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ABSTRACT

This research has characterized the microstructure and microhardness properties

of primary (virgin material) and recycled (herein referred to as secondary alloys)

cast Al-Si piston alloys processed by high-pressure torsion. Three primary Al-Si

piston all alloys (Al-12%Si, unmodified Al-7%Si and modified Al-7%Si) and one

secondary Al-Si piston alloy (10.6%Si piston alloy) were investigated. Modification

of Al-7%Si alloy was achieved through addition of silicon modifier (strontium). All

the alloys were processed by high-pressure torsion at room temperature for con-

stant speed of 1 revolution per minute and at a pressure of 3.0 GPa. The samples

were processed up to 10 high-pressure turns.

It was found that both primary and secondary alloys behaved similarly during

high-pressure torsion. Microhardness for all the alloys increased with number of

turns along the diameter as revealed by the microhardness line profiles. Further-

more, the microhardness for most of the alloys were symmetrical about the centre;

with lowest microhardness at centre. The microhardness along the diameter of

all the samples tended towards homogeneity although a homogenous microhard-

ness distribution was not achieved after 10 turns. However, it was found that

Al-12%Si alloy exhibited a very high microhardness gradient even after 10 turns.

The microhardness in primary modified silicon (modified Al-7%Si) alloy increased

slowly compared to the other alloys. This is because there was only breakdown
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of the Si structures rather than Si particles as observed for the other alloys. The

microhardness-equivalent strain relationship revealed that all the alloys studied in

this work undergo strain hardening with slow recovery during high-pressure tor-

sion.

Microstructural analysis through Scanning Electron Microscopy, optical micro-

scope and ImageJ software, revealed that fine structures can be achieved through

high-pressure torsion of both primary and secondary Al-Si piston alloys. The

microstructural analysis and Weibull distribution plots of particle sizes revealed

smaller phases at the edges than at the centre for all the alloys even after 10 turns.

This indicates that Al-Si piston alloys do not breakdown fully after 10 turns un-

like simple Al-Si alloys and pure aluminium. After 10 turns, for all the alloys, it

was observed that nearly all the intermetallic phases except the Si-rich phases had

broken down and redistributed within the Al-matrix. It was also observed that

there was not much break down of the Si particles in the modified Al-Si piston

alloy since most of the break down was observed on the network of modified Si

structures after 10 turns.

These results indicate the possibility of processing Al-Si piston alloys to ultrafine

grain structures through high-pressure torsion for improved performance in their

application as engine materials. However, future work is recommended on process-

ing the samples for more than 10 turns to evaluate the achievement of homogenous

xxv



microstructure. To further understand the deformation mechanisms, grain bound-

ary and dislocation motions should be studied.There is also need to characterize

the high-pressure torsion processed Al-Si piston alloys for other properties such as

thermal stability, corrosion and wear.
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CHAPTER ONE

1.0 INTRODUCTION

1.1 Background

Severe plastic deformation (SPD) has been shown to produce materials with ex-

ceptionally small grain sizes [1] and has therefore attracted the interest of many

researchers and experts in materials engineering as a means of processing materi-

als [1]. Some of the most common SPD techniques include equal channel angular

pressing (ECAP), high-pressure torsion (HPT), multiple forging, friction stir weld-

ing (FSW) and accumulative roll bonding (ARB) [1]. ARB refines materials up

to an average grain size of 2 µm [2], ECAP refines materials to an average grain

size range of 0.3-0.5 µm [3] while HPT refines materials up to 0.1 µm [1, 3]. This

means that ECAP and HPT refine materials into ultra-fine grain (UFG) struc-

tures (UFG materials are those materials whose grain sizes are less than 1 micron).

Compared to ECAP, HPT achieves higher grain refinement since higher strains are

involved [1,3,4]. This is because there is application of both torsion and compres-

sion on the sample during HPT. Additionally, compared to other methods, HPT

processes materials with minimal change in overall dimensions [1]. As such, HPT

is the most attractive SPD technique.

HPT-processed materials offer several attractive properties. These materials ex-
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hibit high strength at room temperatures according to the Hall-Petch relation-

ship [5]. They exhibit superplastic properties at 50% absolute melting tempera-

ture (0.5Tm) [6]. They also have high fracture toughness. The most attractive

and extraordinary feature of HPT-processed materials is that they possess high

strength and high ductility [7, 8]. This is because deformation in UFG materials

occurs through grain boundary sliding and enhanced grain rotation rather than

dislocation motion, thereby enhancing both ductility and strength [7–9].

Because of these attractive properties, extensive research has been conducted on

different metals and alloys processed by HPT. For instance, studies have been

conducted on the properties of HPT processed pure metals such as high purity

nickel [10, 11], austenitic steel [12], copper [13] and aluminium [14]. Microstruc-

ture and mechanical properties of bulk nanostructured tantalum and tungsten

materials processed by high-pressure torsion have also been reported [15,16]. Re-

cently, microstructural and microhardness characterization of HPT processed alu-

minium alloys has been reported; some of these alloys include Al-Mg-Sc alloy [17],

cast Al-7%Si alloy [18, 19], Al-7075 [20], Al-2024 [4], Al-2%Si-0.25%Sc [21] and

many others. Due to the small sizes of the HPT processed samples, most of these

materials can find applications in micro-mechanical systems and biomedical mini-

components (such as screws, springs and staples) [22, 23]. HPT-processed ring

specimens can find application in producing washers [24].
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Although considerable studies have been carried out on HPT processing of Al

alloys, including Al-Si alloys, little information exist on HPT processing of Al-

Si alloys used in automobile engine piston [25–27]. The effects of HPT on Al-Si

piston alloys cannot be assumed to be like those of simple Al-Si alloys since the

microstructure of these alloys is complex comprising of a complex network of Si

particles and other second phases such as various types of intermetallics. There-

fore, the breakdown and evolution of such complex structures during HPT and

the subsequent effect on microhardness, which correlates directly with wear and

other mechanical properties of the material, would be interesting aspects to study.

Furthermore, the effect of HPT on recycled (or secondary) materials has not been

studied extensively.

Grain refinement of Al-Si piston materials has been shown to reduce failures of the

most loaded areas of an engine piston [25]. Some of the highly-stresssed regions in-

clude piston bowl rim, pin and pon bore [25]. Thermo-mechanical treatments such

as bowl remelting which are currently used are associated with high-temperature

challenges such as formation of pores, oxidation and heat affected zone (HAZ) and

as such a limited level of grain refinement can be achieved [26,27]. HPT is not asso-

ciated with these challenges and has been shown to produce bulk nanostructured

materials. Therefore, the present research has characterized the microstructure

and microhardness properties of HPT-processed Al-Si piston alloy to present HPT

as an alternative grain refinement process for the piston material.
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1.2 Problem Statement

Grain refinement of piston material (Al-Si alloy) around the bowl rim, pin and pin

bore has proven to prolong the life of the engine pistons [26]. Presently, remelting

of the bowl rim is used to reduce crack initiation in the bowl rim [26]. However,

this process is associated with formation of pores and oxides in addition to degra-

dation of mechanical properties in the heat affected zone during the remelting

process. HPT has been found effective in grain refinement of metals and alloys

and is contaminant and porosity-free [23]. Although extensive studies have been

carried out on different alloys, HPT has not been carried out on Al-Si piston al-

loys. Therefore, the effect of HPT on Al-Si piston alloys has not been understood.

Furthermore, no single SPD technique has been used for grain refinement of piston

alloys. Therefore, by characterizing the microstructure and microhardness of Al-Si

piston alloys, this study provides information on the effect of HPT on Al-Si piston

alloys, which is currently lacking. Such information maybe used to evaluate HPT

as an alternative grain refinement process for engine materials in future.

1.3 Objectives

The main objective of this research is to characterize the evolution of microstruc-

ture and microhardness of primary and recycled cast Al-Si piston alloys processed

by high-pressure torsion. To achieve this, the following specific objectives have
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been identified:

(i) To characterize microstructural evolution and homogeneity with the number

of HPT turns.

(ii) To characterize the evolution and distribution of microhardness with the

number of HPT turns.

1.4 Thesis outline

This thesis is divided into six chapters of which this is the first. Chapter 2 provides

the literature review on the principles of HPT and the previous research carried out

on the effects of HPT on material properties. Chapter 3 contains the methodology

used in carrying out this research. Chapters 4 and 5 report the results together

with discussion on the effect of HPT on microstructure and microhardness of

primary and secondary Al-Si piston alloys respectively. Finally, chapter 6 contains

a summary of all findings and conclusions drawn from the study.
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CHAPTER TWO

2.0 LITERATURE REVIEW

2.1 Introduction

The chapter describes the fundamentals of severe plastic deformation (SPD) with

focus on HPT. The microstructure and microhardness properties of aluminium

and Al-based alloys are also reviewed.

2.2 Severe Plastic Deformation (SPD)

Severe plastic deformation is any processing/forming method under which the

material is subjected to intense hydrostatic pressure to impart very high strains

without significant change in dimension and shape of the sample. The high strain

involved leads to a very high density of lattice dislocations and hence exceptional

grain refinement [22]. As listed below, severe plastic deformation has three distinct

advantages over the traditional plastic deformation methods such as cold rolling,

forging and drawing [1].

• Materials processed by SPD methods have ultra-fine grains (UFG) structures

and high angle grain boundaries (HAGBs), which increase their strength [28]

whereas, materials processed by traditional methods have low angle grain

boundaries (LAGBs) and cellular-type substructures. This is because, in
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SPD processing, it is possible to alter the strain path unlike in traditional

methods where the strain path is continuous.

• SPD techniques process materials with minimal alteration to their overall

dimensions. Consequently, as the straining increases, there is formation of

relatively homogenous nanostructures throughout the volume of materials

processed by SPD techniques.

• SPD techniques impose larger plastic strains without causing any mechanical

damage or cracks in the material. Cracks cause failure in materials.

Equal channel angular pressing (ECAP) and high-pressure torsion (HPT) impose

larger plastic strains (true strains, εtrue, >10), therefore, resulting in formation of

more UFGs [1, 22]. HPT causes more deformation than ECAP and, therefore,

higher microstructural refinement can be achieved [29].

Since this research is based on HPT, the principles of the HPT process and proper-

ties of the HPT processed materials are presented in more detail in the subsequent

sections of this chapter.

2.3 High-pressure Torsion (HPT)

The concept of HPT was first presented in 1943 by Bridgeman [30]. It involves

subjecting a sample to a high compression load per unit area (P), combined with
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torsion between two anvils. The upper anvil is under compression while the lower

anvil rotates to provide torsion (T) to the sample (Figure 2.1).

Figure 2.1: A schematic showing the principle of the HPT process [17]

The sample is usually a solid disk with a typical diameter of 10 millimeters and

thickness of about 1 mm. These sample dimensions depend on the size of the dies

of the high-pressure machine. As indicated in Figure 2.1, the design of the tool

is such that the process occurs under quasi-constrained conditions [1, 22]. Quasi-

constrained conditions means that the sample is partially constrained between the

two anvils. Under these conditions, the sample is deformed without major outflow

of the material between the two anvils. The deformation of the sample is caused

by the surface friction between the two anvils and the sample. By considering a

typical HPT sample shown in Figure 2.2, the equations for strain estimations have

been developed as shown by equations (2.1), (2.2), (2.3) and (2.4) [11,22].
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Figure 2.2: Strain parameters in HPT [11]

From Figure 2.2, dθ is a small rotation and dl is the displacement of the element.

For r > 0, the shear strain (γ) is given by;

γ =
2πNr

h
(2.1)

Where N is the number of rotations of the lower HPT anvil (commonly referred

to as the number of HPT turns), h is the sample thickness and r is the distance

from the center of the sample. The equivalent strain, ε, is given by the Von Mises

criterion as follows [31];

ε =
2πNr

h
√

3
(2.2)

Equation (2.2) is used when very small shear strains are imposed (γ < 0.8). For

shear strains equal or larger than 0.8, the strain is given by equation (2.3) [31].

ε =
2√
3
ln[(1 +

γ2

4
)
1
2 +

γ

2
] (2.3)

During HPT processing, the material may experience reduction in thickness. As
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such, Degtyarev [32] established the following relationship to account for this de-

crease.

εtrue = ln(
2πNrho
h2

) (2.4)

Where ho and h denote the original and final thicknesses respectively.

These equations are a good estimation of the theoretical variation of strain along

the diameter of the sample but do not hold for the central region (r = 0).

2.4 Properties of HPT processed materials

2.4.1 Introduction

High-pressure torsion has been carried out on a wide range of metals and their

alloys [31]. In this subsection, effects of HPT on microstructure and microhard-

ness properties of pure aluminium, Al-Si and other alloys are reviewed. Because

of the small size of HPT samples, microstructure and microhardness are the most

accurate and easiest properties to undertake. This is why they are widely used

to characterize HPT-processed materials. It requires very specialized equipment

to undertake other mechanical tests on such small samples. Microhardness, which

represents the mechanical properties, depends on the microstructure of the mate-

rial.
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2.4.2 Microstructure of HPT-processed aluminium and aluminium-

based alloys

Extensive data are available on HPT processing of aluminium and aluminium-

based alloys [4, 14, 17–21,33]. The general finding from these reports is that HPT

refines aluminium and aluminium-based alloys into UFG structures with average

grain sizes within the range of ∼0.1-0.3 µm or even smaller [22]. For instance,

HPT has been used to process pure aluminium to an average grain size of 0.1

µm [14] and 0.8 µm [34–36], Al-7%Si at room temperature and 445K to mean

grain sizes of 0.3 µm and 1.3 µm respectively [18, 19]. It has also been used to

process Al-7%Si-0.25%Sc to a mean grain size of about 0.15 µm [21] and Al-6061

at room temperature to an average grain size of about 0.5µm [33]. Previous re-

searchers have reported HPT processing of Al-2024 at room temperature and at

673K to average grain sizes of about 0.15 and 0.3 µm respectively and Al-7075 at

room temperature to an average grain size of 0.25 µm [4, 20]. These grain sizes

are considerably smaller compared to those achieved through ARB and ECAP of

aluminium and aluminium alloys [2, 3, 31, 37–41]. However these studies did not

detail the transformation of different phases present during the HPT process.

At low number of HPT turns (less than 5 turns), pure aluminium exhibits non-

homogenous grain refinement with higher refinement reported at the edges of the

sample [34–36]. For instance, Zhilyaev et al [35] reported that after 2 turns of
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HPT-processing of 99.7% pure aluminium, average grain sizes of 1.5 µm and 1 µm

were obtained at the center and edge respectively. After 8 turns, a homogenous

average grain size of 0.8 µm was reported [35]. This variation in grain refinement

along the diameter of the samples is consistent with the strain variation model

shown by equation 2.4 and other reports [34, 36]. However, it was, on the con-

trary, reported [35] that beyond eight revolutions, higher grain refinement occurs

at the center than at the periphery of the samples. This agrees with Zhilyaev et

al’s study [14], which reported smaller grain sizes at the central region than at

the periphery of the sample beyond two turns. These findings contradict other

studies on pure aluminium [24,34, 36, 42], which have reported smaller grain sizes

at the periphery of the samples even at high number of turns. The findings also

contradict the theoretical strain variation along the diameter predicted by equa-

tion (2.4). This behavior was attributed to high stacking fault energy at the

highly-strained edges of the sample, which results in dynamic recovery (and hence

growth) of the grains at the edges [22, 35]. In pure Al, it was shown that ho-

mogenous microstructure is achieved through grain refinement-recovery cycle at

the periphery followed by the grain refinement of the central region of the sample

eventually [14, 24, 34–36, 42]. As shown in Figure 2.3, the microstructure at the

central region has relatively smaller grains contrary to the strain hardening the-

ory [35]. The ‘continuous circles’ rather than ‘spots’ in both Figures 2.3a and 2.3b

on the selected area electron diffraction (SAD) inset indicate the presence of smaller

grains than at the edge of the sample.
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Similar to pure aluminium, simple aluminium alloy systems processed by HPT

have been shown to exhibit nonhomogenous grain refinement along the diameter

of the samples at low number of turns [4, 17]. Microstructural inhomogeneity at

low turns was reported for HPT processed samples of Al-3%Mg-0.2%Sc [17]. In

this report, it was observed that the microstructure at the outer region of the sam-

ple was highly distorted consisting of an array of UFG structures with an average

grain size of about 0.17 µm after 1 turn. As shown by the continuous rings of SAD

pattern in Figure 2.4a, the grains had boundaries with high angles of misorienta-

tion (HAGBs) and the structure contained tangles of dislocations and high-energy

non-stable grain boundaries. Similar observation was reported for other HPT pro-

cessed Al-1.5%Mg and Al-3%Mg solid solution alloys examined by high-resolution

electron microscopy (HREM) [43].

(a) Central region (b) Periphery

Figure 2.3: TEM micrographs showing finer grains at the central in Al for N=8 [35]
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The presence of high-energy and non-equilibrium grain boundaries on the highly

strained regions of an HPT sample has also been reported for annealed and solu-

tion treated Al-2024 processed at room temperature [17] and for other alloys [44].

Examination of the central region revealed contrasting results; the microstructure

contained coarse microstructure of irregular grains and ill-defined grain bound-

aries. The SAD pattern at the central region, shown in Figure 2.4b, contained

diffraction spots, which implies that the central core consisted of LAGBs.

(a) Edge (b) Central core

Figure 2.4: TEM micrographs and SAED patterns showing inhomogenous mi-
crostructure for Al-3%Mg-0.2%Sc after N=1 [17]

Severe plastic deformation in aluminium alloys occurs through evolution of LAGBs

into HAGBs [20, 33]. It was reported through orientation imaging microscopy

(OIM) that unprocessed Al-7075 consists of elongated grain structure with LAGBs

as shown in Figure 2.5a [20]. However, on HPT processing with 5 turns, an

equiaxed grain structure with HAGBs was obtained as shown in Figure 2.5b. Al-

6061 processed with 5 HPT turns was reported to have a higher fraction of HAGBs

than LAGBs [33]. Occurrence of HAGBs during severe plastic deformation can be
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attributed to grain subdivision [45]. At low and medium strains, there is break up

of grains into cells and cell blocks [3,46]. This substructure evolves into a lamellar

structure as the strain increases. During this process, there is generation of new

HAGBs. This occurs through a simultaneous action of microstructure and texture

mechanisms [46]. The microstructural mechanism starts at low deformations and

involves accumulation of dislocations in the cell and cell block boundaries, which

results in increase in the angle of misorientation of the boundaries with increase

in strain. This mechanism results in formation of grain boundaries with misorien-

tation in the range of 15o-30o. The texture mechanism occurs at high strains and

involves rotations of the subdivided grains into different directions. This results

into grain boundaries with misorientation in the range of 20o-60o [3, 46].

(a) Unprocessed sample (b) Processed sample for N=5

Figure 2.5: OIM images showing evolution of HAGBs of Al-7075 after HPT [20]

HPT results in formation of exceptional microstructures in complex aluminium al-
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loys, which cannot be achieved through other processing techniques. For instance,

HPT processing of cast Al-11%Fe resulted in formation of a nanocrystalline struc-

ture within the Al-matrix with dispersion and dissolution of second phase particles,

refinement of the grain sizes into nanodimensional range and partial amorphiza-

tion [47]. The solubility of solid iron in aluminium matrix was extended to 2.2%Fe

and this resulted into formation of a supersaturated iron solid solution. As such,

post-HPT aging and subsequent hardening of the conventionally non-hardenable

Al-Fe alloy was possible [47]. Extension of solubility of Fe and dissolution of sec-

ond phase particles such as Al13Fe4 was also observed in Al-7.5%Fe and Al-16%Fe

alloys [48]. Solubility of second phase particles was also enhanced by HPT pro-

cessing of Al6% Zn2.8% Mg1% Cu0.37% Zr alloy [49]. Similar results were also

reported for Al-1.5%Zr alloy in which the microstructure was found to contain

a single-phase of aluminium solid solution supersaturated with dissolved phases

such as aluminides [50]. There is usually formation of poorly delineated curved

and wavy grain boundaries on HPT processing of these allys. This has been at-

tributed to presence of defects within the grain boundaries, which give rise to

internal stresses during HPT [47,48].
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2.4.3 Microstructure of HPT-processed aluminium-silicon

alloys

HPT results in breakdown and evolution of second phase particles in Al-Si based

alloys into submicrometer range. For instance, it was reported that eutectic coral-

shaped silicon particles in as-cast Al-7%Si-0.3%Fe-0.02%Na alloy with average

particle size of 15 µm were transformed into small silicon particles with average

particle size of 5 µm after 5 turns of HPT as shown in Figure 2.6 [19]. The

study also reported homogenous distribution of Si particles within the aluminium

matrix after HPT (Figure 2.7). Near the edges of the sample, new and small

Si nanoparticles (<0.1 µm) around coarse Si particles in particle-free zones were

observed at high magnification using electron imaging. The presence of these new

Si particles was attributed to grain growth due to temperature rise (estimated

to about 120-140K) during HPT [19]. The presence of particle-free zones and

formation of new and small Si particles was also observed for a two-phase Al-

7%Si alloy [18]. However, the formation of new Si particles was not attributed

to grain growth in this case since temperature rise during HPT was shown to be

insignificant to cause nucleation and grain growth [51–53]. The results of these

two studies were therefore in conflict.
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(a) Deep etched unprocessed sample (b) HPT processed sample

Figure 2.6: SEM micrograph of Al-7%Si-0.3%Fe-0.02%Na illustrating breakdown
of long Si corals after 5 HPT turns [19]

(a) As-cast alloy (b) HPT processed alloy

Figure 2.7: Optical micrographs of Al-7%Si-0.3%Fe-0.02%Na showing homoge-
nous distribution of small Si after 5 HPT turns [19]

Through a validated FEM-model, a master plot showing temperature rise within

HPT work piece for several alloys including Al was developed to resolve this conflict

[51]. From this model, it was shown that the maximum temperature rise, which can

occur during HPT is ∼15o [18]. Such temperature rise cannot have a significant

role in nucleation and growth of small Si particles observed in studies [18, 19].
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Therefore, new and small Si particles can be attributed to breakdown of large Si

particles and dispersion within the Al matrix due to subsequent plastic deformation

during HPT [18].

Figure 2.8: SEM micrograph showing evolution into small and new Si in HPT
processed Al-7%Si, N=10 [18]

There is evolution of coarse structures into spherical or circular particles during

HPT of Al-Si alloys. Such particles reduce regions of high stress concentration

during loading and hence enhances performance of the material. These observa-

tions were reported for Al-2%Si-0.25%Sc alloy in which there was breakdown of

the network of Si particles in the as-cast sample shown in Figure 2.9a into evenly

distributed small spherical Si particles throughout the Al matrix shown in Fig-

ure 2.9b [21]. Fine and evenly distributed Si particles were also reported in cast

solid and chips of AlSi8Cu3 (A380 alloy) after 10 turns of HPT [54]. As illustrated

in Figures 2.6b, 2.7b and 2.8, most of the new and small Si particles exhibited

spherical or near-spherical morphology after HPT.
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(a) Unprocessed sample (b) HPT processed sample

Figure 2.9: SEM micrograph showing breakdown of Si network of Al-2%Si-
0.25%Sc after HPT [21]

HPT processing of complex Al-Si alloys results in formation of non-equilibrium and

disordered structure. For instance, a comparison between the structure of Al-2%Si

and Al-2%Si-0.25%Sc alloys revealed important differences [21]. It was shown that

the structure development during HPT of Al-2%Si alloy is similar to that of alu-

minum with dislocation cell formation and a recovered microstructure. On the con-

trary, Al-2%Si-0.25%Sc alloy consisted of a non-homogenous microstructure with

grains having non-equilibrium boundaries and dislocations. Transmission electron

microscope (TEM) observations of these alloys revealed clearly defined bound-

aries in Al-2%Si alloy after 2 turns and dislocation networks within the grains

and grain boundaries with high angles of misorientation in Al-2%Si-0.25%Sc al-

loy after 5 turns [21]. The study further reported that addition of 0.25%Sc into

Al-2%Si alloy results in stabilization of the grain boundaries after HPT due to for-

mation of the Al3Sc precipitates and as such, there was no recovery of the structure
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as observed in Al-2%Si alloy. Similar observations of non-homogenous and non-

equilibrium grain boundary structure with dislocation tangles were reported for

AlSi8Cu3 alloy [54].

Deformation-induced precipitation is responsible for extra grain refinement in su-

persaturated solid solution Al-Si alloys. Cepeda Jimnez et al [55] compared the

microstructural evolution of Al-7%Si-0.3%Fe in three different silicon supersatu-

ration contents (1.6%Si, 1.1%Si and 0.7%Si). It was reported that the lower the

initial Si solid solution in Al-7%Si-0.3%Fe alloy, the larger the grain size after HPT.

This is because low solid solution results in precipitation of a smaller number of

precipitates, which produces smaller pinning/dragging effect on the dislocations

such that recovery and grain growth can occur. Precipitates block dislocations and

grain boundaries for HPT processed alloys such that recovery and grain growth

do not occur, therefore enhancing achievement of fine grains after HPT [21,55].

It was also reported [55] that low initial Si solid solution enhance formation of

homogenous structure during HPT. However, a bimodal structure (one region with

UFGs and the other with coarse grains next to large eutectic silicon particles) was

observed for high initial Si solid solution alloys. HPT produces high dislocation

density near the eutectic Si due to high strain gradients. As such, due to dislo-

cation motion, Si atoms diffuse towards the large eutectic Si creating particle-free

zones. There is therefore decrease in pinning effect on the grain boundaries, which
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leads to dynamic recovery enhancing formation of coarse-grained microstructure

near the large eutectic Si particles. The diffusion of Si atoms decreases as the re-

covery occurs. This is why UFG structures could be observed in regions where solid

solution was sufficient to induce deformation precipitation during HPT. Bimodal

structures were also observed for other Al-Si alloys consisting of coarse-grained

structure at central core and UFG structures at the periphery; these have been at-

tributed to strain variation along the diameter of the HPT samples [18,19,21,54].

However, for simple alloy systems such as two-phase Al-Si alloys, the bimodal

structure diminishes with the increase in number of turns and pressure [18,19,54].

2.4.4 Microhardness of pure aluminium and Al-Si based

alloys

Microhardness values are used to characterize the mechanical properties of HPT-

processed materials [56]. Microhardness correlates directly with the wear proper-

ties of a material. Furthermore, other properties such as ultimate tensile strength

and yield strength can be predicted from microhardness values [57]. Since mi-

crohardness depends on the microstructure, it is used to evaluate homogeneity in

grain refinement as well as the effect of HPT on the material.

Microhardness in pure Al increases on HPT processing has been reported [36, 56,

58]. During early stages of HPT processing, the microhardness values at the cen-
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tral core are usually higher than at the edges and on further increase in HPT turns,

the microhardness at the edges remains nearly constant while that at the central

region lowers leading to microhardness homogeneity. For example, higher micro-

hardness was reported at the center of the sample for up to 1 HPT turn [36, 58].

Figure 2.10 shows that microhardness is higher at the center for 1
8
, 1

4
, 3

4
and 7

8

turns while above 1 turn, the microhardness decreases in the center. This means

that microhardness homogeneity in pure Al occurs through softening [56].

Figure 2.10: Variations of the average Vickers microhardness values as a function
of the distance from the center of the high-purity Al disks after HPT
atP=1.25 GPa for 1

8
,1
4
,1
2
,3
4
, 7

8
and 1 turns: the dotted line shows the

average hardness in an annealed condition without processing [36]

This behavior has been explained by considering the microhardness variation

with equivalent strain for pure Al shown in Figure 2.11.
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Figure 2.11: Microhardness-strain ε relationship for HPT pure aluminium [58]

As shown in the Figure 2.11, the microhardness increases rapidly to a maximum

at low strains followed by a decrease to a saturation microhardness with increase in

strains. This microhardness model is exhibited by materials which achieve micro-

hardness homogeneity through softening with rapid recovery on HPT [36, 56, 58].

This behavior is attributed to high stacking fault energy which enhances easy cross-

slip and rapid microstructural recovery in pure Al [36, 55, 58]. The rapid increase

in microhardness at low strains is attributed to increase in dislocation density

and formation of sub-grain boundaries such that there is blockage of dislocations.

The rapid decrease in microhardness is attributed to annihilation of dislocations

at the grains. The annihilation of dislocations in grains is enhanced by a strain-

dependent level of long-range internal stresses during HPT [59]. Furthermore,

increase in strains increases the misorientation angles of boundaries which results

in build up of dislocations [58, 59]. In the saturation region, there is balanced

generation and annihilation of dislocations within the grains.
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Microhardness in Al-Si alloys increases on HPT processing and varies signifi-

cantly along the diameter of the sample with the lowest microhardness at the

centre [18, 21]. This is because the lowest Von Mises equivalent strains occur at

the center of the samples as depicted by equations ( 2.2)-(2.4). This variation

reduces with increase in number of HPT turns for Al-Si alloys until homogene-

ity is achieved (Figure 2.12) [18, 21]. This means that most Al-Si alloys evolve

towards homogeneity through strain hardening with or without recovery. Sim-

ple Al-Si alloys achieve microstructural homogeneity (saturation) since they do

not undergo recovery during HPT. Their microhardness behavior is shown in Fig-

ure 2.13a. Multi-phase Al-Si alloys such as Al-2%Si-0.25%Sc and AlSi8Cu3 do not

achieve microstructural saturation after HPT due to slow recovery [21,54,55]. The

microhardness behavior of such alloys is shown in Figure 2.13b.

Figure 2.12: Microhardness of an HPT processed Al-7%Si alloy as a function of distance from the

centre for different number of turns [21]
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(a) Without recovery (b) With slow recovery

Figure 2.13: Microhardness-strain relationship models for Al-Si alloys [21,56]

As shown in Figure 2.13b, microhardness in some Al-Si alloys exhibits non-monotonic

relationship with strain; increases, decreases and then increases with strain. The

increase is attributed to grain refinement while the decrease to slow recovery dur-

ing HPT. Such alloys are difficult to achieve microhardness homogeneity since the

cycle of grain refinement-recovery-grain refinement may continue to reoccur.

2.5 Review of Microhardness measurement methods

Microhardness testing of HPT samples is not a straightforward procedure due

to the small size of the samples. A single microhardness measurement is not

an accurate representation of microhardness of the material. Various methods

have therefore been employed in microhardness measurement of HPT samples
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that provide better representation of the hardness distribution in the material

[11,18,60]. These methods are briefly described in the next subsections.

2.5.1 Method 1

Figure 2.14 illustrates a method of carrying out microhardness measurement across

the diameter of an HPT processed sample. Points denoted by O in Figure 2.14

(0.3 mm from each other) are selected across the radius of the sample. For each

point (O), microhardness measurements are taken at four points (
⊕

) located at

0.15 mm from point O [60]. The microhardness at O is the average of the local

microhardness values at the four
⊕

points.

Figure 2.14: Microhardness measurement across the diameter of HPT sample [60]
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2.5.2 Method 2

Figure 2.15 illustrates the procedure for determining microhardness profile over

the surface area of the HPT sample. The microhardness is measured at various

equidistant points selected over the surface of the sample (
⊕

).

Figure 2.15: Microhardness measurement across the surface of HPT sample [60]

2.5.3 Method 3

For statistical accuracy, the method illustrated in Figure 2.16 is used [18]. For

diameter A, the points
⊕

are 0.9 mm from each other. For diameters B, C and

D the points
⊕

are at ±1.25, ±2.25, ±3.25 and ±4.25.
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Figure 2.16: Procedure for measuring values for generating microhardness line pro-
files [18]

The microhardness at each point
⊕

is determined by averaging microhardness

measurements taken at four points located at 0.3 mm around the point
⊕

[18].

To determine microhardness as function of radius, circles are drawn at r=1 mm, 2

mm, 3 mm, and 4 mm, thereby creating five annular rings. Within each ring, the

microhardness values represented by points
⊕

are averaged. The value obtained

is assigned to mid-radius of the annular ring. In this method, each microhardness

value is an average of 40 values except at r=0 where the value of microhardness

was an average of four values.

2.5.4 Method 4

For surface representation of microhardness across the diameter, a method shown

in Figure 2.17 is used. Measurements are taken at various points 1.25 mm from

each other (O) along eight diameters 45o from each other. The microhardness of
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O, is the average of values of four points (⊕) located at 0.3 mm from O except

for the points located at the edges [11]. Each average microhardness value can be

read against X-Y scale and plotted as surface profile.

Figure 2.17: Procedure for measuring microhardness as a function of X-Y scale

The choice of method to employ in microhardness measurement depends on its

simplicity, effectiveness and accuracy. For instance, although method 1 is practi-

cally the easiest for generating microhardness line profiles, measurements are taken

in one direction of r as shown in Figure 2.14 and the other direction assumed to

have the same microhardness values.

On the other hand, method 2 illustrated in Figure 2.15 is used in measurement of

local microhardness over the entire surface of the sample. It is used in generating

microhardness contour maps and microhardness meshes to provide pictorial vari-

ation of the microhardness, and hence microstructure, across the sample surface.
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However, the method is inaccurate since it considers a single microhardness value

for each point ⊕ and cannot be relied upon to provide accurate representation of

microhardness distribution.

Method 3 shown in Figure 2.16 is the most statistically accurate for generation

of line profiles since each point along the diameter is an average of 40 microhard-

ness values. However, it is practically complex and prone to practical errors. The

method has only been used by Mungole et al [18].

Method 4 illustrated in Figure 2.17 has been widely used in generation of both

microhardness line and area profiles across the surface of the sample [10,11]. This

method is less complex and therefore less practical errors are involved (compared

to method 3). The method is more accurate than method 2 since each hardness

value is an average of four values. However, the method uses few points along the

diameter of the sample, which cannot be sufficient representative of the sample.

2.6 Summary

Although the effect of HPT processing on the structure and hardness of Al-Si

alloys, such as Al-2%Si, Al-7%Si, AlSi8Cu3, Al-7%Si-0.3%Fe-0.02%Na, Al-7%Si-

0.3%Fe and Al-2%Si-0.25%Sc were previously reported, little has been done on the

effect of imposing a very high strain (during HPT) on the evolution of structure
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and hardness in Al-Si piston and other complex multicomponent alloys. These are

particularly important materials to study due to their application as piston mate-

rials. Furthermore, the currently published results are for relatively simple Al-Si

systems. It has also been shown that different particles and intermetallic phases

in aluminium alloys evolve differently during HPT. However, most of the previous

reports on HPT-processed Al-Si alloys described the evolution of Si particles with-

out considering other particles such as Cu-bearing phases in AlSi8Cu3, Fe-bearing

phases in Al-7%Si-0.3%Fe-0.02%Na and Al-7%Si-0.3%Fe and Sc-bearing phases

in Al-2%Si-0.25%Sc alloys. Therefore, there is little information on the evolution

of intermetallic particles during HPT of Al-Si alloys. Additionally, most of the

Al-Si alloys previously processed were undertaken up to 10 turns. There is need

to process Al-Si alloys beyond 10 turns to evaluate further evolution of the struc-

ture. Another gap identified from this research is that HPT has not been used to

process secondary Al-Si alloys to evaluate whether SPD improves the properties

of such alloys. This research characterizes the microstructural and microhardness

evolution of HPT-processed Al-Si piston alloys up to 10 turns with emphasizes on

transformation of intermetallic phases and evolution towards homogeneity.
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CHAPTER THREE

3.0 METHODOLOGY

3.1 Introduction

This chapter describes the materials, equipment and methods used in the research.

3.2 Materials

Tables 3.1 and 3.2 show the composition (%Wt) of primary and secondary piston

alloys studied in this work. The alloys were previously investigated for their fa-

tigue and other mechanical properties [61–63] due to their application as engine

materials. The primary cast Al-Si piston alloys were supplied by Federal Mogul

Table 3.1: Composition of cast primary alloys

wt.% ppm
Alloy Si Cu Ni Mg Fe Mn Ti Zr V P Sr

A 12.45 3.93 2.78 0.67 0.44 0.03 0.01 0.05 0.04 55 0
B 6.9 3.89 3 0.62 0.22 0.03 0.01 0.05 0.04 45-50 0
C 6.9 3.89 3 0.62 0.22 0.03 0.01 0.05 0.04 45-50 150-155

Table 3.2: Composition of cast secondary alloy
wt.%

Alloy Si Cu Ni Mg Fe Mn Cr Ti Sn Zn P Sr Al-5Ti-1B
Base alloy (P) 10.6 1.36 1.08 0.78 1.06 0.08 0.03 0.06 0.02 0.09 0.04 0 0

(FM), UK. The primary alloys had been prepared by casting followed by quench-

ing in water. The alloys were then aged for 8 hours at 230oC after which they were
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air-cooled. The chemical compositions of the primary alloys are shown in Table 3.1.

The recycled cast Al-Si piston alloys herein referred to secondary alloys were

obtained by melting piston scrap in a 70Kg capacity oil fired graphite crucible

furnace at Jomo Kenyatta University of Agriculture and Technology (JKUAT)

foundry laboratory. The piston scrap was charged into the furnace and heated to

a temperature of 730oC under a flux cover. The melt was skimmed off before pour-

ing and then transferred into 4Kg capacity ingot moulds fabricated from mild steel

sheets. On complete cooling, the ingots were removed from the moulds. Samples

for chemical analysis were poured into copper moulds, which were then imme-

diately quenched in cold water to avoid compositional segregation. The chilled

samples were sent to LSM, UK for compositional analysis. The chemical compo-

sition of the recycled (secondary) alloy used in this work is shown in Table 3.2

3.3 Experimental procedures

3.3.1 HPT processing

HPT processing of these samples was carried out at the University of Southampton,

UK. Samples were sliced from cast ingots with a diameter of 10 mm and ground

with abrasive papers to a thickness of 0.8-0.85 mm. The samples were then placed

onto the lower anvil with a circular cavity of 10 mm diameter and 0.25 mm thick-
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ness. The upper anvil has a cavity with similar dimensions as the lower one. The

HPT processing was conducted at room temperature using the HPT facility shown

in Figure 3.1. Processing at room temperature has been shown to enhance me-

chanical properties since recrystallization does not occur [18]. The edges of the

anvils were lubricated using MoS2 to reduce friction between anvil edges since very

high friction results in sticking of the sample onto the anvil. Lubrication therefore

ensures heterogenous deformation does not occur [64,65].

After the disc samples were fitted in the cavity of the lower anvil, the lower anvil

moved upward and imposed high pressure to the samples by pressing against the

upper anvil. Then, the lower anvil was rotated at a speed of 1 revolution per

minute (rpm) while maintaining the compression force, so that a high-pressure

straining was imposed to the disc sample. A low rotational speed of the lower

anvil was chosen because higher speeds result into higher deformation rate, which

consequently result into heating of the sample [51]. A pressure of 3 GPa was chosen

since it has been previously reported that very high imposed pressure results in

generation of very high heat and therefore optimum compressive pressure should

be chosen to ensure there is no heating [51].

For Al alloys, it has been shown [51,64] that pressures slightly above 2.5 GPa are

sufficient for optimum HPT processing, hence the choice of 3 GPa. Furthermore,

HPT processing was conducted under quasi-constrained conditions since through
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finite element modeling of high-pressure torsion, it has been confirmed that quasi-

constrained processing enhances high deformation during HPT [51,64,66]. Quasi-

constrained condition was achieved by leaving a small gap of ∼0.3 mm between

the upper and lower anvil of the facility during HPT processing.

Figure 3.1: A photograph of the HPT facility used for this study located at the
University of Southampton and an illustration of how the workpiece is
positioned during HPT processing

3.3.2 Microstructure examination

Optical microscopy

Both as-received and HPT-processed samples were mounted for metallographic

examination. Table 3.3 summarizes the procedure for polishing the samples for

metallographic examination.
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Table 3.3: Procedure for grinding and polishing samples for metallographic exam-
ination

No. Procedure Chemicals
1 Grinding Silicon Carbide papers ]800 followed by ]1200. The samples were

then washed in water, methanol and then dried
2 Polishing Polished to mirror-like surface using Strues diamond pastes of 1 µm

followed by 1
4
µm. The samples were then washed and dried

3 Finishing Polished to oxide polish suspension (0.05 µm) finish

The samples were examined using Olympus BX5 optical microscope.

Scanning Electron Microscopy (SEM)

The fully polished samples were further cleaned using an ultrasonic bath to remove

any particles or suspensions on their surfaces. They were then investigated using a

JEOL JSM 6500F microscope at an accelerating voltage of 15 kV. The microscope

is fitted with an Oxford Inca 300 energy dispersive X-ray suite. SEM analysis was

carried out using both secondary and backscatter electron modes. It is important

to note that SEM was undertaken selectively for the modified Al-7%Si and the

secondary Al-Si alloy due to cost and time constraints.

Image Analysis

The images were analyzed using ImageJ software to quantify the microstructural

break down during HPT. ImageJ supports standard image processing functions

such as contrast manipulation, sharpening, smoothing, edge detection and median

filtering [67]. The procedure for undertaking the image analysis is described in
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details in literature [68] and is summarized in Figure 3.2. The output of this

procedure was the area and circularity of particles. Circularity (C) is a measure

of shape which is calculated as

C =
4Aπ

P 2
(3.1)

where, A is the particle area and P is the particle perimeter. Circular shapes have

circularity close to 1 and vice versa. The grain sizes could not be presented in

this research since it was not possible to see grain boundaries in SEM microscope.

Transmission Electron Microscope (TEM), which was not available for this re-

search, is used in measuring grain sizes for these alloys. As such, area of structures

was used to quantify the microstructure breakdown.

The data was then exported to Minitab 16 software (www.minitab.com) for distri-

bution analysis of areas of particles. Since 3-parameter Weibull and 3-parameter

lognormal distribution functions have been shown to provide a good fit for particle

sizes in aluminium alloys in previous studies [69–71], the two distributions were

evaluated for fit onto the current data on area of particles. From the evaluation,

Weibull distribution function was shown to provide a better fit for the current data

and therefore was chosen in this research (see Figures 6.1 and 6.2 in Appendix A).

The probability distribution function (pdf) of the 3-parameter Weibull distribution

can be written as:

F (x) = 1− exp{(x− γ
β

)α}, x ≥ γ (3.2)

38



Where,

x=particle area

α=shape parameter (standard deviation)

β=scale paramenter (mean)

γ=minimum value (location parameter)

 

Set scale: From pixel to um 

Make binary 

Adjust contrast 

Threshold 

Image processing technique: 

Erode 

Analyze particles: Area, 

Feret’s diameter 

Figure 3.2: Image analysis procedure using ImageJ
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3.3.3 Microhardness measurements

To undertake line profile measurements in this research, a new measurement

method was developed in this work based the aspects of methods 1, 3 and 4 dis-

cussed in the literature. Unlike in method 1, the measurements were taken across

the diameter of the samples. Measurements were taken on 40 local points (
⊕

)

across the diameter of the sample located at 250 µm from each other. Around

each point (
⊕

), just as in methods 3 and 4, measurements were taken on four

other points (O) located at 125 µm from the
⊕

point. The microhardness of each

point (
⊕

) was determined by taking the average of the five microhardness values

(one at point
⊕

and four at O points). In this way, at least 150 readings were

recorded for each sample. This method is more accurate than methods 1 and 4

and simpler than method 3 and it is illustrated in Figure 3.3.

Figure 3.3: Showing line profile microhardness measurement procedure developed
for this research

The applied load of 300g was used at a dwell time of 10s during measurement.
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CHAPTER FOUR

4.0 RESULTS AND DISCUSSIONS: PRIMARY Al-Si

PISTON ALLOYS

4.1 Introduction

This chapter presents the results and discussion of microhardness and microstruc-

ture of primary Al-Si piston alloys. The three primary alloys studied are Al-12%Si,

unmodified Al-7%Si and modified Al-7%Si piston alloys denoted as A, B and C

respectively in Table 3.1.

4.2 High-pressure Torsion Processing of Al-12%Si Piston

Alloy

4.2.1 Properties of the As-received Al-12%Si piston alloy

Microstructure

The intermetallic particles have been identified from literature since it is not pos-

sible to do so through an optical microscope. Using an optical micorscope, the

microstructure was observed to contain large blocky primary Si and small eutectic

Si particles as indicated in Figure 4.1. Based on the literature, some of the com-

mon intermetallic particles present in this alloy include AlCuNi, Al9FeNi, Mg2Si
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and Al2Cu [61]. AlCuNi and Al9FeNi usually exhibit large and blocky morphology

whereas Mg2Si and Al2Cu have Chinese script morphologies [61].

Figure 4.1: Optical micrograph showing various phases in unprocessed Al-12%Si
piston alloy

Microhardness

Figure4.2 shows the average microhardness and scatter bars along the diameter of

the Al-12%Si sample. The microhardness is not uniform as theoretically expected.

This is due to the complex nature of the microstructure shown in Figure 4.1.
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Figure 4.2: Vickers Microhardness across the diameter of unprocessed Al-12%Si
sample

4.2.2 Microstructural evolution

Figure 4.3 shows the optical micrographs after 1
4
, 1

2
, 1 and 10 HPT turns during

HPT of Al-12%Si piston alloy. Figures 4.4 and 4.5 show microstructure after 1

and 10 turns at higher and lower magnifications respectively. After 1
4

turn, Fig-

ure 4.3a, there is no observable microstructural change at the central region. This

is because the minimum strain occurs at the central region as revealed by the

strain model. However, small Si particles can be observed at the edge as seen in

Figure 4.3b. These particles originate from break down of primary Si. Fragments

of intermetallic phases can also be observed. The breakdown at the edge is because

of the presence of maximum strain.

Large and blocky Si particles are still visible at the central region after 1
2

HPT
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turn (Figure 4.3c). However, there are broken phases observed. This means that

intermetallic phases in Al-12%Si alloy start to break down after 1
2

turn at the cen-

tral region. There is no microstructural transformation at the edge after 1
2

turn

(Figure 4.3d).

There are cracked intermetallic phases present at the central region after 1 turn

as indicated in Figure 4.3e. However, there are unbroken Chinese-script phases

present at the center. This observation can be confirmed by a higher magnifi-

cation optical micrograph given in Figure 4.4. These observations confirm that

break down is still insignificant at the central region even after 1 turn. At the

edge, Figure 4.3f, considerable break down of intermetallic phases can be observed

although there are still both unbroken primary Si and intermetallic phases still

present.
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Figure 4.3: Optical micrographs showing microstructural evolution during HPT of
Al-12%Si alloy at different number of turns. Images a, c, e, g repre-
sent the microstructure at the central region while images b, d, f, h
represent the microstructure at the edges.
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After 10 turns, more break down of intermetallic phases can be observed although

unbroken primary Si is widely present at the central region (Figure 4.3g). This

is because Si particles are stronger than the other phases. At the edge, the mi-

crostructure appears equiaxed with most of intermetallic phases broken and re-

distributed throughout the Al matrix. An interesting observation to note is the

presence of small and circular Si particles as shown in Figure 4.3h. This observa-

tion will be described under subsection 4.2.4. Large primary Si particles are still

present after 10 turns.

Figure 4.4: Optical micrograph at the central region of Al-12%Si sample showing
cracks on intermetallic phases after 1 HPT turn

46



Figure 4.5 shows a ’whirlpool’ pattern with distinct shear lines observed around the

central core after 10 HPT turns. These patterns confirm that full and homogeneous

deformation has not occurred after 10 turns. Similar patterns were reported for

pure Al at 5 turns and two-phase alloys at low number of turns [72].

Figure 4.5: Optical micrograph of Al-12%Si showing whirl pattern after 10 turns
at the centre

4.2.3 Microhardness evolution

Figure 4.6 shows the microhardness line profiles (with scatter bars) for an Al-

12%Si piston alloy sample after 1
4
, 1

2
, 1 and 10 HPT turns. The microhardness

for the as-received cast Al-12%Si piston alloy is also shown for comparison. After

1
4

turn, the microhardness has increased by 20% and 70% at the centre and edge

respectively from initial values of the as-received alloy . This is due to higher

refinement at the edge than at the center as observed in the microstructure anal-

ysis (Figures 4.3a and 4.3b in subsection 4.2.2). The average microhardness has
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increased non-uniformly along the diameter. From the centre to r∼±1 mm, the

microhardness is nearly homogeneous. Then it increases linearly up to r∼±2.5

mm beyond which it becomes nonlinear on both sides of the diameter.
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Figure 4.6: Vickers microhardness as function of distance from the centre of Al-
12%Si alloy after 1

4
, 1

2
, 1 and 10 turns. The microhardness variation

for unprocessed alloy and the scatter bars are also shown.

Generally, the error bars are nearly equal except at random points. This can be

attributed to presence of a few broken and unbroken phases as observed in Fig-

ure 4.3b.

After 1
2

turn, microhardness has increased by ∼29% and ∼71% from the initial val-

ues of the as-received samples at the central region and at the edges respectively.

As shown, the size of scatter bars vary randomly along the diameter except from

diameter of +1.8 mm to the edge where the size of scatter bars can be observed
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to be nearly equal. This indicates nonhomogeneous microstructure after 1
2

turns.

As seen in Figures 4.3c and 4.3d, the microstructure contains a ’mixture’ of large

unbroken silicon particles, broken Si and fragments of other particles. Each of

these microstructural constituents exhibit different microhardness and hence the

scatter in microhardness measurements.

Microhardness values have increased by ∼30% and ∼84% at centre and edges

respectively from the initial values of the as-received alloy after 1 turn. The

microhardness from r∼±3.8 to the edge along the diameter are nearly uniform

indicating evolution towards microhardness homogeneity.

After 10 HPT turns, the homogeneity in scatter bars has decreased and their

sizes increased considerably. This can be attributed to break down and redistri-

bution of particles throughout the Al matrix. The greater microhardness gradient

present after 10 turns can be attributed to the more large and unbroken Si parti-

cles observed at the central region than at the edge (Figures 4.3g and 4.3h).

It can be seen in Figure 4.6 that there is a very small difference between mi-

crohardness values for quarter and half turns especially around the central region.

This is because there are no significant microstructural changes occurring between

the two turns. Furthermore, the sizes of scatter bars are very large after 10 turns.

This can be attributed to redistribution of Si and intermetallic particles within
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the matrix due to effect of high-pressure torsion. It can also be seen that the line

profile after 10 turns is not symmetrical about the centre as it has been reported

for other aluminium alloys processed by HPT [1, 4, 6, 7, 10–18, 20–22, 73]. This is

a confirmation that homogeneous microstructural refinement in Al-12%Si piston

alloy is not achieved after 10 turns.
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Figure 4.7: Vickers microhardness variation with equivalent strain for Al-12%Si
piston alloy. It shows a non-monotonic relationship. Also note the
lack of symmetry on both sides of the diameter.

Figure 4.7 shows variation of microhardness with the equivalent strain for Al-12%Si

piston alloy. A very low microhardness is observed at zero equivalent strain. It can

also be seen that the microhardness along Al-12%Si piston alloy exhibits a non-

monotonic relationship with the equivalent strain. A similar behavior is reported

in literature [18] for materials which undergo strain hardening with slow recovery

such as Al-7%Si alloy.
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4.2.4 Distribution of particles in HPT processed Al-12%Si

piston alloy

The 3-parameter Weibull distribution function was fitted to the particle area data

and the results are as shown in Figures 4.8 and 4.9. Although Weibull distribution

was found to give the closest fit, significant lack of fit is still present in Figures 4.8

and 4.9 especially after HPT processing. Data for HPT-processed samples show

large Anderson-Darling goodness-of-fit parameter (AD values) and P-values less

than 0.005 in Figure 4.8. For close fits, AD and P values should be less than

1 and 0.005 respectively [70, 71]. The lack of fit can be attributed to particle

redistribution after HPT as was seen in Figure 4.3. The figures also show that the

scale parameter (β) which indicates the mean of the data is decreasing with the

number of turns and along the diameter. This is consistent with the microhardness

results report in Figure 4.6. The shape parameter (α), which indicates the standard

deviation of the data has decreased on HPT processing. However, 10 HPT-turn

gives the highest α-values than the rest of the turns. This is consistent with the

scatter in microhardness measurements after 10 turns shown in Figure 4.6 and it

is attributed to breakdown and redistribution of hard phases throughout the Al

matrix as indicated from Figure 4.3h.
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Figure 4.8: The 3-parameter Weibull probability plots of areas of particle in un-
processed and HPT-processed Al-12%Si piston alloy. The parameter,
AD and P values are also shown

Figure 4.9 shows that the particle areas after 10 turns are heavily skewed towards

the smaller particles. A close examination of the distribution however shows a very

high particle size difference between the central region and the periphery after 10

turns. For instance, taking a percentile at 90% shows that 90% of the particles

have an area less or equal to 15 µm2 at the central region. This is very high

compared to 5.8 µm2 at the edge. This disparity in particle sizes could be the

reason for the asymmetrical and non-uniform microhardness line profiles after 10

turns (see Figure 4.6).
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Figure 4.9: The 3-parameter Weibull cumulative distribution plots of areas of
particle in unprocessed and HPT-processed Al-12%Si piston samples
showing that the area population is heavily skewed to smaller particles
after 10 HPT turns. The parameter values are also shown

Figures 4.10 and 4.11 show plots of circularity vs. particle area for 1
4

and 10 turns

at centre and edge as obtained from the ImageJ analysis. Larger particles exhibit

irregular morphology. This can be seen in Figure 4.10a, where most of the particles

have a circularity of less than 0.4. This is consistent with an earlier report [70]

in which larger particles were shown to have irregular shapes. This is because

after 1
4

turn, there were large and interconnected intermetallic particles present

as observed in Figure 4.3a. It can be seen in Figure4.11 that there is increase

in circularity of particles with the number of turns as more particles are broken

down. This is consistent with the earlier observation as shown in Figure 4.3h

53



where circular small Si particles were present after 10 turns. However, it can be

seen that after 10 turns there are still many irregular-shaped particles present. This

mix of circular and irregular particles could be another reason for asymmetrical

microhardness line profile after 10 turns.
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Figure 4.10: Relationship between circularity and particle area for 1
4
-turn HPT-

processed Al-12%Si alloy
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Figure 4.11: Relationship between circularity and particle area for 10-turn HPT-
processed Al-12%Si alloy
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4.3 High-pressure Torsion Processing of Unmodified Al-

7%Si Piston Alloy

4.3.1 Properties of as-received cast unmodified Al-7%Si

piston alloy

Microstructure

Figure 4.12 shows the optical micrograph of microstructure of as-received unmod-

ified Al-7%Si piston alloy at different optical magnifications. The microstructure

contains coarse Si particles and occasionally long and irregularly shaped inter-

metallic particles. At lower magnification, both coarse silicon particles and long

secondary particles can be seen (Figure 4.12a) whereas at higher magnification,

irregular shaped intermetallic particles can be seen (Figure 4.12b). The inter-

metallic particles present in this alloy are similar to those identified in Al-12%Si

piston sample.
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(a) Showing long secondary phases (b) Showing irregular secondary phases

Figure 4.12: Optical micrograph of as-received unmodified cast Al-7%Si piston
alloy sample

Microhardness

Figure 4.13 shows the average microhardness and scatter bars along the diameter

of as-received Al-7%Si piston alloy. The microhardness is not as uniform along

the diameter due to the nature of the microstructure. This is similar to results for

Al-12%Si piston alloy.
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Figure 4.13: Vickers Microhardness across the diameter of unprocessed unmodified
Al-7%Si alloy
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4.3.2 Microstructural evolution

Figure 4.14 shows the optical micrograph of Al-7%Si piston alloy sample after 1
4
,

1
2
, 1 and 10 HPT turns. There is no observable change in the microstructure at the

central region after 1
4

turn since large and unbroken Si and intermetallic particles

can be observed in Figure 4.14a. At the edge, there is a break down of intermetal-

lic phases as indicated in Figure 4.14b. A higher magnification micrograph at the

edge, (Figure 4.15), reveals cracks on Si and other intermetallic particles. This

means that Si particles have started breaking down.

After 1
2

HPT turn, a few broken Si and fragments of other intermetallic parti-

cles can be observed (Figure 4.14c). At the edge, Figure 4.14d, there is no sig-

nificant break down since large particles and unbroken Si particles are still present.

After 1 turn, the microstructure at the centre shown in Figure 4.14e is not very

different from that observed after 1
2
. At the edge, however, considerable trans-

formation of the microstructure can be observed as shown in Figure 4.14f. There

is break down and redistribution of Si and intermetallic particles throughout the

microstructure. Near-circular particles can also be observed. This observation is

further illustrated by Figure 4.16. However, there are still large phases and unbro-

ken Si particles present which means that full microstructural refinement has not

yet occurred.
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Figure 4.14: Optical micrographs showing microstructural evolution during HPT
of unmodified Al-7%Si alloy at different number of turns. Images a,
c, e, g represent the microstructure at the central region while images
b, d, f, h represent the microstructure at the edges.
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Figure 4.15: Optical micrograph at the edge of unmodified Al-7%Si alloy showing
cracks on Si and intermetallic phases after 1

4
HPT turn

Figure 4.16: Optical micrograph showing near-circular particles (indicated by ar-
rows) at edge of unmodified Al-7%Si alloy after 1 HPT turn

After 10 turns, it can be observed that most of the intermetallic particles and coarse

Si have broken down into small particles at the centre as shown in Figure 4.14g.

However, there are occasionally large particles, which are still present at the central

region. At the edge, Figure 4.14h, the microstructure is nearly equiaxed with very

fine circular particles uniformly distributed within the Al matrix. The uniform

distribution of particles can be confirmed by the nearly homogeneous microhard-
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ness profile after 10 turns in subsection 4.3.3. However, as shown in Figure 4.17,

large Si particles are still present. This is an indication that unlike other inter-

metallic particles, Si particles have not fully broken down after 10 turns. These

observations are consistent with earlier work on properties of particles in Al-Si

piston alloys in which Si particles were shown to have the highest hardness and

strength [74]. This is the reason for slow break down of Si particles during HPT.

Figure 4.17: Optical micrograph showing large Si at the edge of unmodified Al-
7%Si alloy after 10 turns

4.3.3 Microhardness evolution

Figure 4.18 shows average Vickers microhardness line profile for unmodified Al-

7%Si piston alloy after 1
4
, 1
2
, 1 and 10 HPT turns. After 1

4
turn, the microhardness

at the centre has increased by ∼43% whereas at the periphery, the microhardness

has increased by ∼58%. The scatter bars of the measured microhardness values

are higher at the periphery than at the centre. This can be attributed to the
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presence of broken intermetallic particles, cracked Si and large Si particles in the

microstructure at the edge as it was observed in Figure 4.14b. This means that

if the microhardness indenter hits on all these particles and phases for a single

measurement, the scatter bar in that microhardness value will be higher compared

to that when the indenter hits on one of these phases.
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Figure 4.18: Vickers Microhardness and scatter bars along the diameter of unpro-
cessed and processed unmodified Al-7%Si alloy at different number
of turns

After 1
2

turn, the increase in microhardness around the central region is ∼45%.

This increment is nearly equal to that reported after 1
4

turn. This is consistent with

the microstructural evolution at the central region as observed in Figure 4.14c. The

microhardness at the edge has increased by ∼105%. The scatter bars are larger

than those observed after 1
4

HPT turn. Furthermore, larger scatter bars can be

observed at the edges than at the central region. This indicates that the scatter
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bars are increasing with strain. This is attributed to more break down and redis-

tribution of particles observed at regions of higher strains.

After 1 HPT turn, the microhardness values have increased by ∼48% and ∼132%

at the central region and periphery respectively. The microhardness profile at the

central region is nearly equal to that observed after 1
2

turn. This is expected since

there were no significant microstructural changes observed at the central region

after 1 turn in subsection 4.3.2 (Figure 4.14e). This observation is confirmed by

the Weibull distribution in subsection 4.3.4 in which the plots after 1
2

and 1 turns

at the central region overlap at various points of the graph (Figure 4.20). There are

larger scatter bars at the edge than at the central region. This can be attributed

to break down of phases into small and near-circular particles at the edges as it

was observed in Figure 4.14f (subsection 4.3.2).

The microhardness values at the centre and edge have increased by ∼116% and

∼160% respectively after 10 turns. Homogeneity in microhardness values can be

observed from ∼2.8 mm to the edge. This is because most of the intermetallic

phases and Si particles towards the edge have broken down into small and circular

particles as observed in subsection 4.3.2. The microstructural refinement observed

after 10 turns is the reason for high microhardness increase. The scatter bars are

larger than those observed for 1
4
, 1

2
and 1 turns (Figure 4.18). This is because

there is more break down and redistribution of Si and other particles within the
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Al matrix after 10 turns.

Generally, from Figure 4.18 we can draw the conclusion that the microhardness

around the central region is almost equal after 1
4
, 1

2
and 1 HPT turns. This is

because there are no significant microstructural changes at the central region after

these number of turns as observed in subsection 4.3.2. We can also draw the con-

clusion that all the microhardness line profiles are symmetrical about the central

region. This is because higher microstructural refinement is observed at the edge

than at the centre in subsection 4.3.2. This observation indicates that unmodified

Al-7%Si piston alloy achieves microstructural/microhardness homogeneity through

strain hardening as depicted by Figure 4.19. Finally, the scatter in microhardness

measurements has increased with the number of HPT turns and along the diame-

ter of the samples.

Figure 4.19 shows the variation of microhardness along the diameter with equiva-

lent strain for HPT processed unmodified Al-7%Si piston alloy. The figure depicts

a non-monotonic hardness-strain relationship exhibited by materials which un-

dergo hardening with slow recovery. It can also be seen that the relationship is

not symmetrical about the centre. This is due to nonhomogeneous microstructural

refinement along the diameter of the sample observed earlier in subsection 4.3.2.
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Figure 4.19: Microhardness versus equivalent strain for HPT-processed unmodified
Al-7%Si sample

4.3.4 Distribution of particles in HPT processed unmodi-

fied Al-7%Si piston alloy

Figures 4.20 and 4.21 show the 3-parameter Weibull distribution fit for the area

of particles for unprocessed and processed unmodified Al-Si piston alloy. The

relatively larger AD values and P-values less than 0.005 indicate significant lack

of good fit for the 3-parameter Weibull distribution of this data. The figures

show similar results to those described under Al-12%Si sample. However, note the

closeness of distribution curves at the centre and edge after 10 turns. It can be

deduced that 90% of the particles (not shown in the figures) have areas equal to or

less than 8.4 µm2 and 12.4 µm2 at edge and centre respectively. This closeness in

particle refinement is the reason for reduced microhardness gradient after 10 turns
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shown in Figure 4.18.
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Figure 4.20: The 3-parameter Weibull probability plots of areas of particle in un-
processed and HPT-processed unmodified Al-7%Si piston alloy. The
parameter, AD and P values are also shown
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Figure 4.21: The 3-parameter Weibull cumulative distribution plots of areas of
particle in unprocessed and HPT-processed unmodified Al-7%Si pis-
ton samples showing that the area population is heavily skewed to
smaller particles after 10 HPT turns. The parameter values are also
shown

The circularity Vs. particle area given in Figures 4.22 and 4.23 show that the

circularity increases with HPT turns and reduction in particle sizes. It can be

noted that at all number of turns, there is a ’mixture’ of circular and irregular

particles. At very low turns (1
4

turn), there are more long and irregular shaped

particles whereas after 10 turns, there are relatively more regular shaped particles.

As such, the local microhardness for each case is an average of microhardness of

different phases. This explains the random distribution of microhardness scatter

bars for both cases as observed in Figure 4.18.
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Figure 4.22: Relationship between circularity and particle area for 1
4
-turn HPT-

processed unmodified Al-7%Si alloy
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Figure 4.23: Relationship between circularity and particle area for 10-turn HPT-
processed unmodified Al-7%Si alloy
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4.4 High-pressure Torsion Processing of the Modified Al-

7%Si Piston Alloy

4.4.1 Properties of As-received modified cast Al-7%Si pis-

ton alloy

Microstructure

Figure 4.24 shows the microstructure of the as-received modified cast Al-7%Si

piston alloy. The modification of this alloy was achieved through addition of

strontium. Strontium coats the silicon particles during solidification such that

formation of Si dendrites does not occur. As such, the microstructure contains

modified silicon structures and other intermetallic particles. Most of the phases

contained in this alloy are similar to those present in the unmodified Al-7%Si

except that this alloy contains smaller silicon particles due to modification by

strontium addition. One of the most common phases in this alloy is AlCuNi phase

and is indicated in the Figure 4.24 [61].
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Figure 4.24: Optical micrograph of the unprocessed modified cast Al-7%Si piston
alloy. The AlCuNi phase has been identified from literature

Microhardness

Figure 4.25 shows the microhardness and scatter bars along the diameter of the as-

received modified cast Al-7%Si piston alloy. The microhardness is nearly uniform

along the diameter.
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Figure 4.25: Vickers microhardness and scatter bars along the diameter of the
unprocessed modified cast Al-7%Si piston alloy
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4.4.2 Microstructural evolution

Figure 4.26 shows the optical micrograph of the modified Al-7%Si piston alloy

after 1
4
, 1

2
, 1 and 10 HPT turns. There are no significant microstructural changes

observed at the central region and the microstructural features are basically similar

to those in the as-received alloy (Figure 4.26a). However, at higher magnification

shown by the optical and SEM micrographs in Figures 4.27 and 4.28 respectively,

cracking and breakage of intermetallic phases can be observed. At the edges, Fig-

ure 4.26b, very small cracks on AlCuNi phases and a few fragmented network of

modified silicon can be observed. This is further illustrated by a higher magnifi-

cation micrograph in Figure 4.29.
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Figure 4.26: Optical micrographs showing microstructural evolution during HPT
of modified Al-7%Si alloy at different number of turns. Images a, c,
e, g represent the microstructure at the central region while images
b, d, f, h represent the microstructure at the edges.
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Figure 4.27: Optical micrograph showing cracked intermetallic phases at the cen-
tral region after 1

4
HPT turn

Figure 4.28: SEM micrograph showing cracked intermetallic phases at the central
region after 1

4
HPT turn
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The SEM image in Figure 4.30 shows the presence of broken intermetallic phases

and silicon particles at the edge of the sample. The presence of Si particles is an

indication of the start of the break down of modified Si network into individual Si

particles.

Figure 4.29: Optical micrograph showing cracked intermetallic phases and frag-
mented Si networks at the edge after 1

4
HPT turn
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Figure 4.30: SEM micrograph showing broken phases and Si particles at the edge
after 1

4
HPT turn

After 1
2

turn, few broken intermetallic particles and unchanged Si structures can

be seen at the central region (Figure 4.26c). The SEM micrograph in Figure 4.31

of the central region shows break down of a few modified Si networks into small cir-

cular silicon particles. These silicon particles can be observed mostly where break

down of the intermetallic particles has occurred. This means that AlCuNi phases

break down more quickly than modified Si networks. This is further supported by

the presence of cracks on the intermetallic phases surrounded by Si networks in

Figure 4.32.
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Figure 4.31: SEM micrograph showing circular Si particles around the broken
phases at the centre after 1

2
HPT turn. The broken phases are sur-

rounded by unbroken network of modified Si

Figure 4.32: Optical micrograph showing cracked and broken phases surrounded
by unbroken Si networks after 1

2
HPT turn at the central region of

modified Al-7%Si alloy

At the edge, most of the Si networks have broken down into individual particles as
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shown in Figure 4.26d. Most of the intermetallic phases at the edge are fragmented

and redistributed within the microstructure. The SEM micrograph in Figure 4.33

however shows there are still unbroken and interconnected Si particles and phases

present at the edge.

Figure 4.33: SEM Micrograph showing unbroken Si particles and intermetallic
phases at the edge of modified cast Al-7%Si after 1

2
HPT turn

There are no significant microstructural transformations observed after 1 turn

(Figures 4.26e and 4.26f) since most of the features are similar to those observed

after 1
2

turn. After 10 turns, most of the intermetallic phases are broken down

as indicated in Figure 4.26g. However, as seen in Figures 4.34 and 4.35, the mi-

crostructure still contains unbroken Si networks and cracked intermetallic phases.

The microstructure at the edge contains small Si and intermetallic particles redis-

tributed within the aluminium matrix (Figure 4.26h). Circular particles can also

be observed as indicated in Figure 4.36. However, a higher SEM magnification
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shows that there are still large but cracked intermetallic particles present at the

edge after 10 turns as shown in Figure 4.37. It can be deduced that in this alloy,

there is no break down of individual Si particles; only fragmentation of network

of modified Si into individual Si particles has been observed. This means that the

modified Al-7%Si piston alloy should be processed for more than 10 turns for the

break down of Si particles to occur.

Figure 4.34: SEM micrograph showing unbroken Si network and intermetallic
phases at the central region of the modified Al-7%Si after 10 HPT
turns
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Figure 4.35: SEM micrograph showing cracks on intermetallic phases at the central
region of modified Al-7%Si after 10 turns

Figure 4.36: SEM micrograph showing circular particles at the edge of modified
Al-7%Si after 10 turns
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Figure 4.37: SEM micrograph showing cracked but unbroken intermetallic parti-
cles at the edge of modified Al-7%Si after 10 turns

4.4.3 Microhardness evolution

Figure 4.38 shows the variation of microhardness values and scatter bars along the

diameter of modified Al-7%Si piston alloy after HPT processing. The microhard-

ness and scatter bars for the as-received alloy are also shown for comparison. After

1
4

turn, the microhardness has increased from an initial value of ∼120 HV for the

as-received alloy to ∼145 HV around the central region, which is ∼21% increase.

At the edge, the microhardness has increased to ∼180.7 HV, accounting for ∼45%

increase in microhardness. It can also be observed that the size of scatter bars

along the diameter have increased significantly.

82



 

0

50

100

150

200

250

300

-6 -4 -2 0 2 4 6

V
ic

k
er

s 
M

ic
ro

h
a

rd
n

es
s,

 H
V

 

Distance from the center, r (mm) 

Without HPT

1/4 HPT turns

1/2 turns

1 HPT turn

10 HPT turns

3 GPa 

Figure 4.38: Vickers microhardness along the diameter of the unprocessed and
HPT-processed modified Al-7%Si

After 1
2

turn, the microhardness has increased by ∼21.5% and ∼50% at centre and

edge respectively. The error bars of the microhardness measurements are generally

larger compared to those after 1
4

HPT turn. There are larger error bars at the edge

than at the central region. This is because as observed in subsection 4.4.2, the

microstructure at the edge (Figure 4.26) consists of broken and unbroken Si net-

works and intermetallic phases after half turn, hence the scatter in microhardness

measurements.

The microhardness has increased by ∼23% and ∼60% at centre and edge respec-

tively after 1 turn. The increase in microhardness from the centre to the edge is

almost linear indicating that microstructural homogeneity has not been achieved.

This is consistent with the microstructural observations after 1 turn in subsec-
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tion 4.4.2. The scatter bars are slightly larger than those observed after 1
2

turn.

Microhardness has increased by ∼35% and ∼66% at central region and edge re-

spectively from the initial values of the as-received alloy after 10 turns. The micro-

hardness along the diameter is nearly homogenous except that there is a ‘hump’ at

the region between +1.8 and +2.5 mm. Microstructural observations around this

region shown in Figure 4.39 reveal that the microstructure consists of fragmented

Si networks and individual Si particles. Most of the intermetallic phases have bro-

ken down into small particles, which cannot be observed through an optical or SE

microscope. Particle analysis (Figure 4.40 further shows that the region consists

of particles with very high circularity values. Very high microhardness around this

region is therefore due to presence of many circular Si particles. Silicon particles

have the highest hardness (and hence strength) compared to all other phases in

Al-Si alloys [61, 74] (see Table 6.1 in appendix B). However, further investigation

is warranted to establish the mechanism for occurrence of this microstructural be-

havior. The scatter bars after 10 turns are generally larger than those observed

after 1
4
, 1

2
and 1 turns of HPT processing.

As shown in Figure 4.38, the microhardness line profiles are all symmetrical about

the central region and the symmetry decreases with number of HPT turns. It can

also be seen that the microhardness line profiles for 1
4
, 1
2

and 1 turns are very close

to each other. This is consistent with the microstructural observations made ear-
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lier in subsection 4.4.2 in which no major microstructural changes were observed

for these number of turns.

Figure 4.39: Microstructure of modified Al-7%Si piston alloy sample at region
r=+1.8-2.5 mm after 10 turns 
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Figure 4.40: Circularity Vs. area of particles at region r=+1.8-2.5 mm of modified
Al-7%Si piston alloy sample after 10 turns
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Figure 4.41 shows the variation of microhardness along the diameter with the

equivalent strain. The microhardness increases to a maximum at an equivalent

strain of about 25, decreases slightly at equivalent strain of about 50 and then in-

creases again gradually at a strain of about +100. Beyond the equivalent strain of

+150, the microhardness along the diameter of the sample starts to increase grad-

ually. This relationship has been reported in literature for alloys, which undergo

strain hardening with slow recovery [18].
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Figure 4.41: Vickers Microhardness versus equivalent strain for HPT processed
modified Al-7%Si

4.4.4 Distribution of particles in HPT processed modified

Al-7%Si piston alloy

Figures 4.42 and 4.43 show the 3-parameter Weibull distribution fit of the areas

of particle for modified Al-7%Si piston alloy processed for 1
4
, 1

2
, 1 and 10 turns.
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As shown, the particles at higher number of turns are heavily skewed towards the

smaller particles.
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Figure 4.42: The 3-parameter Weibull probability plots of areas of particle in un-
processed and HPT-processed modified Al-7%Si piston alloy. The
parameter, AD and P values are also shown
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samples showing that the area population is heavily skewed to smaller
particles after 10 HPT turns. The parameter values are also shown

Figures 4.44 and 4.45 show the relationship between circularity and area of particles

for the modified Al-7%Si alloy. For illustration of the effect of HPT on circularity,

the relationship is presented for 1
4

and 10 turns. At 1
4

turn, most of the particles

have a circularity of less than 0.2. After 10 turns, shown in Figure 4.45b, most of

the particles have a circularity of more than 0.2. The increase in the circularity of

smaller particles may be part of the reason for the increase in microhardness after

10 turns.
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Figure 4.44: Relationship between circularity and particle area for 1
4
-turn HPT-

processed modified Al-7%Si alloy
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processed modified Al-7%Si alloy
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4.5 Comparisons of Microhardness Evolution for Three Pri-

mary Alloys During High-pressure Torsion

Figure 4.46 compares the microhardness evolution of the three primary alloys after

10 turns. After 10 HPT turns, the microhardness values for modified and unmod-

ified Al-7%Si piston alloy are nearly equal. This is because after 10 turns there

were no major microstructural differences between the centre and edge of these

samples. On the contrary, the microhardness for Al-12%Si exhibits inhomogene-

ity. This is because the microstructure at the edge appeared equiaxed and more

refined than at the centre. This means that the concentration of Si content in

Al-Si piston alloy reduces the refinement of the microstructure during HPT. This

is because high Si content results in increase in concentration of Si-rich phases and

as earlier stated, silicon is stronger than the rest of the phases and breaks down

slowly during HPT. It can also be deduced that microhardness increases faster in

the unmodified alloy than in the modified alloy. For instance, after 1
4

turn, micro-

hardness increase of 43% and 21% was recorded for unmodified and modified alloys

respectively. This difference can be attributed to the observation that during HPT

there occurs breakdown of the modified Si networks rather than the Si particles

in the modified alloy, which does not bring a major change in properties of the

modified alloy.
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Figure 4.46: Comparison of microhardness evolution for the three primary alloys
after ten turns

4.6 Summary of Discussions

4.6.1 Microhardness and microstructure as function of num-

ber of turns, N

The microhardness increased on HPT processing and with the increasing number

of turns for all the three primary piston alloys. This is consistent with previous

reports on HPT processing of commercial purity aluminium [35, 36, 56, 58], alu-

minium alloys [18–21,31,54,55] and ECAP processing of pure aluminium [38–40].

As reported in literature [41,75], this increase in microhardness can be attributed

to microstructural refinement observed in this research. Microstructural obser-
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vations revealed gradual break down of Si and other intermetallic particles with

increasing number of turns. These microstructural observations were confirmed

by a Weibull distribution which revealed that most of the particles tended to be

skewed towards the smaller particle sizes with increase in number of turns. The in-

crease in microhardness can also be attributed to increase in circularity of particles

with number of HPT turns reported in the present results. It has been reported

in literature [76, 77] that spherical or circular Si particles improve the mechanical

properties of Al-Si piston alloys. This increase has also been attributed to evolu-

tion of LAGBs into HAGBs during HPT in previous studies [18,19,35]. However,

grain size evolution (and hence grain boundaries) was not undertaken in this re-

search and therefore can not been discussed.

The present results have shown that scatter bars in microhardness values of pri-

mary Al-Si piston alloys increase with number of turns. For all the three alloys, the

largest scatter bars were observed after 10 turns. This is contrary to previous re-

ports on high-pressure torsion of simple Al alloy systems [18–21,31,35,36,54–56,58].

This can be attributed to redistribution of small Si and other complex intermetal-

lic particles within the matrix during HPT. The redistribution ensures that during

a single hardness measurement, the four values obtained are for different phases,

hence the scatter in the average microhardness value (see Figure 3.3 in chapter ??

for microhardness measurement procedure). A similar redistribution of particles

was reported in an earlier study for ECAP-processed Al-3%Si and Al-7%Si al-
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loys [78]. Microstructural observations further revealed that even after 10 turns,

unbroken cracked and large Si and phases were still present. These observations

could also be the reason for large scatter bars after 10 turns and also indicate that

homogeneity and full microstructural refinement was not achieved after 10 HPT

turns.

4.6.2 Microhardness and microstructure as functions of

distance from centre

The microhardness increased with the increase in distance from the centre. This

result is consistent with strain gradient theory [22, 66] and previous reports on

HPT-processed alloys [18, 19, 21, 56]. This variation could be attributed to more

microstructural refinement at edge than at the centre as revealed by the microstruc-

tural observations and Weibull probability and distribution plots of particle sizes.

The circularity-particle size relationship revealed a higher circularity at the edge

than at the centre for all number of turns. This is because there was higher break

down at the edge than at the central region and as reported earlier [70], smaller

particle sizes exhibit higher circularity than coarse particles. The higher circular-

ity of particles at the edge further explains the occurrence of higher microhardness

at the edge. Observations of evolution of spherical particles on HPT have been

reported in literature for other Al-Si alloys [21,54]
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There is tendency for HPT-processed samples to evolve towards microhardness

and microstructural homogeneity with increasing number of HPT turns [18,22,79].

In the present results, the homogeneity in microstructure was evaluated by the mi-

crohardness line profiles. The microhardness gradient along the diameter of the

samples was seen to decrease with increase in number of turns. However, contrary

to pure aluminium [35,36,56,58] and other alloys [18–21,31,54,55], homogeneity in

microhardness was not achieved after 10 turns. There were still differences between

the microstructure at the centre and edge for all the alloys after 10 turns. These

observations were confirmed by the 3-parameter Weibull probability and cumula-

tive plots in which there were still significant differences between the particle sizes

at the centre and edge after 10 turns. These observations indicate that primary

Al-Si piston alloys require straining beyond 10 turns to achieve full microstructural

refinement. This is because, in relation to simple Al-Si alloy systems, Al-Si piston

alloys are multi-component and contain complex phases, which evolve differently

during HPT
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CHAPTER FIVE

5.0 RESULTS AND DISCUSSIONS: SECONDARY Al-Si

PISTON ALLOY DURING HIGH-PRESSURE TORSION

5.1 Introduction

This chapter presents microhardness and microstructural results and discussion of

the secondary Al-Si piston alloy. The alloy studied is the recycled base Al-Si piston

alloy (sample P) whose composition was given in Table 3.2. The results in this

chapter are useful in evaluating HPT for improvement of properties of recycled

materials.

5.2 Properties of as-received base Al-Si piston alloy

5.2.1 Microstructure

The optical micrographs in Figure 5.1 show the microstructure of the recycled

base alloy. Secondary Al-Si piston alloys contain very high content of alloying

elements and as a result, these alloys contain complex network of intermetallic

particles. These particles include Al3CuNi, Al3Ni, Al9FeNi (thick/thin plates)

and Al7Cu4Ni [62]. Al9FeNi is the most frequent phase in this alloy [62]. The

microstructure also contains large and blocky primary Si particles and acicular
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eutectic Si. The phases in Figure 5.1 were identified by comparison with the

previous results from the literature [62].

Figure 5.1: Optical micrograph of unprocessed secondary base Al-Si piston alloy

5.2.2 Microhardness

Figure 5.2 shows the microhardness along the diameter of the as-received secondary

alloy. The microhardness is nonhomogeneous as illustrated by the scattering in the

error bars. This scattering is due to difference in hardness exhibited by different

particles (see Table 6.1 in Appendix B).
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Figure 5.2: Vickers Microhardness across the diameter of as-received secondary
Al-Si (sample P)

5.3 Microstructural evolution

Figure 5.3, shows the optical micrograph of recycled base Al-Si piston alloy after

1
4
, 1

2
, 1 and 10 HPT turns. After 1

4
turn, Figure 5.3a, there is no change on the

microstructure at the central region. However, broken intermetallic phases and

very small cracks on Si can be observed in Figure 5.3b. These observations are

clearly illustrated by the SEM image in Figure 5.4.

After 1
2

turn, there are no major microstructural transformations observed at the

central region except a few cracks on Si and intermetallic particles as shown in

Figure 5.3c. The SEM image in Figure 5.5 clearly shows these broken intermetal-
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lic phases and cracks on Si particles. At the edge, there is more break down of

the particles and silicon particles can now be observed (Figure 5.3d). This means

that Si particles have broken down into small particles after 1
2

turn at the edge of

the sample as further illustrated by Figure5.6.
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Figure 5.3: Optical micrographs showing microstructural evolution during HPT
of recycled base alloy at different number of turns. Images a, c, e, g
represent the microstructure at the central region while images b, d, f,
h represent the microstructure at the edges.
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Figure 5.4: SEM image showing cracks on Si and intermetallic phases at the edge
of recycled base alloy after 1

4
HPT turns. Broken phases are also shown.

Figure 5.5: SEM image showing cracks on Si and broken intermetallic phases at
the centre of recycled base alloy after 1

2
HPT turn.
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Figure 5.6: SEM image showing presence of Si particles at the edge of recycled
base alloy after 1

2
HPT turn.

The optical micrograph at the centre after 1 turn shown in Figure 5.3e does not

reveal significant differences compared to the microstructure after 1
4

turn at the

central region. There are still many unbroken Si particles with a few broken in-

termetallic phases present as illustrated by the SEM micrograph in Figure 5.7. At

the edge (Figure 5.3f), nearly all intermetallic phases have broken down and as

such very few phases can be observed. However, there are still large and unbroken

Si particles present. The SEM micrograph at the edge reveals few unbroken inter-

metallic phases, presence of near-circular particles and unbroken Si (Figure 5.8).
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Figure 5.7: SEM image at the central region of recycled base alloy after 1 HPT
turn. Unbroken phases and Si particles are shown.

Figure 5.8: SEM image at the edge of recycled base alloy after 1 HPT turn. It
shows the presence of unbroken Si particles and very few intermetallic
phases.

After 10 turns, the optical micrograph at the central region reveals a more re-
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fined microstructure with very few unbroken intermetallic phases and Si particles

(Figure 5.3g). The micrograph also shows the presence of circular particles at the

central region. The SEM image in Figure 5.9 shows that large Si particles are still

present at the central region of the base alloy after 10 turns. At the edges, the

microstructure appears considerably refined consisting of a region of fine particles

at the extreme edge of the sample as indicated in Figure 5.3h. However, a few

primary silicon particles can still be observed. This means that Si particles have

not fully broken down after 10 turns. Furthermore, the microstructure contains

fine and circular Si and intermetallic particles as shown in Figure 5.10.

Figure 5.9: SEM image at the central region of recycled base alloy after 10 HPT
turns showing a few unbroken phases and Si particles.
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Figure 5.10: SEM image at the edge of recycled base alloy showing a considerably
refined microstructure after 10 HPT turns.

5.4 Microhardness evolution

Figure 5.11 shows the microhardness along the diameter of secondary base Al-Si

piston alloy after 1
4
, 1

2
, 1 and 10 HPT turns. The microhardness for as-received

sample is also shown for comparison.
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Figure 5.11: Vickers Microhardness across the diameter of the recycled base alloy
for different number of turns

After 1
4

turn, the microhardness has increased by ∼16% and ∼67% at central re-

gion and edges respectively from the microhardness of the as-received alloy. The

small increase at the central region is due to very minimal break down observed

in the microstructure around that region. The microhardness increases linearly

up to diameter of ±2 mm followed by a decrease. The linear increase can be at-

tributed to microstructural refinement observed towards the edge of the sample in

subsection 5.3. The scatter bars are generally small and almost equal except at

some random positions where larger scatter bars were observed.

There is no significant increase in microhardness after 1
2

turn at the central region.

This is because the microstructural features observed are similar to those observed
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after 1
4

turn at the central region in Figure 5.3c (subsection 5.3). However, there is

a slight increase in the microhardness at the edges with ∼74% increase recorded.

This is because considerable microstructural break down of intermetallic phases

was observed at the edges. Generally, the scatter bars are larger and randomly

distributed throughout the diameter.

After 1 turn, the microhardness has increased by ∼29% and ∼84% at the cen-

tral region and at the edges respectively from the initial values of the as-received

alloy. The microhardness gradient between the centre and edge decreases consider-

ably. This shows the evolution of this alloy towards homogeneity and is due break

down of more intermetallic and Si particles into smaller particles at the edge and

central region of the alloy. Large and varied-sized scatter bars can be observed

at the edges than at the central region. This can be attributed to more break

down and redistribution of particles at the periphery of the alloy sample shown in

Figure 5.3f (subsection 5.3).

The microhardness is nearly homogenous along the diameter after 10 HPT turns as

shown in Figure 5.11. This is because micrographs at both the central region and

edge revealed considerable refinement of the microstructure (Figures 5.9 and 5.10).

However, the microhardness values around the extreme edges are higher. This can

be attributed to the presence of the region of very fine particles at the extreme

edge. The size of the scatter bars have increased significantly along the diameter
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after 10 turns. The presence of unbroken primary Si particles and intermetallic

phases after 10 turns maybe the reason for large scatter bars.

Figure 5.11 shows that all the microhardness line profiles are symmetrical about

the central region which indicates that refinement is slower at the central region

than at the edge. The microhardness increase around the central region after 1
4
, 1

2

and 1 turns is very small. This is consistent with the microstructural observations

in which no microstructural transformation was reported at the central region af-

ter these number of turns.

Figure 5.12 shows the variation of vickers microhardness with the equivalent strain

for recycled piston alloy P. As shown, the microhardness increases rapidly up to

an equivalent strain of 25, then decreases slightly and increases again beyond the

strain of 100. This behavior is similar to what has been reported in previous

studies on HPT processed Aluminium alloys and is exhibited by materials which

undergo strain hardening with slow recovery [18,19,56].
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Figure 5.12: Vickers Microhardness variation with equivalent strain for the recy-
cled base alloy

5.5 Distribution of particles in HPT processed recycled

base Al-Si piston alloy

Figures 5.13 and 5.14 show the 3-parameter Weibull distribution of particle areas

for base alloy processed up to 10 turns. It can be seen that most of particles at the

central region are skewed relatively towards the larger particles. It is also observed

that the distribution plots for 1
4
, 1
2

and 1 turns at the central regions are very close

to each other. This is consistent with the microstructural and microhardness ob-

servations in which there were no microstructural changes reported at the central

region after these number of turns. The distribution plots at the centre and edge
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are closer to each other after 10 turns. This confirms the occurrence of microstruc-

tural homogeneity illustrated by the microhardness measurements after 10 turns

in subsection 5.4. The evolution towards homogeneity in this alloy is further rep-

resented by the circularity-particle size relationships in Figures 5.15 and 5.16. As

shown, the circularity of particles increased considerably both at the centre and

edge after 10 turns. After 1
4

turn, the particles at the edge have more circularity

than at the central region. These observations support the microhardness results

reported after 1
4

and 10 turns.
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Figure 5.13: The 3-parameter Weibull probability plots of areas of particle in un-
processed and HPT-processed recycled base Al-Si piston alloy. The
parameter, AD and P values are also shown
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Figure 5.14: The 3-parameter Weibull cumulative distribution plots of areas of
particle in unprocessed and HPT-processed recycled base Al-Si piston
alloy samples showing that the area population is heavily skewed to
smaller particles after 10 HPT turns. The parameter values are also
shown
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processed recycled base Al-Si piston alloy
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CHAPTER SIX

6.0 CONCLUSION AND RECOMMENDATION

6.1 Conclusion

There is no much difference observed, in terms of microstructural and microhard-

ness evolution, between the primary and secondary Al-Si piston alloys. The micro-

hardness increases after high-pressure torsion for all the alloys. In all the alloys, the

coarse silicon structures and other intermetallic particles break down into small

and circular particles after 10 HPT turns. The presence of large and unbroken

phases and silicon particles after 10 turns indicates that full microstructural re-

finement has not been achieved after 10 turns.

There are microhardness gradients along the diameter of all the alloys as revealed

by the microhardness line profiles even after 10 turns. This is an indication of

nonhomogeneous microstructural refinement in Al-Si piston alloys.

All the alloys have shown the tendency to evolve towards microstructural homo-

geneity with increasing number of turns. For all the alloys, a finer microstructure

has been observed at the edge compared to the central region for all number of

HPT turns. The microstructure at the central region for all the alloys was observed

to contain relatively large and unbroken phases even after 10 turns. All the alloys
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exhibit a non-monotonic microhardness-strain relationship; which means that both

primary and secondary cast Al-Si piston alloys undergo strain hardening with slow

recovery during severe plastic deformation.

There is improvement in the microstructure and microhardness of the secondary

Al-Si piston alloy as revealed by the results presented in Chapter 5. These results

indicate that HPT can be used as a post-recycling method to improve the strength

of the materials for various applications.

An important output of this work is the development of a new method of measur-

ing microhardness along the diameter of HPT samples.It uses more local points

(40 points) along the sample diameter. The use of more measurement points ren-

ders this new method statistically more accurate than the methods in literature.

Since the measurements obtained through this method are comparable to the mi-

crostructure properties, this method is suitable for microhardness characterization

of HPT processed samples.

6.2 Recommendations for Future Work

This research recommends the following studies for future work:

• High-pressure torsion should be undertaken on these alloys for more than 10
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turns to establish the number of turns necessary to cause full and homoge-

nous refinement of the microstructure.

• Grain size, grain boundary and dislocation evolutions should be undertaken

on HPT-processed Al-Si piston alloys to gain a deeper understanding into the

deformation mechanisms of these alloys during SPD. These studies require

use of TEM, which could not be accessed in the present investigations.

• Further studies into other mechanical properties such as thermal stability,

wear and corrosion resistances on HPT-processed Al-Si piston alloys are rec-

ommended.

• To upscale these results to full scale production, a high-pressure torsion

equipment suitable for implementation in the existing engine piston produc-

tion lines should be developed.
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Appendix A

Goodness of fit test for 3-parameter lognormal and Weibull

distributions
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Figure 6.1: Probability plots for particle areas at the central region of Al-12%Si
alloy after 1
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turn of HPT processing.
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alloy after 10 turns of HPT processing.
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Appendix B

Hardness of intermetallic phases

Table 6.1: Properties of particles and phases in Al-Si piston [74]

Phase Hardness (HV)
25oC 200oC 350oC

Si 1132 1132 938.1
AlFeMnSi 1101 1030 826

Al3Ni2 1071 969 683
Al7Cu4Ni 948 836 510
Al9FeNi 785 683 591

Al5Cu2Mg8Si6 663 602 520
Al2Cu 591 540 254

Al matrix 153 71.4 10.2

132


	DECLARATION
	DEDICATION
	ACKNOWLEDGEMENT
	TABLE OF CONTENTS
	LIST OF TABLES
	LIST OF FIGURES
	LIST OF APPENDICES
	ABBREVIATIONS
	NOMENCLATURE
	ABSTRACT
	CHAPTER ONE
	1.0  INTRODUCTION
	Background
	Problem Statement
	Objectives
	Thesis outline

	CHAPTER TWO
	2.0 LITERATURE REVIEW
	Introduction
	Severe Plastic Deformation (SPD)
	High-pressure Torsion (HPT)
	Properties of HPT processed materials
	Introduction
	Microstructure of HPT-processed aluminium and aluminium-based alloys
	Microstructure of HPT-processed aluminium-silicon alloys
	Microhardness of pure aluminium and Al-Si based alloys

	Review of Microhardness measurement methods
	Method 1
	Method 2
	Method 3
	Method 4

	Summary

	CHAPTER THREE
	3.0 METHODOLOGY
	Introduction
	Materials
	Experimental procedures
	HPT processing
	Microstructure examination
	Microhardness measurements


	CHAPTER FOUR
	4.0 RESULTS AND DISCUSSIONS: PRIMARY Al-Si PISTON ALLOYS
	Introduction
	High-pressure Torsion Processing of Al-12%Si Piston Alloy
	Properties of the As-received Al-12%Si piston alloy
	Microstructural evolution
	Microhardness evolution
	Distribution of particles in HPT processed Al-12%Si piston alloy

	High-pressure Torsion Processing of Unmodified Al-7%Si Piston Alloy
	Properties of as-received cast unmodified Al-7%Si piston alloy
	Microstructural evolution
	Microhardness evolution
	Distribution of particles in HPT processed unmodified Al-7%Si piston alloy

	High-pressure Torsion Processing of the Modified Al-7%Si Piston Alloy
	Properties of As-received modified cast Al-7%Si piston alloy
	Microstructural evolution
	Microhardness evolution
	Distribution of particles in HPT processed modified Al-7%Si piston alloy

	Comparisons of Microhardness Evolution for Three Primary Alloys During High-pressure Torsion
	Summary of Discussions
	Microhardness and microstructure as function of number of turns, N
	Microhardness and microstructure as functions of distance from centre


	CHAPTER FIVE
	5.0 RESULTS AND DISCUSSIONS: SECONDARY Al-Si PISTON ALLOY DURING HIGH-PRESSURE TORSION
	Introduction
	Properties of as-received base Al-Si piston alloy
	Microstructure
	Microhardness

	Microstructural evolution
	Microhardness evolution
	Distribution of particles in HPT processed recycled base Al-Si piston alloy

	CHAPTER SIX
	6.0 CONCLUSION AND RECOMMENDATION
	Conclusion
	Recommendations for Future Work

	REFERENCES
	APPENDICES

