling contact. This stress field interacts with surface and subsurface defects and hard
inclusions to initiate cracking. The cracks propagate below the surface and finally turn and emerge at the
surface, producing a pit.
2.9.6 Delamination
Delamination is a process of wear, that is based on the concept of accumulation of near surface plastic
strain. The delamination theory of sliding wear was first proposed by Suh [86] in 1973 to explain
observations of thin flake-like wear particles. The theory is based on the behavior of dislocations at the
surface, sub-surface crack and void formation, and subsequent joining of cracks by shear deformation of
the surface. His concept stimulated a great deal of research, which has resulted in changes to and further
updates of the theory [87]. The formation of loose wear sheets is described by the following sequence. In
the early stages of sliding a relatively smooth surface is initiated by the fracture or deformation of initial
surface asperities. The surface traction acting at the contact points induces incremental plastic deformation
which accumulates with repeated loading. As the subsurface deformation continues, cracks nucleate below
the surface and propagate parallel to the surface. Finally the cracks shear to the surface and a long thin
wear sheet delaminates.
Three mechanisms are associated with delamination theory. There is the initial asperity deformation and
fracture, which is associated with the “running-in” of sliding surfaces. Suh stated that asperity interactions
would also occur in the steady-state, since asperities will be generated by the uneven delamination of wear
sheets. However, the wear particles formed will be much smaller than the sheet-like particles formed by
the delamination process. Hence the delamination mechanisms of crack nucleation and propagation will
control the steady-state wear process. In materials with pre-existing cracks or in which cracks readily
nucleate, crack propagation will determine the wear rate. Conversely, in materials with rapid crack
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propagation rates, crack nucleation will be the wear rate determining mechanism. Fracture mechanics
treatments of crack nucleation and propagation have produced analytical models of these two mechanisms.
Suh showed that for microstructures containing second-phase particles, if sufficient plastic deformation
occurred during sliding wear, crack nucleation was favoured by these particles. In this situation, interparticle spacing is an important variable that controlled the wear rate. Void formation is primarily
attributed to plastic flow of the matrix around these hard particles. Void formation occurred very readily
around the hard particles but crack propagation occurs very slowly. The depth at which the void nucleation
was initiated and the void size tended to increase with increased friction coefficient and applied load. The
material which delaminates is not merely the deformed base material but instead a mechanically mixed
layer of transfer material, which can include material from both sliding surfaces as well as the sliding
environment, such as oxygen [88]. The transfer layer resides on the surface and is composed of fine
particulate matter produced by asperity adhesion and wear debris.
Delamination wear, in which subsurface cracks propagate to the surface, is not observed in pure metals
and simple alloys like bronze and carbon steel. Its occurrence is more likely in hardened alloys containing
hard, non-metallic inclusions.

Figure 2.19 Delamination wear
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2.10 Wear Behavior of Aluminium
The dominant factors that affect the sliding wear behavior of aluminium include: sliding distance, sliding
speed, applied load, atmospheric condition, etc. [89]. Some other intrinsic factors such as reinforcement
type, shape, size, volume fraction and distribution, interface between the reinforcement particles and
matrix, porosity also affect the sliding wear behavior of aluminium [90]. A strong interaction between
normal load and sliding speed in causing the wear of a material was clearly demonstrated by Wilson and
Alpas [91]. Increase in wear rate with an increase in normal load and sliding speed has been investigated
by several researchers [92-94]. Wear of aluminium occurs by several mechanisms such as oxidationdominated wear, abrasive wear, adhesive wear, delamination, melt lubrication wear and seizure. At very
low sliding speeds and loads an oxidative mechanism can control the wear process. At relatively higher
speed, metal-metal contact leads to severe wear when the surface temperature of the contact area exceeds
the recrystallization temperature of the material [95]. Damage accumulation and plastic deformation
below contact surfaces play an important role in sliding wear of ductile materials and wear rate depends
on the properties of the generated skin rather than the original materials [96-97].
Subramanian (1991) [98] suggested that the wear rate of Al-Si alloy decreases with an increase in sliding
speed. He observed the decreasing trend of wear rate to a reduction in the number and size of the
transferred fragments. Jasim et al. (1993) [99] found that the depth of the subsurface damage decreases
with increase in sliding speed, indicating that the decrease in wear rate is a consequence of shallower
subsurface damage as sliding speed increases. Archard and Hirst (1957) [100,101] suggested that a mild
wear process can be divided into three different stages. In the early stage, as the surfaces first rub together,
the load is borne by a relatively small number of contact areas and wear occurs by the transfer of materials
to the counter-face. As the experiment continues, the surfaces in contact achieve greater conformity, and
the load becomes supported by a larger number of contact areas. In the final stage, most of the load is
borne by the loose wear debris and an increase in wear rate is observed due to the abrasion of the surfaces
by these particles. Other researchers have observed that wear rate initially decreases and then increases as
sliding speed is steadily increased [102]. It is relevant to point out that wear resistance depends not only
on the properties of the materials involved but also on the geometry of the contact [103]. Strain hardening
may also play an important role since the density of dislocations would increase during wear, which could
influence the hardness and thus wear resistance.
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2.11 Wear Regime Maps in Al-Si Alloys
When observing the wear behavior of Al-Si alloys, it is evident that different regimes occur based on
varying sliding conditions. Lim and Ashby (1987) [104] constructed the first wear mechanism maps
(Figure 2.20) based on physical modeling in order to systematize empirical wear data on steels. These
maps allowed to predict the dominant wear mechanisms under a given set of test conditions in terms of a
few key dimensionless parameters. Liu et al. [105] compiled various experimental results to develop a
physical model similar to what was initially developed by Lim and Ashby [104]. By modifying the models,
an empirical wear map for Al-Si alloy was generated as shown in Figure 2.21. The significance of the
particular map is that allows for a broad presentation of the different wear regimes and mechanisms which
exist for a given condition. It is essential to realize that within each regime, the dominant wear mechanism
is different and can be altered by varying parameters such as speed, load and atmospheric conditions.
Using wear map principles, Zhang and Alpas [106] investigated the working mechanism of delamination
wear by conducting dry sliding wear tests on Al-7% Si alloy; this is particularly important for determining
the stress and strain distributions as a function of sliding distance and applied loads. The authors reported
that both the magnitude of the strains and the depth of the deformed zones increase with sliding distance
and applied load. By applying the Voce equation, the strain hardening of the material was calculated and
is illustrated to show that hardening capacity of the material was exhausted and exponentially decreased
towards the contacting surface when moved further away from the surface. Void nucleation sites initiated
at Al-Si interfaces and linked together to form subsurface cracks below the surface as shown in Figure
2.22. When the subsurface cracks reach the surface, delamination of the material occurred. Zhang and
Alpas [107] continued to study the transition point from one regime to another on Al-Si (6061) by
changing the load, sliding velocity, and sliding distance, allowing the understanding of how each condition
effects the transition point. They suggested that wear rates were mild at low loads and increased gradually
until the material experienced a transition from mild to severe wear. Transition from mild to severe wear
was observed when the bulk surface temperature exceeded a critical temperature limit when the load or
sliding speeds were increased. The temperature increase affects the hardness of the matrix, which was
made evident by the recrystallization of the matrix. This indicated that the transition point was not a single
influencing factor but a combination of systems acting together. The most commonly reported wear
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regimes for an Al-Si system in contact with a steel counterface are mild wear (MW) and severe wear
(SW).
Figure 2.23 shows a wear rate versus load map for an Al-Si binary system and various Al-Si systems with
Cu, Fe, and Ni as the alloying elements [108]. The binary Al-Si system contains a transition point at 30N
where the regime changes from mild wear to severe wear. This transition indicates a change in the
mechanisms. Alloying with 2% Cu increased the transition point from 30N to 80N and similarly when Ni
and Fe were added, the transition point increased slightly. Yen and Ishihara [109] and Goto et al. [110]
suggested that testing conditions such as humidity, atmosphere, and counterface materials were factors
which can all change the tribological behavior of any system under observation. An important observation
was made by Elmadagli et al. [111] when studying the sliding behavior of Al-18.5%Si, Al-8% Si, and Al25% Si in a controlled dry environment containing 5% relative humidity. The authors described that the
transition from mild to severe wear exists for all the alloys tested; however, two new sub-regions of wear
were observed. The state of ultra-mild wear (UMW) was observed when loads of 10N were used during
contact with 52100 bearing steel counterface in an argon atmosphere. When the counterface was changed
to a diamond like carbon (DLC)-coated steel counterface running in dry air (RH 5%) atmosphere, the
same condition of UMW was achieved.
Antoniou and Subramanian (1988) [112] developed a qualitative map to present wear data on aluminum
and its alloys, as shown in Figure 2.24. Within the wear mechanism map for aluminum alloys five wear
mechanisms have been identified by Antoniou. The method of identification relies heavily on the
topography and microstructure of the wear debris and associated worn surface. These five mechanisms
are: (a) formation of fine equiaxed particles, (b) delamination of compacted equiaxed particles, (c)
delamination of deformed aluminum alloy, (d) gross material transfer and (e) melt wear.
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Figure 2.20 Wear map for steel-on-steel during dry sliding [89]

Figure 2.21 Wear map of aluminum alloy outlining the boundaries for each wear mechanism [90]

39

Figure 2.22 Void and crack nucleation around the silicon particles under the contact surface

Figure 2.23 Wear rate versus load for four different Al-Si alloy systems
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Figure 2.24 Wear mechanism map for aluminum alloy [97]
2.12 Effect of Silicon Content on Wear
The amount and distribution of Si particles play an important role on the wear behavior of aluminium
alloy. There are contradicting findings in the literature on the effect of silicon.
Shivanath et al. [113] studied the wear behavior of binary Al-Si alloys with silicon content varying from
4 to 20% using a pin-on disc wear tester against steel disc. The authors conducted the tests at a constant
speed of 1 m/s up to a load of 24 kg and observed that the amount of silicon had a significant effect on the
transition load from mild wear to severe wear with the exception of Al-11% Si alloy, which showed a
discontinuity in the linear relation between transition load and the silicon content. The authors also found
that within the mild wear or oxidative wear region, the wear rates were independent of the silicon content
or the particle size of the silicon. Clarke and Sarkar [114] also conducted similar wear studies using a pin41

on-bush wear tester on binary Al-Si alloys with silicon content varying from 2 to 22% Si against a hard
EN31 steel disc. Wear rate as a function of silicon content from this study revealed that the beneficial
effects of silicon on wear resistance increased up to 11% Si, after which the wear resistance decreased and
the higher silicon content had no beneficial effect.
In fact, silicon particles in hypereutectic alloys caused wear on the steel counterface. The authors also
reported that the only benefit in hypereutectic alloys was that the seizure load in those alloys was higher
than the hypoeutectic alloys. Andrews et al. [115] studied the effect of silicon content on the wear behavior
of hypereutectic alloys containing 17, 20, 23 and 26% silicon using pin-on-disk wear tester against M2
tool steel disk. The alloys had other alloying elements such as 4.5%-3.2% Cu, 0.5%- 0.3% Mn, 0.1% Zn,
0.2% Ti, 0.05% P, and 0.4% Fe. The authors in this study showed that an increase in silicon content
resulted in a reduction in wear rates and an increase in the transitional load from mild wear to severe wear.
Later Pramila Bai and Biswas [116] studied the wear behavior of binary Al-Si alloys with silicon content
varying from 4%-24% in a POD wear tester against EN 24 steel disc. Using variance analysis, the authors
concluded that the silicon content had no significant effect on the wear rates and the coefficient of friction
of the alloys studied in the range of 4%-24%. However, the wear rate of these alloys was much lower
compared to commercial pure aluminum. Torabian et al. [117] also examined the effect of silicon content
on the wear behavior of binary Al-Si alloys with silicon content varying from 2 to 20% and found that the
wear rate decreases with increase in silicon content. However the decrease in wear rate was not significant
after 15% silicon content. The transitional load from mild wear to severe wear was also decreased with
increase in silicon content, and the wear process changed with alloy composition and the experimental
conditions; wear debris were generated by cracking and spalling of oxide particles and by delamination
of surface layers.
In general, the high wear resistance of Al-Si alloy is attributed to the presence of hard Si particles
distributed uniformly throughout the matrix. The distribution and size of the Si particles determine the
wear behavior of material.
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2.13 Effect of Grain Size on Wear
The effect of grain size on the tribological behavior of Al alloy is an important topic and has received
much attention. In general, finer grain size Al alloy has better wear resistance. Hisakado [118] reported
that larger grain sizes are associated with larger flaw sizes, which in turn leads to a decrease in the critical
stress needed for failure. He et al. [119] also reported that the wear resistance of alloy increases with
decreasing grain size. Korshunov et al. [120] reported an increase of 2-5 times in the wear resistance of a
quenched and tempered steel when the grain size was reduced from 100 to 10 µm. They have also observed
a slight (15%) reduction in the average value of the coefficient of friction within this grain size range.
There have been few reports however, where the opposite was found. For example, Xiong et al. [121],
using a pin-on-flat type wear test where the apparent contact area was maintained constant, reported that
larger Al grains exhibited better wear resistance. They also suggested that the fine grains (≈ 4µm)
entrapped wear debris, increased the real area of contact between the pin and the disc and induced an
increased wear rate from third body abrasion. The large grains (≈14 µm) were not as easily pulled out.
Generally, smaller matrix grain size leads to several benefits such as improved mechanical properties,
reduced porosity and improved surface finish [122-124].
2.14 Effect of Porosity on Wear
Porosity is a very common microstructural defect in cast or sintered products. The influence of porosity
on the wear behavior of materials has been reported as sometimes beneficial or detrimental in several
studies [125-138].
Porosity has a significant influence on wear rate when the applied load is large enough to render the pores
beneath the worn surface unstable. Fracture and plastic deformation are considered to be the main causes
of severe wear. If the strain-induced shear stress is larger than the shear strength of the material itself in
the subsurface, wear resistance will decrease severely. Thus the occurrence of severe wear depends on
strain-induced shear stress and the shear strength of the material. The presence of pores decreases the shear
strength of material since shear fracture takes place directly through these pores. In addition, the increase
of applied load can promote the enlargement of the size of the deformation zone beneath the worn surface,
so that more pores can influence the wear process.

43

Sub-surface pores usually elongate in the direction of sliding and in some cases close locally. During the
period of repeated sliding, elongated pores near the surface eventually propagate up to the sliding surface
and form flake-like debris. In another sense, the formation of surface cracks and attendant debris may be
a consequence of pore deformation and pore coalescence in the sub-surface layers or micro crack
nucleation at the subsurface pores. If pore closing occurs, it is predictable that the wear rate will decrease
considerably and the compact behaves similarly to a material of lower porosity. This behavior was
reported in previous investigations [139-141].
Hardness may be the main factor determining the abrasive wear behavior. An increase in hardness gives
rise to a decrease in wear rate [142], but is often altered by porosity [143]. Wang et al. [144] showed that,
under the same wear test conditions, and owing to high hardness and low porosity, the wear coefficient
becomes much smaller. This indicates that low porosity and high hardness are mainly responsible for low
wear coefficient in the running-in process.
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CHAPTER 3

EXPERIMENTAL METHODS

3.1 Materials
Three materials are used in this study; high pressure die cast A380M aluminium alloy, 6061 and pure
aluminium powders. The high-pressure die cast A380M aluminum alloy was obtained from Magna
Powertrain, while 6061and pure Al powders were obtained from Ecka granuels.
3.2 Powder Metallurgy Specimens Preparation
3.2.1 Powder Blending
The powders were weighed using a Denver Instrument APX-1502 scale and placed in Nalgene bottle. A
total of 0%, 1.5%, 10.5% and 14.5% lubricant (Lico wax C) was added to the powders separately and then
blended in a Turbula Model T2M mixer for 40 minutes to ensure homogeneity. Figure 3.1 shows the
Turbula Model powder mixer.

Figure 3.1 Turbula Model T2M mixer used for homogenizing the powder

45

3.2.2 Powder Compaction
Rubber molds were filled with the blended powders and sealed with electrical tape. The sealed molds were
then transferred to a cold isostatic press chamber for wet bag pressing. The chamber was then filled with
a mixture of water and water soluble oil (20:1). Using a high pressure air-operated piston type pump, the
pressure within the pressure chamber was increased to 200MPa and maintained for a dwell time of 5
minutes. Using the decompression valve, the pressure was then reduced at a rate of 1ksi/s to atmospheric
pressure and molds removed. The net result was that the loose powder was pressed into a single coherent
body of the same shape (but not dimensions) as the rubber mold. This material a “green body” was very
porous, brittle and friable. To increase density, green bodies were subsequently sintered. Figure 3.2 is the
cold isostatic pressing machine used for compacting powders.

Figure 3.2 Cold isostatic pressing machine
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3.2.3 Sintering
The sintering of compacted samples was conducted in a Linderburg Blue 3-Zone Tube Furnace Model
STF55666C-1(Fig.3.3). Here, samples were set on a tray that was then placed in the furnace at a location
optimized for minimal temperature deviation. Once the samples were placed in the furnace a vacuum
pressure in the tube was reduced to a value less than 9.9x10-2 Torr and then backfilled with nitrogen. This
was then repeated to minimize oxygen contamination in the atmosphere. Nitrogen was then allowed to
flow continuously at a rate of 9.4 L/min. Heating of samples then progressed in three stages: delubrication, sintering, and post-sinter cooling.

Figure 3.3 Lindberg tube furnace used to sinter green compacts

After ensuring that all the oxygen had been evacuated and that the nitrogen was flowing properly, the
temperature was quickly ramped to 400°C and held for 20 minutes. After the 20 minutes dewax stage, the
furnace was then ramped to the final sintering temperature of 620°C and held for a time period of 30
minutes. The power to the furnace was then turned off and the samples allowed to cool to 580°C. The
temperature profile during sintering is shown in Figure 3.4.
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Figure 3.4 Temperature profile during sintering of pure Al and Al 6061 powders

3.3 Materials Microstructural Characterization
3.3.1 Optical Microscopy
The specimens were carefully prepared to produce acceptable quality surfaces for image analysis.
Specimens were cut (20 mm × 10 mm × 5 mm), mounted and ground using 240, 320, 400 and 600 grit
SiC abrasive papers and then polished using 1 µm, 0.3 µm and 0.05 µm gamma alumina suspension.
Keller‘s solution (1vol% HF + 1.5 vol% HCl + 2.5 vol% HNO3 + 95 vol% H2O) was used as etching
reagent and the specimens were emerged in the solution for 15-20 seconds. Olympus BX51 research
microscope (Figure 3.5), equipped with bright-field objectives was used to analyze the microstructure at
high resolution.
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Figure 3.5 Olympus BX51 research microscope

3.3.2 Porosity Measurement
The green and sintered densities of samples were determined in accordance with MPIF (Metal powder
industries federation) Standard 42 (2002). In order to measure the un-sintered (green) density of the
compact, the weight of the samples were taken in air (wair) and after immersion in water (wwater). The
temperature of the water was also recorded. The green density was then calculated using the following
equation,
𝑊

𝜌𝐺𝑟𝑒𝑒𝑛 =𝑊𝑎𝑖𝑟

× 𝜌𝑤𝑎𝑡𝑒𝑟

𝑎𝑖𝑟−𝑊𝑤𝑎𝑡𝑒𝑟

Equation 3.1

where, ρwater is the density of water measured using,
ρwater = 7 × 10−8 T 3 − 1 × 10−4 T + 0.9996
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Equation 3.2

where T is the measured temperature of the water in degree Celsius. In order to seal the surface-connected
porosity the parts/test pieces are oil impregnated or the pores are filled with a suitable material. The
sintered density was performed by weighing the samples in air, prior to infiltrating them with ESSONUTO H46 hydraulic oil under vacuum for 30 min. The vacuum was released and the specimens were
placed on a screen to drip dry for 5-7 minutes before continuing. Specimens were then lightly wiped,
cleaned and weighed in air (with oil impregnation). Finally, oil-impregnated samples were weighed in
water and the sintered density was calculated as follows:
𝜌𝑠𝑖𝑛𝑡𝑒𝑟𝑒𝑑 =

𝑊𝑎𝑖𝑟 × 𝜌𝑤𝑎𝑡𝑒𝑟
𝑊𝑎𝑜−𝑊𝑤𝑜

Equation 3.3

where, Wao is the weight of the oil infiltrated specimen in air and 𝑊𝑤𝑜 is the weight of the oil infiltrated
specimen in water.
sintered density

Vol % porosity = 100 − (theoritical density × 100)

Equation 3.4

Here, the theoretical density of pure Al and Al 6061 was calculated to be 2.69 g/cc and 2.70g/cc according
to the rule of mixture. Calculated green and sintered densities and % porosity for pure and 6061 Al as a
function of the amount of wax used are given in Tables 3.1 and 3.2, respectively.
Table 3.1 Basic properties of sintered pure Al
No wax
1.5% wax
10.5% wax
14.5% wax

Green density (g/cc)
2.51
2.32
1.98
1.56

Sintered density (g/cc)
2.62
2.40
2.05
1.78

Volume porosity (%)
2.7
11
24
34

Sintered density (g/cc)
2.52
2.32
1.86
1.57

Volume porosity (%)
6.6
14
31
41

Table 3.2 Basic properties of sintered Al 6061
No wax
1.5% wax
10.5% wax
14.5% wax

Green density (g/cc)
2.49
2.24
1.75
1.48
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3.3.3 Area Percent Porosity
Surface porosity of samples was calculated using image analysis software (Image-Pro Plus, version
6.3.0.512). A series of images were taken to cover the whole surface area of the sample. Porosity was
identified based on pores gray-level intensity differences compared to the matrix. Gray-level threshold
settings were selected to permit independent detection of porosity, using the flicker method of switching
back and forth between porosity and the matrix. Second-phase particles and dendrite may be counted as
porosity because their gray-level range is similar to that of porosity. The grey-level thresholds as well as
boundary conditions (i.e., aspect ratio, min radius and area) were carefully controlled in order to avoid the
identification of second-phase particles and dendrite as porosity. A counting protocol was chosen to
correct for edge effects so that a porosity lying across a field boundary is counted only once (Standard
Practice for Determining the Inclusion or Second-Phase Constituent Content of Metals by Automatic
Image Analysis, 2008).
For each field, the area fraction of the detected area of porosity was measured by dividing the detected
area of porosity by the area of the measurement field. The area fraction of the porosity of ith field (𝐴Ai)
was calculated using the following equation:
𝒋=𝒎

𝑨𝑨𝒊 =

∑𝒋=𝟏 𝑨𝒋
𝑨𝑻

Equation 3.5

Where, AT is the total field area (m2) and Aj is the area of the detected jth pore (m2) of total ‘m’ pore
present in the ith field. The average area fraction of porosity of the total ‘n’ field (𝐴𝐴 ) was calculated by:
𝑨𝑨 =

∑𝒊=𝒏
𝒊=𝟏 𝑨𝑨𝒊
𝒏

Equation 3.6

Where, n is the number of field’s measured or total number of images taken to cover the surface area of
the sample. The standard deviation (S), 95% confidence interval (95% CI) and percent relative accuracy
(% RA) was calculated using the following equations:
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𝑺= [

∑(𝑨𝑨𝒊 −𝑨𝑨 )
𝒏−𝟏

𝟗𝟓% 𝑪𝑰 =

% 𝑹𝑨 =

𝟗𝟓%𝑪𝑰
𝑨𝑨

𝟏⁄
𝟐

𝟐

]

𝒔𝒕
√𝒏

× 𝟏𝟎𝟎

Equation 3.7

Equation 3.8

Equation 3.9

The value of percent porosity is expressed as the mean value plus or minus the 95% CI. Here,‘t’ is a
constant, the value of which is expressed as a function of n. Over n = 30, the value may be defaulted to a
value of 2. The percent relative accuracy (% RA) is an estimate of the percent of error of each measurement
as influenced by the field-to-field variability of the values.
3.3.4 X-ray Diffraction
X-ray diffraction was conducted on as received Al A380M, pure Al and Al 6061 alloy. The Al A380M
specimen was cut (20 mm × 10 mm × 5 mm) ground and polished down to 0.05 µm, as described in section
3.2.1. The samples were then cleaned in methanol in an ultrasonic bath and mounted in a specimen holder.
The raw powders were placed in shallow sample holders. X-ray diffraction (XRD) was carried out
employing a high-speed Bruker D8 Advance XRD system. The XRD system uses a high-speed Lynx Eye
TM detector and CuKα radiation having a wave length of 1.54 Å, tube voltage of 40 kV and tube current
of 40mA. Samples were scanned from a 2θ angle of 20º to 140º with a step size of 0.049º. Diffraction
patterns were analyzed using Bruker‘s EVA software and compared to known diffraction patterns present
in the International Centre for Diffraction Data (ICDD) powder diffraction file (PDF) database. Al and Si
peaks were matched to those in the Powder Diffraction Files and identified as having FCC crystal
structures. The XRD system is shown in Figure 3.6.
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Figure 3.6 Bruker D8-Advance XRD system

3.4 Macro and Micro Mechanical Properties
The macro and micro mechanical properties of the samples were investigated using Rockwell hardness
testing and nanoindentation.
3.4.1 Rockwell Hardness Testing
Rockwell hardness tests were carried out on all specimens; Al A380M, pure Al and Al 6061 alloys. Tests
were performed on a Leco R600 Rockwell hardness tester (Figure 3.7) using the “A” scale under a load
of 60 Kg with a diamond indenter. Prior to testing, specimens were ground and polished as above. The
Rockwell hardness test device was calibrated prior to operation using standard calibration blocks. Six
indentations were made at random locations on all the samples.
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Figure 3.7 Rockwell hardness tester (Leco R600)
3.4.2 Nanoindentation
Nanoindentation experiments were conducted using a nanoindentation system (developed by Bruker,
USA) having a nanohardness head and a controller attached to a Bruker multifunctional system. The
instrument uses a Berkovich diamond pyramid (Figure 3.8) with an angle of 65.3° between the tip axis
and the faces of the triangular pyramid. The displacement of the indentation and the load could be
measured independently with a resolution of 0.03 nm and 0.1 µN, respectively. Twelve measurements at
twelve different locations on the polished surface were produced on a given specimen using maximum
load range from 50 mN to 400 mN in order to ensure that any irregularities in the surface will not affect
the hardness values significantly. The test generates a depth versus load curves that can be used to calculate
hardness and elastic modulus of the materials. The total penetration depth consists of a plastic component
and an elastic recovery component which occurs during the unloading. Maximum indentation depth (hmax)
can be expressed as:
54

hmax= hc + [

(π−2)

2P

] ( dpmax
)
⁄dx

π

Equation 3.10

where p and h are load and indentation depth, respectively. hmax, Pmax, and slope at maximum load dp/dh
are determined from the load versus displacement profile. Hardness (H) at the maximum applied load
was calculated using Oliver and Pharr method [150].The relationship between H and the maximum applied
load (Pmax) is as follows:
H=

Pmax

Equation 3.11

A

where A is the area of contact and for Berkovich indenter is given by,
A = 24.5hc 2

Equation 3.12

where hc is the contact depth. The elastic modulus can be expressed as

1 dp √π

E ∗ = 2 dh √A

Equation 3.13

where

1
E∗

=

1−v1 2
E1

+

1−v2 2

Equation 3.14

E2

Here, E2 and v2 are elastic modulus and Poisson’s ratio of the test material, and E1and v1 are the same
parameters for Berkovich indenter. In the current analysis E1 and v1 were taken as 1141 GPa and 0.07,
respectively.
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Figure 3.8 Berkovich diamond indenter

3.5 Tribological Characterization
3.5.1 Reciprocating Wear Test
Dry reciprocating wear tests were employed using a Universal Micro-Tribometer (UMT) (manufactured
by Bruker, USA). This test method involves a ball upper specimen that slides against a flat lower specimen
in a linear, back and forth, sliding motion, having a stroke length of 5.03 mm. All tests were performed at
room temperature and at a relative humidity of 40-55%. The load is applied downward through the ball
specimen against the flat specimen mounted on a reciprocating drive. The specimens were securely
fastened inside the wear chamber. The tester allows for monitoring the dynamic normal load, friction force
and depth of the wear track during the test. Figure 3.9 depicts an image of the wear chamber and the
sliding ball of the UMT tribometer.
A 6.3 mm diameter AISI 52100 bearing steel ball having a hardness of HRA 83 was used as a counterface material. The ball was mounted inside a ball holder which was attached directly to a suspension
system which, in turn, is attached to a load sensor that controls and records forces during the test. The
instantaneous values of calibrated normal load (FZ), tangential load (FX), and depth of wear track (Z) were
measured and continuously recorded using a data acquisition system. The data automatically calculates
the variation of the coefficient of friction, COF (μ= FX/FZ), with time. The weight of the specimen was
measured before and after each wear test to determine individual weight-loss at selected time intervals.
The test condition for the reciprocating test is given in Table 3.3.
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Al A380M, Al 6061 and pure Al specimens were tested under six different loads (1.5 N, 2 N, 2.5N, 3N,
4N and 5N), a frequency of 10 Hz and total time interval of 120 min.

Figure 3.9 Reciprocating wear tester
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Table 3.3 Operating conditions for reciprocating wear test
Test conditions
Lubricant

None

Temperature

Ambient

Pressure

1atm

Relative humidity

40-55%

Stroke length

5.03mm

Following wear testing, wear debris generated from the tested samples were collected for further analysis.
3.6 Scratch Testing
Scratch tests were performed using a Universal Micro-Tribometer (UMT). This test method utilizes a
diamond indenter that slides in a linear sliding motion, having a scratch length of 5 mm. All tests were
conducted at room temperature and at a relative humidity of 40-50%. The load is applied downward
against the flat specimen. The tester allows for monitoring the dynamic load and friction force. Figure
3.10 represents a schematic diagram of a scratch tester.
A Rockwell diamond indenter tip of radius 200 microns was used in the test. The instantaneous values of
calibrated normal load (Fz), tangential load (Fx) were measured and recorded using a data acquisition
system. Various positions were selected on the samples and a single pass scratch test was performed using
constant 1N load and a 0.166mm/s indenter velocity.
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Figure 3.10 Schematic diagram of scratch tester
3.7 Scanning Electron Microscopy (SEM)
Hitachi S-4700 cold field scanning electron microscope was used to examine worn surfaces of Al A380M,
pure Al, Al 6061 alloy samples and wear debris collected during wear tests. The samples were mounted
to aluminum sample stubs using hot glue and copper tape for good conductivity. Wear debris were secured
by ultra-smooth carbon adhesive tabs on 15 mm diameter aluminum sample stubs. The SEM was operated
at an accelerating voltage of 10 kV, beam current of 15 μA, and working distance of 12mm. An Oxford®
X-Sight 7200 Energy Dispersive Spectroscopy (EDS) system was also used for chemical analysis of wear
tracks and wear debris. INCA software was then used for analyzing the acquired spectra.
3.8 Optical Profilometer
The optical profilometer is a powerful tool for examining both the general features of the wear tracks and
determining the volume of the individual wear tracks. The wear tracks may also be examined as pseudo
three-dimensional images, allowing for a comparison of track depths. Following reciprocating wear tests,
wear tracks were scanned using a non-contact white light optical profilometer. The optical profilometer
was built, assembled and programmed at the Advance Tribology Laboratory at Dalhousie University. The
optical profilometer uses a high resolution Chromatic Confocal Sensor optical pen attached to STIL Initial
controller (STIL, France) and two stepper motors with 3.175 μm step size (Figure 3.11). The measuring
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range of the optical pen is 4.0 mm. with working distance of 16.4 mm and maximum slope angle of +/21º. Software integration for optical pen and stepper motors was performed using Visual Basic.

Figure 3.11 Optical profilometer
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CHAPTER 4
4.1

RESULTS AND DISCUSSION

Materials Characterization

4.1.1 Al A380M Alloy
The chemical composition of Al A380M was determined using inductively coupled plasma mass
spectrometry and is summarized in Table 4.1. The letter “M” in A380M indicates higher manganese
content. High silicon content helps to increase fluidity and improve corrosion resistance [145-147].
Furthermore, the presence of silicon as an alloying element in these alloys improves wear resistance
significantly. However, there is no universal trend in wear behavior of Al-Si alloys with respect to silicon
content [148]. In other words, increasing the Si content in the alloy does not always increase the wear
resistance. The presence of magnesium improves hardenability, while copper is added to increase lowtemperature strength [149].
Table 4.1 Composition of Al A380M aluminium alloy

Composition (weight %)
Al

Si

Cu

Fe

Mn

Mg

Zn

85.2

8.35

3.06

0.87

0.31

0.06

2.15
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X-ray diffraction (XRD) was carried out on Al A380M aluminum alloy. Al and Si peaks were matched to
those in the Powder Diffraction Files and the alloy is identified as having FCC crystal structure. The XRD
pattern for the Al A380M is shown in Figure 4.1.

Figure 4.1 XRD pattern of Al A380M alloy
Porosity in high pressure die cast aluminium component is caused by the combined effects of solidification
shrinkage and gas entrapment. Shrinkage takes place when the metal is solidifying inside the die. This
shrinkage may form voids, known as shrinkage porosity. Gas porosity is caused by the entrapment of air
during the casting process. Shrinkage porosity tends to be large and irregular in shape while gas porosity
is small and spherical in shape. The as received high pressure die cast Al A380M alloy exhibits 0.6% gas
porosity and 1.5% shrinkage porosity. These two types of porosity are combined to give a total porosity
content of 2.1%. An optical micrograph of Al A380M is shown in Figure 4.2. It was also observed that,
the distribution of pores was non-uniform and the pore shape was somewhat irregular. Details of
microstructural characteristics are shown in Table 4.2.
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Figure 4.2 Optical micrograph of HPDC A380M Al

Table 4.2 Microstructural characteristics of Al A380M
Specimen

Al grain

Pore size

size

(µm)

Pore shape

(µm)
Al A380M

25

Surface

Pore

porosity

distribution

(%)
31

irregular
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2.1

non-uniform

4.1.2

Pure Al and Al 6061

4.1.2.1 Powder Characterization
SEM analysis of pure Al and Al 6061 powders were conducted to observe particle morphology. The
appearance of these powders are shown in Figure 4.3. Both powders exhibit a somewhat spherical shape.
The measured chemistries of each powder is summarized in Table 4.3.

Figure 4.3 SEM images of raw powders (a) pure Al (b) Al 6061
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Table 4.3 Chemical composition of pure Al and Al 6061 powders
Elements (%)

Al

Mg

Si

Fe

Cu

Zn

Pure Al

99.9

0.03

0.03

0.01

0.01

0.02

Al 6061

97.5

1

0.6

0.5

0.2

0.2

X-ray diffraction (XRD) was also carried out on pure Al and Al 6061 powders. Al peaks were matched to
those in the Powder Diffraction Files and both powders identified as having FCC crystal structure. The
XRD patterns for the pure Al and Al 6061 are shown in Figure 4.4 and 4.5.
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Figure 4.4 XRD pattern of pure Al
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Figure 4.5 XRD pattern of Al 6061
Particle size analysis of the raw powders was performed using a Malvern particle size analyzer (model
2600c) equipped with MASTER particle sizer 3.1 analytical software. Tests were conducted using a focal
length of 100 mm and a beam length of 300 mm. Particle size distribution data is summarized in Table
4.4.The results of the Malvern examination are shown in Figures 4.6 and 4.7. The D50 line is included in
those figures to show the average particle size.
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Figure 4.6 Particle size distribution curve for pure Al powder

Figure 4.7 Particle size distribution curve for Al 6061 powder
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Table 4.4 Particle size distribution of pure Al and Al 6061

Powders

D10(µm)

D50(µm)

D80(µm)

D90(µm)

Pure Al

1.53

3.56

5.78

7.35

Al 6061

16.6

70.9

117

143
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4.1.2.2 Pore Formation in Sintered Pure Al and Al 6061 Alloy
During powder compaction, the size, shape and amount of pores are largely dependent on processing
parameters, i.e., amount of lubricant and compaction pressure. During sintering, the lubricant is burned
off and as a result material density drops. Also, a lower compaction pressure leads to higher porosity and
reduced density of compacts.
Different surface characteristics were observed by varying the amount of lubricant used. Pure Al specimen
with no wax has shown less surface porosity than all other specimens. Surface porosity ranges from 1.9%
for no wax to 15.1% for 14.5% wax. On the other hand, volume percent porosity ranges from 2.9% to
33.9% respectively. From Figure 4.8 (a, b, c, d) it is clearly observed that with increasing the weight
percentage of lubricant, the amount of porosity and the size and shape of the pores change significantly.
The dark spots in Figure 4.8 are porosity. Pores became more uniformly distributed and larger in size
when using higher amounts of lubricant, which is clearly visible from Figure 4.8 (c, d).
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Figure 4.8 Optical micrographs of pure Al samples mixed with (a) no wax (b) 1.5% wax (c) 10.5
wax (d) 14.5% wax

In the case of Al 6061, porosity content was higher than that of pure Al for the same amount of lubricant.
The surface porosity ranges from 3.5% for no wax to 20.7% for 14.5% wax (Table 4.5). On the other
hand, volume percent porosity ranges from 6.5% to 41.7%, respectively. Figure 4.9 (a, b, c, d) shows a
significant increase in pore size when the amount of lubricant is increased.
As all the specimens were compacted under the same pressure and sintered under the same sintering
conditions, the amount of lubricant plays the most significant role in determining pore size, shape and
amount. The added lubricant flows between Al powders and impede pore closure during compaction.
Pores that are present in the compact are filled by the lubricant. At the time of sintering, the lubricant is
burned off and pores form in those regions of the compact. When more lubricant is added, more spaces
are occupied by the lubricant during compaction and subsequently larger pores are formed after sintering
and as a result the overall porosity content is increased.
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Figure 4.9 Optical microscopy of Al 6061 samples mixed with (a) no wax (b) 1.5% wax (c) 10.5%
wax (d) 14.5% wax
Detailed descriptions of Al grain size, pore size and pore shape are given in Table 4.5. With increasing
the amount of wax, porosity content, pore size, pore shape and porosity distribution vary over a wide
73

range. For pure Al, the size of pores increased from 2.7 µm at 1.9% surface porosity to about 27 µm for
15.1% porosity. On the other hand, for Al 6061, pore size increased from 12 µm at 3.5% porosity to about
33 µm for 20.7 % porosity. In both cases, surfaces with low porosity content had circular shaped pores,
but with increasing porosity content, the pores became irregular. Uniform pore distribution was observed
in both pure Al and Al 6061 specimens. It is noticeable from Table 4.5 that, Al (pure and alloy) grain size
remained almost constant. For pure Al, the average grain size of all sintered specimens is around 5.5 µm
and for Al 6061 is about 45.6 µm.
Generally fine powder particle sizes tend to form smaller grains, while large particles form larger grains.
Grain boundaries act as impediments for creating porosity. Due to boundary diffusion, pores that touch
grain boundaries are eliminated. The fewer the number of grain boundaries the higher the probability of
forming pores. As Al 6061 specimens have larger grain size than pure Al specimens, a higher porosity
content was observed in Al 6061 specimens. It can be concluded that smaller initial powder particle size
leads to lower sintered porosity.
Table 4.5 Microstructural characteristics and hardness values of sintered pure Al and Al 6061
Specimen

Pure Al

Wax

Al grain

Pore

Pore shape

Volume

Surface

Rockwell

(%)

size

size

porosity (%)

Porosity

hardness

(µm)

(µm)

(%)

(HRH)

0

5.5

2.7

round

2.9

1.9

80

1.5

5.5

14.3

round

10.8

5.8

72

10.5

5.6

19.3

round and

23.8

12.7

61

irregular
Al 6061

14.5

5.5

27.0

irregular

33.9

15.1

48

0

45.6

12.0

round

6.5

3.5

84

1.5

46.1

20.0

round

13.8

10.3

67

10.5

45.3

28.0

round and

30.9

16.0

23

41.7

20.7

8

irregular
14.5

45.7

33.0

round and
irregular
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4.2 Effect of Porosity on Mechanical Properties
To investigate the effect of porosity on hardness of pure Al and Al 6061 specimens, a series of Rockwell
hardness measurements were conducted and plotted in Figure 4.10. In both cases, hardness decreases with
increase in % surface porosity of the specimens. The hardness of pure Al containing 1.9%, 5.8%, 12.7%
and 15.1% surface porosity is around 80, 72, 61 and 48 HRH. On the other hand, the hardness of Al 6061
containing 3.5%, 10.3%, 16.0% and 20.7% surface porosity is around 84, 67, 23 and 8 HRH respectively.
In the case of pure Al, a reduction in hardness of about 40% is observed as surface porosity increased
from 1.9 % to 15.1% and for Al 6061 90 % hardness reduction is observed as porosity increased from
3.5% to 20.7 %. This trend is in agreement with published work [151]. When porosity increases, load
bearing area decreases. Moreover, increased porosity in the subsurface raises the chances for crack
nucleation and link-up of pores. This results in weakening of the materials and dropping strength. With
increasing porosity reduction in hardness in 6061 Al is faster than pure Al because of larger pores.
Hardness observed in Al A380M is 102 HRH. The high hardness exhibited by HPDC Al A380M may be
contributed to both lower amount of porosity and higher Si content.
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Figure 4.10 Variation in hardness with surface porosity for pure Al and Al 6061

Indentation data was collected for various max loads for Al A380M. Each indentation test involves 7
separate indentations on different locations on the specimen surface to compensate for any variations in
surface characteristics (i.e., surface pores, defects, grain orientations, etc.). The curves in Fig 4.11 reveal
a typical load versus indentation depth patterns. As expected, all curves generated using different
maximum loads overlap. The curves exhibit high recoverable deformation and relatively small permanent
deformation upon unloading. It is also evident that indentation tests performed under the load range of 50
mN-350mN show residual plastic deformation. The curves show varying hysteresis size as a function of
maximum load. Calculated mechanical properties of Al A380M are given in Table 4.6.
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Table 4.6 Nanoindentation test data for Al A380M

Physical Properties
Young’s modulus (GPa)

48.90

Hardness (GPa)

1.01

Figure 4.11 Load vs indentation depth profile for Al A380M alloy
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Nanoindentation tests were also performed on pure Al and Al 6061 as a function of porosity.
Nanohardness and Young’s modulus were calculated using Oliver and Pherr method [150]. Figures 4.12
(a) and 4.12 (b) show typical load-depth curves obtained from nanoindentation experiments for pure Al
and 6061 Al alloys. The influence of porosity on Young’s modulus and nanohardness of pure Al and Al
6061 specimens are given in Table 4.7.
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Figure 4.12 Load vs depth profile for (a) pure Al and (b) Al 6061 using 100 mN load

Table 4.7 Nanoindentation test data for sintered pure Al and Al 6061 alloy
Pure Al

Young’s

Hardness

Al 6061

Young’s

Hardness

surface

modulus

(GPa)

surface

modulus

(GPa)

porosity (%)

(GPa)

porosity (%)

(GPa)

1.9

31.49

0.56

3.5

57.32

0.67

5.8

24.94

0.52

10.2

51.22

0.64

12.5

22.01

0.42

16.0

19.70

0.48

15.1

16.63

0.37

20.7

10.11

0.39

From the above table, it is clear that Young’s modulus and nanohardness both decrease with increasing
surface porosity. In case of pure Al, a reduction in Young’s modulus of about 47% is observed as surface
porosity increased from 1.9 % to 15.1% and for Al 6061, 82 % reduction is observed as porosity increased
from 3.5% to 20.7 %. In case of nanohardness this reduction is about 34% for pure Al and 42% for Al
6061 with the same amount of porosity increase. The morphology of the pores immediately beneath the
Al matrix or within the zone of influence has a significant effect on the response of the indenter and
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measured nanohardness and Young’s modulus. The resistance that the indenter experience, as it becomes
in contact with a solid phase in the Al specimen, depends on whether or not pores are present beneath the
surface. As the amount of porosity increases, the resistance to deformation drops. Similarly, the maximum
depth (hmax) of penetration of the indenter, for a given maximum load, increases with the amount of
porosity. In this work, for pure Al, indentation depth increased from 2.5 µm to 3.5 µm for the same
constant load 100 mN as the total amount of porosity increased from 1.9% to 15.1%. And for Al 6061,
this depth increase was from 2.4 µm to 3.0 µm as surface porosity increased from 3.5% to 20.7%. As
outlined in the experimental section, there is an inverse relationship between contact depth (h c) and
nanohardness and Young’s modulus. Furthermore, the relationship between maximum indentation depth
(hmax) and the contact depth (hc) is given by the following equation:
hmax = hc +

π−2
π

he

Equation 4.1

Where he is the elastic depth upon unloading. It can be concluded from this argument that, as the contact
depth increases, contact area also increases (Equation 4.1) and accordingly nanohardness and Young’s
modulus decrease (Equation 3.11 and Equation 3.13). Fleck et al. [152] also studied the effect of porosity
on indentation using both finite elemental analysis and cavity expansion model. They suggested that,
resistance to indentation decreases with increasing porosity. Similar conclusion has been reached by others
[153-155] regarding the relationship between nanohardness, Young’s modulus and porosity.
4.3 Effect of Surface Porosity on Wear Rate
Figure 4.13 (a,b) represent the correlation between weight loss and sliding distance for pure Al (1.9%
porosity) and Al 6061(3.5% porosity) specimens. The plots reveal a somewhat linear increase in weight
loss with sliding distance. As expected, it is observed that at any given sliding distance, weight loss
increases with applied load as is evident by the upward shift in the weight loss versus sliding distance
curve. This trend is in agreement with other researchers [156-164]. To investigate the effect of porosity
on wear, wear rate, calculated from the slopes of the weight loss versus sliding distance, is plotted as a
function of % surface porosity. The wear rate of pure Al containing 1.9%, 5.8%, 12.7% and 15.1%
porosity and of Al 6061 containing 3.5%, 10.3%, 16.0% and 20.7% porosity is plotted in Figures 4.14 and
4.15 respectively. It can be seen from the Figures that the wear rate increases with an increase in surface
porosity in both cases. For pure Al, wear rate doubles as surface porosity increases from 1.9% to 15.1%
under 2.5N load. A similar trend is also found under other loads. On the other hand, for Al 6061, wear
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rate increases two and half times when surface porosity increases from 7.5% to 20.7% under 2.5N load.
At high porosity, the surface roughness of the material increases, consequently the possibility of the
generation of wear debris increases as a result of asperity-asperity contact. Also, a rise in porosity leads
to drop in hardness of the material and therefore affects the rate of wear of the material.
Furthermore, the stress intensity is particularly high near pores which act as sources for cracks during
wear. The stress intensity increases with increasing normal load. At low load, the pores beneath the worn
surface remain stable and cannot propagate significantly. As a result, subsurface deformation and strain
are relatively low. However, with increasing load, pores beneath the worn surface become unstable and
cracks originated from these pores can propagate significantly. Consequently, areas surrounding pores
become failure-prone.
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Figure 4.13 Weight loss versus sliding distance curve for (a) pure Al (1.9% porosity) and (b) Al
6061(3.5% porosity)
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Figure 4.14 Wear rate versus surface porosity for pure Al under 10 Hz frequency

Figure 4.15 Wear rate versus surface porosity for Al 6061 under 10 Hz frequency
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The effect of porosity on wear resistance depends not only on total porosity content, but also on
pore distribution and connectivity. When the pores are uniformly distributed, cracks can propagate
at a high rate as pores can easily link up with each other and form a wide network of cracks. This
effect ultimately contributes to the fracturing of material and increasing wear rate. Pores in 6061
Al and pure Al are more uniformly distributed than A380M Al (see Figure 4.1), which may also
contribute to the higher wear resistance exhibited by A380M Al. For Al 6061, wear rate increased
about 30% as the surface porosity increased from 3.5% to 10.3%. Similar results (increase in wear
rate with increasing porosity) were reported in the open literature [165-166]. Furthermore, with an
increase in the amount of porosity, the link up of pores and the distance cracks need to travel before
meeting another pore is shorter. Thus, increasing fracturing and wear. Figure 4.16 is a schematic
diagram showing the effect of pore distribution on wear rate.

Figure 4.16 Schematic diagram depicting the effect of (a) non-uniform and (b) uniform pore
distribution on wear rate
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4.4 Effect of Normal Load and Coefficient of Friction on Wear Behavior
Normal load is also regarded as input weight. Two representative curves are plotted here to study the effect
of normal load on wear rate. From Figures (4.17 (a), (b)), we observe that with increasing load weight loss
is increased. Due to in contact area and rise in the coefficient of friction, the harder material (steel ball)
will grind the softer material at a higher rate. Increasing the load also tends to cause extensive subsurface
plastic deformation and crack nucleation, thus, accelerates wear rate.
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Figure 4.17 Normal load vs wear rate for (a) Al A380M alloy (b) Pure Al (1.9% porosity)
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The coefficient of friction is plotted as a function of porosity in Fig.4.18. As shown in the Figure, the
coefficient of friction decreases with increasing normal load. Under dry sliding conditions, the generation
of frictional heat between two sliding surfaces raises the temperature at the interface. This temperature
rise promotes softening of the aluminium, which in turn, lowers the coefficient of friction with increasing
load.

Figure 4.18 COF vs load for Al A380M alloy
The coefficient of friction of the pure Al specimens containing 1.9%, 5.8%, 12.7% and 15.1% porosity
were determined to be 0.41, 0.44, 0.57, and 0.63 respectively. And for Al 6061, the coefficient of friction
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of the specimens containing 3.5%, 10.3%, 16.0% and 20.7% was determined to be 0.43, 0.52, 0.60 and
0.66, respectively. The correlation between coefficient of friction and surface porosity is plotted in Figure
4.19 .

Figure 4.19 COF vs surface porosity for pure Al and Al 6061 at 3N load
At high porosity, the surface roughness of the material increases and consequently the possibility of the
generation of wear debris increases as a consequence of asperity-asperity contact. Therefore, the rise in
the coefficient of friction with increasing porosity might be attributed to the formation of more asperityasperity contact during sliding. Yalcin [167] found similar results (increase in coefficient of friction with
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increasing porosity). He further suggested that, under dry friction conditions, a decrease in the coefficient
of friction results in a decrease in the mass loss of the porous material.

4.5 Worn Surface Evolution
Worn surfaces of Al A380M, pure Al and Al 6061 specimens were analyzed using optical profilometer
and scanning electron microscopy. Figures 4.20, 4.21 and 4.22 represent optical profilometer scans of
wear tracks of all three different materials at 3, 4 and 5N load (starting from the left) and 10 Hz frequency.
It is important to underline here that the depth of the wear tracks varied significantly in each sample with
increasing load. At 5N load and 10 Hz frequency, the depth of the Al A380M alloy was 110µm which is
22% higher than 3N load with same frequency. Due to low weight loss in pure Al in comparison to Al
6061, wear track depths were shallower than those of Al 6061 specimens. At 5N load and 10 Hz frequency,
the wear track depth of pure Al having higher amount surface porosity (15.1%) show 83% increase in
depth as compared to lower porosity (1.9%). On the other hand, for Al 6061, having higher amount of
surface porosity (20.7%) exhibits 90% increase in depth compared to lower porosity (20.7%).
The variation in volume loss with applied normal load (calculated from profilometry scans) is plotted in
Figure 4.23 (a) and (b). The curve shows a somewhat linear relation between normal load and volume loss
for a given porosity level. The volume loss increased with increasing porosity as expected. As discussed
earlier wear resistance increases as hardness increases. At low load (1.5N) for Al 6061, the volume loss
increases by 42% as porosity increases from 3.5% to 10.3%. However, at high load (5N) the difference in
percent volume loss (46%) is over 2 times higher than low load.
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Figure 4.20 Optical profilometry scans of wear tracks; (a, b) Al A380M at 3, 4 and 5N load and 10
Hz frequency.

Figure 4.21 Optical profilometry scans of wear tracks; (a, b) pure Al (1.9%porosity) and (c, d)

(15.1% porosity) at 3, 4 and 5N load and 10 Hz frequency.
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Figure 4.22 Optical profilometry scans of wear tracks; (a, b) Al 6061 (3.5%porosity) and (c, d)

(20.7% porosity) at 3, 4 and 5N load and 10 Hz frequency.
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Figure 4.23 Volume loss vs surface porosity for (a) pure Al and (b) Al 6061
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Figure 4.24 represents the worn surface of as received Al A380M specimen at 2.5N load and 10 Hz
frequency. Two wear mechanisms have been identified from SEM as dominant mechanisms during dry
sliding wear of Al A380M aluminium alloy, namely, abrasion and delamination. Abrasion plays a
significant role in the process as depicted by the shallow grooves along the wear track (Figure 4.24 (a)).
These grooves extend parallel to the sliding direction. Such features are characteristics of abrasion, in
which hard asperities of the steel counterface plough through the Al specimens.
A second mechanism contributing to the observed wear is delamination. Plastic deformation leads to
changes in the microstructure of the subsurface, making the material unstable to local shearing causing
delamination [168]. Delamination wear occurs as a result of subsurface nucleation of cracks at pores and
propagation of these cracks. Pores serve as the origin and end of crack propagation, hence reducing the
required length of crack propagation. Figure 4.24 (b) shows evidence of delamination as a result of plastic
deformation of the surface. Hertzian-type cracks were also observed on the worn surface as a result of
surface tensile stresses that evolve during Hertzian contact (Figure 4.24 (c)). These types of cracks
normally extend perpendicular to the sliding direction.
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Figure 4.24 SEM micrographs of worn surface (a,b,c) and (d) EDS analysis of wear track for Al
A380M alloy
EDS analysis was conducted on the worn surface of Al A380M alloy and is shown in Figure 4.24 (d).
EDS confirmed that the worn surface contained a considerable amount of oxygen. The presence of oxygen
on the worn surface is indicative of oxidative wear. As sliding takes place, the increase in temperature at
the interface promotes the formation of oxides. Absence of Fe implies that, there is no material transfer
from the counterface (AISI 52100 bearing steel ball). As a result, mechanical mixing of materials did not
take place between the two sliding surfaces. Figures 4.25 and 4.26 show wear surface morphologies of
pure Al and Al 6061 specimen containing 15.1% and 20.7% porosity, respectively, under 2.5N load and
10 Hz. The wear tracks of the samples were characterized by surface deformation and heavy damage in
the form of longitudinal grooves extending parallel to the sliding direction which are clearly observed in
Fig.4.25 (a) and Fig.4.26 (a) as evidence of abrasion. This process of material removal from the surface
via plastic deformation during abrasion occurs by ploughing. As a result of plastic flow of the soft Al
matrix, ploughing results in a series of grooves [169]. The material loss caused by this damage resulted in
deepening and widening of wear tracks [170]. In the ploughing process, Al is displaced from a groove to
the sides. During ploughing, ridges form along the sides of the ploughed grooves regardless of whether or
not wear particles are formed. These ridges become flattened and eventually fracture after repeated loading
and unloading cycles.
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Based on the experimental observations in this study, several factors can be identified that affect wear
resistance of the sintered Al specimens, namely the amount of porosity, pore size, shape, hardness and
operating conditions (load and frequency). As pore edges represent stress concentration areas they trend
to rupture with the reciprocating motion of the slider [171]. This is apparent from the cracks extending
near the pores shown in Fig.4.25 (d) and Fig.4.26 (b). Hertzian-type cracks were also observed on the
worn surface of pure Al specimens which is clearly visible from Figure 4.25(c). The pores in the Al
specimens act as the preferential sites for the wear debris to agglomerate. At the same time, grooves are
generated in the surface along the sliding direction. The debris generated between the sliding surfaces will
be pushed into the grooves and pores. As the wear tests were conducted under low loading condition, the
amount of wear debris formed were very low. Some of the debris were entrapped into the grooves and
pores and some were remained between the sliding surfaces which is clearly visible from Figure 4.23 (b).
Some of the wear debris particles which were entangled between the sliding surfaces were repeatedly
fractured and oxidized. The fracture of debris continuously exposed more fresh metal to the environment,
which promotes oxidation reaction.
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Figure 4.25 SEM images of worn surface (a,b,c,d) for porous pure Al
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Figure 4.26 SEM images of worn surface (a,b,c,d) for porous Al 6061 alloy
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Figure 4.27 EDS analysis of wear tracks for (a) pure Al and (b) Al 6061 alloy

EDS analysis was also performed on the worn surface of pure Al and Al 6061specimens and is shown in
Figure 4.27. This analysis shows signs of oxidative wear as in Al A380M alloy and no indication of
material transfer from the steel counterbody. The size and shape of wear debris were analyzed using
scanning electron microscopy and is shown in Figure 4.28. It is clearly seen that wear debris generated
from pure Al are smaller in size than those generated from Al 6061. This might be due to the fact that pure
Al exhibits smaller pore size and smaller initial pre-sintering particle size. The difference in wear debris
size between pure Al and Al 6061 explains why the grooves on the wear track of pure Al are narrower
than those of Al 6061 (Figures 4.25(a), 4.26(a)) as wear debris of different sizes slide on the surface of
the Al specimens. Abrasive wear seems to be the contributing wear mechanism operating under the current
conditions. That is, as porosity increases, surface roughness increases which gives rise to generation of
large number of wear debris which in turn accelerates third body abrasion.
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Figure 4.28 Wear debris at 2.5N load and 10 Hz a) pure Al b) Al 6061
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4.6 Scratch Behavior of Porous Pure Al and Al 6061
Scratch profile examination under the SEM provide much insight into the scratching behavior of the
porous Al samples. Scratch width was measured from the SEM micrographs in order to compute the
scratch hardness. It was observed that, scratch width was different for Pure Al and Al 6061 specimens
along the length of the scratch. The scratch hardness is calculated using simple equation [172],
Hs=8W/πb2, where W is the normal load, b is the scratch width. This equation can be converted into a
convenient scratch hardness number (GPa) given as [173]:
Hs=24.98m/x2

Equation 4.2

Where m is the normal load in grams and x is the width in µm. We can observe that the scratch width is
the remarkable indicator for investigating the material resistance against the scratch deformation. As the
scratch width of porous Al 6061 specimen is larger than porous pure Al specimen, the scratch hardness
was lower in Al 6061 (Table 4.8).
Table 4.8 Scratch test data for porous pure Al and Al 6061
% Surface

Scratch width

Scratch length

Scratch

Volume loss

porosity

(µm)

(mm)

hardness(MPa)

(mm3)

Pure Al (1.9)

150

5

1

0.002

Pure Al (15.1)

210

5

0.5

0.004

Al 6061 (3.5)

160

5

0.9

0.003

Al 6061 (20.7)

240

5

0.4

0.007

The normal hardness obtained from the nanoindentation test is the resistance of material against local
deformation created vertically by penetrating indenter, whereas scratch hardness is the response of
material under dynamic deformation of the surface which is caused by the interfacial friction between the
indenter and the material [174].
The assessment of scratch images show that the material pile up around the scratch is different in samples
of different porosity levels. Porous samples have the highest pile up while the smallest pile up is for the
non-porous samples. Due to the material pile up along the scratches, slightly different values in the scratch
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widths were obtained, consequently at least 10 measurements of the scratch widths were taken along the
scratch line and the average value for each scratch was used.
Due to the nature of the scratch process, the groove starts at very low depth, increases until reaching a
maximum depth at the center of the scratch path and then gradually decreases in depth for the remainder
of the scratch. The damage is minimal at the entry and exit of the scratches, while more intense damage
is seen in the central region of the scratch.
When considering the low porosity samples, the contours of the scratches are shallower than porous
samples. Figure 4.29 (b) shows only a small amount of material being pushed upwards at the edges of the
scratch and in front of it. The volume of material removed for scratches of similar length increases with
increasing porosity. In general, highly porous aluminium contains large pores. Large pores increase the
relative volume of material removed during each scratch. More volume is removed during a scratch by
plucking single grains. Material removal volume is higher in large grain samples. This is another
consequence of the volume associated with the dislodgement of isolated large grains along the scratch
edges. Large grain samples show faster increase in material removal volume due to earlier onset of lateral
cracking.
At low porosity, specimens of pure Al and Al 6061 show no significant changes in scratch width, as a
result there was no noticeable effect on the scratch hardness. The scratch depth and width of the less
porous specimens were shallower and narrower than those of porous specimens, which may be attributed
to the increased plastic resistance of the less porous specimen. No significant damage was observed in the
low porosity specimens of pure Al and Al 6061. In both case, sharp cracks (Fig. 4.29(d), 4.30(c)) were
generated inside the Al matrix. For pure Al, a small amount of fracture and for Al 6061 particle detachment
were observed on the scratch tracks (Fig.4.29 (d) and 4.30(d)). Since the hardness of the diamond tip used
in the scratch test was much harder than the ball which was used in the wear test as a counterface, grooves
formed were much sharper.
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Figure 4.29 SEM micrographs of scratch track (a,b,c,d) for pure Al (1.9% porosity)
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Figure 4.30 SEM micrographs of scratch track (a,b,c,d) for Al 6061 (3.5% porosity)
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Scratch surface morphology of highly porous pure Al and Al 6061 exhibits signs of plastic deformation.
The length profile through the scratch and its edges indicate a rougher appearance of the scratch surface.
When the indenter slides on the work material surface, plastic cutting produces horizontal compressive
stress on the work material surface in front of the indenter but a corresponding tensile stress behind it
[175]. This tensile stress can easily cause surface cracking.
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Figure 4.31 SEM micrographs of scratch track (a,b,c,d) for pure Al (3.5% porosity)
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Figure 4.32 SEM micrographs of scratch track (a,b,c,d) for Al 6061 (20.7% porosity)

In case of highly porous pure Al, the scratch track was almost flat and periodic orientation of semicircular
cracks (Fig.4.31 (c)) were observed [176]. Angular cracks initiated halfway with the semicircular cracks
(Fig. 4.31 (d)). The deformation caused by the indenter in Al 6061 specimen results in grain pull out from
the surroundings which ultimately leads to material loss (Fig.4.32(c)). Considerable brittle damage
surrounds the scratch track in the form of cracking resulted in material deformation [177-183]. In some
places, where large fragments are removed, the material loss can be significantly greater. As pore edges
represent stress concentration areas they tend to fracture with the passing of the indenter. This is evident
from the cracks initiating from pore edge. Figure 4.32 (d) shows the extension of these cracks due to the
motion of the indenter.
As the load applied here is very small (1N), the damage is not extensive, but the grain dislodgement in Al
6061 specimen indicates that the scratching is highly sensitive to the amount of porosity.
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CHAPTER 5

CONCLUSIONS AND RECOMMENDATIONS

In the present project, the effects of surface porosity on the tribological properties of automotive Al alloys
were studied. The tribological behavior of as received Al A380M alloy and pure Al having surface
porosity range from 1.9% to 15.1% and Al 6061 with surface porosity ranging from 3.5% to 20.7% have
been investigated. The following main conclusions can be drawn:
i)

There is an inverse relationship between the hardness and porosity content of Al alloys.
Hardness decreases with an increase in surface porosity. For pure Al, a reduction in hardness
of about 40% is observed as surface porosity increases from 1.9 % to 15.1% and for Al 6061,
90 % hardness reduction is observed as porosity increases from 3.5% to 20.7 %.

ii)

Wear resistance is not only a function of pore size but significantly affected by pore
distribution. For a given amount of porosity and pore size uniform pore distribution results in
accelerated wear. When the pores are uniformly distributed, cracks can propagate at a high rate
as pores can easily link up with each other and form a wide network of cracks. This effect
ultimately contributes to the fracturing of material and increasing wear rate. Pores in pure Al
and Al 6061 are more uniformly distributed than Al A380M alloy which also contributes to
the high wear resistance exhibited by Al A380M alloy.

iii)

Indentation hardness of porous materials leads to high maximum penetration depth and high
contact depth. The morphology of the pores immediately beneath the Al matrix or within the
zone of influence has a significant effect on the response of the indenter and measured
nanohardness and Young’s modulus. Especially the size and shape of the pores within the zone
control the indenter response. When the indenter tip touches the solid phase, the solid phase
resists the tip, but if there are pores beneath the tip, the resistance is reduced. That is, for a
given load, the depth of penetration increases with increasing porosity. In this work, for pure
Al, indentation depth increased from 2.5µm to 3.5 µm for the same constant load 100 mN as
the total amount of porosity increased from 1.9% to 15.1%. And for Al 6061, the depth increase
was from 2.4 µm to 3.0 µm as surface porosity increased from 3.5% to 20.7%.

iv)

The coefficient of friction decreases considerably with increasing load but increases with
increasing porosity percentage. Under dry sliding conditions, the generation of frictional heat
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between two sliding surfaces raises the temperature at the interface and promotes softening of
the aluminium, which in turn, lowers the coefficient of friction with increasing load. The rise
in the coefficient of friction with increasing porosity might be attributed to the formation of
more asperity-asperity contact during sliding.
v)

A predominance of abrasive and oxidative wear was identified in all Al specimens. As the size
of the pores were very large compared to wear debris produced, some of the debris particles
entrap into the pores and some were remained between the sliding surfaces and were repeatedly
fractured and oxidized. The fracture of debris continuously exposed more fresh metal to the
environment, which promote an oxidation reaction.

vi)

There was no significant variation in scratch width between pure Al and Al 6061 at low
porosity. But in highly porous specimens significant increase in scratch width was observed in
both pure Al and Al 6061 specimens. As a result, the scratch hardness drops. During scratching,
periodic semicircular crack pattern was observed in the deformed region of highly porous pure
Al and grain dislodgement inside the scratch track was identified for highly porous Al 6061
specimen.
Although a fair amount of work has been performed in this study, more work is needed for a
comprehensive understanding of the wear process. A number of recommendations for future
work are listed below:
i)

Developing a wear mechanism map under different loads and frequencies and include
the effect of porosity. Such map would be beneficial for the aluminium
manufacturing industry.

ii)

Using Atomic Force Microscopy to measure the surface roughness, local changes in
friction and asses changes in local elasticity over a sample surface.

iii)

Changing the frequency during the wear test to observe the variation in wear rates
with increasing the amount of porosity.
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Appendix A: Raw Data
Reciprocating ball-on-flat test results
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Figure A 1 Weight loss vs sliding distance for Pure Al with porosity a) 1.9% b) 5.8% c) 12.7% d) 15.1%

132

(a)

8
7

Weight loss

6
5

1.5N

4

2N
2.5N

3

3N

2

4N

1

5N

0
0

200

400

600

800

Sliding distance

6

(b)

5

Weight loss

4

1.5N
2N

3

2.5N
3N

2

4N
1

5N

0
0

200

400
Sliding distance

133

600

800

(c)

14
12

Weight loss

10
1.5N
8

2N
2.5N

6

3N
4

4N
5N

2
0
0

200

400

600

800

Sliding distance

14

(d)

12
10

Weight loss

1.5N
8

2N

6

2.5N
3N

4

4N

2

5N

0
0

200

400

600

800

Sliding distance

Figure A 2 Weight loss vs sliding distance for Al 6061 with porosity a) 3.5% b) 10.3% c) 16% d) 20.7%
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