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Development of Al alloy composites by powder metallurgy routes

Particulate reinforced Al alloy composites (AIMCs) are recognized as important structural
materials due to their lightweight, high modulus and strength and high wear resistance. In order to
understand the effect of matrix, reinforcement and secondary processing techniques on the
microstructure development and mechanical properties of AIMCs produced by powder metallurgy
routes, Al alloy composites reinforced with three types of reinforcements by different secondary
processing techniques have been produced and examined.

Fabrication of Al or 6061Al alloy based composites reinforced with nano-sized SiC particles
(~500nm), micro-sized (<25um) quasicrystalline alloy particles (hereinafter referred to as “NQX”)
and micro-sized Nb particles (~130um) has been carried out by powder metallurgy routes followed
by extrusion or cold rolling. After extrusion, a homogeneous distribution of secondary particles
has been obtained with rare interfacial reaction products. The 6061A1/SiC composites exhibit
superior mechanical properties than either monolithic alloys or composites reinforced with micro-
sized particles with retained ductility while the 6061 AI/NQX and 6061A1l/Nb composites show
limited improvement in tensile strength mainly due to their reinforcement size and poor interfacial
bonding.

After cold rolling, the evolution in microstructure, texture and strength has been analysed. A
typical near B fibre texture with highest intensities near Copper and Brass orientations has been
developed for 6061AI/NQX and 6061Al/Nb composites. For 6061Al/SiC composites, a
randomized texture with very small grains has achieved due to the presence of the non-deformable
SiC particles. Mechanical property tests including microhardness, three-point bending tests and
tensile tests have been carried out on cold rolled samples and the results exhibit some level of
improvement when compared with as-extruded samples due to work hardening.

Finally, the work moves on to the general discussion based on the previous result chapters. The
microstructural development related to reinforcement, matrix and interfacial areas during
extrusion and cold rolling has been summarised and the correlation between microstructure and
mechanical properties has been discussed.

The thesis provides a thorough understanding of AIMCs produced by powder metallurgy routes in
terms of matrix, reinforcement and processing techniques. It can provide reference to the future
development of AIMCs for high strength applications.
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Chapter 1 Introduction

1. Introduction

1.1 Objective

The materials design has shifted emphasis to aghight weight, environment friendliness and
low cost during the past 40 years [1]. Metal-matromposites, especially Al alloy composites
(AIMCs) have been attracting growing interest du¢he low density of Al alloy matrix which is
only 35% of steel [2]. The lightweight propertyugbed with high Young’s modulus and strength
and high wear resistance, has made Al alloy congmsin ideal candidate to substitute heavier
metals in automotive, aeronautic and aerospacecafiphs due to the continuous demand for

lower energy consumption [3].

The strength of the Al alloy composites is variedtarge extent depending on many conditions,
such as processing techniques, reinforcementrgirdéorcement volume fractions, etc. The main
objective of the thesis is trying to understand ¢fffect of the matrix, reinforcements and the
fabrication process on the microstructure and machbproperties of Al alloy based composites
produced by powder metallurgy routes and to proindight to the future development of new Al

alloy based composites.

1.2 Outline of thethesis

Bearing the objective in mind, the present workuk®es on the fabrication of Al alloy composites
using three types of reinforcements of differemesianges by different secondary processing
techniques, including extrusion and cold rollingeTeffect of Al alloy matrix, reinforcement type,
size and volume fraction, processing techniqueheroverall microstructural development and in

turn, the mechanical properties has been studisteésptically.
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Current understanding of the particulate reinfor&edlloy composites has been given in Chapter
2. The review gives an overview of the key factffecting the mechanical properties of micro-
sized and nano-sized particulate reinforced Alyalland the effect of severe plastic deformation

on the microstructural development and mechanicggrties.

Chapter 3 describes the fabrication of compositenas and the characterization techniques used.
Nano-sized SiC particles (~500nm; density: 3.218/¢4f), micro-sized quasicrystalline alloy
particles (<25um; density: 2.88g/21f5]) and micro-sized Nb particles (~130um; density:
8.57g/cni [6]) have been added into the pure Al or 6061Abwlmatrix by powder metallurgy

routes followed by extrusion and/or cold rolling fagh strength applications.

The as-extruded bars of 6061Al/SIC composites hbgen analysed in Chapter 4. The
microstructural characterization shows that powdetallurgy routes including high energy ball

milling, HIPing followed by extrusion are effectiverocedures to produce homogeneously
distributed nano-sized particle reinforced Al allmmposites with superior mechanical properties
compared to either monolithic Al alloys or compesiteinforced with micro-sized particles due

to the improved strengthening mechanisms relatéad méno-sized reinforcement.

Chapter 5 studies the 6061Al/SIC composites aitgusion into strips and cold rolling. Despite
the increasing amount of SiC particle cracking migircold rolling, the cold rolling process
improves homogeneity of the microstructure andeaases the strength considerably in terms of

microhardness and three-point bending strengthowttitroducing matrix anisotropy.

Chapter 6 studies 6061Al alloy reinforced with qoastalline AbsFesCr.Tiz alloy particles after

extrusion and cold rolling. Although cold rollingnproves mechanical properties of the
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composites by some extent, however, the techniguesiot successful since poor interfacial
bonding and large cracks have been observed wleciously deteriorate the mechanical
properties. Other fabrication techniques, suchigis énergy ball milling and hot rolling, should

be further studied to improve the microstructurd emturn the overall mechanical properties.

Chapter 7 studies as-extruded and cold rolled ABNIBO61AI/Nb composites which are in the
catalogue of deformation processed metal-metal ositgs (DPMMCSs). During cold rolling, Nb
particles have gradually developed into flattenbbon-like morphology aligned parallel to the
rolling plane. The interparticle spacings and Niban thickness decrease with increasing rolling
strains. The mechanical property tests show imptasteength due to work hardening effect,
however, the improvement is relatively limited &t e tcurrent rolling strains since the Nb
interparticle spacings are not close enough tasetfective barriers to mobile dislocations. Fetur
work such as larger plastic deformation procesdsiaebe carried out to study the effect of closely

aligned Nb ribbons on the mechanical propertiepiteethe work hardening effect.

Chapter 8 is a general discussion of the previesslt chapters. The microstructural development
related to the reinforcement, matrix and the i@l areas during extrusion and cold rolling has
been summarized and compared for the produced cotepoand the main strengthening

mechanisms have been discussed.

Chapter 9 sums up the findings of the previous wrapThe present work comprises studies of
the fabrication of Al alloy composites with differe types of reinforcements (non-

deformable/deformable; nano-size/micro-size) withio t secondary processing techniques
(extrusion/cold rolling). Strategies for future @ééypment of new Al alloy based composites have

been given based on the findings in this thesis.
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Chapter 2 Literature Review

2. Literature Review

During the past thirty years, the development ofainmatrix composites (MMCs) has been one
of the prime innovations in materials. Early stgdi@ MMCs mainly focused on the development
of continuous fibre reinforced materials [1]. Howeyvhigh manufacturing costs coupled with high
costs of the reinforcement fibres and complex tation routes have hindered their industrial

applications and led to the development of pariiteinforced composites [1].

Particulate reinforced Al alloy composites areaattive materials for automotive and aerospace
applications due to their lightweight, high modulrsl strength and high wear resistance [2]. In
aerospace applications where weight is the primmeam, for example, the substitution of an
unreinforced wrought counterpart by a discontinusi€s reinforced Al alloy composite resulted
in a 10% reduction in weight and also a 50% inae@s modulus [1]. Recently, Al alloy
composites reinforced with nanoparticles have k@tkincreasing attention of researchers in view
of their much better mechanical properties thareeitmicro-sized particulate reinforced
composites or monolithic materials [3]. It has bebown that a variety of factors including the
reinforcement, fabrication routes and matrix conipmss, could significantly affect the
microstructure and mechanical properties of theseposites [4]. Hence, it is quite important to

understand these key factors to be able to acloetreum properties.

This chapter reviews the current research into eorstzed and nano-sized particulate reinforced
Al alloys composites, particularly the key fact@fecting the mechanical properties of the

composites and the effect of plastic deformation.
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2.1 Particulate reinforced Al alloy composites

Al alloy composites can be divided into three categs according to the forms of the
reinforcements: composites reinforced with contimifibres, short fibres and particles [5]. In this
literature review, only particulate reinforced Allog composites will be discussed in detail. Both
micro-sized and nano-sized particulate reinforcédly composites will be reviewed in this

section.

2.1.1 Fabrication process

Over the last thirty years, a variety of processiechniques have been developed to produce
particulate reinforced MMCs. The processing methezadsbe mainly divided into two categories:
liquid phase and solid phase processing technigoesrding to the different temperature of the

metallic matrix during processing [1]. The solidaglk processing techniques will be reviewed here.

Powder metallurgy (PM) is a common solid stateshetpe process for producing MMCs and has
been successfully applied to large numbers of roet@mic combinations [1]. It involves the
mixing of matrix powders and ceramic particulateioived by secondary processes such as
compaction, HIPing and/or extrusion to reduce poyand consolidate the powder mixture [5].
One typical powder metallurgy manufacturing routeeloped by Alcoa (Pennsylvania, PA) is
shown in Figure 2.1 [4]. Compared with liquid ph@asecessing techniques, powder metallurgy
has several major advantages [4]:

1. It allows essentially any alloy to be used as maand any type of particles to be used as
reinforcements because interfacial reactions betweatrix and reinforcement particles can
be minimised by using solid state processing.

2. The matrix powders can be produced by rapid sadatibn, such as powder atomisation
process. The high cooling rates achieved througHitjuid to solid transition [6] can refine
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the grain structure and lead to obtain stable and&tastable phases with a nano-scale size
[7]. This is quite important for high temperatuggphcations since rapidly solidified alloys
have much better mechanical properties at elevatagerature than conventional alloys.

3. High volume fractions of reinforcements can be usddch can maximise the Young's

modulus and minimise the coefficient of thermal @xgion of the composite.

One of the powder metallurgy (PM) approaches, kiggrgy mechanical alloying (MA), which is

a solid state powder processing technique thapoasuce homogeneous materials from blended
elemental powder mixture by repeated welding, tnacyy and rewelding of powder particles in a
high energy ball mill, is so far the most effectireethod to fabricate nano-sized particulate
reinforced MMCs with minimised clustering issue$. [8/hen producing nano-sized particulate
reinforced MMCs by MA, a uniform distribution of @éhreinforcement, a significant grain size
reduction and increased lattice strains can beegetdiwhich are beneficial to strength properties
[2]. However, powder contamination, which can bacéd to the milling equipment, milling
atmosphere and the process control agents addbd powders, is an inherent drawback of this

technigue and special precautions need to be takemnimise it [8].
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Figure removed due to copyright reasons

Figure 2.1: Powder metallurgy manufacturing route [4].

2.1.2 Reinforcement selection

2.1.2.1 Ceramic patrticles and intermetallics

Ceramic particles are the most widely used matefalreinforcing Al alloys [9]. Many ceramic
particles, such as ADs, SiC, Bi.C and TiB, have been examined [1, 4]. However, several facto
have to be taken into consideration when choosuntalde ceramic particles, such as the
application, methods of composite manufacture bhadost [4]. With these considerations in mind,
the two reinforcements receiving the most attentiva SiC and AD3 [2, 4]. Some of the

properties of these two reinforcements comparel pute Al are listed in Table 2.1 [4].
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Young's Coefficient Specific
. g Density, | of thermal b Poisson’s
Material | modulus, eni® | expansion heat, ratio
GNm? | 9 PREOM | kgt K
SiC 420-450| 3.21 4.3x16 840 0.17
Al20s3 380-450 | 3.96 7.0x16 1050 0.25
Al 70 2.70 24.0x16 910 0.35

Table 2.1: Properties of SiC, ADzand Al [4, 10-12].

SiC is widely used due to its low density, low castl high availability. Besides, it can greatly
increase the Young's modulus, tensile strengthvesat resistance of the composites [9L@4|

the second most widely used reinforcement, is nsteble and has better corrosion and high
temperature behaviour compared with SiC [9]. Gdhespeaking, an increase in stiffness of up

to 50% can be achieved with an addition of up t@oB9o of SiC or AbOz[2, 13].

Another type of reinforcement that has been uséd priomising results is intermetallics [9, 14-
17]. It has been reported that Al based compoegiesorced with Ni (NiAl or NgAl) or Fe based
intermetallics generally offer an increase in wessistance, overall good mechanical properties
and good thermal stability at high temperature Whigakes them ideal candidates for high

temperature applications [9, 18].

2.1.2.2 Nanoquasicrystals
In addition to ceramic particles and intermetallicanother type of reinforcement,
nanoquasicrystals [19], has drawn the researclsergdus attention because of their promising

mechanical properties.

Shechtman et al. [20] first found the icosahedtasicrystalline phase in Al-Mn alloys produced

by rapid cooling in 1984. After that, several typésianoquasicrystal reinforced Al based alloys
-9-
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have been produced in binary, ternary and quatgwaalloys, such as Al-Cr [21], Al-Fe-V [22],
Al-Fe-Cr [23], Al-Fe-Nb [24] and Al-Fe-Cr-Ti [25]ystems, by rapid quenching including melt
spinning [26] and powder atomisation [25, 27, A8Jese alloys share similar microstructure with
nano-sized quasicrystalline particles embeddedia-Al matrix [26]. An example is shown in

Figure 2.2 [29].

= il

Figure 2.2: TEM image of the microstructure of the Al-Fe-Crdlioys in the as-spun state
showing nanoquasicrystalline particles embeddedAlimmatrix [29] (with permission from
Elsevier).

Among all the nanoquasicrystalline based Al allayanoquasicrystalline alloys from Al-Fe-Cr-
Ti system (AbsFesCr-Tiz (at.%)) show excellent mechanical properties cediplith reasonable
ductility at both room temperature and elevatedoerature with promising industrial applications
[30]. Figure 2.3(a) shows the mechanical propedfdsosahedral based AFe:Cr.Ti; alloys at
different testing temperatures. Thers, co.2 andep for the bulk alloy produced from gé gas
atomised powders are 650MPa, 530MPa and 4.4% iat temperature and 360MPa, 330MPa and
1.5% at 573K, which is much superior than the catieaal Al alloys [25]. The high temperature

performance and thermal stability of the alloy i@sher tested after a holding time of 100h by
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Inoue and Kimura [31]. It can be seen from Figul? that the proof stress of the alloys shows
much higher values than the conventional Al alloythe whole temperature range up to 700K.
It is believed that nanoquasicrystalline Al-Fe-Gralloys are promising new Al alloys for high
strength and high temperature applications. Ilfal@®ys can be incorporated in a ductile matrix, a

compromise between strength and ductility may lheeaed.
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Figure 2.3: (a) Tensile properties as a function of testinggderature for an icosahedral-based
AlosFesCroTi2 bulk alloy prepared from -26 and -1#6 powders [25] (with permission from
Elsevier) and (b) 0.2% proof stress as a functfdesiing temperature for the extruded-AkFes.
sCrzTiz alloys produced by powder metallurgy after a hadime of 100h [31] (with permission
from Elsevier).

2.1.3 Mechanical properties of particulate reinfored Al alloy composites

Mechanical properties of particulate reinforcecdy composites depend on many factors, such
as matrix alloy composition, reinforcement materiginforcement size, shape and volume
fraction, reinforcement distribution, secondary gassing conditions, heat treatment, etc. [32].

Some of the key factors are discussed below.
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2.1.3.1 Effect of reinforcement size

It is commonly recognized that the reinforcemeng $ias an obvious effect on the microstructure
and mechanical properties of MMCs [33]. For a giveimforcement volume fraction, there is a

close relationship between reinforcement size Aerchbmogeneity of the reinforcement particle

distribution [32]. A large reinforcement size camprove the homogeneous distribution of

reinforcements among matrix. However, becauseehtgher damage accumulation rates due to

particle cracking, increasing reinforcement size akso lead to poor mechanical properties [32].

Figure 2.4 summarizes the tensile or compressield wtress (YS) and UTS of commercial pure
Al reinforced with SiC or AlOs particles in literature [2, 34-44]. A clear trelnds been observed
that the YS and UTS increase with decreasing rezefaent size. Especially when the particle

sizes reduce to nanometres, a significant impromeimeYS and UTS is observed.

Figure 2.5 [35] further shows the effect of narmedi AbO3 (25nm) and micro-sized SiC (1)

on the tensile strength and elongation of the Ahgosites fabricated following the same route. It
can be observed that the tensile strength (UT8)eoAl/Al20s composite with only 1vol.% ADs
nanoparticles is equivalent to that of the 10voAW&iC composite with a higher yield strength.
This strongly suggests that the mechanical prageeif nanoparticle reinforced metal matrix
composites (NMMCs) would be improved considerabithva very low volume fraction of
nanoreinforcements [45], which is reported to bentgadue to a combined effect of thermal
mismatch and Orowan strengthening [46]. Thermahratsh was first proposed by Arsenault and
Fisher [47]. Because of the large difference behntbe coefficients of thermal expansions of the
matrix and reinforcements, upon cooling from thecpsssing temperature, misfit strains which are
sufficient to generate dislocations occur becatisifferential thermal contraction at the interface

[48], leading to the work hardening of the matfike presence of a high dislocation density in the
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Al matrix in the vicinity of SiC particles has beerperimentally observed from annealed and

furnace cooled Al/SiC composites [48].

The above paper [35] didn’t report any results @ug’s modulus of the Al/AD3 and Al/SiC
composites, which measures the materials’ stiff@@skis reported to be mainly depend on the
load transfer from the soft matrix to the hard f@ioements [5]. Gains in Young’s modulus are
usually seen with increasing reinforcement volunaetfion assuming effective load transfer [4],
while the effect of reinforcement size on Young'edulus is not straightforward. A decrease in
reinforcement size can decrease the interfacessttelaying interface failure, which allows a
higher maximum load transfer, increasing Young'sdoios [5] while particle cluster associated

with smaller reinforcement size can also generategity and decrease Young's modulus [49].

Despite of the increased yield strength and UT8I64l 203 hanocomposites, Figure 2.5 shows
that the ductility gradually reduces from 27% farre Al to 9% for AI/AbOs (7vol.%). The

reduced ductility is reported to be a result ofilgtaoundary embrittiement, which is due to grain
boundary aggregated nanoparticles and clusteredpasicles with increasing reinforcement

amount, providing crack initiation sites [35].
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Figure 2.4: Summary of tensile or compression (a) yield steegs(b) UTS values of commercial
pure Al reinforced with SiC or ADs particles against reinforcement size and voluraetions
from literature [2, 34-44].
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Figure 2.5: Tensile properties of Al/ADz (25nm) and Al/SIC (10m) composites [35] (with
permission from Elsevier).

Besides its influence on tensile or compressicengfth, reinforcement size also has a prominent
effect on ductility. Figure 2.6 summarizes the eglation to failure of commercial pure Al
reinforced with SiC or AlOs particles from literature [34-37, 39, 41, 44]. Acreased ductility
with decreasing reinforcement size is observed teported from literature that large particles
(above 1.5um) can act as microconcentrators ogsstied give rise to particle fracture and early
failure [35]; for medium sized particles (200nm~in®), the particles are less likely to fracture
due to the reduced stress within each particlegefisas reduced flaw sizes [50], so the failure is
generally associated with void formations at deleohgarticle/matrix interface; for smallest
particles (usually below 200nm), retained ductiityd toughness are normally achieved since the

particles are usually well bonded to the matrix alwml not initiate cavities [35]. However,
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nanoparticles have a tendency to agglomerate ama d¢tusters, which have poor interparticle

bonding and are known to fail prematurely [51].

_——‘_‘/——“"““‘"*—-ﬁ.“__«__%_\ﬁ‘—___—
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Figure 2.6: Summary of elongation to failure of commercialgat reinforced with SiC or AD3
particles against reinforcement size and volumetifsas from literature [34-37, 39, 41, 44].

2.1.3.2 Effect of reinforcement volume fraction

Generally speaking, increasing the volume fractbbmeinforcement particles will improve the

strength of the composites, coupled with decredsetllity [50], as can be observed from Figures

2.4 and 2.6.

Chawla and Shen [52] investigated the tensile hebavof an Al-Cu-Mg (2080)/SigT8
composite and found that with increased volumetifvas of SiC (from Ovol.% to 30vol.%), higher
Young’'s modulus, yield strength and UTS have bdeseosed. Similar trends were also reported
by Pal et al. [53], Poirier et al. [2] and Song][éh Al/SiC, or Al/(Al20s3), systems. These trends

were explained by multiple strengthening mechanisush as load transfer from the soft matrix
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to the stiffer reinforcements [50] and in situ sgthening of the matrix because of the additions

of the reinforcements [2].

Other papers [35, 49] reported that the tensikengfths increased with the increasing amount of
reinforcements up to some critical volume fractiodagure 2.5 shows that the strengths of the
Al/Al 203 composites increase with increasing reinforcerwehime fractions until 4%, beyond
which the strengths of the composites are sim8éipenyuk et al. [49] studied the mechanical
properties of the Al-6Cu-0.4Mn (wt.%)/Si€Composites (0-20vol.%) and found that the yield
stress and UTS first increased with increasing arthotiSiC, however, when the reinforcement
concentration exceeded 10vol.%, these values demtedhe saturation or decrease of the tensile
strengths was reported to be mainly due to the dton of reinforcement clusters in the

composites which reduced the amount of effectiid@ecement particles available [35].

2.1.3.3 Effect of secondary processing
Secondary processing techniques such as extrusibng or forging are necessary for decreasing
the porosity and consolidating the composites dfterprimary fabrication methods [54]. The

effect of extrusion and cold rolling is discussedletail.

Extrusion is a very effective step to improve trenslty, homogenize the microstructure and
mechanical properties of MMCs. Cocen and Onel §&dlied as cast and extruded Al-5Si-0.2Mg
(wt.%)/SiG, composites and found that keeping the other paemmeonstant, the tensile strength
values of the extruded composites were improvee4£6 compared with as cast composites.
Similar experimental results were also reporte®blimani Fard and Akhlaghi [54] on A356/%iC
composites and Tham et al. [56] on Al/siEdmposites. Multiple explanations are given f@sth

effects of the extrusion process. First of all, tdoenbination of high pressure and temperature
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during extrusion results in a high shear stressden particles, which will help break up the oxide
layer on the surface of the powder particles aad ® a better adhesion of the matrix-particle
interfacial areas [50, 57]. At the same time, esitrn can reduce porosity, break up particle clgster
and lead to a more uniform distribution of secoggaarticles [57]. All these factors will result in

a development of better microstructure with fewefedts after extrusion and therefore a

significant improvement on the mechanical propsrtiethe composites.

Rolling is another secondary processing techniglietwallows obtaining MMCs in flat shapes.
Lee and Subramanian [58] studied the cold rollihd\ld(Al 203), composites up to a thickness
reduction of 75% and found that rolling broke uplos), clusters and improved particle
distribution. Amirkhanlou et al. [59] compared 6@#5iC, composite produced by compocasting
followed by cold rolling to different reductions@ifound out that the rolled specimens exhibited
reduced porosity and a more uniform distributiosg particles in the matrix, resulting in a much
higher tensile strength and elongation. In genedaking cold rolling, the strength of the
composites can increase significantly due to wakdéning effects [60]. In addition, porosity
elimination and particle realignment can be acldef®. However, severe damages such as
cavitations, particle cracking and crack growth easily happen since rolling involves high local
strains being imposed really quickly, especiallyoat temperature [5]. Despite the need for cold
rolling as a secondary metal-working technique todpce sheet materials, the results on
systematic studies of cold rolling with high rollimeductions are quite limited. It is necessary to
carry out more experiments to further analyse ffeceof cold rolling on the evolution of the

microstructure and the mechanical properties otthmposites.
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2.1.4 Problems existing so far hindering mechanicdlehaviour

Although Al based composites have shown great piatevith their unique mechanical properties,
there are still unresolved issues, such as inhonemes distribution of reinforcements [35],
undesirable reactions at interface [1] and inteafadebonding [5], which will significantly

deteriorate their mechanical properties.

2.1.4.1 Inhomogeneous distribution of reinforceraent

Because of the large surface-to-volume ratio, r@intorcements tend to agglomerate easily
during fabrication process [45]. Many processirahteques have been tried to possibly eliminate
clusters. Mula et al. [61] produced 2wt.% Al#®& (10nm) nanocomposites by ultrasonic casting
and found that the nano-sized.8% segregated near the Al grain boundaries, resuitirsgnall-
chain like structures. Kang and Chan [35] attempaguroduce Al/A}Osz (50nm) nanocomposites
by traditional powder metallurgy routes and obsérnsevere agglomerations when the

nanoparticle content exceeded 4vol.% which elineiddhe particle strengthening effects.

A possible solution to minimise the clustering Bssis to use high energy mechanical
milling/alloying (MA). For instance, Tang et al.Zpreported a homogeneous distribution of SiC
nanoparticles (25nm) in a 5083AIl matrix by millipgocess. Poirier et al. [2] also investigated
mechanical milling as a possible way to disperseoparticles uniformly and found that the
Al/Al 203 nanocomposites had an uniform distribution of m@oément particles with few
agglomerates of around 1pm even when the size.GizMlas only 4nm. Other encouraging results
showing that MA is a useful method for improving theinforcement particle distribution in
nanocomposites have also been reported on nand<sRi&leor AbOs particle reinforced Al, Cu or
Mg based composites [63-67]. Additional researctlihenparameters that affect the mechanical

milling, including miller type, ball to powder wehgratio, characteristics of the balls and speed,
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milling atmosphere and process control agent shbeldarried out to study their effect on the
morphology and the microstructure of Al based nanguosites to be able to fully optimize the

mechanical properties [68].

2.1.4.2 Undesirable reactions at interface

During the manufacturing process, chemical reastiaill occur at interfacial areas. Some
interfacial reactions can effectively improve theahnanical properties of MMCs due to the
enhanced wettability between particles and ma#B.[However, some reactions can produce
undesirable brittle and unstable phases, such &% ahd Si in Al/SIC composite systems [4].
These phases will degrade the mechanical prop¢rigsince the AICs-SiC interface is usually
rough and can cause stress localization, whichacaas preferred sites for crack initiation and

propagation [1].

This problem can most likely be resolved or minidisby three methods [69]: (1) matrix
composition modification, for example, the interédcreactions to form ACs phase can be
suppressed by adding Si element into Al matrix yall(®) proper selection of processing
parameters, such as fabrication temperature andinigoltime; (3) surface modification of
reinforcement, such as coating or pre-oxidatioreofforcement particles. Coating can eliminate
undesirable chemical reactions, encourage wettimgpaomote desirable mechanical properties
at interface [5]. The pre-oxidation of reinforcerhparticles, for example, SiC, forms a coherent
layer of SiQ on the particle surfaces, which can protect thiégbas from Al attack, inhibiting the

formation of ALC3[71].
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2.1.4.3 Weak interfacial bonding

The interfacial regions in composites are very irgot since the effects of stiffening and
strengthening rely on load transfer across thefate [5]. However, due to the difficulty of fully
consolidation, the bonding between the reinforcamand metal matrix is quite limited [2]. Figure
2.7 [2] shows a STEM image of 10vol.% Alf&; (80nm) interface. It is clearly observed that a
large number of cavities have formed at the interfavhich led to a mismatch between the
experimental data and the predicted strengthsARpreviously discussed, secondary processing
techniques, such as extrusion and rolling, can helpetter consolidate the composites and
improve the composites densification and propert@®so, cold spray technique is being

investigated as an alternative method to help dafese the powders [2].

(b)
Figure 2.7: Low and high magnification STEM images of the tagi at the Al/A}Os (80nm)
interfaces after consolidation by hot pressing(y@th permission from Elsevier).
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2.2 Plastic deformation of Al alloy composites

Plastic deformation process is a metal forming @ssdn which a plastic strain is introduced to
the bulk metals [60]. In conventional metal formmgcesses, extrusion, forging and rolling are
commonly applied [72]. In recent years, many sepéastic deformation (SPD) processes (shown
in Figure 2.8) have been developed in order togeedighly strained workpieces while remaining
the same shape, such as equal channel angulangrés€AP), accumulative roll-bonding (ARB),
high pressure torsion (HPT), accumulative backuskbn (ABE), etc. [72, 73]. The extreme
straining during the plastic deformation process®sa great impact on the microstructure and the
crystallographic texture of the materials. In tlsisction, a brief overview of deformation
microstructure, texture development and deformatjmmocessed metal-metal composites

(DPMMCs) will be reviewed.

| %

I
i

(@ (b) (©)

Figure 2.8: Summary of major SPD processes: (a) equal chamggllar extrusion (ECAE); (b)
high pressure torsion (HPT); (c) accumulative bmlhding [72] (with permission from Elsevier).

2.2.1 Deformation microstructure

The development of deformation microstructure af feetals has been studied extensively. It is
now generally accepted that during most deformapimtesses, most metals develop a cellular
substructure [74]. New boundaries separating thetauctures are introduced by a misorientation
between neighbouring cells. With further deformatithe misorientation arises and the boundary

spacings decrease [74].
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The development of substructures of deformed higd aedium stacking fault energy
polycrystalline metals (such as Al) are summaribede. At low strains, dislocation tangles
become progressively interconnected and form alr@etjular structure (order ofuin) in some
preferred regions. With further deformation, calhdnsions decrease rapidly with strains at a
degressive rate [75]. Figure 2.9 shows the devedmprof average cell size of deformed pure Al
up to high strains reported in a review by Sevdlahal. [75]. It can be seen that regardless®f th
different deformation modes, the Al cell size dases with increasing strains and attains a limit

size of about 04m after a strain of 3.
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Figure 2.9: Average cell size of pure Al versus deformatiomiss [75] (with permission from
Elsevier).

Despite of the development of cell size, the boupndaisorientations also change significantly
during deformation. Jazaeri and Humphreys [76] stigated the microstructure evolution in cold
rolled Al-0.1Mg, AA1200 and AA8006 alloys. Somethe results are shown in Figures 2.10 and

2.11. It can be seen that the misorientation distion widens as strain increases and the fractions
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of high angle grain boundaries (HAGB%) (>15°) fideicrease due to the formation of low angle
boundaries, then the HAGB% increases and tendsttwate at values of 60%-80% at the largest
strains. Two effects have been ascribed to theeasing fractions of HAGB%. During

deformation, the pre-existing high angle boundamgas are found to increase with increasing
strains at a rate depending on the deformation maod®ldition, additional high angle boundaries

are also formed due to the increase in the misw@ati@ns of the substructures at high strains [76].
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Figure 2.10: Grain boundary misorientation distribution of coldlled Al-0.1Mg after
deformation at strains: (a) 0.69, (b) 1.2, (c)&n@ (d) 3.9 [76] (with permission from Elsevier).
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Figure 2.11:The development of high angle grain boundary (>irbthe cold rolled (a) Al-0.1Mg,
(b) AA1200 and (c) AA8006 alloys [76] (with permiss from Elsevier).

2.2.2 Deformation texture

In a polycrystalline material, if the grains haven@n-uniform distribution of crystallographic
orientations, then the term “texture” is used tsalibe the preferred orientations [77]. Textures
can arise during many manufacturing procedures) ascsolidification, mechanical deformation
and recrystallization [78]. The formation of texdarcan greatly influence the anisotropy of the
overall materials, thus it is quite important tachcterize them in order to understand how they
are formed and how they affect materials’ propertie the past, optical methods and etching have
been primarily used to determine grain orientatipni8]. Nowadays, X-ray diffraction and
Electron Backscatter Diffraction (EBSD) are two meg@dely used techniques for texture

measurement [78].
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There are mainly two ways to represent the crysjediphic texture graphically, the pole figure
and the Orientation Distribution Function (ODF) [.78he pole figure plots the orientations of a
given plane normal (pole) from all of the grainstime polycrystal with respect to the sample
reference frame [79]. Typically, for rolled sampllee sample reference frame is usually defined
by the normal direction (ND), the rolling directigRD) and the transverse direction (TD). Figure
2.12 gives an example about the relationships lertvibe orientation of the crystal and the
stereographic projection obtained for a certainepdlhe pole figures are constructed by the
following steps [80]. First, a unit cell of the stgl (in this case, it is a cube) is placed indéetre

of the unit sphere which is defined by the sampference frame. Considering a specific set of
crystal planes {h k I}, the intersection pointstbé normal vector of the {h k I} planes with the
surface of the unit sphere are determined. Themthesection points on the northern hemisphere
are connected with the South pole. The points @firtkersections of the lines with the equatorial
plane represent the orientations of the {h k I}naa with respect to the sample reference frame.
These points are called poles of the {h k I} plarfegle figures are the superimposed plot of a set

of poles for each individual grain for polycrysia#t materials [78].

ND

Unit
sphere

Equatorial plane

-TD
>TD

Projected position
Projected position ofthe {hkl} plane
ofthe {hkl} plane

South pole RD

(@) (b)

Figure 2.12: Schematic diagrams showing the pole figure constms.
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Pole figure is a traditional way to represent aljsgraphic texture for the past years. However,
pole figure is a two-dimensional plot and one patethe pole figure only cannot represent the
orientation of a grain in a three dimensional spdoeorder to represent the orientation
unambiguously, several poles need to be determirtad.is not a problem when comes to single
crystals. However, for a large number of graina polycrystal, as more poles are plotted onto the
pole figure, poles may overlap on the pole figutgolh makes it difficult to determine the true
orientation density of specific orientations, makimnt almost impossible to perform any

quantitative analysis [78, 79].

In order to study the texture quantitatively, Otation Distribution Functions (ODFs) constructed
from several pole figures are more and more useddimplex texture analysis [79]. ODF is a 2D
representation of Euler space defined by threertanigles ¢1, @, ¢2) and describes the orientation
of each crystal with three Euler angles [77, 7%l Three Euler angles describe the three rotations
to overlap the sample reference frame with crystf@rence frame. There are multiple definitions
of Euler angles, such as Bunge, Kocks and Ro€e7R]7,The Bunge definition is used through this
thesis and the definition is shown in Figure 2.E8r example, in rolled sheets, the sample
reference frame is defined by RD, TD and ND, arddibic crystal reference frame is determined
by three coordinatescXY.: and Z. A sequence of three rotations needs to be peeim order

to bring the sample reference frame in coincidevitecrystal reference frame. The three rotations
according to the Bunge definition are [79, 81]:

Rotation 1: rotate the sample system around ND antilep: so that the new RD’ is perpendicular
with Zc.

Rotation 2: rotate the sample system around theRBWwvith angle® so that the new orientation

of ND’ is parallel to Z.
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Rotation 3: rotate the sample system around theMBiwvith anglee2to bring the two system

overlap.

ND
'd
Xc Xc
(@) (b)
ND’
e
P, 3
Y
Y / - —---———l;—-—--# Y(
5 / / RD
RD"/ i
(c) (d)

Figure 2.13: Operation of Euler angles. (a) Sample refereramdrdefined by RD, TD and ND,
and cubic crystal reference frame defined by¥¢ and Z; (b)-(d) three rotations according to the
Bunge definition to bring the sample reference gamcoincidence with crystal reference frame
[79].

The three Euler angles can construct a 3D Eulesespawhich each point is a presentation of a
unique orientation. Since it is difficult to integh a 3D graph, ODF, a 2D representation of Euler
space is constructed by slicing the Euler spacedahstant. sections [82]. Compared with pole

figures, ODF is a clearer and more straightforwarethod to interpret texture analysis and
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guantitative calculations, such as volume fractiofsspecific orientations, can be achieved

through ODF analysis.

Cold rolling textures for fcc metals, like Al allsyhave been studied for many years. The main
textures observed experimentally are Copper (C)omorant, S component, Goss (G) component,
Brass (B) component, Dillamore (D) component anthéCaomponent [77, 83]. Their detailed

orientations and positions in Euler space and sevppole figures are listed in Table 2.2 and Figure

2.14(c), respectively.

component | KD | <uvwe | e @) 02 ()
Copper, C 112 111 90 35 45
S 123 634 59 37 63
S1 124 211 59 29 63
S2 123 412 47 37 63
Goss, G 011 100 0 45 90
Brass, B 011 211 35 45 90
Dillamore, D 4,411 11,11,8 90 27 45
Cube 001 100 0 0 0

Table 2.2: Main texture component in rolled fcc metal§ €ubspace): Indices and Euler angles
[77, 83].

Instead of describing the textures using idealnbaigons, another way to represent the textures is
to use continuous tubes or fibres of orientatiomstéd to a single degree of rotational freedom
about a fixed axis in three dimensional Euler sg@ég¢ Cold rolling of fcc metals will generally
lead to the formation of two main fibres in Eulpase, see Figure 2.14:

(1) Thea fibre: thea fibre goes from Goss component to Brass component.

(2) Thep fibre: thep fibre goes from Brass component to Copper compidhesugh S component

[74].
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The orientation density values along thandp fibres have been commonly used to describe the
texture evolution during plastic deformation. Poais researchers [83-87] have found that at low
degrees of rolling, the orientation densities altrgtwo fibres distributed homogeneously. With
further rolling reductions, the deterioration @fand p fibres began and pronounced peaks at
Copper, Brass and S components developed. In trdprantify the formation of textures during
rolling and relate the texture components to meicka&properties, the volume fractions of each
selected texture component are usually calculagadtbgration of the intensities of the ODIg)f(
(gis the general representation of an orientatiduler space while §) stands for the orientation
density as a function of different orientations][ywithin 10~15 degree of the ideal positions in

the subset of Euler space [83].
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Figure 2.14: (a) Schematic representation of the fcc rollingiuee in three dimensional Euler
space [85] (with permission from Elsevier), it slibbbe noted that there are generally three
equivalent points for each orientation in Eulercgpdue to the sample and crystal symmetries [79];
(b) The Euler space represented by congiasections, the ideal texture components (B, G, S and
C) are listed [88] and (c) THefibre texture running from Brass to Copper thro&has well as
the ideal texture components listed in Table 2.@nnnverse pole figure [77].
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2.2.3 Deformation processed metal-metal compositd3PMMCSs)

Deformation processed metal-metal composites (DPMMfave long been the interest of many
researchers due to their high strength at room ¢eatyre or elevated temperatures and excellent
thermal and electrical conductivities [89-100]. KMMC is composed of two immiscible metals
with different lattice structures or those havimgited mutual solubility [101]. For example, a fcc
matrix materials, such as Cu and Al, and a bccrekpihase metal, e.g. Nb, Fe, Cr or Ta, are
usually utilized to produce this kind of composités/bcc type) [95, 96, 98, 100, 102-105]. In
addition, an hcp metal, such as Ti, or a body-gedteetragonal (bct) metal, such as Sn, has been
also used as reinforcement (fcc/hcp and fcc/bcesyd99, 106-108]. There are also some
remarkable reports on the DPMMCs containing two rfegtals (fcc/fcc type), such as Cu/Ag,

Ag/Ni [94, 109-113].

Anomalous increase in strength is usually obsefeed®PMMCs, with tensile strengths greater
than those predicted by rule of mixtures (ROM) [LEbr example, deformation processed Cu-
Nb alloys have been shown to be able to achiew@l¢estrengths above 2000MPa [90, 92, 115].
In these studies, solidified Cu-Nb billets were heatcally deformed to wire at room temperature
to very large strains without annealing and stréanger than 10 were required to achieve tensile
strengths of 2000MPa. Figure 2.[13 5] shows the effect of drawing ratio on the U3tSCu, Nb
and Cu-Nb composites with initial Nb dendrite sip€$.2um and 3.8m, respectively. It can be
seen that the strengths of the Cu-Nb compositesase with increasing drawing ratios up to a
UTS of 2200MPa with no signs of levelling off. Iddition, the strengths of the composites are
always greater than that predicted by ROM sugggstiiditional strengthening mechanisms.
Other severe plastic deformation techniques, sa@ceumulative roll-bonding and high pressure
torsion, have also been utilised to fabricate Cuebiimposites recently and layer thicknesses below

20nm were achieved leading to exceptional hardaess strength [116, 117]. For example,

-32-



Chapter 2 Literature Review

Beyerlein et al. [116] studied microstructure depehent and mechanical properties of Cu-Nb
composites fabricated via accumulative roll-bondiag the rolling strain increased to 12.21, the
Cu-Nb layer thickness decreased from 97um to 10eading to a hardness of ~4.5GPa and a

compression strength of ~2GPa.

20 —T1T—T—T—T—T——T1 T

2000 |-

L. 2 Cu
1800 A Nb
Cu-20%Nb
1600~ © f0=3.8um
olo=6.2um

1400

1200

1000

ULTIMATE TENSILE STRESS,MPg

T 1 S 1 L 1 1
0 2 4 6 8 1o 12
DRAW RATIO, 7 =In{Ao/A)

Figure 2.15: Effect of drawing ratio on the UTS of Cu, Nb, ad-20.vol%Nb composites [115]
(with permission from Elsevier).

DPMMCs are usually made by preparing initial bgldty ingot casting or powder metallurgy
routes followed by extrusion, swaging, wire draworgolling techniques [118]. Compared with
ingot casting, powder metallurgy process is a nattractive way since it can effectively avoid the
interfacial reactions between matrix and reinforeamIn addition, most of the DPMMCs studied
so far were prepared by hot extrusion followed g swaging or drawing [101] while very rare
studies have focused on sheet DPMMCs associatéd raliing technology. Considering the
potential applications of Al sheet composites, siigations of Al sheet DPMMCs fabricated by

hot extrusion followed by cold rolling are needed.
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2.3 Summary

Particulates reinforced Al alloy composites arenmiging materials for industrial applications
including aerospace and automotive due to theirawgd mechanical and physical properties

coupled with favourable metalworking characters{49].

The mechanical properties of MMCs depend on mawtofs, such as reinforcement volume
fraction, reinforcement size, secondary procestaeniques, etc. Compared with micro-sized
MMCs, Al based nano-sized metal matrix composiiglNCs) have shown great potential. A

small amount of additions of nanopatrticles canifigantly enhance the mechanical properties of
nanocomposites with retained ductility. Howevee, thbrication of NMMCs is still an issue since

the nanoparticles tend to agglomerate easily wgrelatly degrade the overall properties. High
energy mechanical alloying is so far the most éffecway to eliminate the clusters; however,

proper parameters need to be found for specific NB4M

Plastic deformation, such as rolling, have a sigaift effect on the substructure development and
texture evolution. Most metals develop a cellulabstructure and the cell size decreases with
increasing strains up to a minimum size. With iasreg deformation strains, the misorientations
between neighbouring cells increase and increasetidns of high angle grain boundaries will
be developed. Preferred orientations tend to farnngd manufacturing process, cold rolling of Al
alloys usually lead to the formation afandp fibre texture and the intensities increase with

increasing rolling strains.

Considering all the factors affecting the microstame and mechanical properties of MMCs, a
systematic study on different MMCs and NMMCs withwathout plastic deformation is needed.
The present work focuses on the fabrication andacherization of Al alloy composites reinforced
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with different types of reinforcement (nano-sizefroisize; non-deformable/deformable)
followed by extrusion and/or cold rolling in orderfully understand the key factors. Only on the
base of this knowledge can it be possible to dgveéav MMCs or NMMCs with best combination

of properties for a specific industrial application
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3. Experimental Details

This chapter describes the fabrication procedufréiseocomposite materials, the characterization

techniques and the mechanical property tests wsedéstigate the produced samples.

Three different types of reinforcements, nano-si&@ particles, micro-sized &FeCr2Tio
quasicrystalline alloy particles and micro-sizedpéioticles were added into the pure Al or 6061Al
alloy matrix by powder metallurgy routes followed different secondary processing procedures

including extrusion and cold rolling.

The effect of the reinforcement type, size, volufrection, heat treatment conditions and
secondary processing techniques on the microsteudtithe Al alloy based composites was
investigated by different characterization techeg@and their mechanical properties were also

tested.
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3.1 Billet production

3.1.1 Production of 6061AI/SIC billets

6061Al alloy matrix composites reinforced with 104tand 15wt.% of SiC nanopatrticles with an
average diameter of ~500nm were received from ohedr Aerospace Metal Composites Ltd
(AMC) in the form of billets. The billets were fabated by high energy ball milling followed by

solid state compaction and HIPing. According todbasity of 6061Al alloy [1] and SiC particles

[2], 10wt.% and 15wt.% of SiC nanopatrticles eqoakinforcement volume fractions of 8.5vol.%

and 12.9vol.%, respectively.

3.1.2 Production of 6061Al/AlesFesCr2Tiz billets

3.1.2.1 Sieving of AFeCr2Ti2 powders

The gas atomised &FesCr.Ti> powders were received from industrial collaboradpoco. Most

of the atomised powders were in the range of Qi diameter. A stack of Retsch sieves was
placed onto a Retsch AS200 automatic sieve shéigure 3.1) to divide the powder particles into

size fractions of >7om, 75-5@um, 50-2um and <2m. Approximately 30ml atomised powders

were sieved at a time for 7min. Only the#&esCr.Ti> powders with a size of <@ were used

to produce the composite billets.
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Figure 3.1: Retsch AS200 automatic sieve shaker.

3.1.2.2 Mixing

Gas atomised 6061Al alloy powders with an average diameter of 10um were received from
industrial collaborator, Alpoco. The as-received 6061 Al alloy powders were mixed with 8.5vol.%
and 12.9vol.% sieved AlgsFesCrTi> powders (<25um) in a Turbula type T2F automatic mixer

(Figure 3.2) for 2 hours.

Figure 3.2: Turbula type T2F automatic mixer.

3.1.2.3 Compaction
Cold compaction of the mixed 6061Al1/AlosFe3Cr2Ti2 powders was carried out before extrusion for

preliminary consolidation. About 60g of the mixed powders were loaded into a 23S steel die
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followed with a silver steel ram lubricated withrbo nitride or molybdenum disulfide (M@S
and then compacted using a 100 tonne ‘Stenhoj Hdéxpress at Oxford. A load of 50 tonne was
applied onto the ram for ~2min to produce constdidabillets with a diameter of 30mm and a

length of 30mm.

3.1.3 Production of Al/Nb and 6061AIl/Nb billets

3.1.3.1 Mixing and Compaction

Gas atomised pure Al powders (99.7% purity) witragarage diameter ofuh and 6061Al alloy
powders with an average diameter of 10um were vedeirom industrial collaborator, Alpoco.
Pure Nb powders were received from Companhia Biesile Metalurgia e Mineracdo (CBMM)
Company. Pure Al and 6061Al alloy powders were miwgh 12.9vol.% Nb powders in a Turbula
type T2F automatic mixer for 2 hours. The same amtipn procedures described in session
3.1.2.3 were carried out on the mixed Al/Nb and68BNb powders. For comparison purposes,
pure Al billets and 6061Al alloy billets were alsompacted in the same way with a load of 35

tonne. The detailed information on both the as+weckand compacted billets is listed in Table

3.1.
Samplebillet | Matrix | Reinforcement Remfo.rcement Rel nforcement
size volume fraction (%)
_ 6061Al SiC ~500nm 8.5
6061AIl/SiC .
6061Al SiC ~500nm 12.9
6061Al/ 6061Al | AlggFesCraTiz <25um 8.5
AlogFesCreTiz | 6061A1 | AlgsFeCrTis <251m 12.9
Al/Nb or Pure Al Nb 130+£57um 12.9
6061AI/Nb | go61Al Nb 130+57um 12.9
Pure Al Pure Al - - -
6061Al alloy | 6061Al - - -

Table 3.1: Detailed information on as-received and compabikets.
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3.2 Secondary processing

3.2.1 Extrusion into bars

Extrusion is a very effective secondary procesdiachnique to improve the density and

mechanical properties of MMCs. The as-received @rdpacted billets were extruded into bars
with a diameter of 7.5mm by a Fogg and Young exdrad Oxford (Figure 3.3). Before extrusion,

a thermocouple was inserted into the small holevitaa drilled in one end of the billets to measure
the extrusion temperature. The billets were he&degl7’5°C or 450°C in about 15min and then

soaked for another 20min. Extrusions were perforatedspeed of 8mm/s with an extrusion ratio

of 16:1 which gave a true strain of 28 ln(%)). The detailed extrusion conditions are
final

summarized in Table 3.2.

Figure 3.3: Fogg and Young extruder at Oxford.

Materials Tsr;(ggrifl?re EX:;‘:%O“ Extrusion dimension
6061AI/SiC 450°C 16:1
6061Al/AlggFesCr2Tiz 375°C 16:1 Bars with a diameter
6061AI/Nb 375°C 16:1 of 7.5mm
6061Al alloy 450°C 16:1

Table 3.2: Extrusion conditions for bars.
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3.2.2 Extrusion into strips

Some of the as-received and compacted billets draded into strips for the sake of cold rolling
purposes by the same extruder. The billets werketiga 375°C in about 15min and then soaked
for another 20min. Extrusions were performed gieed of 8mm/s with an extrusion ratio of 6:1

which gave a true strain of 1.8. Table 3.3 sumnearthe extrusion conditions for strips.

Materials Extrusion Extru.son E'xtrus.on
temperature ratio dimension
6061Al/SiC 375°C 6:1
6061Al/AlgsFesCraTiz 375°C 6:1 ] )
. Strips with a
Al/Nb 375°C 6:1 thickness of 6mm
6061AI/Nb 375°C 6:1 and a width of
20mm
Pure Al 375°C 6:1
6061Al alloy 375°C 6:1

Table 3.3: Extrusion conditions for strips.

3.2.3 Heat treatment

Heat treatment was applied to the as-extruded smmplachieve improved mechanical properties.
For as-extruded bars, the 6061Al alloy and 6061i&l/€omposite samples were solution heat
treated at 525°C for 1h followed by water quenchamgl then artificial aged at 165°C for 8h
followed by air cool. Athermocouple was put in fhenace to make sure of the correct temperature.
Composites normally have different aging behavicosmpared with monolithic alloys. It is
generally reported that the composites have a@tebtraging kinetics in the matrix due to the
increased dislocation density as a result of tltbtiats of the reinforcement particles providing
suitable sites for heterogeneous nucleation ofipitates and acting as diffusion paths of the
alloying elements [3, 4]. However, for 6061Al allbgsed composites, alloying elements, such as
Mg, have a tendency to segregate at the interfaokhs and the composites can lose age
hardenability due to a depletion of Mg or Si in thatrix [5]. The above aging conditions (165°C

for 8h) were chosen as similar conditions were usedhe literature for 6061AIl/SiCor
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6061Al/(Al203), composites [6-9]. Since the thesis is only focggn the effect of aging heat
treatment on the mechanical properties of 6061klyaand 6061AI/SIC composites, rather than
the effect of SiC additions on the aging respossee aging heat treatment conditions were
carried out for both the 6061Al alloy and 6061ACSiomposites. In the following text, an “aged”
will be added after the sample code if the sampkelieen artificially aged using the above heat

treatment conditions.

For as-extruded strips, 6061Al alloy, 6061Al/SiQnuwsites and 6061AI/Nb composites were
solution heat treated at 525°C for 1h followed gtev quenching. The heat treated strips were
then subjected to cold rolling. In the followingtea “(SH)” will be added after the sample code

if the sample has been solution heat treated exteusion.

3.24 Cold ralling

Pure Al, 6061Al alloy, 6061AI/SIiC, 6061Al/AdFesCrTiz, Al/Nb and 6061AI/Nb strips were cold
rolled directly from as-extruded or solution heetated conditions in a laboratory mill at
University of Buenos Aires with a roller speed 8HE. Multiple cold rolling passes were carried
out until a final thickness of ~1mm was achievedk&tch of cold rolling process with sample

directions is shown in Figure 3.4.
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ND

RD

S

s Rollingplang
ane‘Q

Figure 3.4: A schematic illustration of cold rolling processjnitial thickness,st final thickness,
RD: rolling direction, ND: normal direction, TD:ansverse direction. The cross section plane
(ND-TD), longitudinal plane (ND-RD) and rolling pla (TD-RD) for microscopy and texture
measurements are also shown.

Table 3.4 lists all the sample information, detilkickness reductions and true strain values for
every rolling pass. Thickness reductions and collthg strains are calculated as follows.

Thickness reductions:

%reductions= “—L x 100% (3.1)

4

True strain:
Aj
€= ln(ﬁ) (3.2)
where {, t, As, Ai represents final thickness, initial thickness.afimreas and initial areas,

respectively [10].

Sample codes have been designated for differerdriakst in the following text for convenience
purposes and are also included in Table 3.4. litiaddto distinguish rolled samples, a true strain
value will be added as a subscript after the saroptke. For example, “6061A1/8.5SIC(SH)

means that the sample is 6061Al alloy reinforcetth ®i5vol.% of SiC particles, the sample billets
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were extruded into strips, solution heat treatatithen cold rolled until a true strain of 2.7, whic

corresponds to rolling pass 3 and a thickness tenfucf 60% according to Table 3.4. “NQX” has

been used as an acronym fopskksCr2Tiz particles. For example, “6061A1/12.9N@X means

that the sample is 6061Al alloy reinforced with@l.% of AbsFesCr.Ti2 nanoquasicrystalline

alloy particles and the composite is cold rolledilum true strain of 3.6, which corresponds to

rolling pass 8 and a thickness reduction of 83%abng to Table 3.4.

Heat

As

Sample code Materials treat- | Reductioninfo | extruded Pe:ILss Pz;ss Pagss PZSS PZSS sts P§SS Pgss Pgss
ment strips
Thickness
Al oure Al | reductions (%) - 4 | 53| 62| 71| 78| 79| - ; ;
True strainsd) 1.8 2.3 25| 2.7 3.0 3.2 3.4 - - -
Thickness
. - 41 | 50| 60| 70| 77| 82| 84 - ;
6?3;’)*' 6061Al alloy | _reductions (%)
True strainsd) 1.8 2.3 25| 2.7 3.0 3.3 35 3.6 - -
Thickness
6061AI/ ) goell(% ; J reductions (%) - 4 | s0| 60| 67| 71| 77| - ; ;
8.55C(SH) VoL True strainsg) 18 23| 25| 27| 29| 30| 33| - - i
Thickness
6061AI/ lzgosw/s_c J reductions (%) - 16 | 33| 45| 55| 65| 69| 72| 74 78
12.9SC(SH) VoL True strainsg) 18 20| 22| 24| 26| 28| 290313233
Thickness
6061AI/ | 6061AI8.5vol.% | reductions (%) - 43 | 53| 64| 72| 78| 83 - ; ;
8.5NQX AleeCrzTiz True strains) 18 24| 26| 28| 31| 33| 36| - - -
Thickness
6061AI/ | 6061AV12.9v0l%| reductions (%) - 19 | 35| 48| 59| 67| 74| 78 83
12.9NQX AlsFeCrTiz True strains) 18 20| 22| 25 27| 20323336 -
Thickness - 45 | 70| 78| 83| 88| -| -| - .
Al/Nb Al/12.9vol.%Nb - reductions (%)
True strainsd) 1.8 2.4 30| 33| 36 | 38 - - - -
Thickness
SOBLAIND 6061Al ] reductions (%) - 43 | 55| 64| 72| 78| 83 - ; ;
12.9v0l.%Nb .
True strainsd) 1.8 2.4 26| 2.8 3.1 3.3 3.6 - - -
Thickness
6061AI/NbD 6061Al/ J reductions (%) - 17 | 35| 48| s9| 67| 74| 78 83
0,
(SH) 12.9vol.%Nb True strains) 18 20| 22| 25| 27| 29| 32] 3336 -

Table 3.4: Sample information and detailed rolling reductiarsd rolling strains after every
rolling pass.
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3.3 Characterization techniques

Different characterization techniques including iCgit Emission Spectroscopy (OES), density
measurement, X-ray diffraction (XRD), Optical miscope (OM), Scanning electron microscope
(SEM) and Energy dispersive X-ray (EDX), Transnmosstlectron microscope (TEM), Texture X-

ray diffraction and Electron backscatter diffrantigeBSD) were used to investigate the

microstructure of the samples under different sanppéparation stages.

3.3.1 Optical Emission Spectroscopy (OES)

A Spectrolab LAVFAO5A spark analyzer was used t@suee the chemical composition of the as-
received 6061AIl/SiC billets. The samples were paltswith 1200 grit silicon carbide paper and
eight measurements were made for each sample, vililage element concentrations were

subsequently calculated.

3.3.2 Density measurement

Archimedes’ principle was used to measure the tiens$ithe samples with known liquids. The
mass of the sample was first weighed in air as-M: Then the sample was completely submerged
in the known liquid. Due to the upward buoyant &(B&) which is in the opposite direction of the
gravitational force, the mass of the sample whemai fully submerged in water was different
from the mass of the sample weighed in air and mwaasured as M’. Thus, the density of the

sample is calculated by

Msampleg =M'g+F, (3.3)
(Msample - M,)g =F = pliquidgvsample (3.4)
Msample Msample Pliqui
Psample = Vsam:lle - Msa:llplei;l/lld @

wherepsampleis the density of the sample; g is the acceleration of free fall; piquid IS the density of

known liquid, which is 1g/mL for distilled water e in present work. For sample preparation,
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samples were polished with 1200 grit silicon caebgper to remove the surface layers. More

than 10 measurements were carried out on each samehsure reproducibility.

3.3.3 Grain size estimation

The mean linear intercept method [11] was usedtimate the grain size based on the micrographs
taken. For each selected micrograph, more thantra@ist lines of random orientations were
drawn. The mean linear intercept grain size fohdawe was given by the length of each line
divided by the number of whole grains intercepted0 representative micrographs were used for

each sample to improve accuracy.

3.3.4 X-ray diffraction (XRD)

XRD was used to identify the phases present isdnaples. It was performed using a Philips 1810
0-20 diffractometer with Cu-K radiation. The scans were all performed at a geltaf 35kV, a
current of 50mA with a scanning angle l2etween 10-100° with a step size of 0.02°. Forpgdam
preparation, bulk samples were cut into the apmaitgsizes and ground using 1200 grit silicon
carbide paper to ensure flat surfaces. Powder ssmptre mounted on glass slides with a layer

of vacuum grease.

3.3.5 Optical Microscope (OM)

Optical Microscope was used to examine the gemeiabstructure of the samples at really low
magnifications. The work was carried out on a Zéig®phot2 microscope with an eyepiece
magnification of x10 and objective lenses of x5 af@. The sample preparation procedure for

Optical Microscope imaging is similar to the SEMngde preparation described in section 3.3.6.
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3.3.6 Scanning electron microscope (SEM) and Energy dispersive X-ray (EDX)

SEM analysis was used to study the microstructtiteenalloys and the composites. SEM work
was carried out on a JEOL 6300 or JISM 840A micrpsaith tungsten filament. 20kV and 15mm
were typically used for the accelerating voltage e working distance. For higher magnification
images (usually greater than x5000), a JSM 840Fastope with a field emission gun was used
with an accelerating voltage of 5kV and a workingtahce of 15mm. EDX was carried out on a
JEOL 6300 or JSM 840A microscope with an EDX dete@ working distance of 15mm and a
voltage of 20kV were always used for maximum sign&br sample preparation, bulk samples
were mounted in conductive Bakelite using a Kemetkdn MetaPress. The mounted samples
were first ground with 600-4000 grit silicon carbigaper. Then they were polished wifing
3um and um grade diamond paste on Kemet NLH cloths (cod&23%). Finally, the samples
were polished with colloidal silica with 10% hydeagperoxide on a Kemet Chem H cloth (code:
341783). For powder samples, the powders were radwnt Al stubs with carbon adhesive tabs

which can be fit into the SEM holders directly.

3.3.7 Transmission electron microscope (TEM)

TEM work was performed on a Philips CM20 or JEOIO@BX tungsten filament microscope
operating at 200kV. To prepare samples for TEMis&jdhin slices of samples (~508) were
cut using an Isomet diamond slow saw. The slice® ween ground with 800-2500 grit silicon
carbide paper down to a thickness of ~4Ir20After that, 3mm disks were punched out of the th
slices. The disks were then polished with diamapping films from @m down to 3m grade
until the disks reached a thickness of 80 Next, the disks were double-side dimpled dowa to
thickness of ~20m in the centre with diamond paste fromn8to 0.2%um grade on a Gatan
Dimpler. For final thinning of the TEM samples, ge€ision lon Polishing System (PIPS) Gatan

Model 691 was used. Ar+ ions polished the surfd@erotating sample at angles between 4° to 6°
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at a voltage of 5kV for 1-6h until a hole appearethe center of the sample.

3.3.8 Texture X-ray diffraction

Texture XRD was used to analyze the global crysgadiphic texture of the Al matrix of as-
extruded and cold rolled samples in the normalel@D-ED/RD). The Al texture was measured
on a Philips X’pert MRD system with CudKradiation generated at 40kV and 40mA shown in
Figure 3.5. The system consists of a four-axis goeiter which allows rotations about thev, ¢
andy axes. Theo, ¢ andy axes are shown in Figure 3.6. Texture is measyethanging the
angular orientations of the sample systematicalty measuring the diffraction peaks using x-ray
diffraction. When measuring texture, @@ngle between the source and the detector istedler
satisfy the Bragg’s law for a certain diffracting k I} plane and is kept constant during the
measurement. The pole figure is then measuredthiying the specimens arouéxis and tilting
aroundy axis during which the distribution of the normétioe {h k I} planes are recorded [10].
For a giveny, intensity data is collected for dllvalues from 0° to 360° with a step size of 5°. The

v value is then increased by 5° and the procespmated untiy reaches its maximum, 85°.

For the pure Al, 6061Al and 6061Al reinforced wifiC and AésFesCr2Ti> composites, four
incomplete pole figures {11 1}, {2 00}, {2 2 O}al {3 1 1} [12] were measured up to a maximum
tilt angle of 85°. For the Al alloy reinforced wilkb composites, only three incomplete pole figures
{200}, {2 20} and {3 1 1} were measured sinceet{lL 1 1} Al peak overlaps with {1 1 0} Nb
peak. Orientation distribution functions (ODFs) wdihen calculated from the pole figures after
background and defocusing corrections by means txMMitex is originally developed by
Hielscher [13] as part of his Ph.D. thesis andas/ m MATLAB toolbox that allows to solve a
wide range of problems in quantitative texture gsial It offers a novel algorithm to compute an

ODF from pole figure measurements based on a dizatien of the ODF space by radially
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symmetric functions and on the fast Fourier tramsffil4]. The detailed algorithms can be found
in his paper [15]. ODFs were presented in plotsonstantp, sections with iso-intensity contours
in Euler space. The volume fraction of individuatture component was calculated using the same

software within a tolerance of 15°.

For sample preparation, all samples used for texdanalysis were cut and polished down to the
intermediate layer of the strips. The polishinggae@ure is similar to the SEM sample preparation
described in session 3.3.6. A final polishing vatiloidal silica was used to minimize the surface

deformation layer due to polishing.

L , -.ﬂ
Figure 3.5: Philips X'Pert MRD system for texture measurement.
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e
-
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g I . e '. T 'l.."fh.;:._
Figure 3.6: Philips X'Pert MRD system, ind

icating the ¢ andy axes.

3.3.9 Electron backscatter diffraction (EBSD)

Electron Backscatter Diffraction (EBSD) techniquaswused to investigate the microscopic
texture of as-extruded and cold rolled samples.[EB&ns were conducted at the normal plane
(TD-ED/RD) of the samples by means of automatediadepn and indexing of Kikuchi patterns
in a TSL system interfaced to a JEOL-6300 or JSMAB8EM, with the samples tilted at 70° to
the incident electron beam and with a scan stepIeD.3um. An accelerating voltage of 20kV
and a working distance of 15~20mm were usually digethe microscope settings and a camera

binning of 4 x 4 pixels was normally used.

The post-processing of the EBSD data was perfotoyegh OIM analysis software. Inverse pole

figure (IPF) maps with highlighted grain boundayriesisorientation angle distribution plots,
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scattered IPFs, Taylor Factor plots have been gatibased on EBSD data. Since some data
points were measured incorrectly, several stepg Ibhaen taken to remove incorrectly indexed
points and include only correctly defined graingha analysis when processing the EBSD data.
Dilation cleanup method which involves a grain talee angle of 5° and a minimum grain size
of 3-5 data points was used to modify incorreatigexed points at grain boundaries. For several
EBSD maps, Confidence Index (CI) which is a paramgtowing confidence of indexing was set
with a minimum number of 0.01 so that any indexeuh{s with a Cl less than 0.01 were removed.
When plotting EBSD maps with highlighted grain bdaries, boundaries with misorientation less

than 2° have not been taken into consideratioenwore inaccuracy [16].

EBSD sample preparation for samples with multipfages with different mechanical and
chemical properties is always quite difficult, esply for areas in the vicinity of secondary
particles. Two polishing methods have been usethtbEBSD analysis:

1. The samples were polished in the same way as fivt &talysis.

2. The samples were inserted in a Precision lon HolisBystem (PIPS) Gatan Model 691
after standard mechanical grinding and polishingidns polished the surface of a rotating
sample at very low bombardment angle (1°) at aageltof 4kV, lowering the height
difference between the matrix and secondary pastieind greatly reducing the surface

roughness in the matrix reinforcement interfacég.[1

One of the cold rolled Al/Ndssample was sent to Oxford Instrument for large BERSD analysis.

EBSD measurements were carried out on a TESCAN MiRd emission scanning electron
microscope with NordlysNano EBSD detector at arekscation voltage of 20kV by Dr. Singh
Ubhi. The sample was prepared by mechanical palishollowed by ion electro-chemical

polishing.
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3.4 Mechanical testing

Different mechanical testing methods including mi@rdness, compression tests, tensile tests,
load-controlled fatigue tests and three-point begdests were conducted at room temperature to

analyze the mechanical properties of the as-redeagextruded and cold rolled samples

3.4.1 Microhardness

Microhardness is a useful method for quickly judgtredf a material’s performance as it is closely
related to the yield strength. The samples werpgresl in the same way as for OM analysis.
Microhardness tests were all carried out on a Wilsstruments 402MVD Vickers Microhardness
tester with a load of 500g or 200gth an indentation time of 20s. Measurements vearefully
done on the sample so that the distance of evayyrtdents and the distance of the indent to the
edge of the sample were at least three times digg®nal length of the indent. The two diagonal
lengths of indents were measured by MinuteMan softveand the software calculates the Vickers
microhardness values automatically. More than 2@smements were done for each sample to

ensure reproducibility.

3.4.2 Compression tests

Compression tests were carried out in an Instrd42nsile testing frame with a load cell of
50kN at room temperature. Samples for compresgsits tvere machined from the as-extruded
bars down to a cylinder of a diameter of 6mm anength of 12mm by lathe. Both ends of the
lathed cylinder were polished with 4000 grit silicoarbide paper to ensure smooth and parallel
surfaces. The samples were lubricated with My8ase before inserting in the compression platen
to reduce friction and the likelihood of barrelifdne tests were conducted at a constant strain rate

of 10%s. Two tests were done for each sample.
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3.4.3 Tensiletests

Room temperature tensile tests were carried oandnstron 5582 tensile testing machine with a
load cell of 50kN. For as-extruded bars, standemelbissamples with a gauge length of 20mm and
a gauge diameter of 4mm were machined accordidgiiM E8M-08. For cold rolled samples,
dog-bone shaped samples with a gauge length of 1@8ntha gauge width of 3mm were made.
The surface of the gauge sections was polished 4@@0 grit silicon carbide paper to remove
machine cracks and ensure a smooth surface. Tisentere carried out at a constant strain rate of
10“s?. For round bar tensile samples, an extensometaraviOmm strain gauge was carefully

attached to the sample to record the strain valives.tests were done for each sample.

3.4.4 Load-controlled fatigue tests

Load-controlled fatigue tests were carried outiE&H servo-hydraulic testing system controlled
by CaTs software programs at room temperatures with a ¢edicof 100kN. The fatigue samples
were machined according to ASTM E606 with a gaeggth of 12mm and a gauge diameter of
4mm. The surface of the gauge sections was caygfolished with 4000 grit silicon carbide paper
to remove scratches and machining marks. All tis¢stevere carried out at a constant cyclic
frequency of 40Hz with a sinusoidal waveform. Aifige mean stress was applied and the load

ratio was Ramin/omax=0.1 (i.e. tension-tension loading).

3.4.5 Three-point bending tests

Bending test is normally required at industry t@leate sheet formability and anisotropy of
produced sheet [18]. Three-point bending tests wamged out on an Instron 3366 testing machine
at a constant strain rate of 4} to compare the bending strength of as-extrudedcafttirolled
samples. For sample preparations, the flat bershngples were cut along the extrusion (ED) or

rolling direction (RD) with a dimension of 12mm rfigth) x 1mm (width)x 1mm (height) and
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then mechanically polished on every side down @04dyrit silicon carbide paper.

The schematic illustrations for the three-pointdiag tests with sample orientations are shown in
Figure 3.7. Based on the Force-Displacement cureesthe tests, flexural stress)@nd flexural
strain €) are calculated by Equations 3.6 and 3.7:
c=B-P-L)/(2 -w-t?) (3.6)
e=(6-t-D)/L? (3.7)
where P is the applied load at the center of tlarhd. is the span length which is 10mm in the
present work, w is the width of the specimen, this thickness of the specimen and D is the
displacement of the beam at the center, respegt[id]. It should be noted that none of the
specimens have fractured during the tests sinceghig@ment limitation was reached. At least two

tests were done for each sample to ensure repiutityci

P
ND

T—)ED/RD O
O O

Figure 3.7: Schematic illustration for the thrg@eint bending tests (ED: Extrusion direction; RD:
Rolling direction; ND: Normal direction).
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4. Extruded bars of 6061Al/SiC composites

Chapter 4 studies the microstructure and mechapicgderties of as-received and as-extruded
6061AI/SIC composites. For comparison purposegxasided 6061Al alloy was also produced

and examined. The details of the production oflites can be found in Chapter 3.

Microstructural characterization (Section 4.1) utthg OES, density measurement, XRD, SEM,
EDX and TEM analysis was carried out to examineaseeceived, as-extruded and aging heat

treated 6061Al, 6061AI/SiC samples.
Mechanical property tests (Section 4.2) includingrohardness, room temperature compression
and tensile tests and load-controlled fatigue teetse performed to examine the overall

mechanical properties. Fractography analysis wagedaout to study the fracture behaviour.

The effect of the extrusion process, aging heatiment, additions of nano-sized SiC patrticles and

SiC volume fractions on the microstructure and raeatal properties is discussed in Section 4.3
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4.1 Microstructural characterization of 6061Al alloy and 6061Al/SiC

composites

4.1.1 Chemical analysis

Optical Emission Spectroscopy (OES) was used tdysemahe chemical composition of as-
received 6061AI/SiC billets. EDX was carried out astrextruded 6061Al alloy. The averaged
results are listed in Table 4.1 as well as theclmomposition for 6061Al alloy [1] for comparison
Other alloying elements less than 0.005wt.% anddh®inder Al are not shown. It can be seen
that the measured Si compositions are close talthimed weight fractions of the as-received
composite billets and the rest alloying elemenésraostly within the range of the typical values

for the 6061Al alloy [1].

Sample Method Si Fe Cu| Mn | Mg | Zn Cr Ti
6061A1/8.5SiC OES 8.057 | 0.094 0.384| 0.005| 0.759 | 0.018 | 0.200 | 0.020
6061A1/12.9SiC| OES 11.667| 0.092 | 0.374 | 0.005| 0.707 | 0.018| 0.187 | 0.021

6061Al EDX 0.65 | 0.25| 0.35 - 0.72 - - -
Max. | 0.15- | Max. 0.8- | Max. | 0.04- | Max.
6061 [1] ) 0.4-0.8 0.7 | 040 | 015 | 1.2 | 0.25| 0.35 | 0.15

Table 4.1: Average compositions (wt.%) of as-received 6063AI5IC and 6061Al/12.9SiC
billets measured by OES and as-extruded 6061Al Eampasured by EDX as well as the typical
compositions for 6061Al alloy [1].

4.1.2 Density measurements

The bulk densities of the as-received and as-eattusbmples were measured by standard
Archimedes method (see section 3.3.2) and the pypneslues of the samples were calculated.
Table 4.2 shows the density and porosity evolutibthe materials before and after extrusion. It
can be seen that densities of the materials haae fiegostantially improved after extrusion and the

porosity level has reduced by ~50% for the compssit
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As-received | As-extruded Theoretical Porosity (%)
Materials Density Density Density As- As-
(g-cnr) (g-cnr) (g-cm®) received | extruded
6061Al - 2.692+0.005 2.700 - 0.30+0.19
6061Al/8.5SIC | 2.728+0.005| 2.735+0.004 2.744 0.58+0/1®33+0.15
6061Al1/12.9SiC| 2.735£0.009| 2.750+0.004 2.766 1.12+0{3B58+0.14

Table 4.2:Measured densities, calculated theoretical dessatiel porosity content of as-received
and as-extruded 6061Al, 6061Al/SiC samples. Thaaetlensity is calculated using 2.7g-€m
as theoretical density for 6061AlI matrix and 3.29cng® as theoretical density for SiC
reinforcements [1’ 2]- Porosity content is Cal(ﬂmblby(ptheoretical - pmeasured)/ptheoretical-

4.1.3 X-ray diffraction analysis

The diffractograms of the cross sectional planethefas-received, as-extruded and aging heat
treated samples are shown in Figure 4.1 wheraibeaobserved the presence of the fcc-Al phase
(20=38.2°, 44.4°,64.8°, 77.9° and 82.2° correspontingflections from (1 1 1), (2 00), (2 2 0),
(31 1) and (2 2 2) planes, respectively), the 66-&0=33.8°, 35.4°, 41.2°, 54.4°, 59.7°, 65.4°
and 71.5°) and the-AlFeSi (2=36.6° and 42.8°) [3-5] and M8i (20=39.9°) intermetallics in
both composite samples, with higher peak interssibethe 6H-SiC phase for the 6061A1/12.9SiC
sample. No peaks of ATz (this phase is known to embrittle the compositesmpresent [6]) are
observed suggesting that no interfacial reactiandt&urred or the interfacial reaction product is

below the XRD detection limit, which is about 59%6l.

Also, it is noticeable that there are no #8gphase peaks visible that are expected afteadhnay

heat treatment. The phase peaks might still beeptdsut are overlapping with the broadened Al

(11 1) peaks due to extrusion or the phase réflecs below the XRD detection limit.
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Figure 4.1: X-ray diffractograms of the cross sectional planE$061Al alloy, 6061Al/8.5SiC

and 6061Al/12.9SiC sample in (a) as-received candi{b) as-extruded condition and (c) aging

heat treated condition.
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Figure 4.1: X-ray diffractograms of the cross sectional planE$061Al alloy, 6061Al/8.5SiC

and 6061Al/12.9SiC sample in (a) as-received candi{b) as-extruded condition and (c) aging
heat treated condition.

4.1.4 Scanning electron microscopy analysis

To investigate the homogeneity of the microstruetover the as-received billets, SEM analysis
was carried out on cross sectional planes andtiatigal planes of the as-received billets and the
representative SEM images are displayed in Figizeléican be seen that the SiC patrticles are
not homogeneously distributed in the as-receivbetbi There are some areas free of SiC particles
(see black arrows). Also, a significant amount ofggsity is observed (see white arrows). The

porosity level has been estimated to be 0.58+0.i@84the as-received 6061Al/8.5SiC and

1.12+0.33% for the as-received 6061Al/12.9SiC sanapkording to Table 4.2.
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(b)

&%

(c) (d)
Figure 4.2: Secondary electron images of as-received 606158I8. in (a) cross sectional plane;
(b) longitudinal plane and as-received 6061Al/1%98 (c) cross sectional plane; (d) longitudinal
plane (black arrows indicate SiC free areas; wdnitews indicate porosity).

The SEM images of the as-extruded 6061AI/8.5SiC@H&ILAI/12.9SiC samples in longitudinal

sections are shown in Figure 4.3. Compared witheasived 6061AI/SiC samples, Figure 4.3
shows a homogeneous distribution of SiC partidles.insets are high magnification SEM images
showing the uniform distribution of ~500nm size®@ $iarticles with no agglomerations. Careful
observation of Figure 4.3 also shows that the amotiporosity in the composites has largely
decreased compared with the as-received samplesrding to Table 4.2, the porosity level has
decreased to be 0.33+0.15% for the as-extruded A(B3SIC and 0.58+0.14% for the as-

extruded 6061Al/12.9SiC sample.
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Figure 4.4 shows the SEM images of aging heatade&061Al/8.5SiC and 6061Al/12.9SiC
samples in longitudinal sections. No obvious priégaips have been seen in the SEM images and

no major difference in the microstructure has befleserved.

@) (b)
Figure 4.3: Secondary electron images of (a) as-extruded 6855iC longitudinal sample and
(b) as-extruded 6061Al1/12.9SiC longitudinal sampiesets are high magnification secondary
electron images showing SiC patrticle distribution.

(@) (b)
Figure 4.4: Secondary electron images of aging heat treated@&1Al/8.5SiC longitudinal
sample and (b) 6061Al/12.9SiC longitudinal sample.

4.1.5 Transmission electron microscopy analysis
To further investigate the microstructure of theeaguded samples, bright field TEM images of
as-extruded 6061Al alloy, 6061AI/8.5SiC and 60612I8SiC samples are shown in Figures 4.5,

4.6 and 4.7, respectively.
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Figure 4.5 shows the general microstructure of 80&lloy. An average Al grain size of
1.2+0.2um is estimated using the mean linear intercept atkifsee section 3.3.3) based on
micrographs similar to Figure 4.5(a). In additidncan be observed from Figures 4.5(b) and (c)
that the 6061Al alloy in the as-extruded conditi@s ~100nm and 300-500nm sized precipitates
within the Al grains. EDX analysis on some of thie@pitates and the matrix was carried out and
the results are shown in Figure 4.5(d). Comparetheéomatrix, the 300-500nm sized particles
(particles A and B) are rich in Mg and Si and haweatomic ratio (Mg:Si) of 1.9 and 2.0,
respectively, while the ~100nm sized particlest{pi@s C and D) are likely to be AIMnFeCuSi
phase, as it is shown in the EDX spectra. This @hess also reported by Wang et al. [7] in as-

extruded 6061Al/Sigcomposites and Shahzad et al. in 2214Al alloy [8].

The general microstructure of the composites (fegur.6 and 4.7) is found to be a 6061Al alloy
matrix which contains an even dispersion of subrom@articles as well as smaller precipitates.
EDX analysis was carried out on the sub-micronigarE (Figure 4.6(b)) and particle F (Figure

4.7(b)) and the results are displayed in Figureah@ Table 4.3, strongly suggesting that the sub-
micron particles are SiC particles. It should beeddhat the atomic ratio of Si:C is greater than 1

since the Carbon X-ray K line is of low energy aath be easily absorbed by the specimen [9].

During TEM analysis, most of the Al and SiC intedashows a clean interface, good bonding and

no clear aluminium carbides or intermetallics hheen observed at the Al matrix-SiC particle

interface, agreeing with the XRD findings.
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Figure 4.5: TEM bright field micrographs of as-extruded 6061a#loy showing (a) general
microstructure; (b), (c) precipitates within thegkhins and (d) EDX spectra for particles A, B, C
and D.

(b)
Figure 4.6: TEM bright field micrographs of as-extruded 606/B&SiC sample showing (a)
general microstructure and (b) SiC patrticle E.
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2 - ’ A L .

(a) (b)
Figure 4.7: TEM bright field micrographs of as-extruded 606/1RL9SiC sample showing (a)
general microstructure and (b) SiC patrticle F.
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Figure 4.8: EDX spectra from particles E and F.
EDX .
points C O Al Si Cu
particle E 23.36 0.63 2.21 73.31 0.49
particle F 31.45 0.57 1.32 66.08 0.58

Table 4.3:Numerical EDX results (atomic %) of particles Eldnlabelled in Figures 4.6 and 4.7.
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The aging heat treated samples were also examinetEM and the results are displayed in
Figures 4.9 and 4.10. Figure 4.9 shows the gemeiabstructure of aging heat treated 6061Al
alloy. The Al grain size is estimated as 1.7#®2using the mean linear intercept method (see
section 3.3.3) based on micrographs similar to féigu9(a). Precipitates are also observed both
inside the Al grains and at the grain boundariesr &feat treatment (Figures 4.9(b) and (c)). EDX
spectra on some of the precipitates suggest tagtate likely to be AlFeSi or AlFeCrSi particles.
Faceted precipitates (Figure 4.9(e)) less than mO@ave been observed inside the Al grains after
8h of aging. The EDX spectrum (Figure 4.9(f)) oreasf the faceted precipitates shows the

presence of Mg and Si with an atomic ratio of 2/Bich is believed to bg’ or -Mg2Si phase.

Figure 4.10 shows the microstructure of aging treated 6061A1/8.5SiC composite. Similar with
as-extruded composite samples, it also contaieyan dispersion of sub-micron particles as well
as smaller precipitates. A closer look of Al an@ 8iterface in Figure 4.10(b) shows some cluster-
like features at or near the interfacial areas. EA4lysis on region 1-4 was carried out and the
results are displayed in Figure 4.10(c) and Tabde @ompared to matrix, region 1 is rich in C
and Si, which suggests that the sub-micron parigla SiC particle. Region 2-4 shows the
existence of Mg and O at or near the interfaciahar It seems that Mg and O have a tendency to
segregate at the interface and possibly form Mg@I@al>O4 spinel at the interface according to
the reactions [7]:
3Mg + AlOs = 2Al + 3MgO

3Mg + 4ALOs = 2Al + 3MgALO4
The formation of MgO or MgAlO4 spinel can act as diffusion barrier, further resitrg reactions
between Al and SiC to form ACTs [10]. Similar interfacial reaction products at &loy matrix
and SiC interfaces were also reported by Wang. ¢7pand Fan et al. [11] on 6061Al/Si@nd

7075Al/SiG composite systems. Since some of the Mg in theixnatconsumed during the above
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reactions, less M&i precipitates are going to be formed after adieat treatment, reducing the

precipitation hardening capacity of the composi&milar TEM results are also found for aging

heat treated 6061AI/12.9SiC composite sample.

]
8 Si Fe
Mg Cr :
gl A ™ Crn Fe Cu particle H
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Figure 4.9: TEM bright field micrographs of aging heat trea6@$1Al alloy showing (a) general
microstructure; (b), (c) precipitates within ortlé Al grains and (d) EDX spectra of particles H
and G; (e) faceted precipitate within the Al graamsl (f) EDX spectrum of particle |.
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Figure 4.10: TEM bright field micrographs of aging heat trea681AI/8.5SiC sample showing
(a) general microstructure; (b) SiC particle andEDX spectra on region 1-4 and the matrix.

pEo?nfs C o | Mg | A | si | cu
1 2776 123 | - | 127| 69.18 056
2 13.92| 9.07 | 341 | 39.80 33.26| 054
3 6.96 | 12.75| 4.47 | 58.35| 16.88 | 0.59
4 15.07| 2650 | 5.73 | 32.91| 19.22 | 0.56
matix | 1.95 | 3.97| 071| 91.93 077 | 0.68

Table 4.4: Numerical EDX results (atomic %) of region 1-4d#déd in Figure 4.10(b) and the
matrix.
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4.2 Mechanical properties of 6061Al alloy and 6061/A5iC composites

4.2.1 Microhardness analysis
Table 4.5 displays the average microhardness sestiltross sectional 6061Al, 6061A1/8.5SiC
and 6061Al/12.9SiC samples in as-received, as-@gttusolution heat treated and aging heat

treated conditions with standard deviations.

The data shows similar microhardness results foeesived billets and as-extruded bars. After
solution heat treatment, the microhardness resui@61Al sample has increased slightly (~5%),
while the results for solution heat treated 606&AI5iC and 6061AI1/12.9SiC composites show a
significant increase (~23%). This could be the Itesfu the large different coefficients of thermal
expansions (6:1) between 6061AlI matrix and SiCigad [12]. When the composites were
guenched after solution heat treatment, a highityeasdislocations can be generated near the
matrix-reinforcement interfaces due to the misfitains caused by differential thermal
contractions at 6061Al-SiC interfaces [13, 14], aating for the significant increase in
microhardness for the composites. After aging hestment, all three samples show a large
increase in microhardness because of precipitdtavdening. Compared with 6061AI sample,
6061AI/SIC composite samples show increasing memaiess results with increasing volume

fraction of SiC patrticles in all processing conalits, suggesting effective strengthening from SiC

particles.
Materials As-received As-extruded Solution heat aging heat
treated treated
6061Al - 57+2 60+1 106+1
6061A1/8.5SiC 8716 88+2 109+3 138+2
6061A1/12.9SiC 10317 10242 12542 146+3

Table 4.5: Microhardness ((HVsog values of 6061Al, 6061Al/8.5SiC and 6061Al/128Si
samples in as-received, as-extruded, solutionthemted and aging heat treated conditions.
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4.2.2 Room temperature compression tests
Room temperature compression tests for as-extrgdetples were carried out to study their
mechanical properties up to large strains. The cesgon test curves in engineering values are

presented in Figure 4.11 and the compressive @toess values are summarized in Table 4.6.

It can be observed that the compression test cui/éise as-extruded 6061AI/SiC composites
show similar features and as expected, the congsodivelop higher compressive proof stress
when comparing to unreinforced 6061Al alloy and greof stress increases with increasing

volume fraction of SiC reinforcement.

In addition, when comparing the compression testas) it can be seen that the composites have
higher work hardening ratél‘(/dg) than the unreinforced 6061Al alloy over the whels range.

The enhanced work hardening rates of materialsag@ng non-deformable particles have been
reported in books and papers [15-17]. During de&drom, the matrix around the non-deformable
particles develops much higher dislocation denigin that of the unreinforced materials. The
increased dislocation density regions restricttpddkow and contribute to higher work hardening

rates [18].
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Figure 4.11: Room temperature compression test curves in engngeealues for as-extruded
6061Al, 6061A1/8.5SiC and 6061Al/12.9SiC composites

Materials Compressiveoy (MPa)
6061Al 130+£3
6061A1/8.5SiC 212+1
6061A1/12.9SiC 264+1

Table 4.6: Compressiveocy of as-extruded 6061Al, 6061Al/8.5SiC and 6061AIAKIC
composites extracted from room temperature comijoresssts (Figure 4.11).

4.2.3 Room temperature tensile tests
Room temperature tensile tests for as-extrudedagimy heat treated samples were also carried
out. The engineering stress-strain curves aregalott Figures 4.12 and 4.13 and the results are

summarized in Table 4.7.
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Figure 4.12:Room temperature tensile test curves in engingemfues for as-extruded 6061Al,
6061AI1/8.5SiC and 6061Al/12.9SiC composites.
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Figure 4.13: Room temperature tensile test curves in engingemifues for aging heat treated
6061Al, 6061A1/8.5SiC and 6061Al/12.9SiC composites
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. Fracture
Materials Pr?ggﬁ;’ E (GE’a) (Mcpya) (I\Lﬂ,i) & (%) t(zhljl?];]rgg)ss
6061Al 69.0 [1] 6912 131+5 20515 19+] 3444
6061Al/8.5SiC 98.1 87+1 192+1 2871 15+1 39+1
6061Al/12.9SiC 113.1 1031 229%6 3292 1411 4142
6061Al-Aged 69.0 [1] 72+3 32949 389+3 19+3 64+10
6061AI1/8.5SiC-Aged 98.1 8845 361+8 429+7 1542 5547
6061Al1/12.9SiC-Aged 113.1 101£5| 392+3 4601 17+] 67+2

Table 4.7: Mechanical properties of as-extruded and aging tneated 6061AI, 6061Al/8.5SiC
and 6061Al/12.9SiC composites extracted from roemperature tensile tests (Figures 4.12 and
4.13) as well as predicted Young’'s modulus baseRuwe of Mixtures (ROM) [19].

It can be seen from Table 4.7 that the values of Bnd UTS all increase with increasing volume
fractions of SiC particles in both as-extruded agohg heat treated conditions. The enhancement
of E indicates a uniform distribution of SiC palgis with good interfacial integrity as observed in
Figure 4.6(b) which leads to effective load transfetween reinforcement and matrix. Compared
with the predicted E values calculated from RulMoftures [19], the experimental E values show
a slight decrease (~10%) which also could indie#fiective load transfer with a small number of
debonded SiC particles from the matrix. Despitdhaf effect of load transfer, the significant
increase o6y and UTS of 6061Al/SiC composites compared to 60618y can also be attributed

to the coupled effect of Orowan strengthening,tte@@mismatch, grain size refinement, etc. [20,
21]. oy and UTS values of aging heat treated tensile sssygblow a significant increase compared

with as-extruded properties due to precipitatiordbaing.

Despite the improved tensile strength for 6061Al/Siomposites, surprisingly there is little
change in ductility with the additions of SiC pel#is. Also, it should be noted that because of the
increase in strength and the small reduction aarstthe area under the stress-strain tensile surve

(energy to fracture), which is an indication ofdtst toughness”, is maintained for the 6061Al/SiC
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composites. This result of retained ductility aodghness is consistent with the findings of Yang
et al. [22] for A356/Si¢ (30nm) composites, Xiong et al. [23] for Al-3wt.2%k6IG, (40nm) and

Mazahery and Ostadshabani [24] for A3564(24), (50nm) composites.

4.2.4 Fracture surface analysis of tensile samples

The fracture surfaces of as-extruded 6061Al, 60@LBEIC and 6061Al/12.9SiC tensile samples
are shown in Figures 4.14-4.16, respectively. Beexdruded 6061Al tensile sample, dimples can
be observed in Figure 4.14(b). The fracture of @0&hample was associated with the formation
and growth of voids which were probably initiatedsame precipitates, inclusions or impurities
in the matrix. With the addition of SiC particleg}5° fracture surfaces can be observed (Figures
4.15(a) and 4.16(a)). Dimples are still presen8@1Al/SiC tensile samples indicating ductile
fracture (Figures 4.15(b) and 4.16(b)). A closeklad the dimples reveals agglomerations of

particles (Figure 4.15(c)) and debonded partiagisgle some of the dimples (Figure 4.16(c)).

According to Clyne and Withers [25], there are ratwo types of failure initiations in MMCs:
(1) reinforcement cracking which happens when #ieforcement particles are relatively large
and are highly possible to have a sufficiently éaftaw; (2) Matrix cavitations and interfacial
debonding which means that voids will originateegplwithin the matrix for highly bonded
materials or at interfacial regions for weakly bedadnaterials. In the present work, a large number
of dimples are present without particles insideweer, it is not clear whether the dimples are
systematically absent of SiC particles since théighas are likely to be lost when fractured. A
small number of dimples have agglomerated partighsgde (Figure 4.15(c)), showing that
agglomeration provides sites for crack initiatiovisich will greatly reduce ductility. After crack

nucleation, the voids will grow larger and largadaheir coalescence will give the final failure of
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the materials. The aging heat treated samples &iawtar failure behaviour to that of the as-

extruded samples.

(@ (b)
Figure 4.14: Secondary electron images of the fracture surédcas-extruded 6061Al tensile
sample showing (a) overview and (b) dimples.

(b)

Figure 4.15: Secondary electron images of the fracture surédcas-extruded 6061AI/8.5SiC
tensile sample showing (a) overview, (b) dimpled @) particles in dimples (arrow indicates SiC
particles).
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(c)
Figure 4.16: Secondary electron images of the fracture surfdces-extruded 6061Al/12.9SiC
tensile sample showing (a) overview, (b) dimpled @) particles in dimples (arrow indicates SiC

particles).

4.2.5 Load-controlled fatigue tests
The fatigue properties of aging heat treated 60&lly, 6061AI1/8.5SiC and 6061A1/12.9SiC
samples were also tested since fatigue fractiheisnost common source of failures of engineered

materials and accounts for more than 80% of danmegeactical applications [26].

Figure 4.17 shows the maximum stress versus thebeumf cycles to failure for 6061Al,
6061Al/8.5SIC and 6061Al/12.9SiC samples. It cambserved that the fatigue properties of the
composites are superior than unreinforced 6061llyabnd improve with increasing volume
fractions of SIC particles, especially in high ®/¢htigue regimes. For example, at a maximum
stress level of 310MPa, the 6061Al alloy fails &4.0* cycles, the 6061AI1/8.5SiC sample fails
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at 1.4x10° cycles while the 6061A1/12.9SiC sample has thgésn fatigue life with a fatigue cycle
of 2.2x10°. Similar results that an improved stress-contiblegh cycle fatigue properties with
increasing reinforcement volume fractions have balsp reported by Srivatsan el al. [27] on
6061AI/SiG, Hall et al. [28] on 2124Al/Sigand Chawla et al. [29] on 2080Al/SIQ\ variety of
mechanisms are accounted for the improved perfarenamcluding load transfer to the high
modulus reinforcement, lowering total strain [3duced effective stress concentrations on

intermetallic inclusions in the matrix [29] and hag tensile strength [27].

R=0.1
f=40HZ
450 A m  6061Al-Aged
° ® 6061Al1/8.5SiC-Aged
A G061AI/12.9SiC-Aged
400 - Ao
oA
. 350
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1000 10000 100000 1000000 1E7
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Figure 4.17:Maximum applied stress versus the number of cyolégilure for aging heat treated
6061Al, 6061AI1/8.5SiC and 6061Al/12.9SiC sampleslemtension-tension loading with R=0.1
and a frequency of 40HZ.

4.2.6 Fracture surface analysis of fatigue samples

Figure 4.18 shows the fracture surface of agingd treated 6061Al alloy tested at a maximum
load level of 220MPa. Figure 4.18(a) is the ovesvdd the fracture surface showing limited flat

regions corresponding to fatigue crack initiatiowl &table growth (region A) and tortuous ridges

associated with rapid dimpled fracture (regionB)pical fatigue fracture surfaces at region A are
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shown in Figure 4.18(b) with crack initiation reggonear sample surfaces followed by subsequent
crack growth areas. Most areas in region A argudatcrack growth regions having typical features
shown in Figure 4.18(c). Fatigue voids and rivettgras in the direction of crack growth are
observed. Fatigue voids are frequently observedtigue fractures of Al alloys [31-33]. They are
formed due to the separation of secondary non-eofherecipitates from the matrix during fatigue.
According to TEM analysis in section 4.1.5, agireghtreated 6061Al alloy has a large number
of secondary precipitates which are preferables dde fatigue voids. Their formation is through
the initiation, growth and coalescence of multiplerfacial cracks around the particles and they

become visible on the fatigue fracture surfacesnihe crack front advances through them [31].

The fast fracture surfaces characterized by dimplptlire in region B are shown in Figure 4.18(d)
with rough, void rich fracture surfaces. A high méigation of voids consisting of twin fatigue
voids of a size around Gt are shown in Figure 4.18(e). EDX spectrum (Fighid8(g)) on
particle 1 confirms the presence of Mg and Sis likely that the MgSi precipitates initiated the
fatigue voids in the present area. Compared torEigulL8(c), it seems that Figure 4.18(d) has a
higher density of fatigue voids. Similar featuresrevalso reported by Sunder et al. [31] on 2014Al
and 2024Al alloys that fatigue voids density insesdramatically with increasing crack growth
rate. It has been reported that at high crack droates involving considerable crack tip shear,
slip planes with particulate concentrations oftee path of least resistance and as cracks grow
along this path of least resistance, clusters diquéate voids get interconnected and show an
increasing density [31]. Despite the presencetgfda voids, region B also shows ductile dimples

as a sign of limited plastic deformation, as isvehan Figure 4.18(f).
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To conclude, the fatigue failure initiates at fgreparticles or inclusions near sample surfaces and
continues with the formation, growth and coaleseeasfdatigue voids and ends with propagation

of macro-cracks interconnecting the voids.

To study the effect of fatigue load level on thecfure surfaces, fracture surface analysis of aging
heat treated 6061Al alloy tested at a maximum leael of 310MPa was carried out and the results
are shown in Figure 4.19. Similar features consystif flat regions corresponding to fatigue crack
initiation and growth (region A) and final dimpledpture (region B) are observed in Figure
4.19(a). Region A consists of fatigue voids anckripatterns (Figures 4.19(b)), and region B
consists of rough, fatigue voids surfaces (Figdrd9(c) and (d)). Compared to Figures 4.18(c)
and (d), it can be seen that the number of fatignids has been greatly reduced in the present
sample tested at a maximum load level of 310MPa.likely that under a higher load level, the
fatigue crack growth rate is faster than the foramaof fatigue voids, hence reducing the number

of fatigue voids on the fracture surfaces.
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Figure 4.18: Fracture surface analysis of aging heat treat&l ADalloy tested at a maximum
load level of 220MPa showing (a) overview; (b)igtion region A; (c), (d), (e) fatigue voids; (f)
microvoids and (g) EDX spectrum on particle 1.
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(d)
Figure 4.19: Fracture surface analysis of aging heat treat&l ADalloy tested at a maximum
load level of 310MPa showing (a) overview; (b), (d) fatigue voids.

The fatigue fracture behaviour of 6061AI/8.5SiC &W$1Al/12.9SiC samples is similar to each
other, hence only the fracture surface analysB0&iAl/12.9SiC sample will be discussed. Figure
4.20 shows the fracture surface of aging heatedde@®61A1/12.9SiC sample tested at a maximum
load level of 310MPa. It can be seen from Figurg0é) that the fracture surface of
6061A1/12.9SiC sample also has two distinct fraetarorphologies corresponding to fatigue
initiation and growth (region A) and final fast ¢tare surfaces (region B). Figure 4.20(b) shows
the crack initiation point near sample surfacedgion A. It seems that crack initiated from a
foreign particle or inclusion (particle 1), EDX sjieim suggests that the particle might be AlFeSi
precipitates. Most of region A is covered with &guropagation region where equi-spaced
striation marks perpendicular to the direction cdok propagation are observed, as shown in

Figure 4.20(c). The fast fracture surfaces aretivelly rough and characterized by dimpled
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morphologies shown in Figure 4.20(d). The failureda is the typical microvoid growth and
coalescence. EDX spectra have confirmed the presain8iC particles in some of the dimpled

voids.

The fracture surfaces of aging heat treated 6062/A5iC sample tested at a maximum load level
of 445MPa were also examined and the results asersin Figure 4.21. Similar to other samples,
the fracture surfaces consist of region A perparidicto the loading direction corresponding to
stable fatigue crack growth and relatively rouglgioa B. Equi-spaced striation marks
perpendicular to crack growth direction are alseeved (Figure 4.21(b)). A closer look of the
striations (Figure 4.21(c)) shows that they are enagl of sub-micron dimples with SiC particles
present in some of the dimpled voids confirmed B)XERegion B is final fast fracture region and

characterized by dimpled morphologies as shownguarg 4.21(d).

To conclude, for 6061AI/SIC samples, no clear ddfeee has been found in fatigue fracture
surfaces between low and high stress levels. leagpthat the fatigue cracks are initiated at the
surface defects or inclusions and propagate ircaldumode with some evidence of matrix/particle

interfacial debonding. In the final fractured regidimpled morphologies with sub-micron voids

with or without the presence of SiC particles almserved. It seems that the crack growth
mechanism occurs primarily through the matrix als some of the SiC particles serve as sites
for microvoid nucleation due to debonding. No fteietd SiC particles have been observed in the

fracture surfaces probably due to the small sizh@particles.
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Figure 4.20: Fracture surface analysis of aging heat treated A062.9SiC sample tested at a
maximum load level of 310MPa showing (a) overvidl) crack initiation region; (c) crack
propagation region; (d) dimpled rupture and (e) E€péctra on particle 1-4.
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Figure 4.21: Fracture surface analysis of aging heat treated A062.9SiC sample tested at a
maximum load level of 445MPa showing (a) overvidh), (c) crack propagation region; (d)
dimpled rupture and (e) EDX spectra on particle 1-2
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4.3 Discussion

4.3.1 Effect of extrusion process

Extrusion is known to further consolidate the mater Table 4.2 calculates the density and
porosity content of the samples before and afteusion. The effect of the extrusion procedure
on the porosity content of the samples based ote®a® is plotted in Figure 4.22 as a function of
the reinforcement volume fractions. It can be sttt the as-received samples have higher
porosity levels than the as-extruded ones and pibkcation of hot extrusion results in a ~50%

porosity reduction for both composites. In additiine porosity level increases with increasing

volume fraction of SiC particles for both as-reeeiand as-extruded samples.
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Figure 4.22: The change of porosity content in as-received aseexéruded 6061Al,
6061AI1/8.5SiC and 6061AI1/12.9SiC samples as a fanaif the volume fraction of SiC particles.

Extrusion can also help homogenize the microstrecithe as-received 6061AI/SiC samples have

SiC particle free areas (Figure 4.2), after extmisihe particle free areas have disappeared @igur
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4.3) and a quasi-uniform distribution of SiC pddschas been achieved for both 6061AI/8.5SiC
and 6061A1/12.9SiC samples. It is believed thatiigh extrusion ratio (16:1) and the appropriate
extrusion temperature (450°C) have led to a sefiicilow of the matrix alloy, resulting in a

uniform distribution of SiC particles among thealloy matrix [34, 35].

The different microstructure before and after estyn and porosity reduction indicate that
extrusion is a very effective secondary processtep to further consolidate the materials,
improve the density, homogenize the microstrucamethereby enhancing the overall mechanical
properties. All these effects have been reportedther researchers as well [36-40] and the

explanations have been reviewed in section 2.1.3.3.

Extrusion is also known to influence the crystaligghic texture in Al alloys [41]. To investigate
the effect of extrusion on the anisotropic progsititexture analysis calculated by the intensity
ratios between the (1 1 &)Al peak and the (200), (22 0), (31 1) and & peaks was performed
based on the XRD data of the cross sectional plahe8061AIl alloy, 6061Al/8.5SiC and
6061A1/12.9SiC samples in as-received and as-eatrednditions in Figures 4.1(a) and (b). The
calculated relative intensities of the peaks amenshin Figure 4.23. It can be seen that extrusion
has led to a reduction in relative intensities fi@® 0), (2 2 0) and (3 1 1) reflections, suggesti
that extrusion has developed a sharp <1 1 1> &ilaneg the extrusion direction for 6061 Al matrix
of all materials. The produced extrusion texturs hso been seen by Poudens et al. [42] on

6061AI/SIG and 2124Al/SiG composites after extrusion into bars.
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Figure 4.23: Texture analysis of the cross sectional plang806fLAl alloy, 6061Al/8.5SiC and
6061A1/12.9SiC samples in as-received and as-eatrwdnditions.

4.3.2 Effect of aging heat treatment

It is well known that heat treatment has profounfitlence to the microstructure and mechanical

properties of heat-treatable Al alloys [43].

According to Figure 4.9, faceted Mgj precipitates have appeared inside the Al graiites aging
heat treatment for 6061Al alloy. According to lagure [44-47], during aging heat treatment, the
following precipitation sequence has been propdeedil-Mg-Si alloys: supersaturated solid
solution (SSS)- Guinier-Preston (GP) zones " needle shaped precipitatesp’ lath or rod-
shaped precipitates p (Mg2Si) plates. The presencefor f phase observed during aging heat

treatment is consistent with the reported predipitebehaviour of Al-Mg-Si alloys.

For the composites, it is reported that the retdorent particles can accelerate the aging

precipitates in the matrix due to the increasetbdiion density as a result of the additions ef th
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reinforcement particles [48]. The increased densftydislocations provides suitable sites for
heterogeneous nucleation of precipitates and alsoas diffusion paths of the alloying elements
[48, 49]. As a result, the aging kinetics will b®moted for composite materials. However, in the
present work, the additions of SiC particles aelli to cause a reduced precipitation hardening
capacity for the 6061AI/SiC composites. Accordinghlie TEM analysis in section 4.1.5, it has
been observed that Mg and O have a tendency tegatgrat the 6061Al/SiC interfacial areas and
possibly form MgO or MgAdO4 spinel. The reduced Mg concentration in the 606hatrix is

likely to slow and reduce the MS§i precipitation during aging heat treatment, esgc

considering the increased interfacial areas assacigith nano-sized reinforcement, leading to

less precipitation hardening.

The formation of aging precipitates during agingthteeatment has led to improved mechanical
properties for all the materials in terms of miaaodnessey, UTS and fracture toughness. For
instance, the microhardness asydof aging heat treated 6061Al alloy have incredsgd-84%
and ~150% when compared to that of the as-extr6@€dAl alloy, respectively. The enhanced
mechanical properties due to precipitation hardgiaifter aging heat treatment are also reported

elsewhere [48, 50-52].

4.3.3 Effect of the additions of nano-sized SiC pacles
To investigate the effect of the additions of named SiC particles, the tensile properties and
fatigue properties of similar composites reinforeeth micron-sized SiC particles from literature

are summarized and shown in Table 4.8 and Fig# despectively.

Table 4.8 shows that the produced 6061Al/SiC coitg®sn the present work have improved

tensile properties when compared with similar cosies reinforced with micron-sized SiC
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particles. At a given volume fraction of reinforcemt, a reduction of particle size from micron to
nano-size will lead to a significant improvementnoéchanical properties especially due to the
effect of Orowan strengthening and thermal mism4&3j. Orowan strengthening is usually
negligible for micro-sized particulate reinforcedMM@s since the particles are coarse and the
interparticle spacing is too large to impede digtamn motion. For nanocomposites, however,
smaller particles decrease interparticle spacimptierefore increase the second phase resistance
to dislocations [21]. For the mechanism of thermématch, with a given volume fraction of
reinforcement, more particles will be present mt¢bmposites if the particle size is smaller, hence
generating more dislocations around the particles th the effect of the difference of the
coefficients of thermal expansions between the imaind reinforcements upon cooling from
processing temperature [21]. Mathematical modela@Eemental yield strength as a function of
reinforcement size due to Orowan strengtheningthadnal mismatch have been proposed by
many researchers [14, 21, 53, 54]. These modeis algignificant increase in yield strength with
decreasing reinforcement size, especially whempé#ngcle size is less than 100nm. It is believed
that these two strengthening mechanisms increatie deicreasing particle size and result in

enhanced tensile properties when compared to mgmad particulate reinforced MMCs.

In addition to the improved tensile strength, théamed elongations for the produced composites
decrease with the addition of SiC particles. Howetlhee decrease is not as severe as is often seen
with micron-sized reinforcements, such as thosevahn Table 4.8. The maintenance of ductility
and fracture toughness can be in part attributdédegarticles being sufficiently small that there

Is no chance of fracture occurring within the e [5]. It is believed that for relatively smalle
particles, due to (i) homogeneous distributioni@f farticles with no clustering since clusters are

known to fail prematurely and are less effectivaransferring loads [55], and (ii) the reduced
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stress within each particles as well as the redunati flaw size [56], the particles are less likedy

fracture, leading to the retaining of ductility atedighness.

Materials oy (MPa) UTS (MPa) & (%) Ref
6061AIl/10vol.%SiC-T6
(10-20um) 278 332 16.3 [27]
6061A1/10v0l.%SiC-T6 (28m) - 310 6.0 [57]
6061A1/10v0l.%SiC-T6 (3{m) - 355 6.0 [58]
6061Al/15v0l.%SIiC-T6
(10-20um) 343 372 7.0 [27]
6061A1/15v0l.%SiC-T6 (28m) - 346 5.0 [57]
6061A1/12.9SiC-Aged 392+3 460+1 17+¢1 | Wwork

Table 4.8: Comparisons of mechanical properties of T6 heattéd 6061Al alloy reinforced with
micron-sized SiC particles taken from [27, 57, &8 aging heat treated 6061Al/SiC samples
used in the present work.

Figure 4.24 shows the fatigue data on similar casiips reinforced with micron-sized SiC
particles reported by Srivatsan et al. [27]. Coragdawith Figure 4.24, the produced composites
(Figure 4.17) show a significant improvement indaé lives, especially in high cycle fatigue
regimes. For example, a maximum stress level oOMB®a gives a fatigue life of ~1@ycles for
6061Al/SIG (10-2Qum) composites based on Figure 4.24 while both tbdyred composites fail
at ~1@ cycles at a maximum stress level of 310MPa. Simdaults showing an improved stress-
controlled high cycle fatigue properties of Al alldbased composites with decreasing
reinforcement size or interparticle spacings hdse heen reported and are attributed to lower

frequency of particle fracture [28, 29].
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Figure 4.24. Fatigue results of T6 heat treated 6061Al, 6061&MbI.%SIC and
6061Al/15v0l.%SiC with an average reinforcemenesit 10-2@um tested at a constant cyclic
frequency of 5Hz and at a stress ratio of 0.1 [@ih permission from Elsevier).

4.3.4 Effect of SiC volume fractions

To study the effect of SiC volume fractions, thechamical property results of as-extruded and
aging heat treated samples including microhardnéasng’s modulus, proof stress, compressive
proof stress and UTS obtained in Tables 4.5, 4db4an are plotted in Figure 4.25 as a function

of volume fractions of SiC particles.

Figure 4.25 shows that all the mechanical properitierease with increasing volume fractions of
SiC particles with no sign of levelling off. Thasesome literature reporting that the microhardness
and tensile strength increase with increasing veldiraction of reinforcement particles up to a
critical volume fraction and then level off or dease with further additions of reinforcement due
to the formation of reinforcement clusters whicads to a reduction in effective particle content
[53, 59-61]. In the present work, all the mechalnpcaperties of the composites improve with the

additions of SiC particles with no sign of saturatiindicating a homogeneous distribution of SiC
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particles with no clusters when the particle volufnection reaches 12.9%. The uniform

distribution of SiC particles is also confirmed faycrostructural analysis shown in Figure 4.3.
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Figure 4.25: (a) Microhardness; (b) Young’s modulus and (c)dPisiress, compressive proof
stress and UTS of as-extruded and aging heat ké8&1LAl, 6061AI/8.5SiC and 6061Al/12.9SiC
samples as a function of volume fractions of Si@igas.
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4.4 Summary

6061Al alloy composites reinforced with 8.5vol.%d&®.9vol.% of SiC particles with an average
diameter of ~500nm have been successfully prodbggabwder metallurgy routes followed by
extrusion. Despite of the inhomogeneous microgtinedn the as-received billets, a homogeneous
distribution of SiC particles among 6061Al alloy tnva has been obtained for both composites
showing that extrusion is a very useful techniquéutther consolidate the materials, increase the

density and homogenize the overall microstructure.

The mechanical properties of the produced composktew high tensile and compression strength
and hardness whilst maintaining remarkable dugtitthe same time. These superior mechanical
properties are due to the improved strengtheningchar@sms related with nano-sized
reinforcement. In addition, the mechanical progsrtmprove with increasing volume fraction of
SiC patrticles and the application of aging heattreent results in enhanced mechanical properties

due to precipitation hardening.

The produced composites show superior fatigue ptiegehan unreinforced 6061Al alloy and the
similar composites reinforced with micron-sized $i&ticles reported in literature, especially in
high cycle fatigue regimes. The fracture surface$@51Al alloy show the fatigue fracture
mechanism of formation, growth and coalescenceaiifude voids and end with propagation of
macro-cracks interconnecting the voids while thmpgosite samples show a different mode of
crack growth propagating primarily through the maéind also some of the SiC particles serve as

sites for microvoid nucleation due to debonding.

It can be concluded that powder metallurgy routetuding high energy ball milling, HIPing

followed by extrusion are effective proceduresrumdpice homogeneously distributed nanoparticle
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reinforced Al alloy composites. And the nanocomassihave superior mechanical properties

compared to either monolithic Al alloys or compesiteinforced with micron-sized particles.
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5. Cold ralling of 6061AI1/SC composites

Chapter 4 studies the extruded bars of 6061Al allog 6061AI/SIC composites. Except the
extruded bars, some of the as-received 6061Al/8i€$and the compacted 6061Al billets were
also extruded into strips, solution heat treatedi subjected to cold rolling with multiple rolling
passes up until a final thickness of ~1mm. Tabdi8ts the sample information and rolling details
for each sample. Further details of the productibrthe cold rolled samples can be found in
Chapter 3. In the following text, samples will bes@jnated by their conditions. For example,
“6061AI(SH)” means as-extruded and solution heeated 6061AI alloy and “6061AI(Skl’

means as-extruded and solution heat treated 6Q&lb4d cold rolled up to a rolling strain of 3.6.

Microstructural characterization (Section 5.1) utithg XRD, SEM, texture XRD and EBSD
analysis was carried out to investigate the micuastire development and texture evolution

during cold rolling.

Mechanical property tests (Section 5.2) includingrohardness and three-point bending tests,

were carried out to study the effect of cold ralion the development of mechanical properties.
The effect of extrusion parameters, rolling procasd rolling strains on the microstructure and

mechanical properties of the composite samples taerdadditions of SiC particles to the

macroscopic and microscopic texture developmedisisussed in Section 5.3.
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5.1 Microstructural characterization of as-extruded and cold rolled 6061Al

alloy and 6061A1/SIC composites

5.1.1 X-ray diffraction analysis

XRD analysis has been carried out on the normalep{@D-ED/RD) of the as-extruded, solution
heat treated strips and cold rolled 6061AI(SH) yalemd 6061AI/SIC(SH) composites. The
diffractograms are shown in Figure 5.1. For asteddd and solution heat treated 6061AI(SH)
alloy, fcc-Al and intermetallic phases, M} anda-AlFeSi [1, 2], are observed. After cold rolling,

similar phases have been detected.

For as-extruded and solution heat treated 60618(&H) composites, XRD analysis identifies
fcc-Al, 6H-SIC andu-AlFeSi intermetallic phases. No other phases sischlCz[3] are observed
indicating that no interfacial reaction is detecbydXRD. The X-ray diffractograms of the cold
rolled composites do not show much difference caegbavith that of the as-extruded composites,

indicating that cold rolling did not promote intacfal reactions or other precipitation process.

Figure 5.2 shows the difference in the Al (3 1d3lpof the as-extruded and cold rolled 6061AI(SH)
samples. It can be seen that the XRD pattern shaesrease in peak intensity and an increase in
width at half peak after cold rolling. In addition,is also noticed that the CuaK reflection
becomes invisible after cold rolling due to thdeetion broadening effect. The peak broadening
effect indicates enhanced lattice distortions efsamples resulting from cold work. Similar XRD
results were also reported by Korchef and Kahoubf2commercial Al alloys processed by Equal
Channel Angular Pressing (ECAP) and Zhao et al.o@mechanically alloyed 6061AI/SiC
composite powders. The relative Al peak intensiharge in as-extruded and cold rolled

conditions is an indication that the Al grains haweated to different orientations during cold
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rolling, forming certain textures in cold rolledsples. The texture development will be discussed

in detail in sections 5.1.3, 5.1.4 and 5.1.5.
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Figure 5.1: X-ray diffractograms of the normal plane (TD-ED/RDBj 6061AI(SH) alloy,
6061Al/8.5SiC(SH) and 6061A1/12.9SiC(SH) sample&inas-extruded and solution heat treated
strips and (b) cold rolled conditions.
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Figure5.2: X-ray diffractograms of Al (3 1 1) peak of the @l plane (TD-ED/RD) of as-
extruded, solution heat treated 6061AI(SH) and colliéd 6061AI(SH) ssamples.

5.1.2 Scanning electron microscopy analysis

Figure 5.3 shows the SEM images of as-extrudeditisal heat treated strips and cold rolled
6061AI/SIC(SH) composites. From Figure 4.2, it lv@gen observed that SiC particles are not
homogeneously distributed in the as-received bill€here are some areas free of SiC particles.
After extrusion into strips, those areas are olesas particle free bands with a width of uib

along the extrusion direction (ED) (Figures 5.3@d (c)).

During cold rolling, with increasing rolling stranthe SiC particulate free zones became narrower
and most of them disappeared after about 70% gotiductions. Finally, a uniform distribution

of SiC particles in the 6061AI matrix can be obgerin Figures 5.3(b) and (d). Cracks began to
develop at the side of the strips during cold nglland grew inside with more rolling passes,

especially for the 6061AI/12.9SiC(SH). Howeveranacks were found in the middle of the strips.
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Careful observation of Figures 5.3(b) and (d) alsows a reduced amount of porosity in the cold
rolled composites when compared to the as-recawexb-extruded samples. However, a small
amount of SIC particle cracking perpendicular te thlling direction was formed during cold

rolling as illustrated in the inset pictures in trigs 5.3(b) and (d).

(©) (d)
Figure 5.3: Secondary electron images in the normal plane EDIRD) of (a) as-extruded,
solution heat treated 6061AI/8.5SiC(SH) strip; (fmld rolled 6061Al/8.5SiIC(SH); (c) as-
extruded, solution heat treated 6061AI/12.9SiC(SH)rip and (d) cold rolled
6061A1/12.9SIC(SH)s. Arrows indicate particle free areas. Insets shoaecked particles.
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5.1.3 Macr oscopic texture development during extrusion, solution heat treatment and cold
rolling

ODFs of as-extruded 6061Al, 6061Al/8.5SIiC and 60BIA9SIC strips in constak sections
are shown in Figure 5.4. It can be seen from Figu4é€a) that for as-extruded 6061Al alloy, the
extrusion texture can be described as a piéiare mainly containing B’ (Brass’)-{1 0 1} <3 53
(91=40°,®=45°,¢2=0°), S™-{6 3 10} <6 10 7>¢:1=60°,®=35°,¢2=65°), C’ (Copper’)-{2 2 5} <5

4 4> (©1=90°, ®=30°,p2=50°) and cube orientation. The texture componarggotally different
from the axial fibre textures obtained in Al allogfer extrusion into bars [5, 6], however, very
similar to the typical fibre texture obtained in cold and hot rolled Mhich contains Brass
component ({1 0 1} <1 2 1>), S component ({1 2 3 34>) and Copper component ({1 1 2} <1
11>) [7]. In the present work, the extruded samplkeve been compressed in the normal directions
of the strips and elongated along the extrusioactions. Hence, it is not surprising that a rfear
fibre texture has formed after extrusion sincedmrmation state during extrusion of a circular

bar to a flat strip is very similar to the planeast rolling process [8].

For as-extruded 6061Al/SiC composites (Figured®.d0d (c)), the texture components are quite
similar with each other. Besides the random texttinere are three moderate strong texture
components, which are B’-{1 0 1} <3 5 3»1£40°, ®=45°, 9.=0°) with a scatter along fibre,
S’-{5 3 10} <8 10 7> (1=70°,®=30°,p2=60°), C'-{2 2 5} <5 4 4> (¢1=90°,®=30°,¢>=50°) and

a weak scatter of the cube orientation. The thredarate strong texture components are near the

typicalp fibre texture components in both cold and hoeWl within several degree’s tolerance.
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Alsualu|

Alsualu|

(b)
Figure 5.4: ODFs of (a) as-extruded 6061Al alloy, (b) as-ex¢édid6061A1/8.5SiC and (c) as-

extruded 6061Al/12.9SiC samples in constangections.
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Figure 5.4. ODFs of (a) as-extruded 6061Al alloy, (b) as-ex¢did6061AI/8.5SiC and (c) as-
extruded 6061Al/12.9SiC samples in constangections.

Figure 5.5 shows the ODFs of as-extruded and solutheat treated 6061AI(SH),

6061AI1/8.5SIC(SH) and 6061Al/12.9SiC(SH) stripscionstantp, sections. After solution heat

treatment, the 6061AI(SH) alloy has similar npdibre texture components with that of the as-
extruded 6061Al sample observed in Figure 5.4@)dver, with a reduced intensity at B’ and an
increased intensity at cube component. Jata ¢9]astudied the hot deformation texture of as-
extruded and solution heat treated Al-Li-Cu allogl &und that solution heat treatment following
extrusion at lower temperatures (below 330°C) tesuin the loss of all the extrusion texture
components due to recrystallization while solutieat treatment following elevated temperature
extrusion (480°C) exhibited strong extrusion tegtucomponents due to negligible

recrystallization. It is possible that in the pm&sextrusion condition (extrusion temperature:

375°C, extrusion ratio: 6:1), localized Al graircrgstallization has occurred during solution heat
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treatment which has consumed some B’ oriented graimd formed cube component, which is

known as the most common recrystallization textarel alloys [10].

For the 6061Al/SIC(SH) composites (Figures 5.5¢) &)), the texture components are similar
with that of the as-extruded composite samplesngty suggesting that no recrystallization has
occurred during solution heat treatment. The hawbisdary phase particles have three main
effects on recrystallization process according toighreys and Hatherly [10]:
1. Particles may increase the stored energy and haeadriving force for recrystallization
may be increased;
2. Large particles (usually aboveurh) may act as nucleation sites for recrystallizatio
(Particle stimulated nucleation-PSN);
3. Small and closely spaced particles may exert afgignt pinning effect on both low and
high angle grain boundaries (Zener drag).
The first two effects promote recrystallization ¥ehthe last tends to hinder recrystallization.
Hence, the overall recrystallization behaviour dejgseon which of these effects dominate [10].
Analysis of a large number of investigations shbat the overall recrystallization behaviour is
primarily a function of the volume fraction (f) ampdrticle diameter (d) and recrystallization is
impeded when f/d>0um™[10, 11]. In the present work, f/d equals to QubiZ and 0.2am™ for
6061Al1/8.5SIC(SH) and 6061AI/12.9SIiC(SH) samplesspectively, strongly suggesting the

retardation of recrystallization, thus leadingte tinchanged texture after solution heat treatment.
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Figure 55 ODFs of as-extruded and solution heat treated @§1AI(SH) alloy, (b)
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After cold rolling, for 6061AI(SH)ssample (Figure 5.6(a)), the texture componenteemear
fibre have slightly evolved while with increasedeinsities. For 6061Al/SiC(Skl} composites
(Figures 5.6(b) and (c)), the textures of the cositpe are quite random with a bit higher
intensities neaw fibre after cold rolling. All these features arenma clearly shown in Figure 5.7
which depicts the intensities alofgrientation lines of the Al matrix in solution héeeated and

cold rolled samples.
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Figure 5.6: ODFs of cold rolled (a) 6061AI(Skl}, (b) 6061Al/8.5SiC(SH); and (c)
6061A1/12.9SiC(SH)ssamples in constagk sections.
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Figure 5.6: ODFs of cold rolled (a) 6061AI(Skl}, (b) 6061Al/8.5SiC(SH); and (c)
6061A1/12.9SiC(SH)ssamples in constagk sections.
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It can be seen from Figure 5.7 that for 6061Al(&dHincreased intensities near Copper, Brass and
S components are observed after cold rolling, wiollés061Al/SIC(SH) 3, the intensities along
fibore have declined. With increased rolling straitise texture components would normally
become sharper [7], as is observed for 6061 Al(3HY.aHowever, in the case of 6061AI/SIC(SH)
composites, the texture intensities have droppguifgiantly indicating weaker and randomized

texture with rolling strains.

5.1.4 Electron backscatter diffraction analysis of as-extruded strips
Texture XRD gives information about macroscopicuex development, to investigate the texture

in microscopic level, EBSD analysis was also cdraat.

Figure 5.8 shows the EBSD orientation maps of @astd&d 6061Al alloy, 6061AI/8.5SiC and
6061A1/12.9SiC strips with respect to the normaédiion (ND). The black and white lines from
the EBSD maps indicate the locations of high aggéén boundaries>(15°) and low angle grain
boundaries (2°-15°), respectively. Neighboring iggawith misorientations less than 15° are

considered as subgrain structure in the followand.t

As can be seen in Figure 5.8(a), hot extrusiorD6fl@\l alloy has led to the formation of elongated
grains aligned along the extrusion direction camtay subgrain structures. The subgrain size is
measured as an average width of 1.6+0.3um andlehm@ 0+0.2um according to the mean linear
intercept method (see section 3.3.3). The scatiexeise pole figure (IPF) data shows a typical
nearp fibre texture which is consistent with the ODFule®btained from Figure 5.4(a). The

misorientation distribution plot shows that thegkhin boundary populations are not uniformly

distributed. A peak exists in the range of 0-105ick corresponds to a large fraction of low angle

grain boundaries (about 25%-30%) located withindlemgated grains.
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Figure 5.8: (a) EBSD orientation map with scattered inverse figiure (IPF) and misorientation
distribution plot of as-extruded 6061Al alloy iretmormal plane (TD-ED) (Black lines indicate
high angle grain boundarie&>15°, white lines indicate low angle grain boundsiriz®<9<15°),
EBSD orientation maps of (b) as-extruded 6061AB85and (c) as-extruded 6061/12.9SiC strips

in the normal plane (TD-ED).
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Several EBSD measurements have been carried otlieoparticle free bands and particle rich
zones of as-extruded 6061Al/8.5SiC and 6061AI/1Z9Strips. Two representative EBSD
orientation maps are shown in Figures 5.8(b) andTlee particle free bands and particle rich
zones are separated by the dash lines in the figuzan be seen that the Al grain alignment near
SIC particles is different from those in the pdetitee bands. Most of the Al grains in the paeticl
free bands are elongated and have been rotatadhilarsorientations within several degree’s
tolerance (In most measurements, Al grains in tutighe free bands have {1 1 2} or {1 0 1}
planes nearly parallel to the extrusion plane). Elav, in the particle rich zones, much smaller
Al grains with different orientations have been@ted. In addition, most of the grains are nearly

equiaxed instead of elongated towards ED.

A closer look of the particle rich zones in Figute8(b) and (c) shows the presence of a small
amount of Al grains having {0 0 1} planes nearlyrgdkel to the extrusion plane, which is in
agreement with the ODF results of a weak scattergae component for the as-extruded
6061AI/SIC composites. The cube texture is knowthasnost common recrystallization texture
for Al alloys [10]. In order to find out if any damic recrystallization happened for 6061Al/SiC
composites during hot extrusion, EBSD scans weropeed on the SiC rich areas of the as-
received and as-extruded 6061Al/8.5SiC composkegufe 5.9) where nearly equiaxed grains
have been observed. The average Al matrix gramisiestimated as 1.3+Qu# and 1.4+0.4m

for the as-received and as-extruded 6061Al/8.581@posites respectively according to the EBSD

software analysis.

The comparison of the Al matrix grain size betwetre as-received and as-extruded
6061Al/8.5SiC samples shows no sign of grain refieet due to dynamic recrystallization in the

particle rich zones and it is already mentionesgdation 5.1.3 that fine closely spaced particles in
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the present composites suppress recrystallizatlence, it can be said that there is hardly any

dynamic recrystallization has happened for the cmsites during extrusion.

A -

I

: " AR . B
() (b)

Figure5.9: EBSD orientation maps in SiC rich zones of (ajeaived 6061AI1/8.5SiC composite
in longitudinal plane and (b) as-extruded 6061 AC composite in the normal plane (TD-ED).

Another possible explanation for the presence af sabe component is the stability of the cube
orientation during plastic deformation at high temgiures. Quantitative analysis on hot
deformation textures of Al alloys suggests thatdbbe orientation is stable during large plane
strain reductions at high temperatures [12-16]. fid@uand Driver [12, 13, 16] have studied and
simulated the stability of cube component of Abg#l by channel die compression tests at different
temperatures, which showed the appearance of #isign cube component after plane strain
compression at 400°C. It is suggested by Maurick Rmver [12, 13, 16] that at deformation
temperatures above 300°C and high strain ratespripmal {1 1 1}<1 1 0> slip systems are
replaced by {1 1 0}<1 1 0> type. The onset of {@}%1 1 0> non-octahedral slip systems stabilizes
the cube component which would otherwise rotateatd® other more stable orientations. Both
experimental results and numerical simulations heesefied the active non-octahedral slip

systems for cube and near cube orientations andt#imlity of cube orientation during high
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temperature deformations. In the as-extruded 60&iBIsamples studied in the present work, it
is possible that the near cube component is agttidicube orientation in the as-received samples

which has survived through hot extrusion at 3750 yust an ER of 6:1.

5.1.5 Electron backscatter diffraction analysisof cold rolled samples

EBSD analysis of cold rolled samples was also edmwut and the results are shown in Figure 5.10.
Figure 5.10(a) shows the EBSD orientation map adtittered IPF and misorientation distribution
plot of cold rolled 6061AI(SH)s sample. After cold rolling, severely fragmentedigsawith a
subgrain size of +iIm are observed in Figure 5.10(a). The fractionswfangle grain boundaries
(2°-15°) have increased from 37.1% in the as-exstate to 52.8% after cold rolling, indicating
the development of subgrain structure during caiting. In addition, the misorientation
distribution plot shows increased fractions of lamgle grain boundaries (about 45%-50%) within
the range of 0-10° and largely decreased high airgle boundaries compared with Figure 5.8(a),
also suggesting the development of substructuttes s€attered IPF data in Figure 5.10(a) shows
the formation of a stron@ fibre texture with the highest intensities neaa$®r and Copper

components, which is consistent with the ODF regultsection 5.1.3.

Figures 5.10(b) and (c) show the EBSD orientatiapsfor cold rolled 6061Al1/8.5SiC(Stband
6061Al1/12.9SiC(SH)3 composites. It can be seen that both the colddabmposites have nearly
equiaxed grains with no preferred orientationseamg with the ODF results in Figure 5.6. In
addition, the EBSD analysis shows both samples imre than 85% fractions of high angle grain
boundaries after cold rolling. Similar results treat increased fraction of high angle grain
boundaries and misorientation angle of the Al matave also been reported by Alizadeh et al.
[17] on 1050Al/SiG composites during accumulative roll bonding (ARBpcess and were

ascribed to the increased local strain and dislmcatensity in the matrix nearby the particles,
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enhancing local lattice rotations close to theipiat and increasing the fraction of high angle

grain boundaries.

Also, it is notable that the Al grains in cold el 6061Al/8.5SIC(SH): and
6061Al1/12.9SIiC(SH)3 composites are much smaller compared to the asedrcomposites
probably due to the cold rolling process and thes@nce of SiC particles. According to EBSD
analysis, the Al grain size for cold rolled 606IRESIC(SH} 3 and 6061Al1/12.9SIC(SH)»
samples is 1.0+03n and 0.9+0.8m, respectivelyDuring most deformation process, such as
equal channel angular extrusion [18], high prestanson [19] and cold rolling [20], the original
grains will be subdivided extensively and materiaih very fine grains can be achieved. The
presence of homogeneously distributed hard past{§&C in the present work) can introduce more
grain refinement probably due to the increased gdocally necessary dislocations around the
particles as a result of the complicated local de#dgion near the hard particles [17] and the
pinning effect where the particles can pin the nmeset of grain boundaries and inhibit grain
growth [21]. Similar results of the formation otralfine Al matrix grains were also reported by
Alizadeh et al. [17] on accumulative roll bondirARB) processed 1050Al/Sgzomposites and

Ahn et al. [21] on friction stir welding (FSW) fabated 5083Al/Si@ composites.
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Figure5.10: (a) EBSD orientation map with scattered inverse fiigure (IPF) and misorientation
distribution plot of cold rolled 6061AI(SKH} sample in the normal plane (TD-RD) (Black lines
indicate high angle grain boundari€s:15°, white lines indicate low angle grain boundstrie
2°<0<15°), EBSD orientation maps of (b) 6061Al1/8.5Si8f%s and (c) 6061AI1/12.9SiC(Ski}

samples in the normal plane (TD-RD).
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5.2 Mechanical properties and work hardening of as-extruded and cold rolled

6061Al alloy and 6061Al/SIC composites

5.2.1 Microhardness analysis
Microhardness tests were carried out on as-extruded cold rolled 6061AI(SH) and
6061AI/SIC(SH) samples after every rolling pass #raresults are plotted as a function of the

rolling true strain in Figure 5.11.

Figure 5.11 shows that the microhardness of allpd@snincrease with increasing rolling strains
due to work hardening up to a maximum limit valk of the values for the composites are much
higher than those of the unreinforced alloy indigateffective strengthening from the SiC
particles. In addition, the samples exhibit differevork hardening capacities. For 6061AI(SH)
alloy, the microhardness values have increased%160m 60+1LHV200to about 126+1HV 2q0.

While for 6061Al/8.5SiC(SH) composite, the valuesd@increased ~39%, from 10943V 200 tO

152+21HV 200. It sSeems that the 6061AI(SH) alloy has a largerkwhardening capacity than the

6061AIl/SIC(SH) composites.

The empirical power-law relationship developed lléiman [22] has been used to describe the
microhardness-strain curves:

UHV = pHVy + K - (¢ — gg)™ (p.1
where pHV is the microhardness as a function ofinglstrain €), uHVo is the initial
microhardness value in the as-extruded conditioan® m are fitting parameters dependent on
the material and the testing temperatudges the initial strain value after extrusion, whiequals

to 1.77 in the present work.

-132 -



Chapter 5 Cold rolling of 6061AIl/SiC composites

The fitted lines in Figure 5.11 show that the aditvork hardening rate is high and then decreases
with increasing strains for all materials. The wdr&rdening rate is governed by dislocation
accumulations and dynamic recovery rate [23]. At lteginning of deformation, the number of
dislocations increases as deformation proceedsodaisons on different slip systems intersect
and the intersections block the dislocations framthier motion, causing rapid work hardening
rate [23]. Then at a certain point, cross slip bimloc of dislocations is launched, causing
dislocations with opposite signs to meet and afat#i a lowering work hardening ability is
developed. With further deformations, a balancevben dislocation generation and annihilation

is created where no more hardening happens amdss §imit is reached [24].
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Figure5.11: Microhardness of as-extruded and cold rolled 60@A), 6061A1/8.5SiC(SH) and
6061A1/12.9SiC(SH) samples as a function of théngltrue strain and microhardness fitted lines
based on eq. 5.1.

5.2.2 Three-point bending tests of as-extruded, solution heat treated and cold rolled samples
Three-point bending tests of as-extruded, solutenat treated and cold rolled samples were carried

out for 6061Al alloy, 6061AI/SiC samples. The cddtad flexural stress—flexural strain curves
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for different samples are plotted in Figure 5.18 #me yield stress values are summarized and
plotted as a function of the volume fractions o€ $articles in Table 5.1 and Figure 5.13,
respectively. It should be noted that none of ta@es have fractured during the tests since the

equipment limitation has reached.

From Figures 5.12 and 5.13, it can be observedltleasolution heat treated samples have higher
yield strength compared to the as-extruded santhlesto solid solution strengthening and the
cold rolled samples have the highest yield stredgtnto work hardening. For example, the yield
strength of cold rolled 6061AI(SElg and 6061AI1/12.9SiC(SH} samples has increased by almost
100% and 28% compared with solution heat treatetpkes, respectively. Compared to 6061Al
alloy samples, the yield strength of the compositeseases with increasing volume fraction of

SiC particles and the correlation seems to bedinea

The extent of the increase in yield strength dugheadditions of SiC particles of cold rolled
samples has declined compared to as-extruded uwicsoheat treated samples. For example, the
yield strength of solution heat treated and coltledo 6061A1/12.9SiC(SH) composites has
increased by almost 105% and 31% compared withtisoltheat treated and cold rolled
6061AI(SH) alloy, respectively. This could be daertultiple reasons. One could be the increasing
amount of SIC particle cracking during cold rolljrag shown in Figure 5.3. Another reason could
be the texture strengthening effect. Texture amalgssections 5.1.3, 5.1.4 and 5.1.5 suggests that
with further rolling passes, the composites havemderred orientations while the 6061AI(SH)
alloy has developed a shd¥fiibre texture, causing a reduced amount of tex$tnengthening for

cold rolled 6061Al/SiC(SH): composites when compared to cold rolled 6061Al¢SH)loy.
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Figure 5.12: Three-point bending curves for as-extruded, smiutieat treated and cold rolled
6061Al alloy, 6061AI1/8.5SiC and 6061Al/12.9SiC camsfie samples. Cold rolled samples were
tested under a condition of true strain values.6f&hd 3.3 for the alloys and the composites
respectively.

Materials Condition Stressat Yield (M Pa)

as-extruded 157+11
6061Al solution heat treated 23517
cold rolled with a strain of 3.6 471+21

as-extruded 299+26
6061Al/8.5SiC solution heat treated 427114
cold rolled with a strain of 3.3 574+7

as-extruded 368+1
6061A1/12.9SiC solution heat treated 482128
cold rolled with a strain of 3.3 616+15

Table 5.1: Three-point bending properties for as-extruded,tem heat treated and cold rolled
6061Al alloy, 6061Al/8.5SiC and 6061AI1/12.9SiC capsfie samples.
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Figure 5.13: Bending stress at yield of as-extruded, solutieatreated and cold rolled 6061Al
alloy, 6061Al/8.5SiC and 6061Al/12.9SiC composaenples as a function of volume fraction of
SiC particles.
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5.3 Discussion

5.3.1 Effect of extrusion parameters
In section 5.1.2, Figures 5.3(a) and (c) show thatSiC particle free areas in the as-received
billets have developed into particle free bandé&waitvidth of 5-15um along the extrusion direction

(ED) after extrusion into strips.

This banded structure, with particle free zones, b@en observed previously for this type of
composites [6, 25-28]. Sun et al. [27] studiedrtherostructure of Al/Sig composites after hot
extrusion with different extrusion ratios rangingrh 11:1 to 39:1 and found out that there were
many dark bands (SiC rich areas) and bright bedisllel to the extrusion direction. The
boundaries between bright and dark bands becantedlivith increasing extrusion ratios. Similar
results were also reported by Wang et al. [28]datiing a less uniform distribution of SiC particles
when the extrusion ratio was 5:1 and the partid&idution was significantly improved when the
extrusion ratio increased to 12:1. The banded stra®bserved in the present work after extrusion,

with an ER of 6:1, is in agreement with those rissidund by Sun et al. [27] and Wang et al. [28].

Other authors [6, 25, 28] have analysed the efftdcthe extrusion temperature on the
microstructure of Al alloy matrix composites andiial out a more uniform particle distribution
with increasing extrusion temperature up to a aextalue. If the temperature is not high enough,
it cannot facilitate the flow of the matrix alloynder the applied stress resulting in a non-
homogeneous distribution of the particles. If esioas are carried out at a relatively high
temperature, partial melting of the matrix alloythé grain boundaries happens causing the
particles to get suspended in the melt matrix tleagrain boundaries [25]. In the present work,

both composites were extruded at 375°C which i®favan the average extrusion temperature at
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about 500°C for 6061Al alloy matrix composites fersed with similar amount of SiC particles
reported in literature [6]. The combined effectsao$mall extrusion ratio and a low extrusion
temperature will certainly lead to a non-sufficiélw of the matrix alloy, resulting in a non-

uniform distribution of SiC particles among thealloy matrix generating a banded structure.

5.3.2 Effect of rolling process and rolling strain
Rolling, similar to extrusion, can greatly influenmaterials’ microstructure and in turn the overall

mechanical properties.

According to Figure 5.3, a more uniform distributiof SiC particles has been achieved for the
cold rolled composite materials with a reduced neindf pores. Similar results showing better
reinforcement particle distribution and reducedysdy after rolling were also observed elsewhere
[17, 26, 29] on Al alloy matrix composites, indicaf that rolling is another effective processing
technigue to homogenize the microstructure, imptbeenterfacial bonding strength and reduce
the number of pores. Because of the high presswmvied during rolling, the matrix flow can

easily remove porosity and improve interfacial baggdleading to an increased density after cold

rolling [30].

The negative effect of rolling is the reinforcemeatticle fracture also observed in Figure 5.3. It
is believed that the substantial increase in rglpnessure, which is associated with an increase in
the hardness of the matrix during cold rollinghis main reason for such cracking [26]. The brittle
SiC particles will fracture once the stress conedian reaches the fracture strength of the pasdicl

especially for relatively larger particles.
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The mechanical properties of the produced compobié®e been investigated by microhardness
and three-point bending tests. Compared with asséetl samples, the microhardness increases
with increasing rolling strain until a saturatiamit has been reached. The three-point bending
tests show significantly improved yield stress wlvempared to as-extruded or solution heat

treated samples, indicating effective work hardgrirom cold rolling process.

5.3.3 Effect of SIC particles

According to the macroscopic texture analysis ttisa 5.1.3, the extrusion of 6061Al alloy and
6061Al/SIC composites has led to the developmemteai fibre texture which contains three
main components of B’, S’ and C’ with other minexkture components. Figure 5.14 shows the
maximum texture intensities for the three domirtakture components near Brass (B’), Copper
(C) and S (S’) positions. From the figure, it da@ seen that for all the as-extruded samples, the
texture intensities near Brass (B’) component &ghdst compared to C’ and S’ components. This
observation is similar to the results reported gukice and Driver [12, 13], Contrepois et al. [31]
and Bate et al. [32] on hot rolled Al alloys. Thesghors found that at elevated temperature and
certain strain levels, there was significant inse2af Brass component at the expense of ¢ther

fibre components.
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Figure 5.14: Maximum intensity of main texture components ne@sB (B’), Copper (C’) and S
(S") position in as-extruded 6061AI, 6061AI/SiCis$:

It is also noticeable that the maximum texturensiiges of 6061Al alloy are higher than those of
the 6061AI/SiC composites at all three orientatiand with the additions of SiC particles, the
intensities of the major textures become weakee dlbove difference in texture intensities is
believed to be mainly due to the additions of nefednable SiC particles. For 6061Al alloy,

during extrusion, the Al grains are elongated aldhg extrusion direction and a strong
deformation texture can be developed. For 606 18l(Rimposites, however, the texture formation

would be limited to some extent.

During deformation of MMCs, localised strain incoatipility between the deforming matrix and
non-deformable second phase particles can dev&oph strain incompatibility could be
accomplished by the generation of dislocationdatparticle-matrix interface [11]. At very low
strains (much less than 1%), load is transferrategarticles by unrelaxed dislocation structures
such as Orowan loops, but with increased deformattcains, the resulting stress on the non-
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deformable reinforcement will rapidly rise to adééwhere local plastic relaxation in the matrix

will be occurred to relieve the stress [10]. Forafirparticles (<0.1um) and low strains, plastic

relaxation generally involves the generation o$imatic dislocation loops while for large particles

and large strains, more complex dislocation strestassociated with local lattice rotations close

to the particles are formed and these regionseaneetd as particle deformation zones [10], which

can help weaken or randomize the matrix texturg. Bigure 5.15 summarizes the deformation

mechanisms at particles in Al as a function ofistead particle diameter [34].
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Figure 5.15: Deformation mechanisms at particles in Al as acfiom of strain and particle
diameter [34] (with permission from Elsevier).

In the present work, the SiC particles have anayediameter of 500nm and the extrusion gives

a true strain value of 1.8. Clearly, particle defation zones around the SiC particles have formed

where the normal Al deformation texture is disrapfEhe grains in these regions cannot rotate to
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the same orientations as the rest of the matrsyltiag in a weaker deformation texture in the
composites than that of 6061Al alloy. With the aidais of SiC particles, more deformation zones
will be formed resulting in more reductions in ttexture intensities. Similar results showing
reduced matrix texture intensities with increasieigforcement volume fractions have also been
reported by Humphreys et al. [35] on hot rollingttee of Al/SiG (7um) composites and He et

al. [36] on hot extrusion texture of Al/SIC3.5um) composites.

After cold rolling, based on Figures 5.6 and Sngtead of getting sharper texture components, the
texture intensities of cold rolled 6061AI/SIC(SH)neposites have decreased with increasing
rolling strains and randomized texture has beerldeed in the final cold rolled samples. This
may be explained by the microstructure evolutionrdpcold rolling. As discussed in section 5.1.2,
the as-extruded 6061AI/SIC composites have parfrele bands and particle rich zones. It is
believed that the particle free bands are the av@hgpreferred orientations while the particléric
zones are the areas with weakened or randomizeadréedue to the formation of particle
deformation zones in the vicinity of the SiC pddgc During cold rolling, most of the particle free
bands have disappeared after more than 70% afgaliductions. The disappearance of particle
free bands could lead to the randomized textuoid rolled 6061Al/SIC(SH) composites since

the Al grains have no preferred orientations whnay tare around SiC particles.

The above explanation can be further supportedh&\EBSD results in sections 5.1.4 and 5.1.5.
The EBSD orientation maps (Figures 5.8(b) and (o)) as-extruded 6061Al/8.5SiC and
6061A1/12.9SiC strips show typical plane strainadefation texture ({1 1 2} or {1 0 1} planes
nearly parallel to the extrusion plane in most meawments) in the particle free bands and
randomized orientations in the particle rich zomesying that the additions of SiC particles will

weaken the amount of major textures. After colting] the EBSD maps (Figures 5.10(b) and (c))
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for cold rolled 6061Al/8.5SIC(SH} and 6061Al/12.9SiC(SH} composites show equiaxed
grains with no preferred orientations. The compuarisf the EBSD maps for as-extruded and cold
rolled composite samples corroborates that theopdesarance of the particle free bands during cold

rolling is the main reason for the randomized texia cold rolled composites.
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5.4 Summary

6061AI/SIC composites were successfully producedotwder metallurgy using ball milling
process followed by extrusion into strip shape emld rolling. During extrusion into strips, SiC
particles show a non-homogeneous distribution withie matrix due to a combination of the
inhomogeneity in the as-received materials, a Igtrusion ratio and a low extrusion temperature.
Banded structures composed by patrticle free bandsS&C rich zones have been formed in the
as-extruded composites. After cold rolling, a digant redistribution of SiC particles has been
obtained. Most of the particle free bands in thextsuded condition have disappeared, resulting
in a homogeneous distribution of SiC particles wmitBO61AlI matrix. A reduced amount of
porosity and an increased amount of SiC partidetére have also been formed in cold rolling

process.

The extrusion texture of 6061Al/SIC composites ¢stesof three moderate strong texture
components, which are B’-{1 0 1} <3 5 3> with a teaalonga fibre, S’-{5 3 10} <8 10 7>, C'-

{2 2 5} <5 4 4> and a weak scatter of the cuberdaBon. The three moderate strong texture
components are close to the typigdibre texture components in deformed fcc metatan@ared

to 6061Al alloy, the intensities of the extrusi@xture of 6061AI/SiC composites decrease with
increasing volume fractions of SiC particles dueh® formation of particle deformation zones
around SiC patrticles where the normal Al defornmatexture is disrupted. During cold rolling,
6061AI(SH) alloy has developed a stronfdibre texture while for 6061AI/SiC(SH) composites,
the texture intensities have dropped significaatig a randomized texture with very small grains
has achieved due to the presence of non-deforr&aBlparticles and the disappearance of particle

free bands.
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Despite the increasing amount of SiC particle draglkduring cold rolling, all the cold rolled
samples exhibit improved strength respect to thexétsided samples in both microhardness

testing and three-point bending tests.

Overall, the cold rolling process on 6061Al/SIC gmsites improves homogeneity of the

microstructure and increases the strength condifjeralso, it does not introduce anisotropy as

crystallographic texture in 6061Al alloy matrixgsite random.
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6. Cold rolling of 6061AI/AlFesCroTi> alloy particle

composites

Chapter 6 comprises the studies of extrusion atdirotling behaviour of 6061AI/ALFesCraTi>
alloy particle composites. The compacted compdsitets were extruded into strips and then
subjected to cold rolling. For comparison purpo$ies,compacted billets were also extruded into
bars under the same extrusion conditions. Tables3sAthe sample information and rolling details
for each sample. For convenience purposes, “NQX'degen used as an acronym fogsRA&CroTio
particles in the following texts. Further detaifstioe production of the composites can be found

in Chapter 3.

Section 6.1 comprises the studies of the effecbtf rolling on the microstructural development

and texture evolution by different means of chamazation techniques.

The effect of cold rolling on the mechanical prams and work hardening behaviour of the

composites are studied in Section 6.2.
Section 6.3 contains the discussions and partiatlasions about the effect of rolling strains on

the microstructure and mechanical properties ottmposites and the effect of NQX particles on

the texture development during cold rolling.
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6.1 Microstructural characterization of as-extruded and cold rolled

6061AIl/AlssFesCr2Tiz alloy particle composites

6.1.1 X-ray diffraction analysis
XRD analysis has been carried out on as-receivet sseved NQX powders, as-extruded
6061AI/NQX composite bars in longitudinal planes;extruded 6061Al strip and cold rolled

6061AI/NQXz6 samples in normal planes (TD-ED/RD) and the ditivgrams are shown in

Figure 6.1.
a a a:fccAl a a
0. Mg,Si
i: i phase a
| .
Sj | 6061AI/12.9NQX, 5
Oj i 6061A1/8.5NQX5
= AR oY
o 6061AI1/12.9NQX
> " ) " __JJ as-extruded bar
‘B \ T ]
S 6061A1/8.5NQX
E BRI WY “ as-extruded bar
6061Al
as-extruded strip
| i
R i NQX powders
B e e LA B e m e e e e e e e e e I e e S e e
30 40 50 60 70 80 90
26 (°)
(a)

Figure 6.1. X-ray diffractograms of as-received NQX powders;easuded 6061Al strip in
normal plane (TD-ED), as-extruded 6061AI/NQX comfmmbars in longitudinal planes and cold
rolled 6061AI/NQX.s samples in normal planes (TD-RD). (@)\&lues between 30° and 90° and
(b) 20 values between 35° and 50°.
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a: fcc Al
o: Mg,Si
i: i phase

6061A1/12.9NQX;

6061AI/8.5NQX;6

6061AI/12.9NQX
as-extruded bar

6061Al/8.5NQX
as-extruded bar

Intensity (a.u.)

6061Al
as-extruded strip

NQX powders

35 40 45 50
26 (°)

(b)
Figure 6.1: X-ray diffractograms of as-received NQX powders;easuded 6061Al strip in
normal plane (TD-ED), as-extruded 6061AI/NQX comfmbars in longitudinal planes and cold

rolled 6061AI/NQX.s samples in normal planes (TD-RD). (@)v&lues between 30° and 90° and
(b) 20 values between 35° and 50°.

The as-received NQX powders consist of the icosathgdasicrystalline phasef240.98°, 43.24°
and 73.22°) [1, 2] embedded in an fcc-Al matrixtekfextrusion the mixed 6061AI/NQX powders
into composite bars and cold rolling, low intensdgsahedral quasicrystalline phase peaks can be
observed at@values of 40.98° and 43.24° (see Figure 6.1(b@)tduhe low volume fractions of
icosahedral quasicrystalline phase in the prodwmedposites. In addition, intermetallic phase
Mg2Si has been observed in all the as-extruded amdroldéd samples. An unidentified peak at a
20 value of 61.78° has been observed which mightugetd other intermetallic phase in 6061Al

matrix or impurities brought in during the fabriicat process.
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6.1.2 Scanning electron microscopy and optical microscopy analysis

SEM analysis has been carried out on as-receivédianed NQX powders and the micrographs
are shown in Figure 6.2. Well-sieved spherical Ngaxticles within 2&m in diameter/thickness
can be observed in Figure 6.2(a). The particledigteibution is not very uniform with some small
particles with a diameter of . Powder particles are pulled into a sphericapshay surface
tension [1]. The smaller the powder particle i targer the driving force will be. However,
sometimes premature freezing occurs and the mdhaplets freeze before the metal is pulled to
a spheroidal shape during gas atomisation, leadirgmall fractions of non-spherical powder
particles [3, 4]. A closer look of one of the NQXrpcle is shown in Figure 6.2(b) which shows
the internal microstructure with near-sphericattipbes of a size of 100-200nm embedded in Al

matrix.

(a) | (b)
Figure 6.2: Secondary electron images of as-received NQX posvdeowing (a) well-sieved
NQX powders under 26n and (b) the internal microstructure of the NQXvpers.

Figure 6.3 shows the SEM images of the 6061AI/N@¥posites in longitudinal sections after
extrusion into bars. It can be seen from Figurd&f and (b) that the NQparticles have a uniform
distribution in the 6061Al matrix. In addition, cks and porosities exist at the tip of the parsicle

which might be detrimental to the overall mechanpcaperties.
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;
(a) (b)

(c) (d)
Figure 6.3: Secondary electron images of (a) 6061AI/8.5NQX &hyl 6061AI/12.9NQX
composites in longitudinal sections after extrusioio bars, (c) and (d) show the presence of
cracks and porosity in the corresponding sample.

The 6061AI/NQX composite microstructure after egiom into strips and cold rolling is shown
in Figure 6.4. Figures 6.4(a) and (b) show thateh®a major crack in the middle layer of the as-
extruded strips. The observed crack is called Gireeracking or Central burst which is one of
the commonly occurred extrusion defects [5]. Thienftion of Chevron cracking during extrusion
Is shown in Figure 6.5. It can be seen that itéeeplastic deformation zones are not large enough
to meet, Chevron cracking occurs in the middle layethe extrusion products. The plastic
deformation zone size varies with different matsrand extrusion conditions. It is reported that
increasing extrusion ratio or increasing the extnmugemperature can avoid the formation of

Chevron cracking [5]. In the present work, the lextrusion ratio (6:1) and the materials used
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might have caused small plastic deformation zonemd extrusion, leading to the formation of
Chevron cracking. Despite the Chevron cracking, M@X particles have been distributed
uniformly among the 6061AI matrix in the as-extrddgrips according to Figures 6.4(c) and (d).
Cracks and porosities are also observed. With duartblling strains, major cracks in sizes of
hundreds of microns have been observed in the ¢mldl rolled samples which probably evolve
from the Chevron cracking or due to the coalesal@fcracks and interfacial debonding during

cold rolling process. One of the examples is showigure 6.6 for 6061AI1/12.9NQ6 sample.

Careful observation of Figure 6.4 also shows cdniceds (see arrows) in the matrix-NQX
interfacial areas aligned along the ED/RD direcidlocated both at front or back sides of the
particles). Conical voids are frequently formedhras ends of hard inclusions in metal forming
process [6, 7] and the formation mechanism has tsenssed in literature. According to Baker
and Charles [8], the voids appear because of stability of the matrix to flow around the hard
particles whilst maintaining contact with them. Trhatrix-particle interfaces separate and create
voids due to the insufficient interface strengtiwithstand the longitudinal tensile stress caused
by the deformation of the surrounding matrix. Ldpgimulated the void formation and evolution
around an inclusion in a uniform matrix under tbadtion of compressive deformation by finite
element method and found that the tangential skgasses or tensile normal stresses at the
interface between the inclusion and the matrix voemesidered to be responsible for debonding
and void formation. The conical cavities could Bed or minimised by flowing matrix under

high processing pressure and temperature [9].

A high magnification SEM image of interfacial reggfor cold rolled 6061AI/12.9NQ6 sample

Is shown in Figure 6.7 showing a clean interfadevben 6061Al matrix and NQparticles.
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Figures 6.3 and 6.4 show a large amount of cratksstextruded or cold rolled 6061AI/NQX
composites, indicating poor mechanical properfdthough this material may not be suitable for
practical applications, it is still scientifically important to understand the
processing/microstructure/property relationshipvoived, especially considering there is
currently no published work about using NQX all@rtcles as reinforcement. It is hoped that the
knowledge gained through such study will help taile processing conditions in the future to

improve the properties of this material.
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(e) ()
Figure 6.4: Optical micrographs of (a) as-extruded 6061AI/8BNstrip and (b) as-extruded
6061AI/12.9NQX strip showing major cracks and setaog electron images of (c) as-extruded
6061AI/8.5NQX strip, (d) as-extruded 6061AI/12.9N@Xip, (e) cold rolled 6061AI/8.5NQ%
and (f) cold rolled 6061AI/12.9NQ»% in longitudinal plane (ND-ED/RD) (Arrows indicate

conical voids).
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Extrusion
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Billet
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deformation
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Figure 6.5: Schematic illustration of the formation of Chevimacking during extrusion [5].

100pm

Figure 6.6: Secondary electron image of cold rolled 6061ABND X3 6 sample in longitudinal
plane (ND-RD) showing major cracks.

5kV, 16mm — 800 nm —

Figure 6.7: Secondary electron image of cold rolled 6061AI/NEX36 Ssample showing
interfacial areas.
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6.1.3 Transmission electron microscopy analysis

TEM was used to further investigate the microstreeetf the final cold rolled 6061A1/12.9NQX
sample in the rolling plane (RD-TD). Figure 6.8¢apws a spherical NQparticle with a diameter

of ~4um imbedded in the 606 1Al matrix. The intermadrostructure of the NQRarticle is shown

in Figure 6.8(b) with near-spherical particles ofize of ~100nm embedded in Al matrix. The
~100nm sized particles are believed to be icosahegasicrystalline phase based on the XRD
results in section 6.1.1 and the similar morpholofjthe icosahedral particles reported by Galano
et al. [2, 10] on melt spun &FesCr.Ti2 alloys which remained a near-spherical shape aghieat
treatment temperature at 450°C. The icosahedrakphahe present work has obviously survived

the extrusion carried out at 375°C and the collinglprocess.

Figure 6.8(c) shows the interfacial areas betwéenNQX particles and the matrix along with
several sub-micron Al grains or subgrains adjaterthe NQX particles. No interfacial reaction
products have been observed at the interfaciatavbah is consistent with Figure 6.7. In addition,
a thin layer of oxide (see the arrow) is observediad the NQX particle. EDX analysis has been
carried out on regions 1 (Al matrix), 2 (interfaee)d 3 (NQX particles) and the spectra are shown
in Figure 6.8(d). It can be seen that the EDX gspecton the interface exhibits a higher level of
O when compared to regions 1 and 3, strongly stiggethe existence of oxide layers around the

NQX particles.

The deformation microstructure of the matrix Al igsawas also investigated. It is generally
accepted that the original grains will be subdididato cell blocks or subgrains during
deformation process for fcc metals [11-15]. Onenepia is displayed in Figure 6.8(e) showing an
elongated Al grain containing several subgraingaisize of 0.2-0.4um. The substructure seems

to consist of continuous dislocation walls surrangdareas of smaller dislocation density. Similar
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substructure of deformed Al alloys was also rembeisewhere [11, 16].

Fe
- © 3 (NQX)
&
3 Fe llsi Ti; CreFe e Cu 2 (interface)
cOM L Cu 1 (matrix)
T T T T T 1
0 2 4 6 8 10

Energy (KeV)

(d)

(e)
Figure 6.8: TEM bright field images of cold rolled 606 1AI/1AN®DX3 6 sample showing (a) NQX
particle in the 6061Al matrix, (b) microstructumeside the NQX particle, (c) interfacial border
between the NQX particle and 6061Al matrix, (d) EBpectra for regions 1-3 and (e) Al grains
in the matrix.
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6.1.4 Macroscopic texture development during extrusion and cold rolling
ODFs of as-extruded and cold rolled 6061Al1/8.5NQX &061AI/12.9NQX strips in constamt

sections are shown in Figures 6.9 and 6.10, reispéct

For as-extruded 6061AI/8.5NQX strip, the sample &astrong rotated-cube-{0 0 1}<5 3 0>
(01=30°,d=0°, po=0°), a moderate fibre and a weak fibre (p1=0-90°,0=54.7°,0>=45°, {1 1 1}
planes parallel to the extrusion plane [17]). Dgtine first cold rolling pass€2.4), rotated-cube
component ang fibre have weakened and a stronger scatter adofigre as well as a weak
Copper-{1 1 2}<1 1 1> §:1=90°, ®=35°, p>=45°) component has been developed. With further
rolling passes, the scattered intensity alariigpre has concentrated around Brass-{1 1 0}<1 1 2>
(p1=35°, ®=45°, 0,=0°) component and a stronger Copper componenaa@sared. In the final
cold rolled 6061AI/8.5NQXs sample, a shar fibre texture has formed where the main

orientation components go from Brass to CopperuindS [18].

The overall texture development of cold rolled 68B12.9NQX strip is similar with that of the
6061AI/8.5NQX strip except that the as-extrudedusx contains a strongetrfibre and a weak
fibre while no strong rotated-cube component haanbabserved. Although the main texture
components in both the cold rolled 6061Al/N§»&amples are quite similar, the orientation

densities have weakened with increasing volumditnas of NQX reinforcement.
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Figure6.9: ODFs of (a) as-extruded 6061AI/8.5NQX strip; (b)dcrolled 6061AI1/8.5NQX 4; (¢)
cold rolled 6061AI/8.5NQXsand (d) cold rolled 6061AI/8.5NQ®%.

- 161 -



Chapter 6 Cold rolling of 6061AIl/AdFesCrTi2 alloy particle composites

30

80

L0
i

a0

o

30

-

w
=
@
=1
©
=1

Alsuaiu|

g ] g o
J

o
w
=3
@
=3
©
S
=]
w
=3
@
=3
@
=3

iy

©
S

o
@
=]
@
=1

30 60

30

80

L0
9l
L}

90

30 60 a0 0

=}
w
=

60 g0 0 30 60

@
S
=}

30

60

0]
'

Q90

o
w
=3
@
S
@
o
=1
w
=1
@
=1
©
=
o
w
=
@
=3

/(I!SUGIU|A

30

o -
.-
o 30 s s 0

30

60

90

M
L

©w
o
@
a
©
o
o
»
o
@
=1
Q@
w
=]
©
=3

(d)
Figure6.9: ODFs of (a) as-extruded 6061AI/8.5NQX strip; (b)dcrolled 6061AI1/8.5NQX 4; (¢)
cold rolled 6061AI/8.5NQXsand (d) cold rolled 6061AI/8.5NQ®%.
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The a andp fibre intensity plots in Figures 6.11 and 6.12 eveepicted to further clarify the
evolution of texture during cold rolling processrks-extruded 6061AI/8.5NQX strip, thdibre
can be described as a relatively homogeneous atienttube. After a rolling strain of 2.4,
increased intensities alondibre have been observed with a stronger Goss€f0 0 1> (p1=0°,
®=45°,9,=0°) component and a broad peak near B’-{0 1 1}<&>3p1=40°,0=45°,¢,=0°). With
increasing rolling strains, Goss component hasugidweakened and the initial homogeneous
orientation tube has deteriorated into peak typdute with the highest intensity at Brass
component. Fop fibre, in as-extruded condition, the orientatiotensities are distributed more
or less homogeneously along the fibre over the evkeaigth with relatively higher intensity near
Brass component. With increasing rolling straingd3, Copper and S orientations increase rapidly.
Especially Brass component, it has increased by rotess two times compared with Copper
component. Overall, the average intensitie§ dibre have been enhanced with further rolling

strains.

For 6061A1/12.9NQX strip, an fibre with higher intensities near Goss and Brassiponents
have already been developed after extrusion. VEiting strains, increased intensity near Brass
and decreased intensity at Goss have been obsdrredbservation is in agreement with the
rotation path from Goss orientation to Brass oagah reported in literature for fcc metals [19-
21], indicating that the unstable Goss componestgnadually moved towards Brass component
during cold rolling of 6061AI/12.9NQX strip. THefibre intensity plot shows increased Copper
and S orientations while decreased Brass oriemtatiter a rolling strain of 2.7 indicating that

more Copper and S have been formed at the expéBsass during further deformation.

A comparison between both 6061AI/N@gsamples show that with increasing volume fractions

of NQX reinforcement, the texture intensities ap@er, Brass and S components become weaker
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and compared with the cold rolled 6061AI(SkBlloy in section 5.1.3, the main texture intensitie

are significantly lower.

G B
V7T T T T T T 14G'|'|'|'B|'|'|'|'|

{ 6061AI/8.5NQX —a— gs-extruded {1 6061A1/12.9NQX —=— gs-extruded
12 4 —o—c=2.4 12 - ——:=2.0
—A—=28 —A—=2.7
—v—¢=36 —v—¢=3.6

104

0 — 71t r 1T r 1 r Tr r T Tt T r 1T ' T 7 — T T r T T T 1T T T T T T T T
0 10 20 30 40 50 60 70 80 90 ° 0 10 20 30 40 50 60 70 80 90
¢, o,
_ @ (b)
Figure 6.11: o fibre intensity plots of (a) 6061AI/8.5NQX and @®)61Al/12.9NQX.
14 ¢ T T T S| T T T T B 14 ¢ T T T SI T T T T B
1 6061A1/8.5NQX —a— as-extruded { 6061A1/12.9NQX —a— as-extruded
12 1 —e—e=24 3 124 —o—¢=2.0
—A— =28 /

] ] —a—=27 ’
104 —v—¢=3.6 104 —v—¢=3.6 /‘
A

v
— / v—_
\ v
A A A, v \V‘
4 \A\A\ -— . vV—vy
A \——A— Ao )
] o ./ _"_._=.——‘-—‘=‘§l
/ ‘l\.
72 )—o—0—0o—o0—o / 2
— [
e e e
0 T T T T T T T T 0 T T T T T T T T
45 50 55 60 65 70 75 80 85 90 45 50 55 60 65 70 75 80 85 90
9, %,
() (b)

Figure 6.12: B fibre intensity plots of (a) 6061AI/8.5NQX and @)61AlI/12.9NQX.

The volume fractions of main texture componentpfi&s, S and Brass) were calculated by Mtex
[22, 23] within a range of 15° tolerance and ttsailts are plotted as a function of the rollingisisa

in Figure 6.13. The volume fractions of Copper &xbmponents increase from the beginning of
rolling. For Brass component, it increases sigaiiity in the first few rolling passes and then
nearly levels off or even decreases a little witttHfer rolling strainThe volume fraction df fibre,

which was estimated by the sum of Copper, S andsBcamponents, increases with the rolling
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strain and achieves more than 50% of the overatute components in the final cold rolled
samples. The volume fraction df fibre for 6061AI/12.9NQXs is lower than that for

6061A1/8.5NQX.swhich is in agreement with the intensity differemteserved in the ODFs.

60 60 -
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50 50 C+S+B
40 S 401
c
0
30 4 g 30 4
s o
| S
20 _.p 5 20 . B
| P . ———
10 104 ., —————C
] ’

0 — T T T T T T T T T T T T T T T 1 0 — T T T T T T T T T T T T T T T T
18 20 22 24 26 28 30 32 34 36 18 20 22 24 26 28 30 32 34 36
Trlze )strain (e) True strain (g)

a

Figure 6.13: Wolume fractions of main texture components (Copi and Brass) of (a)
6061AI/8.5NQX and (b) 6061AI/12.9NQX.

6.1.5 Electron backscatter diffraction analysis

Figures 6.14-6.17 show EBSD orientation maps oéxsided and cold rolled 6061AI/NQX
samples with respect to the normal direction. Hawiht is painted with a color according to the
crystal orientation. The black and white lines frima EBSD maps indicate the locations of high
angle grain boundaries15°) and low angle grain boundaries (2°-15°), respely. The fractions

of low angle grain boundaries (2°-15°) measuredhieyEBSD analysis are summarized in Table

6.1.

Figures 6.14 and 6.16 show that hot extrusion 6flBI'NQX strips has led to the formation of
slighted elongated Al matrix grains aligned aloing éxtrusion direction with subgrain structures.
The subgrains have an average width of 1.5+0.1udhlemgth of 2.4+0.2um for as-extruded
6061AI/8.5NQX strip and an average width of 1.5¢0rPand length of 2.1+0.2um for as-extruded

6061Al1/12.9NQX strip according to the mean lineatercept method (see section 3.3.3). The
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substructure size is similar with that of the aswaked 6061Al alloy which has an average width

of 1.6+£0.3um and length of 2.0+£0.2um based on EiguB(a).

Figures 6.14 and 6.16 also show the localized Adirgrorientations for the as-extruded
6061AI/NQX strips. The IPF map of as-extruded 6068 ANQX in Figure 6.14 shows most of
the Al grains having {0 0 1} to {1 1 1} planes pdehto the extrusion plane which is more or less
consistent with the ODF result in Figure 6.9(a) ving the presence of ND rotated-cube
component andy fibre texture for as-extruded 6061AI/8.5NQX stripor as-extruded
6061AI/12.9NQX sample (see Figure 6.16), the IPFpnshows the orientations mostly
concentrate close to <1 0 1> in the ND directioggasting most of the Al {1 0 1} planes nearly
parallel to the extrusion plane along with otherd@m orientations. This is also compatible with

Figure 6.10(a) showing the formationwfibre for as-extruded 6061AI/12.9NQX strip.

A closer look of Figures 6.14 and 6.16 also shdwespresence of very small Al grains in the
vicinity of NQX particles which might be the reswolt dynamic recrystallization due to particle
stimulated nucleation (PSN) in the particle defaiorazones during extrusion. PSN has already
mentioned in section 5.1.3 as a form of recrystalion which occurs during static annealing. In
fact, PSN can also happen during high temperat@f®rmhation as a form of dynamic
recrystallization if high densities of dislocatioascumulate at the particles during deformation
and provide the driving force for nucleation in tide deformation zones [24]. One example of
dynamic recrystallization by PSN is reported byilézgiskar et al. [25] on Al-Li based alloy during
Equal Channel Angular Extrusion (ECAE) where ultrafcrystallites have been observed in the
vicinity of non-deformable AVr-AlsLi precipitates by TEM. Despite of the smaller Aams in

the vicinity of the NQX particles, the Al grain stture in the atomised NQX particles can also be

observed in Figures 6.14 and 6.16. It can be seansmaller sized NQX particles (6-15um)
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consist of 1~2 grains while the relatively large X@article (~20pm) comprises of multiple grains
with no preferred orientations. From the above ole®ns, it seems that the formation of particle
deformation zones and possibly dynamic recrysedliAl matrix grains around NQX particles

and the Al grains in the NQX particles have ledvieaker deformation texture when compared

with unreinforced 6061Al alloy sample (Figure 5)3(@fter extrusion.

After cold rolling with a true strain of 3.6, thd fatrix grains have been further subdivided into
smaller subgrains with an average size of less ljanm with lower aspect ratios (Figures 6.15 and
6.17). The results are consistent with the frastiohlow angle grain boundaries summarized in
Table 6.1 showing the fractions have increased f26n0% in as-extruded state to 63.5% after
cold rolling for 6061AI/8.5NQX and from 23.4% to B0 for 6061AI/12.9NQX, indicating
severe grain fragmentation. In addition, the meaation distribution plots in Figures 6.15 and
6.17 show increased fractions of low angle graimraaries within the misorientation range of O-
10°, also suggesting the development of subgraiotste. The IPF maps in Figures 6.15 and 6.17
show the formation of nedrfibre in cold rolled 6061AI/NQXssamples, agreeing with the ODF

results.
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Figure 6.14: EBSD orientation map with IPF and misorientatiestribution plot of as-extruded
6061AI/8.5NQX strip with respect to ND.
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Figure 6.15: EBSD orientation map with IPF and misorientatiastribution plot of cold rolled
6061Al/8.5NQX 6 with respect to ND.
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Figure 6.16: EBSD orientation map with IPF and misorientatiéstribution plot of as-extruded
6061AI/12.9NQX strip with respect to ND.
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Figure 6.17: EBSD orieté{tion map with IPF and misorientatiastribution plot of cold rolled
6061A1/12.9NQX* s with respect to ND.

Materials As—ext(uded Cold rolled samplgup to 3.6 of
strip truestrain
6061A1/8.5NQX 26.0% 63.5%
6061A1/12.9NQX 23.4% 50.8%

Table6.1: Fractions of low angle grain boundaries (2°-158peured from EBSD analysis for as-
extruded and cold rolled 6061AI/NQX samples.
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6.2 Mechanical properties and work hardening of as-extruded and cold rolled

6061AIl/AlssFesCr2Tiz alloy particle composites

6.2.1 Microhardness analysis

Microhardness results on as-extruded and coldd @65 1AI/NQX samples after each rolling pass
are plotted in Figure 6.18 as a function of rollsigains. It can be seen that the microhardness of
both samples increases with increasing rollingirstradue to work hardening effect. All of the
values for 6061A1/12.9NQX sample are higher thaat for 6061AI/8.5NQX sample, indicating

effective strengthening from additional NQX reirdement.

The empirical power-law relationship based on ed. [26] was also used to describe the
microhardness-strain curves and the fitted linesshiown in Figure 6.18 as well. It can be seen
that the fitted curves for the two composite samplave similar work hardening capabilities and
the work hardening rate is initially high and thdecreases with increasing strains for both
composites. The similar behaviour is also obsenvé&igure 5.11 for cold rolled 6061AI(SH) alloy
and 6061Al/SIC(SH) samples. The additions of reitément particles would normally lead to
higher work hardening rates due to the increasgddiition densities in the vicinity of the partgle
[27], however, particle fracture, interfacial dedorg and the possibly recrystallized Al matrix
grains around the NQX particles in the present vearldd lead to localized strain softening and a

decrease in the overall work hardening rates.
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Figure 6.18: Microhardness of as-extruded and cold rolled 60@LANQX and
6061Al/12.9NQX strips as a function of the rollimge strain and microhardness fitted lines based
on eq. 5.1.

6.2.2 Three-point bending tests of cold rolled samples

Three-point bending tests were conducted on tred fiald rolled samples such that the bending
axis was perpendicular to the rolling directionextlral stress-strain curves for the cold rolled
6061AI/NQXs.6 bending samples are shown in Figure 6.19 andgitieralues are summarized in
Table 6.2. For comparison purposes, the test seesultcold rolled 6061Ab sample from as-
extruded bars are also included. It should be nibt@ichone of the samples have been fully broken

during the tests since the equipment limitationreashed.
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Figure 6.19: Three-point bending tests of cold rolled 606\l 6061AI/8.5NQX%s and
6061AI/12.9NQX%.6samples.

Materials Stressat yield (MPa) Bendirbc\j/lfllz)%v)v stress

6061Ak.o 396+3 49614
6061AI/8.5NQX%.6 422+7 512+10
6061AI1/12.9NQX% 6 429+7 523+1

Table 6.2: Three-point bending properties of cold rolled 6061A 6061AI/8.5NQX.6 and
6061AI/12.9NQX%.6samples.

From Figure 6.19 and Table 6.2, it can be seenttl@tbending strength has increased with
increasing volume fraction of NQX reinforcement.eTlongitudinal planes (RD-ND) of the
plastically bent composite samples were examine@iuS8EM to investigate the failure behaviour
and the images are shown in Figures 6.20 and Bdtthe cold rolled 6061AI/8.5NQ¢sample,

no macro-cracks have been observed under low megoihn. A closer look on the tension side
of the sample shows debonded interfaces which cacidhs failure initiation points. For cold
rolled 6061Al1/12.9NQX. sample, macro-cracks have been developed on te®teside and

grown along the bending axis. A higher magnificatimage shows that the cracks grow along
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debonded NQX particle/matrix interfaces.

The fracture behaviour of bending samples is quot@plex and is generally governed by many
factors, such as micro-voids formation around lag®ond phase particles, strain localization and
propagation of macroscopic shear bands [28]. In gresent work, the composite samples
developed conical voids around the NQX particlggnald along the rolling direction according to
section 6.1.2. When the samples are subjectedrditg they experience a range of stresses
across the sample thickness, such as shown iné=§@@ [29]. The tension stress is maximized
at the convex surface of the loading position avis the growth of the pre-existed conical voids.
The growth and coalesce of the voids create a gattkthat goes from particle to particle, leaving

a zigzag crack path, such as shown in Figure 6.21.

= 300 pm —  5kV, 13mm — 40 pm —

(a) (b)
Figure 6.20: Secondary electron images of the longitudinal @i@&D-ND) of the plastically bent
cold rolled 6061Al/8.5NQXessamples showing (a) general microstructure; (byoricacks (see
arrows).

5kV, 13mm
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(a) (b)
Figure6.21: Secondary electron images of the longitudinal @i@D-ND) of the plastically bent
cold rolled 6061A1/12.9NQXssamples showing (a) general microstructure; (byonatacks (see
arrows).

0-min
(compression)

(tension)

Figure 6.22: Bending stress distribution across sample thick23].

6.2.3 Tensiletests of as-extruded and cold rolled samples

Room temperature tensile tests were performedatstant strain rate of 6 on the as-extruded
composite bars and the final cold rolled samplewjifieering stress-strain curves for the tensile
tests are shown in Figure 6.23. The tensile sthengiiues are summarized in Table 6.3 as well as
the tensile properties of as-extruded 6061Al atlay(section 4.2.3) and a 94% cold rolled 6061Al

alloy reported by El-Sabbagh et al. [30] for conimg@m purposes.

According to Table 6.3, compared to the as-extrl@@&iLAl alloy bar, the as-extruded composite
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bars show slight improvement in UTS (5-7MPa) witlglgly reduced ductility. The current
increment of the composite bars in tensile strengttelatively low possibly due to poor load
transfer and the size of NQX particles. In additidhe yield strength of the as-extruded
6061AI1/12.9NQX bar is lower (~2MPa) than that of &s-extruded 6061AI1/8.5NQX bar probably
due to the increased microstructural defects rélatgh increasing volume fractions of NQX

reinforcements.

After cold rolling, the UTS of the cold rolled salap increases significantly with greatly reduced
ductility. For example, the UTS of cold rolled 6@9/B.5NQ X3 sand 6061AI/12.9NQXes samples
has increased by ~40% and ~45% when compared ¢atagded strength values, respectively,
indicating effective strengthening from work harshgn In addition, compared with the UTS data
of 94% cold rolled 6061Al alloy reported by El-Sagh et al. [30], the cold rolled
6061AI1/8.5NQX.sand 6061Al1/12.9NQXessamples show ~40MPa and ~60MPa improvement in

UTS due to the additions of NQX particles.

Despite the increased UTS, there is a decreasfiress and even a load/stress drop at the tensile
curves for all the cold rolled samples in the redled region. This phenomenon has rarely been
reported in the literature. Guo et al. [31] haseptssd a sudden reduction of overall stress level in
the tensile curve for cold rolled alumina dispensstrengthened copper (ADSC) alloys and named
the phenomenon as “twice fracture”. He explained“ttvice fracture” as a result of the growth
and coalesce of the cracks initiated at the mafiticle interface. Other researchers [32, 33] have
observed tensile stress-strain curves with thregndt regions for MMCs. The first region is a
linear region in which the macroscopic behavioulastic and the matrix and the reinforcement
remain well bonded. The second region is a neaatimegion with a lower stiffness due to the

damage in the microstructure which could be inftren of cracking of reinforcement, matrix,
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matrix-reinforcement reaction zone or debondinghat interface. Finally, the third region is

nonlinear due to significant inelasticity in thetnpaupon fracture. Based on these reports, it is

likely that deformation by damage has occurredhéred circled region which could be due to the

growth and coalesce of the conical voids obsermefigure 6.4 or the major cracks in sizes of

hundreds of microns observed in Figure 6.6. Aftedsathe well-bonded areas continue to deform

until final failure. Further work, such as unloatithe circled regions, needs to be done to

understand the stress/load drop phenomenon.

350
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100 +

Engineering Stress (Mpa)
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\
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as-extruded 6061AI1/8.5NQX bar
—— as-extruded 6061Al1/12.9NQX bar
—— 6061AI/8.5NQX; ¢

—— 6061AI/12.9NQX; ¢

2 4 6 8 10 12 14 16 18

Engineering Strain (%)

Figure 6.23: Room temperature tensile results for as-extrud&sd A/NQX composite bars and
cold rolled 6061Al/8.5NQXs, 6061A1/12.9NQX% 6 samples.
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Materials Yield stress (M Pa) UTS (MPa) & (%)
as-eggﬁii i?;é)A' bar 13145 20515 19+1
as-extruded 6061AI/8.5NQX bar 148+1 210+2 18+1
as-extruded 6061AI/12.9NQX bar 14642 212+1 1741
94% cold rolled 6061Al [30] - 250 5
cold rolled 6061A1/8.5NQXs - 293+1 8+1
cold rolled 6061AI/12.9NQXs - 3071 7+1

Table 6.3: Mechanical properties of as-extruded 6061AI/NQX posite bars and cold rolled
6061AI/8.5NQX.e6 6061A1/12.9NQX%e samples extracted from Figure 6.23. Mechanical
properties of as-extruded 6061Al alloy (section.3).2re included for comparison. Mechanical
properties of 94% cold rolled 6061Al alloy reportedEl-Sabbagh et al. [30] are also included.

Figure 6.24 shows the fracture surfaces of as-é&thit6061AI1/8.5NQX composite bar. Figure
6.24(a) shows the fracture surface overview witlckimg, indicating ductile fracture. Two
different sizes of dimples have been observed. ©nelatively large with the size of NQX
particles as shown in Figure 6.24(b) with someiglag still present inside the dimples. EDX
analysis (Figure 6.24(e)) on particles 1 and 2 satggthey could be NQX particles. A significant
macro-crack due to the interconnecting of debonthitigited cracks can be seen in Figure 6.24(c).
It seems that interfacial debonding and the coale$the debonding initiated cracks have led to
the final failure. The other type of dimple occimsthe 6061AI matrix with an average size of

1.2+£0.3pum as shown in Figure 6.24(d).
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Figure 6.24: Fracture surfaces of as-extruded 6061Al/8.5NQX awsitp bar showing (a)
overview of the fractured section, (b) dimples tetawith NQX, (c) macro-cracks, (d) Al matrix
dimple and (e) EDX spectra for particles 1 and 2.
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The fracture surfaces of cold rolled 6061AI/8.5N{3Xample are shown in Figure 6.25. From
Figure 6.25(a), the cold rolled sample has a naddtiflat fracture surface with an angle of ~45°
with no obvious necking, indicating that the fatumode has changed from necking to shear
fracture after cold rolling. Similar failure modansition has also been observed by Panigrahi and
Jayaganthan [34] on cryorolled 7075Al alloy and d-a al. [35] on Al-Mg alloy after equal
channel angular pressing (ECAP). A higher magrifice image in Figure 6.25(b) shows
debonded NQX particles (particles 1-6 have beefircoad by EDX analysis) indicating that the
main failure mechanism is still the pull-out of tt@nforcement particles. Figure 6.25(c) shows
shallow dimples slightly elongated along the slg@action with an average size of 0.8£0.3um in
Al matrix indicating less plastic deformation wheompared to the as-extruded bars. The
reduction in dimple size is in agreement with tha@uced ductility observed in Figure 6.23 for cold
rolled 6061AI/NQXs.s samples and is reported to be due to grain rememnd work hardening

associated with cold rolling process [34, 36, 37].
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Figure 6.25: Fracture surfaces of cold rolled 6061AI/8.5N§»&howing (a) overview of the
fractured section, (b) debonded NQX particles (€)matrix dimple and (d) EDX spectra for
particles 1-6.
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6.3 Discussion and futurework

6.3.1 Effect of rolling strain

The influence of rolling strain to the compositecrostructure has been analyzed in detail by
means of SEM, TEM, texture XRD and EBSD. SEM analghows a uniform distribution of
NQX particles embedded in 6061AI matrix during cadtling. However, microstructure defects,
such as cracks, conical voids, interfacial debagpdivave occurred and major cracks in sizes of
hundreds of microns have been observed in the ¢oldl rolled composite samples (see Figures
6.4 and 6.6). TEM and EBSD measurements show teda@ment of substructures in the 6061Al
matrix. During cold rolling, elongated Al grainsuygabeen subdivided. The subgrain size has
reduced from 1.5-2.4um with an aspect ratio of 1L8}in the as-extruded condition to less than
1pm (0.2-0.4pum observed in TEM analysis) afterlengpstrain of 3.6. The reduced subgrain size
is believed to be the result of the increased datlon densities induced by cold rolling process
forming dislocation walls as subgrain boundarie8],[hgreeing with the TEM observation in

Figure 6.8(e).

The effect of rolling strain on the mechanical s of the composites have been studied in
terms of microhardness, three-point bending tastistansile tests. The microhardness and UTS
of the cold rolled composites with a rolling straih3.6 have increased from 60-65uidyin the
as-extruded state to 90-95ubkhyYand 210-212MPa to 293-307MPa, respectively, duedck
hardening effect. However, decreased stiffnessastress/load drop phenomenon have been
observed in the tensile tests for the cold roll@agles which might be due to the development of
microstructure defects during cold rolling. The dieig tests were only carried out on cold rolled

samples so the work hardening effect cannot bestigated.
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6.3.2 Effect of NQX particles

Sections 6.1.4 and 6.1.5 studies the macroscopicl@alized texture development during
extrusion and cold rolling for 6061AI/NQX compositdy texture XRD and EBSD. After
extrusion into strips, the 6061AI1/8.5NQX strip leastrong rotated-cube, a moderat#re and a
weaky fibre along with other random orientations white tas-extruded 6061A1/12.9NQX strip
has a strongeu fibre (higher intensities near Brass component) arweaky fibre. Consistent
results were also observed in the EBSD analysisie@ly speaking, the increasing volume
fractions of micron-sized hard reinforcement p#scwould lead to a decrease in the matrix
texture intensity due to the formation of partideformation zones adjacent to the particles [38-
41]. However, Poudens et al. [38] have found aneimee in the main texture intensity of the Al
matrix with an increase in the hard phase percentag6061Al/SiG (3um) composites which
was attributed to the more deforming matrix as3i@&content increases to accommodate the same
macroscopic strain. It is likely that in the presevork, the Al matrix in the as-extruded
6061AI/12.9NQX strip undergoes higher degree obdahtion leading to the transformation of
the rotated-cube component to the more stalfilere texture (especially near Brass component).
The rotation path that the ND rotated-cube compbimansforms to Brass component after certain
deformation degree is reported by Liu and Morrig][dn AA3105 Al alloys. It should be noted
that the above explanation is a possible mechawisiie the actual reasons are unclear and need
further work. Compared with the texture of the asteled 6061Al alloy in section 5.1.3 where a
nearp fibre has formed, the additions of NQX particlaséled to the development of intermediate

and unstable texture components.

During cold rolling, the intermediate and unstaieleture components have gradually re-oriented
and a sharg fibre texture has formed for both composites. aximum texture intensities for

the three dominant texture components near Bra3s{Bpper (C’) and S (S’) positions have
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been plotted in Figure 6.26 as well as the textutensities for 6061Als alloy sample (section
5.1.3). It can be seen that similar with Figured5the additions of NQX patrticles have led to a
reduction in the main texture intensities. The idds of NQX particles have similar effect as SiC
particles that they all weaken the texture intéesitHowever, for cold rolled 6061AI/NQX
samples, a shafpfibre texture has formed while the cold rolled 686SiC(SH).3 samples have
no preferred orientations possibly due to the diffiee in interparticle spacing arised from

different particle diameters.

25

Il 6061A1,,

I 6061A1/8.5NQX,
20+ I 6061A1/12.9NQX,

f(@)

B' C' S'
Figure 6.26: Maximum intensity of main texture components rigass (B’), Copper (C’) and S
(S’) position in cold rolled 6061Ak, 6061A1/8.5NQX%.s and 6061A1/12.9NQXesSsamples.

6.3.3 Future work

The present work shows that mixing, compactioniuskdbn and cold rolling are not appropriate
techniques to fabricate Al alloy composites reioéal with nanoquasicrystalline AFesCr.Ti>
alloy particles. Poor interfacial bonding and laggacks have been observed which seriously
deteriorate the mechanical properties. For futwekywmethods to improve the interfacial bonding,
such as high energy ball milling to break the oxalgers around the particles, should be carried
out. Hot rolling instead of cold rolling, which wioLfacilitate the matrix flow more easily to avoid

the formation of micro-cracks should be furtheteds
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7. Cold rolling of Al/Nb and 6061A1/Nb composites

Deformation processed metal-metal composites (DPMMfave superior mechanical properties
at room temperature or elevated temperatures [IC®hsidering the promising mechanical
properties of DPMMCs, the advantages of powder hoegy and the potential applications of Al
sheet composites, Al and 6061Al alloy reinforcethviib particles have been chosen to produce

DPMMCs by powder metallurgy routes followed witht leatrusion and cold rolling.

The compacted composite billets were extruded strips and subjected to cold rolling process.
For improved mechanical properties, one of thexaisided 6061AI/Nb composite strips were
solution heat treated before cold rolling and desigd as “6061AI/Nb(SH)” in the following text.
For comparison purposes, pure Al powders were peeda the same way to provide the reference
data. Table 3.4 lists the sample information, hiesgtment and rolling details for each sample.

Further details of the production of the composii@s be found in Chapter 3.

Section 7.1 comprises the studies of the effecotd rolling on the microstructure development
and texture evolution. Section 7.2 comprises thdies of the mechanical properties and work
hardening behaviour of the composites during coliihg in terms of microhardness, three-point

bending tests and tensile tests. Discussion arijpeaonclusions can be found in Section 7.3.
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7.1 Microstructural Characterization of as-extruded and cold rolled Al/Nb and

6061AI1/Nb composites

7.1.1 X-ray diffraction analysis

XRD analysis has been carried out on the normalgsldTD-ED/RD) of the as-extruded and cold

rolled Al/Nb, 6061AI/Nb and 6061AI/Nb(SH) samplesitentify the phases present before and

after cold rolling and the diffractograms are shawfigure 7.1.

o/
o a: fec Al o

a/f  BOBLAIND(SH),,

6061AIND, ,

AI/Nb_
as-extruded
6061AI/Nb(SH)
as-extruded

6061AI/Nb

as-extruded
Al/Nb

Intensity (a.u.)

30 40 50 60 70 80 90

26 (°)

Figure 7.1. X-ray diffractograms of as-extruded and cold mll&l/Nb, 6061AI/Nb and

6061AI/Nb(SH) samples in normal planes (TD-ED/RD).
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as-extruded 6061AI/Nb(SH)
—— 6061AI/Nb(SH),
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Figure 7.2: X-ray diffractograms of Al (3 1 1) peak of the nal plane (TD-ED/RD) of as-
extruded 6061AI/Nb(SH) and cold rolled 6061AI/Nb(SH

For all as-extruded samples, fcc-Al, bcc-NW£38.5°, 55.3°, 69.4° and 82.2°) have been
identified. For as-extruded 6061AI/Nb sample, &l&gpSi intermetallic phase is observed while
for as-extruded 6061AI/Nb(SH) sample, this phaseigpresent perhaps due to the dissolution of
the intermetallics during solution heat treatmétd.other intermetallic phases, such as\&l or
AINb2 [10, 11] have been detected after extrusion and iling, suggesting no significant

interfacial reactions have occurred during extmisiad cold rolling.

Figure 7.2 shows the Al (3 1 1) peak of the asteddd and cold rolled 6061AI/Nb(SH) samples.
Peak broadening and the disappearance of @uédlection have been observed for cold rolled
6061AI/Nb(SH3}.e sample indicating enhanced lattice distortionsraéold work. Similar XRD

results were also observed in Chapter 5 for cdldd®061AI(SH} s alloy. The relative intensities
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of Al peaks have changed in as-extruded and cdleldrsamples, indicating the development of

certain texture after cold rolling which will besdussed in detail in sections 7.1.3 and 7.1.4.

7.1.2 Scanning electron microscopy and Optical microscopy analysis

Figure 7.3 shows the morphology of as-received bllbders. The Nb particles have an irregular

shape with an average particle size of about 130857

-/ 800im NG e 2

Figure7.3: Secohdary electron images of as-received Nb pder

Optical microscope (OM) has been used to charaetdhie morphology development during
extrusion and cold rolling. Figures 7.4-7.6 shopresentative OM images for as-extruded Al/Nb
strip, cold rolled Al/Nh.sand Al/Nks s samples in cross section plane (ND-TD), longitatipiane

(ND-ED/RD) and rolling plane (TD-ED/RD), respectiye

(@) G
Figure 7.4: Optical images of (a) as-extruded Al/Nb strip, ¢b)d rolled Al/Nk.4 and (c) cold
rolled Al/Nbs gin cross section plane (ND-TD).
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(2) T (©)
Figure 7.5: Optical images of (a) as-extruded Al/Nb strip, ¢b)d rolled Al/Nk .4 and (c) cold
rolled Al/Nbsg in longitudinal plane (ND-ED/RD). Red arrow indiea Chevron cracking in the
middle layer of the as-extruded Al/Nb strip.

(a) (b) c) (
Figure 7.6: Optical images of (a) as-extruded Al/Nb strip, €o)d rolled Al/Nk».4 and (c) cold
rolled Al/Nbg gin rolling plane (TD-ED/RD).

In as-extruded condition, most Nb particles remaideformed. Some Nb particles show slight
deformation possibly due to their specific crysiakentation related to the extrusion direction.
Similar Chevron cracking [12] observed in the asweled 6061AI/NQX strips in Chapter 6 also
occurs in the middle layer of the as-extruded AlAtiip (see the arrow in Figure 7.5(a)). During
cold rolling, the Chevron cracks developed in esitn seem bonded after multiple rolling passes
indicating that rolling is an effective secondampgessing technique to eliminate porosity and

other defects from the previous consolidation steps

The Nb particles become more and more flattenedeapdnded in rolling plane and elongated
along rolling direction with further rolling passdsnally, the Nb particles have developed into
flattened ribbons of irregular cross section asaéed in Figure 7.5(c). Similar microstructure
development has also occurred for 6061AI/Nb andlB06Ib(SH) strips during cold rolling and
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the representative OM images in the longitudinahpk are displayed in Figures 7.7 and 7.8,

showing the formation of Nb ribbons after cold iradl. The observed microstructure development

Is in agreement with Chen and Kanetake'’s resuitsdtd rolled Al-Nb MMCs [13].

(a) (b)
Figure 7.7: Optical images of (a) as-extruded 6061Al/Nb stfiy),cold rolled 6061AI/Nbps and
(c) cold rolled 6061AI/Nbs in longitudinal plane (ND-ED/RD).

(a) (b)
Figure 7.8: Optical images of (a) as-extruded 6061AI/Nb(SHJipst (b) cold rolled
6061AI/Nb(SH}.s and (c) cold rolled 6061AI/Nb(Skl3 in longitudinal plane (ND-ED/RD).

The interparticle spacings and Nb ribbon thicknesse been measured according to the

longitudinal OM images and the results are plotteBigure 7.9 as a function of rolling strains.

The average Nb patrticle spacing is 2216 7#or as-extruded Al/Nb sample and after cold ngjli

it reduces to 116+260n for Al/Nbzg sample. The Nb ribbon thickness has changed from

102+53um for as-extruded Al/Nb to 30+1én for cold rolled Al/NRkg accordingly. The large
measurement variations are mainly due to the biiadize distribution used. The interparticle
spacing and Nb ribbon thickness developed for 60®IAand 6061AI/Nb(SH) samples follow

similar trends with that of the Al/Nb composite.
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Figure 7.9: Comparisons of (a) measured interparticle spacargs (b) measured Nb ribbon
thickness in the longitudinal planes (ND-ED/RDpdsinction of true strain for Al/Nb, 6061AI/Nb
and 6061AIl/Nb(SH) samples.
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7.1.3 Macroscopic texture development during extrusion and cold rolling

ODFs of as-extruded and cold rolled pure Al stample in constanp, sections are shown in
Figure 7.10. Similar to the texture of the as-edéxdi 6061Al alloy shown in section 5.1.3, the as-
extruded pure Al strip also has a ngdibre texture mainly containing B’-{0 1 1}<10 7 {&»1=45°,
®=45°, p2=0°), S’-{5 2 10}<7 10 6> §1=65°, ®=30°, 92=65°) and C'-{2 2 5}<5 5 4>¢{=90°,
®=30°, po=45°) components with highest intensities at B’riBg cold rolling, the main texture

stays nearly the same.
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Figure 7.10: ODFs of (a) as-extruded Al strip; (b) cold rollett4 (c) cold rolled Abzand (d)
cold rolled Ak
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Figure 7.10: ODFs of (a) as-extruded Al strip; (b) cold rollett4 (c) cold rolled Abzand (d)
cold rolled Ak 4.

Figure 7.11 shows the texture development for Algldimple. After extrusion, the strip sample has
a strong cube-{0 0 1}<1 0 O=x{=0°, ®=0°, p>=0°) component, a weakfibre and a weak fibre.

In the case of lower cold rolling strains, for exde) Figure 7.11(b), a strongefibre with higher
intensities near Brass component and Goss-{1 1 @< (p1=0°, ®=45°, ¢po=0°) component
appear as well as an increased intensity near Cagpeponent. As the rolling strains increase,
the initial cube component weakens and a typicalcfald rollingp fibre texture is developed

within the Al matrix with highest texture intensisi near Copper.

Similar texture evolution behaviour has been fotoxd5061AI/Nb and 6061AI/Nb(SH) samples,
as seen in Figures 7.12 and 7.13, respectiveli, awhinor difference that the as-extruded texture
contains a rotated-cube-{0 0 1}<1 1 O®1%¥45°, ®=0°, ¢>=0°) component instead of a cube

component as observed for Al/Nb sample. In addititre cold rolled 6061AI/Nds and
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6061AI/Nb(SH}ssamples develop a simil@irfibre texture with highest texture intensities nea

Brass component instead of Copper.
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Figure7.11: ODFs of (a) as-extruded Al/Nb strip; (b) cold rallal/Nb> 4 (c) cold rolled Al/Nk 3
and (d) cold rolled Al/Njs.
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and (d) cold rolled Al/Njs.
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Figure 7.12: ODFs of (a) as-extruded 6061AI/Nb strip; (b) cotdled 6061AI/Nb 4 (c) cold
rolled 6061AI/Nb.gand (d) cold rolled 6061AI/Ndx.
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To further clarify the texture evolution during dabolling, thea andp fibre intensity plots were
depicted in Figures 7.14 and 7.15, respectively ar'fibre intensity plot in Figure 7.14(a) shows
a sharp peak at B'-{0 1 1}<10 7 7»145°,®=45°,¢.=0°) for as-extruded Al strip. With further
rolling strains, the peak intensity increases tolang strain of 2.3 and then decreases and the
peak position gradually moves to stable Brass-}<IlL 1 2>(p1=35°,0=45°,¢,=90°). The3 fibre
intensity plot in Figure 7.15(a) has a prominerakpeear Brass in the as-extruded condition. After
the first rolling passeE€2.3), the intensities near Brass and S compomecrtsase strongly. With
further rolling passes, the intensities near Comel S increase while the intensity near Brass
drops gradually. It seems that more Copper andngooents are formed during high strain cold

rolling at the expense of Brass component for gursrip.

For as-extruded Al/Nb sample (Figures 7.14(b) aii& (b)), the intensities alongandp fibres
are distributed more or less homogeneously alomg/tiole fibre length with much lower intensity
values than that of the pure Al sample. With inshe@ rolling strains, Figure 7.14(b) shows Goss
component and B’ component first increase and tezmease with B’ gradually transforms into
stable Brass-{1 1 0}<1 1 2>. Figure 7.15(b) showgahanced overall intensities along fiféore
with higher intensities at Brass, Copper and Shaitgons in the final cold rolled Al/N{g sample.
Similar trends to the AlI/Nb composite are also obse for 6061AI/Nb and 6061AI/Nb(SH)
samples but with higher intensities for the Brasmponent than the observed for the Al/Nb

sample.
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Figure 7.14. o fibre intensity plots of (a) pure Al; (b) Al/Nb;cY 6061Al/Nb and
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Figure 7.15:. B fibre intensity plots of (a) pure Al; (b) Al/Nb;cY 6061AI/Nb and (d)
6061AI/Nb(SH).
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Figure 7.15: B fibre intensity plots of (a) pure Al; (b) Al/Nb;cY 6061Al/Nb and (d)
6061AI/Nb(SH).

The volume fractions of main texture componentsveaiculated by Mtex [14, 15] within a range
of 15° tolerance and the results are plotted asetibn of the rolling strains in Figure 7.16. #ic

be seen that for all the samples (especially tingposites), the volume fractions of Copper, S and
Brass components increase significantly in thd fesv rolling passes and the increment rates
become slower and nearly reach saturation pointearfinal cold rolled samples. The volume
fraction ofp fibre was estimated as the sum of Copper, S aassBromponents. From Figure 7.16,
it can be observed that the volume fractiong tbre increase with increasing rolling strains and
achieve a ~80% and ~55% of the overall rolling congmts for cold rolled pure Al and the

composite samples, respectively.
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Figure 7.16: Volume fractions of main texture components of faye Al; (b) Al/Nb; (c)
6061AI/Nb and (d) 6061AI/Nb(SH) samples as a fuorctvf rolling strains.

As summary, for pure Al strip, the extrusion teetaan be represented by a rfgfibre containing

the components of B'-{0 1 1}<10 7 7>, S’-{6 2 10}<I0 6> and C'-{2 2 5}<5 5 4>. When it is

subjected to cold rolling, B’ component will gradlydaransform into stable Brass component and

more Copper and S components are formed at thensemd Brass. For the composites, the main

extrusion texture is either cube component or edtatube component with weakandy fibres

and other random texture. During low reduction golting, o fibre with stronger Goss and Brass

components first evolves as well as Copper componeith further rolling strains, Goss

component weakens and a stronfefibre with more intensities near Brass, Copper &nd
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orientations will be developed. Compared to puresthib, the composites generally have much

lower texture intensities.

7.1.4 Electron backscatter diffraction analysis of Al matrix

EBSD scans conducted on the rolling planes (TD-BR)/Bf as-extruded strips and cold rolled
samples were carried out to study their microsctgiture. Figures 7.17 and 7.18 show the EBSD
orientation maps of as-extruded and cold rolledep@lt samples with respect to the normal
direction. Each point is painted with a color aciog to the crystal orientation. The black and
white lines from the EBSD maps indicate the loaaiof high angle grain boundaried6°) and
low angle grain boundaries (2°-15°), respectiv&he fractions of low angle grain boundaries (2°-

15°) measured by EBSD analysis are summarizedbreTal.

As can be seen from Figure 7.17, similar with tbgults of the as-extruded 6061Al alloy strip
(Figure 5.8(a)), hot extrusion of pure Al strip Ieg to the formation of elongated grains aligned
along the extrusion direction with some grain fragmation. The Al subgrain size is measured as
a width of 1.4+0.2um and a length of 2.1+0.3um atiog to the mean linear intercept method
(see section 3.3.3). The scattered IPF data showsagf fibre texture with other random
orientations, agreeing with the ODF results in Fegd.10(a). Similar to Figure 5.8(a) for as-
extruded 6061Al alloy, the misorientation distrilbuat plot also shows a peak in the range of O-
10°, which corresponds to a large fraction of lowgla grain boundaries (about 25%-30%) located

within the elongated grains.

After cold rolling of a true strain of 3.4, severélagmented and elongated grains with a subgrain
size of 1.3+0.2um in width and 1.7+0.3um in lengfigned along the rolling direction are shown

in Figure 7.18. The misorientation distribution t@bows increased fractions of grain boundaries
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(about 37%-41%) misoriented less than 10° and Il\adecreased high angle grain boundaries
compared with Figure 7.17, indicating the developno# subgrain structure in the parallel bands
of elongated grains during cold rolling, which msagreement with the data summarized in Table
7.1 showing the fractions of low angle grain boureta(2°-15°) have increased from 33.7% in
the as-extruded state to 44.0% after a rollingrstg3.4. In addition, the IPF in Figure 7.18 slsow

the formation of a strong@rfibre texture with less scatter.
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.. X *%* ' Misorientation Angle (degree)
Figure 7.17: EBSD orientation map with IPF and misorientatiastribution plot of as-extruded
pure Al strip with respect to ND.

-212 -



Chapter 7 Cold rolling of Al/Nb and 6061Al/Nb compesi

[001]
111 111

oo 101

¢ H
y b Misorientation Angle

RD

Number Fraction

20 30 40 50
Misorientation Angle (degree)

Figure 7.18: EBSD orientation map with IPF and misorientatiastribution plot of cold rolled
Alz 4sample with respect to ND.

Materials As-extruded sample Cold rolled sample
Pure Al 33.7% 44.0% (Ab)
Al/Nb 22.2% (Figure 7.19(a)) 49.1% (Al/Nb

Table7.1: Fractions of low angle grain boundaries (2°-158asured from EBSD analysis for the
as-extruded and cold rolled pure Al, Al/Nb samples.

Figures 7.19(a) and (b) show the Al matrix EBS2otation maps for as-extruded Al/Nb samples
away from Nb particles and in the vicinity of Nbrpeles, respectively. Similar with the results
for pure Al strip, Figure 7.19(a) shows that theeaguded Al/Nb sample exhibits elongated Al
matrix grains with an average subgrain size of @.2¢m in width and 1.9+0.3um in length. While
Figure 7.19(b) exhibits a near equiaxed Al grairnrphology with an average subgrain size of
1.2+0.2um. No preferred grain orientation has lamreloped in the as-extruded state according
to the scattered IPF maps. The two EBSD maps shatthe Al grain morphology strongly
depends on the neighboring areas. The large Nizleartould produce particle deformation zones
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and restrict Al grain rotations, discouraging thenfation of elongated Al grains in the vicinity of

Nb particles after extrusion.

After cold rolling with a true strain of 3.8, Figui7.20 shows Al grains with nearly equiaxed
subgrains of less than 1pum with a str@nfipre. The fractions of low angle grain boundar(2%
15°) have increased from 22.2% in the as-extrutkse $0 49.1% after cold rolling, indicating
severe grain break-up or grain fragmentation. Tdraparison of the misorientation distribution
plots between Figures 7.19 and 7.20 also suggestsl@évelopment of subgrain structure with
majority (about 37%-44%) of the Al grains misoriethtvithin 10° after cold rolling. Similar EBSD

results were also found for as-extruded and cdldd®061AI/Nb and 6061AI/Nb(SH) samples.
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Figure 7.19: Al matrix EBSD orientation maps with IPF and misatation distribution plots of
as-extruded Al/Nb strip with respect to ND. (a) matrix away from Nb and (b) Al matrix near

NDb.
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Figure 7.20: Al matrix EBSD orientation map with IPF and misaration distribution plot of
cold rolled Al/Nks.g with respect to ND.

7.1.5 Electron backscatter diffraction analysisof Nb particles

EBSD scans over large areas were carried out b8iBgh Ubhi from Oxford Instruments on cold
rolled Al/Nbs.gsample to collect the texture information of Nbtdes. Figure 7.21 shows EBSD
maps for cold rolled Al/Nks sample and the generated Nb ODF plapind5° section is shown
in Figure 7.22 as well as the ideal texture comptséor rolled bcc metals ip=45° section for

comparison purposes [16].
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Figure7.21: EBSD orientation maps for cold rolled Al/dlpsample with respect to ND (courtesy
of Dr. Singh Ubhi).
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Figure 7.22: (a) ODF plot inp>=45° section of Nb particles constructed from EBS1alysis for
cold rolled Al/Nkx g sample, red and purple circles represent {0 0 1> and {1 1 2}<1 1 0>
orientations, respectively (courtesy of Dr. Sindbhl) and (b) Ideal texture components for rolled
bcc metals inp>=45° section [16].

The rolling textures of bcc metals have been regobly many research groups. In general, bcc
metals exhibit the development@andy fibres during deformation and heat treatments 18],
The a fibre represents <1 1 0> direction aligned alohg tolling direction and the fibre
represents a texture condition where {1 1 1} plaarespreferentially aligned parallel to the rolling
plane [19]. For the present material, after a collihg strain of 3.8, a strongfibre and a relatively
weaky fibre are observed according to Figure 7.22(apwike highest intensities at {0 0 1}<1 1
0> and {1 1 2}<1 1 0> orientations. These findiraggee with the results reported by Raabe and
Luecke [20] showing {0 0 1}<1 1 0> and {1 1 2}<1 @> orientations as dominant texture
components for deformed pure Nb. Similar resultsewalso reported by Jiang et al. [19],
Borodkina et al. [21] and Abreu et al. [22] for dehed pure Nb and Nb alloys. It seems that the
texture development of Nb reinforcement in coldewlAl/Nbz g sample is the same with that of

the deformed pure Nb and Nb alloys.
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7.2 Mechanical properties and work hardening of as-extruded and cold rolled

Al/Nb and 6061AI/Nb composites

7.2.1 Microhardness analysis

Microhardness results on as-extruded and coldd aibenples after each rolling pass are plotted as
a function of rolling true strains in Figure 7.28icrohardness tests were performed on both the
Al matrix and the Nb particles of as-extruded armidcrolled Al/Nb, 6061AI/Nb and
6061AI/Nb(SH) samples and Rule of Mixtures (ROM3]Zalculation was applied to get the

microhardness data for the composites.

From Figure 7.23, it can be observed that the rhem@ness of all samples increase with increasing
strains due to work hardening up to a maximum lraitie. In addition, the samples show different
work hardening capacities. For instance, the mardhess values of 6061AI/Nb(SH) sample have
increased about ~50%, from 8843V 200 in the as-extruded condition to 13248V 200 after cold
rolling at a true strain of 3.6; while for Al/Nb eple, the microhardness values have only

increased about ~19%.

The empirical power-law relationship based on ed R4] was used to describe the
microhardness-strain curves and the fitted linesadgo included in Figure 7.23. It can be seen that
the initial work hardening rate is high and thewrdases with increasing strains for all materials,
similar with the work hardening behaviour of 6061alloy, 6061AIl/SiC composites and
6061AI/NQX composites shown in the previous chaptélr is also noticeable that the work
hardening rates of 6061AI/Nb and 6061AI/Nb(SH) skasjare higher than those of the Al/Nb and
pure Al samples. This is probably due to the piitatigs or solid solution elements in the 6061Al

alloy matrix. For 6061AI/Nb sample, a higher workrtiening rate is observed possibly due to
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effective dislocation accumulations because optiesence of fine precipitates in the matrix [25].
For 6061AI/Nb(SH) sample, in solid solution staelute atoms would have a pinning effect on
the gliding dislocations and could effectively reduhe dynamic recovery rate, leading to high

work hardening capabilities [26].
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Figure 7.23: Microhardness of as-extruded and cold rolled pule AWNb, 6061AI/Nb and
6061AI/Nb(SH) strips as a function of the rollinge strain and microhardness fitted lines based
on eq. 5.1.

7.2.2 Three-point bending tests of cold rolled samples

Three-point bending tests were conducted on tred fiald rolled samples. Flexural stress-strain
curves for the pure Al, Al/Nb, 6061AI/Nb and 6061Mb(SH) bending samples are shown in
Figure 7.24 and the strength values are summainzédble 7.2. All the tests were stopped due to

equipment limitations. None of the samples havenlfielky broken during the tests.
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Figure 7.24: Three-point bending tests of cold rolleds:Al Al/Nbss, 6061Al/Nkss and
6061AI/Nb(SH}.c samples.

Materials Stress at yield (M Pa) Bending flow stress (M Pa)
Alzs 224+10 272+18
Al/Nbzg 312+8 380+11
6061AI/Nks 6 380+1 464+3
6061AI/Nb(SH} 6 448+13 521+4

Table 7.2: Three-point bending properties of cold rolleds Al Al/Nbss, 6061AI/Nkse and
6061AI/Nb(SH}.e samples.

Compared with cold rolled Ak sample, the yield stress of cold rolled Alfdtsample has
increased by ~39%, indicating effective strengthgnfrom Nb ribbons. The strengthening
mechanisms of DPMMCs have been subjected to extemssearch due to their high strengths
[27-32]. The achieved high strength can be ascribethe individual phase undergoing large
deformations and extensive work hardening at loairss [32] and dislocation interactions with
the ribbon-matrix boundaries at higher strains [3i}he present work, according to Figure 7.9,

although the spacings of Nb particles have redwegdd rolling passes, the spacings are not
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uniform and are highly dispersed and the Al-Nb loaries are not close enough to effectively
interact with dislocations. In addition, during @ofolling, the Nb particles have gradually
developed into flattened ribbons with differentdérs due to the broad Nb size distribution used
and aligned parallel to the sheet surface, whigvemts them from being effective barriers to
dislocations compared to wire drawn composites,[B&hce the increased strength of cold rolled
Al/Nbs gsample compared with cold rolledsAlis probably just related to the individual Nb pdas
undergoing rolling deformations. Compared with cotdled Alk4 and Al/Nkss samples, the
6061AI/Nkss and 6061AI/Nb(SH)s samples show higher bending strength due to thkehig

strength of their matrix.

To study the failure behaviour, investigationshef bongitudinal planes (ND-RD) of the plastically
bent samples were carried out under OM and the esiage shown in Figure 7.25. It can be
observed that although none of the samples halelftdken during the tests, the fractures have
initiated as shear cracks on the tension sidedl tieasamples. A closer look of the longitudinal
planes of the test samples also shows the presémtense shear bands across the matrix and Nb
ribbons. The pairs of intersecting shear banddiified by 40°-50° with respect to the rolling plane)
have passed through the Nb ribbons and generaaeliscat the intersection points. The cracks
would grow larger along the shear bands or at thegixaNb boundaries with further deformations

and lead to the final fracture of the samples.
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Figure7.25: Optical images of the longitudinal plane (ND-RDjlte plastically bent (a) Al/Ndx,
(b) 6061AI/Nkz sand (c) 6061AI/Nb(SH)ssamples. Arrows and the inset image show intersgcti
shear bands cutting through Nb ribbons.

7.2.3 Tensiletests of as-extruded and cold rolled samples

Room temperature tensile tests were performed fim#h cold rolled samples at a constant strain
rate at 1@s®. For comparison purposes, 6061Al alloy reinforegtth 12.9vol.% of Nb particles
were mixed and compacted in the same way and titesded into a bar of a diameter of 7.5mm
at the same extrusion conditions. Tensile sampére machined from the as-extruded 6061AI/Nb

bar according to ASTM E8M-08 standard.

Engineering stress-strain curves for the tensdtstare shown in Figure 7.26. The tensile strength

values are summarized in Table 7.3, for comparmBoposes, the tensile strength of as-extruded
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6061Al alloy bar in section 4.2.3 and the UTS a#t@0% cold rolled pure Al and Al/20vol.%Nb
sheet reported by Chen and Kanetake [13] are atdoded. The Al/20vol.%Nb composite sheet

was prepared by powder metallurgy routes includmmgpaction, flat extrusion and cold rolling.

450

as-extruded 6061AI/Nb bar
—— Al/Nbg 4

—— 6061AI/Nb;, ¢

—— 6061AI/Nb(SH); ¢

Engineering Stress (MPa)

0 ! ' I ' I ' I
0 2 4 6 8 10 12

T T T T 1
Engineering Strain (%)

Figure 7.26: Room temperature tensile test results for as-dgthl6061AI/Nb bars, cold rolled
Al/Nb3 s 6061AI/Nkssand 6061AI/Nb(SH)s samples.

Materials Yield stress (M Pa) UTS (MPa) & (%)
as-extruded 6061AI/Nb bar 14141 212+1 11+1
Al/Nbs.s - 232+1 5+1
6061AI/Nks 6 - 3071 5+1
6061AI/Nb(SH}6 - 398+4 6+1
as-egglétgi(e)?] 2926;)“ bar 13115 20545 1941
90% cold rolled pure Al [13] - 180 -
90% cold rolled Al/20vol.%Nb [13 - 210 -

Table 7.3: Mechanical properties of as-extruded 6061Al/NHdcolled Al/Nbzs, 6061AI/Nk.6
and 6061AI/Nb(SH)ssamples extracted from Figure 7.26 and as-extra@6dAl alloy in section
4.2.3 together with UTS data of 90% cold rolledeod and Al/20vol.%Nb sheet reported by
Chen and Kanetake [13].
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According to Table 7.3, compared to the as-extr@#i Al alloy bar, the as-extruded 6061AI/Nb
bar shows slight improvement in tensile strengtfiMPa superior) with reduced ductility. Based
on literature [6, 33, 34], the UTS value of comnmrdlb is in the range of 275-350MPa, hence
the additions of 12.9vol.% of Nb particles shougult in an increase of UTS of 9-19MPa for
6061Al/Nb sample according to Rule of Mixtures (RRB]. The current improvement in tensile
strength (~7MPa) is reasonable considering a fewrasiructural defects, such as interfacial
debonding or particle broken, which will be disadtater in the fracture behaviour of as-extruded

6061AI/Nb sample.

After cold rolling, the UTS of the sheet compositesreases substantially with rolling strains
coupled with drastically reduced ductility. For exale, the UTS of cold rolled 6061AI/Nb
sample reaches 307+t1MPa, which has increased b% ~#hHen compared to as-extruded
6061AI/Nb bar, indicating effective strengthenimgnh cold work. In addition, it can also been
seen from Table 7.3 that the cold rolled Al¥lsample has a UTS of 232+1MPa, which is
~52MPa higher than that of the 90% cold rolled pAtereported [13], indicating effective
strengthening from Nb ribbons as well. The tensdsults of the cold rolled samples show
substantial improvement which is similar to thedebtur of other DPMMCs produced by drawing
or swaging methods [3, 5, 35]. However, the improgst in tensile strength is relatively limited
due to the nature of the cold rolling process thhecomes more and more difficult to conduct
when the rolling reductions reach 90%2.3) or more while DPMMCs produced by drawing or

swaging can easily reach true strain values lafrgar 10 [5].

The anomalous increase in tensile strength of DPMNGvidely accepted to be closely related
with the microstructural changes during deformaf#rb, 35]. In the early stages of cold working

(low to medium strains), the tensile strength iases due to work hardening effect and this effect
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saturates when dislocation accumulation and dynaedovery rates reach a balance [36]. At
larger deformations, strength increases signifigaagain when the average inter-fibre spacing
becomes small enough (<rh) that they can act as effective barriers forrttagrix dislocations
[3, 5, 13]. For the present cold rolled compositks,interparticle spacing is in the range of 100-
15Qum according to Figure 7.9(a), which is a lot lartiean the dislocation mean free path in the
Al or 6061Al matrix. Hence, it can be said that aghall of the tensile strength of cold rolled
composites just comes from work hardening effec probably a very small portion of the
strength comes from localized closely spaced Nbomis being close enough to directly influence

the dislocation motions.

Despite the increased UTS, all the tensile curdeldl rolled samples have decreased stiffness
and a load/stress drop which is also observeddnehsile curves of cold rolled 6061AI/N@&
samples in Chapter 6. The mechanism behind thésiwasls drop is still unclear. It is possible that
during tensile tests, cracks have been producatieAl and Nb phase boundaries and continue
to expand along the phase boundaries till to fheftNb ribbons. If enough Nb ribbons split from
the matrix at the same time, a load drop befom friacture can be observed especially considering
the relatively large size of Nb particles. Withther deformation, the matrix and the remaining
bonded Nb ribbons continue to deform until finadture. Further work needs to be done to

understand the load/stress drop phenomenon.

The fracture surfaces of the as-extruded 6061Aballsamples are shown in Figure 7.27. Figures
7.27(a) and (b) show the overview of a ~45° fracturface and dimples within the 6061AI matrix

indicating ductile fracture, respectively. In ordehave a comprehensive understanding of failure
mode, both halves of the fracture surfaces hava bgamined under SEM and the images are

shown in Figures 7.27(c)-(f). Figures 7.27(c) adyl gre matching points on both halves. It is
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observed that the Nb particles have broken intohalges due to their large particle size. Figures
7.27(e) and (f) are also matching points from bwattves, the Nb particle with a smaller size (see
arrows), has been pulled out from the matrix whstlygests that interfacial debonding has
occurred. In addition, the inset image in Figur27{e) also shows the cracking of Nb particles
and the interfacial debonding between 6061AI mairg Nb particles. Hence, it can be said that
both reinforcement cracking and interfacial debogdnave happened during tensile tests, the
initiated cracks followed by the growth and link-ofvoids have resulted in the final failure. The

failure initiation is closely related to the palticize and shape.

() (d)
Figure 7.27: Fracture surface analysis of as-extruded 6061A8alple (arrows show matching
point from two halves).
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SO NN R 3\
(e) ()
Figure 7.27: Fracture surface analysis of as-extruded 6061A8alple (arrows show matching
point from two halves).

The fracture surfaces of cold rolled 6061Al¥Isample are shown in Figure 7.28. Figure 7.28(a)
shows that the cold rolled 6061Al/Rlpsample has a ~45° fracture surface with no obvious
necking. The fracture feature of 606 1Al matrix iglre 7.28(b) shows cleavage-like features with
very shallow dimples, indicating less plastic dafation and more brittle failure compared to the
as-extruded 6061AI/Nb bar sample. Figures 7.28(c) @) are representative figures for two
different failure mechanisms of particle crackimglgarticle pull-out (see arrows). It is observed
that cold rolling has led to the transition of digcto brittle failure of tensile samples since the
cold rolling has resulted in an increase in yi¢tdss and caused a lack of plastic deformation, als
the long grain boundaries and Nb ribbons can astig@ble sites for crack initiation and interfacia
debonding and preferential direction for crack gitew he fracture surfaces of cold rolled AlANb

and 6061AI/Nb(SH)s samples show similar features.
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Figure 7.28: Fracture surface analysis of cold rolled 6061AHYdbample (arrows show particle
broken and pull-out).
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7.3 Discussion and futurework

7.3.1 Effect of rolling strain

Pure Al and 6061Al alloy reinforced with 12.9volNb particles were produced by extrusion and
cold rolling. During cold rolling, Nb particles haxgradually developed into flattened ribbons of
irregular cross section aligned parallel to thdingl plane. The interparticle spacings and Nb
ribbon thickness decrease with increasing rollitngiss. The Chevron cracks in the as-extruded
condition have bonded after multiple rolling pagselécating that rolling is an effective secondary

processing technique to eliminate porosity andradleéects from the previous consolidation steps.

The macroscopic texture analysis shows that theigrh texture can be represented by a fiear
fibre containing the components of B-{0 1 1}<10/?, S’-{5 2 10}<7 10 6>and C'-{2 25}<5 5
4> for pure Al strip. When it is subjected to cotdling, B’ component will gradually transform
into stable Brass-{1 1 0}<1 1 2> component and noopper and S components are formed at
the expense of Brass. For the composites, the exaéiinsion texture is either cube component or
rotated-cube component with wealandy fibres and other random texture. During low rechrct
cold rolling, a fibre with stronger Goss and Brass components dvslves as well as Copper
component, with further rolling strains, Goss comgrat weakens and a stron@edibre with more

intensities near Brass, Copper and S orientatiolh®evdeveloped.

The microscopic texture analysis by EBSD shows lammiesults that the Al matrix of the
composites develops a strohfbre texture after cold rolling while the Nb pales develop both
a andy fibre textures. EBSD also shows the developmeAl stibgrains during cold rolling. The
elongated Al grains in the as-extruded conditiomehlbeen subdivided and severely fragmented

with rolling strains into substructures with incsed fractions of low angle grain boundaries. The

- 230 -



Chapter 7 Cold rolling of Al/Nb and 6061Al/Nb compesi

similar behaviour of substructure development duextrusion and cold rolling was also observed

in Chapters 5 and 6 for 6061Al alloy and 6061AI/NQxmposites.

The mechanical properties of the cold rolled contpeexhibit significant improvement respect
to the as-extruded samples or pure Al sample i locrohardness testing and three-point
bending tests, showing effective strengthening foohd working and Nb ribbons. The cold rolled
6061AI/Nb(SHX.s sample exhibits highest microhardness values andibg strength of all the
samples due to the higher strength of the mative. fEnsile tests, however, show an abrupt stress
drop in the middle of the tests and limited UTSueasl, probably due to the interfacial debonding

of Al or 6061Al matrix and Nb ribbons resultingimeffective load transfer and early failure.

7.3.2 Effect of Nb particles

The texture development during extrusion and coliihg has been investigated in sections 7.1.3
and 7.1.4 by texture XRD and EBSD analysis. Thexdsided pure Al strip has developed a near
B fibre texture while the composites have cube tateal-cube component with wealandy fibres
and other random texture after extrusion. The marintexture intensities for the three dominant
texture components near Brass (B’), Copper (C’) an&’) positions of the as-extruded samples
have been plotted in Figure 7.29(a) showing almaatdomized texture for the as-extruded

composites due to the additions of Nb particleswt@mpared to pure Al strip.

After cold rolling, the main texture stays nearhetsame with slightly enhanced intensities
(especially near Copper and S components) for pdirstrip. For the composites, increased
intensities at B’, C’ and S’ positions have beersakied as shown in Figure 7.29(b) indicating the
development of fibre formation with rolling strains. However, dlar with SiC and NQX

reinforcement studied in Chapters 5 and 6, thetiatdi of Nb particles have led to a significant
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reduction in the main texture intensities. Simiksults were also observed by Chen and Kanetake
[37] on cold rolled Al/Nb composites and they sugjgd that secondary particles, especially large-
sized patrticles, will give rise to heterogeneitytlod deformation region and lead to independent
deformation and rotations of the grains around\thgoarticles, resulting in a weaker deformation

texture in the matrix composite than that of putetip.

The EBSD analysis in section 7.1.4 shows consistetiire results with the texture XRD analysis.
Figure 7.19(b) shows localized Al grain orientatioaps in the vicinity of Nb particles. Equiaxed
Al grains around the Nb particles have been obskineicating that the large Nb particles could
produce particle deformation zones and restriggrain rotations, discouraging the formation of
elongated Al grains in the vicinity of Nb particlasd leading to weaker texture components when

compared to pure Al strip.

25 -
I =s-extruded Al

I as-extruded Al/Nb
I as-extruded 6061AI/Nb

20 4
I as-extruded 6061AI/Nb(SH)

154

f(9)

10+

(a)
Figure 7.29: Maximum intensity of main texture components neasB (B’), Copper (C’) and S
(S’) positions in (a) as-extruded and (b) coldadlpure Al, Al/Nb, 6061AI/Nb and 6061AI/Nb(SH)
samples.
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25+

. AL,

I AI/Nb, g

I 6061AI/Nb,
I 6061AI/Nb(SH), ¢

20

f()

(b)
Figure 7.29: Maximum intensity of main texture components neasB (B’), Copper (C’) and S
(S’) positions in (a) as-extruded and (b) coldadlpure Al, Al/Nb, 6061AI/Nb and 6061AI/Nb(SH)
samples.

7.3.3 Future work

The present work shows the possibility of develggimgh strength Al alloy/Nb composites by
severe deformation. For future work, ways to imgrthwe interfacial bonding strength of Al based
matrix and Nb particles need to be found out. Iditmh, at the current rolling strains, the Nb
interparticle spacings are not close enough taseffective barriers to mobile dislocations, large
deformation to further decrease the Nb interpatsgacings needs to be carried out to study the

effect of closely aligned Nb ribbons on the mechalproperties despite the work hardening effect.
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8. General Discussion

8.1 Summary of the produced composites
In the present work, the fabrication of Al or 6061Al based composites with three types of
reinforcements of different size ranges has been carried out. The detailed information of the used

reinforcements is summarized in Table &.1.

. . Volume .
Reinforcements Size fraction (%) Hardness (Vickers)
SiC ~500nm 8.5;12.9 2500 [1]
A193F63CI‘2Ti2
<25um 8.5;12.9 220-240 [2
(NQX) K [2]
Nb 130+57 pum 12.9 120-150 (see Chapter 7)

Table 8.1: Properties of used reinforcements at room temperature.

The compacted composite billets have been extruded into bars, strips and some extruded samples
were cold rolled until a final thickness of ~Imm. The representative SEM and OM images (from
Chapters 4 to 7) of 6061A1/12.9SiC, 6061A1/12.9NQX and 6061AI1/12.9Nb composites after
extrusion into bars, strips and final cold rolled samples (6061A1/12.9S1C(SH)s3,
6061A1/12.9NQX3,6 and 6061A1/12.9Nbs6) are listed in Figure 8.1. The micrographs of other
produced composites have not been included since composites reinforced with the same

reinforcement share the similar trend in microstructural development.

It can be seen from Figure 8.1 that the microstructural development has been largely affected by
the additions of different reinforcement type, size, rolling strains and other factors. The
microstructural development related to the reinforcement, matrix and interface during extrusion

and cold rolling will be discussed in detail in Section 8.2.
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Figure 8.1: Representative secondary electron images and optical images of 6061A1/12.9SIC, 6061A1/12.9NQX and 6061AI1/12.9Nb samples
after extrusion into bars, extrusion into strips and final cold rolled samples.
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8.2 Microstructural development during extrusion and cold rolling

8.2.1 Microstructural development related to the reinforcement

Extrusion is known to further consolidate the materials and help homogenize the microstructure.
It can be seen from Figures 8.1(a), (d) and (g) that after extrusion into bars (ER: 16), all the
composite samples have a uniform distribution of reinforcement particles. However, after
extrusion into strips (see Figures 8.1(b), () and (h)) (ER: 6), a homogeneous microstructure has
been observed for micro-sized NQX and Nb reinforced Al composites while particle free bands
and particle rich zones have been observed for 6061Al/SiC composites due to the nano-sized SiC
particles, the inhomogeneity of the as-received billets (produced by high energy ball milling and
HIPing) and the inappropriate extrusion conditions (low extrusion ratio and extrusion temperature).
A detailed discussion regarding the extrusion parameters on the microstructure can be found in
section 5.3.1. It can be seen that although it is difficult to obtain an even distribution of nano-sized
reinforcement due to the large surface-to-volume ratio that produces agglomeration [3], a
homogeneous microstructure can still be achieved by extrusion given the right processing

conditions.

Extrusion has also generated defects in some of the produced composites. It can be seen from
Figures 8.1(e) and (h) that Chevron cracking [4] has occurred for NQX and Nb reinforced Al
composites after extrusion into strips possibly due to the initial poor bonded compacted billets and
a low extrusion ratio (ER: 6). In addition, particle coexisted voids or cracks have been observed
for hard reinforcement particles reinforced composites (SiC and NQX in the present work) after
extrusion into bars and strips. In particular, conical voids have been observed at the interfacial

areas of the as-extruded 6061 AlI/NQX samples aligned along the ED directions (located both at
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front or back sides of the NQX particles). The cavities could be filled by flowing matrix under

high processing pressure and temperature [5].

After cold rolling, it can be seen from Figures 8.1(c), (f) and (i) that a homogeneous distribution
of the reinforcement particles has been achieved for all composites. Some of the larger SiC
particles were broken during the cold rolling, and some cracks have been observed for NQX
reinforced Al composites, which could be related to the Chevron cracking in the as-extruded strip
samples and/or the cavities at the AI/NQX interface found after extrusion. Whereas, only elongated
Nb fibres and not cracks have been observed for Nb reinforced Al composites. It seems that for
hard particles with limited plasticity, severe damages can happen during cold rolling. In addition,
the amount of damage is directly related to the volume fraction and size of the reinforcement. For
a given volume fraction of particles, larger particles generally have greater damages since the
nucleation of voids is easier around large particles and the growth rate of the voids is proportional

to the particle size [6].

It can be seen from the above discussion that damages can happen during plastic deformation,
especially cold working, where the difference of the plasticity between the matrix and the
reinforcement is very important. Two main damage modes, including debonding of the matrix-
particle interface and particle fracture, can take place mainly depending on the relationship
between the particle-matrix interface stiffness and the particle stiffness. Other factors, such as the
shape, size and distribution of the reinforcement and local parameters such as localised stress and
strain field around the particles and the effect of neighbouring particles, etc. all play a role in the
damage nucleation and growth [6]. With appropriate processing conditions, the damages can be

minimised, especially during extrusion.
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8.2.2 Microstructural development related to the matrix

It is already known that extrusion can influence the crystallographic texture in Al alloys [7]. In
section 4.3.1, the as-extruded 6061Al and 6061A1/SiC bar samples have developed a sharp <1 1
1> fibre along the extrusion direction within the matrix. Similar texture analysis has also been
performed by calculating the intensity ratios between the (1 1 1) a-Al peak and the (2 0 0), (22 0)
and (3 1 1) peaks based on the XRD data of cross sectional planes of 6061 Al/NQX composites
after extrusion into bars with the relative intensity of a standard Al powder sample (see Figure 8.2).
The as-extruded 6061AIl/Nb sample is not included in the analysis since the (1 1 1) a-Al peak
overlaps with (1 1 0) Nb peak. Figure 8.2 shows that the Al phase in the as-extruded 6061 Al/NQX
bars have the same trend in texture oriented in <1 1 1> but weaker than the as-extruded 6061Al
and 6061A1/SiC samples, which could be due to the combined effect of the Al grains in the matrix

with the non-deformed Al grains in the NQX particles and the relatively large NQX particle size.

100 —a— Al powder
—e—6061Al
—a— 6061AI/8.5SiC
80 —v—6061A1/12.9SiC
- —e—6061AI/8.5NQX
= ——6061AI/12.9NQX
S 60
>
‘»
[
(0]
S 40+
(0]
=
E /
$ 20- p
0

(111) (200) (220) (311)

Figure 8.2: Texture analysis of the cross sectional planes of 6061Al, 6061Al/SiC and
6061A1/NQX samples after extrusion into bars as well as the pure Al powder as a reference.
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After extrusion into strips, the Al texture has been analysed by texture XRD. There was observed
that the Al texture is composed of different texture components with varied intensities (Chapters
5 to 7). The maximum intensities of main texture components near B’, C* and S’ positions in the

as-extruded Al, 6061Al and composite strips are summarized and plotted in Figure 8.3.

25+
- B
B c
201 B s
15 4
9
[
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Figure 8.3: Maximum intensities of main texture components near B’, C* and S’ positions in as-
extruded Al, 6061Al, 6061A1/SiC, 6061 AI/NQX, Al/Nb and 6061A1/Nb strips.

Figure 8.3 shows that the extrusion of pure Al and 6061Al has led to the formation of sharp B fibre
texture with highest intensities near Brass. For the composites, a reduction in the texture intensities
has been achieved and the reduction extent seems to increase with increasing reinforcement size
and reinforcement volume fractions. These observations are in agreement with the literature [8-
11]. It should be noted that the texture behaviour of the as-extruded 6061AI1/12.9NQX strip is

unusual and the possible explanation has been addressed in section 6.3.2.

The additions of reinforcement mainly have two effects on the matrix texture development during
deformation. With the additions of hard reinforcements, the matrix must deform more to
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accommodate the same macroscopic strain, which would lead to an increase in the matrix texture
intensity [8]. On the other hand, particle deformation zones adjacent to the particles are formed,
which increase with reinforcement particle size and volume fraction [8-11]. The formation of
particle deformation zones can weaken or randomize the texture [12]. In addition, the high
deformation zones could lead to a dynamic recrystallization process depending of the local strain

grade and the deformation temperature, which will also reduce the matrix texture intensity.

After cold rolling, it can be summarized from Chapters 5 to 7 that the cold rolled Al and
6061 AI(SH) strips have developed stronger B fibre texture with rolling strains. For the composites,
the NQX and Nb reinforced composites have developed moderate 3 fibre texture while the cold
rolled 6061 A1/SiC(SH)3 .3 samples have randomized texture with reduced intensities. It can be seen
that the B fibre texture in Al alloys would normally be enhanced with further cold rolling
deformation and similar texture development can be found for MMCs with low volume fraction
of reinforcements. However, for high volume fraction of reinforcements [10] or for fine
reinforcement where the interparticle spacing is comparable to the particle diameter or to the
particle deformation zones around the particles, the texture development is much more

complicated, such as the case for the cold rolled 6061A1/SiC(SH)3 3 samples.

The microstructure of the as-extruded and cold rolled strips has been further analysed by EBSD
techniques. The extrusion of pure Al (Figure 7.17) and 6061Al alloy (Figure 5.8(a)) strips has led
to the formation of elongated grains (subgrain aspect ratio: 1.2-1.5) aligned along the extrusion
direction. For the as-extruded composite strips, elongated Al matrix grains (subgrain aspect ratio:
1.4-1.6 for NQX and Nb reinforced composites) have been observed in the areas away from
reinforcement particles while highly-misoriented equiaxed grains with random texture have been

observed in the vicinity of the reinforcement particles.
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The formation of particle deformation zones in the as-extruded SiC, NQX and Nb reinforced
composite strips has been proven based on Figure 5.15 where the deformation mechanisms at
particles in Al as a function of strain and particle diameter has been shown. If high densities of
dislocations accumulate at the particles during deformation and provide the driving force for
nucleation, dynamic recrystallization by PSN can happen in particle deformation zones [13]. The
effect of the particles on the recrystallization behaviour of the surrounding matrix during
deformation can be quantitatively studied by the Zener-Hollomon parameter (Z). During hot
deformation, thermally activated deformation and restoration processes result in a microstructure
evolution dependent on the deformation temperature and strain rate, which are often incorporated

in to a single parameter, the Zener-Hollomon parameter (Z) [13]:

Z = éexp(-5) (8.1)
where Q is the activation energy for Al self diffusion (142kJ/mol), R is the gas constant
(8.31J/K-mol) and T is the deformation temperature (K). For extrusion, the average strain rate (€)

1s defined as [14]:

. 6VD?InER
§ =g (8.2)

D?n_Dout
where V is the ram velocity, Diy is the billet diameter before extrusion, ER is the extrusion ratio

and Doy 1s billet diameter after extrusion.

According to Humphreys and Hatherly [13], dynamic recrystallization by PSN can occur for larger
particles, lower temperatures and higher strain rates (higher Z) and there is a particle-dependent
lower limit to Z below which the nucleation of PSN will not happen. Figure 8.4 shows the critical
particle diameters for PSN as a function of Zener-Hollomon parameter (Z) [13]. In the present
work, the extrusion of billets (30mm in diameter) into strips (20x6mm, equivalent diameter:
12.4mm) at 375°C gives a strain rate of 3.0s™ and a Z value of 8.1x10'!s™. Based on the calculation

and Figure 8.4, it can be said that PSN has happened for NQX and Nb reinforced Al composites
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during extrusion into strips while no PSN has happened for 6061Al/SiC composites, which is
consistent with the experimental observations in Figure 5.9(b). For 6061Al/SiC composites,
closely spaced SiC particles pin the grain or subgrain boundaries and recrystallization is therefore

impeded.

Figure removed due to copyright reasons

Figure 8.4: The effect of particle diameter on PSN [13].

After cold rolling, the Al matrix grains have been severely fragmented and subdivided into smaller
subgrains with lower aspect ratios for Al, 6061 AI(SH), NQX and Nb reinforced composites while
for cold rolled 6061A1/SiC(SH) samples, fine grains with increased fractions of high angle grain

boundaries have been achieved.

The deformation microstructure development of fcc metals at room temperature has been studied
extensively [15-17]. During plastic deformation, the initial randomly oriented grains rotate to their
preferred orientations, resulting in grain convergence and a reduction of high angle grain
boundaries as deformation proceeds [18]. At the same time, the initial grains will be separated into

cellular or subgrain structures due to the interconnected dislocation tangles. With increasing
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deformation strains, the cell dimensions decrease rapidly and cell multiplication (i.e. the creation
of new walls) take place up until a steady state has been reached, typically within a subgrain size
of 0.2-0.5um [16, 17]. It is believed that the observed reduced subgrain size in the present work
for cold rolled Al, 6061 Al(SH), NQX and Nb reinforced composites is the result of the increased
dislocation densities induced by cold rolling process forming dislocation walls as subgrain
boundaries. Consistent TEM micrograph is also observed in Figure 6.8(e) for cold rolled

6061A1/12.9NQX3 6 showing Al subgrain structure (0.2-0.4um) separated by dislocation walls.

The misorientation distribution plots of as-extruded and cold rolled 6061Al, 6061A1/12.9NQX and
Al/12.9Nb samples are summarized in Figure 8.5 further supporting the development of
substructure during cold rolling. It can be seen that higher fractions of low angle misorientation
boundaries have been observed after cold rolling indicating the development of subgrain structure.
Similar results showing the development of subgrains after plastic deformation have also been

reported by Panigrahi and Jayaganthan [19] on cryorolled 7075Al alloy.
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8.2.3 Microstructural development related to interface

Interface plays a very important role in composites. Based on the XRD analysis from Chapters 4
to 7, it can be seen that no interfacial reaction products, such as Al4C3, AIz3Nb or AINb,, have been
detected after extrusion and cold rolling, which is one of the advantages of powder metallurgy

compared with liquid phase processing techniques that involve high temperatures [20].

For Al-SiC composite systems, as SiC is thermodynamically unstable in Al, the Al4Cs phase is
normally formed at the interface during the composite fabrication with molten Al in the
temperature range from 675°C to 900°C [21-23]. In the present work, the whole process was
performed at the solid state which hindered the formation of any carbides or intermetallics at the
interface. It has also been found that Mg or other solute atoms in the matrix have a tendency to
segregate at the phase boundaries (see Figure 4.10) and possibly forming MgO or MgAl,O4 at the
interface, which can act as diffusion barrier, further restricting reactions between the matrix and

reinforcement particles [24].

For 6061 Al/NQX composite samples, no interfacial reaction products have been observed by XRD
and TEM analysis. In addition, a thin layer of oxides confirmed by EDX has been observed around
the NQX particles. The existence of oxide layers can prevent interfacial reactions as discussed
above, however, may also degrade the interfacial bonding strength, as implied from the studies of

6061A1/NQX composite samples.

The defects of the interfacial areas during extrusion and cold rolling, such as interfacial debonding
and voids formation, have been discussed in section 8.2.1 as well as the effect of particle size,

volume fraction and particle type.
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8.3 Mechanical properties after extrusion and cold rolling

8.3.1 Mechanical properties after extrusion into bars
The microhardness and tensile properties of as-extruded 6061Al, 6061A1/SiC, 6061 Al/NQX and
6061 Al/Nb bars have been studied and described in details in Chapters 4 to 7. Table 8.2

summarizes the values obtained for the mechanical properties.

Materials M(‘;g"}:‘o‘;gz‘gss oy (MPa) UTS (MPa) & (%)
6061Al 5742 13145 205+5 1941
6061A1/8.5SiC ) 19241 28741 1541
6061 A1/12.9SiC 10242 22946 32942 1451
6061 A1/8.5NQX 61+1 14841 21042 1841
6061A1/12.9NQX 642 1462 21241 1741
6061 A1/12.9Nb 682 14141 2121 1141

Table 8.2: Summary of the microhardness and tensile properties of as-extruded 6061Al,
6061A1/SiC, 6061 AlI/NQX and 6061 Al/Nb composite bars.

A linear behaviour between microhardness and yield stress of the as-extruded samples has been

found. A linear fit (see Figure 8.6) gives the relationship to be:

gy = (2.2 £ 0.1) X uHVsg0/200 (8.3)
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Figure 8.6: Linear relationship between yield strength and microhardness of as-extruded bars.

It can also be seen from Table 8.2 that at a given volume fraction, the SiC particles have a more
effective strengthening effect than NQX or Nb particles possibly due to the size effect. It is well
accepted that a reduction of particle size from micron to nano-size will lead to a significant
improvement of mechanical properties especially due to the effect of Orowan strengthening and
thermal mismatch [25]. The increment in yield strength due to Orowan strengthening can be

estimated by Ashby-Orowan equation [26-29],
2

Ed
A __ aMGbIn(=-)
Oorowan = A Ji-v

1= @1(\/%—1) (8.5)

_E
T 2(1+v)

(8.4)

(8.6)

Where Acorowan 18 the incremental yield strength due to Orowan strengthening, o is a geometric

factor having a magnitude of 0.2-0.4 for fcc metals (assume o is 0.3) [30, 31], M is the mean
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orientation factor, G is the shear modulus of the matrix, b is the Burgers vector of the matrix, v is
Poisson’s ratio, E is Young’s modulus of the matrix, A is the average interparticle spacing and d is

the particle diameter. The parameters used for calculation are listed in Table 8.3.

Parameters Value
a [30, 31] 0.3
M [25, 26, 28, 32, 33] 3.06
b (nm) [25, 26, 28, 32, 33] 0.286nm
v [25, 26, 28, 32, 33] 0.33
E (GPa) (Table 4.7) 69GPa
G (GPa) (Eq. 8.6) 25.9GPa

Table 8.3: Parameters used for calculation.

After applying the above values in Eq. 8.4, the increment in tensile yield strength due to Orowan
strengthening for the three types of composites studied can be estimated as a function of the
average particle diameter d and the volume fraction of the reinforcement V,, using the following
equation,

_ 3243.65 In(2.86d)
AGOrowan - 0.89Vp_0'5—1 d (8-7)

Figure 8.7 presents the effect of average particle diameter and the volume fractions of particles on
the incremental yield strength based on Eq. 8.7. It is seen that particle size and volume fractions
have a strong influence of the modelled yield strength. The increment in yield strength due to
Orowan strengthening increases with increasing volume fractions of particles, while drops rapidly
when the particles become larger. An average particle diameter of 500nm gives an incremental
yield strength of 23MPa and 32MPa at a reinforcement volume fraction of 8.5% (6061A1/8.5SiC)
and 12.9% (6061A1/12.9SiC), respectively. For as-extruded 6061AI/NQX and 6061AIl/Nb
composites, the Orowan strengthening can be neglected due to the relatively large particle size and

interparticle spacing.
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Figure 8.7: Incremental yield strength due to Orowan strengthening as a function of average
particle diameter and volume fraction of particles for as-extruded 6061Al alloy based composites
according to Egs. 8.4 to 8.7.

Thermal mismatch, similar to Orowan strengthening, is another indirect strengthening mechanism
due to the microstructural changes of the matrix as a result of the additions of the reinforcement
[34]. The increment in yield strength due to dislocations generated by thermal mismatch can be
calculated by the following equation [26, 27, 32, 35, 36],

Aocrg = &M~ G- perg'/? b (8.8)
where p is the increased dislocation density due to the residual plastic strain developed due to the
difference between the coefficients of thermal expansions of the matrix and reinforcements during

post-fabrication cooling [36]. The increased dislocation density can be expressed as [25, 32, 36],

12-Ac-AT-Vp,

PcTE = Dr(1-Vp) (8.9)

where Aa is the difference in the coefficients of thermal expansion (Aa=aal-asic=24x107°C-1-

4.3%x10°°C1=19.7x10°°C! for 6061A1/SiC composites [26, 32]), AT is the difference between
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the processing and test temperature (AT=450°C-25°C=425°C for 6061Al1/SiC according to Table

3.2) and t is the particle diameter.

After applying all the parameters, the incremental yield strength due to thermal mismatch is also
a function of particle diameter and particle volume fractions. The plotted figure for as-extruded
6061 Al/SiC composites is shown in Figure 8.8. It is quite obvious from Figure 8.8 that the gains
in yield strength due to thermal mismatch have the similar trend with the gains due to Orowan
strengthening that it increases with increasing volume fractions of reinforcement particles while
drops drastically when the particle becomes larger. For 6061A1/8.5SiC and 6061A1/12.9SiC
composites, the modelled increment in yield strength due to thermal mismatch is 55MPa and
70MPa, respectively. For 6061 Al/NQX and 6061 Al/Nb composites, the incremental yield strength
is almost negligible due to the similar thermal expansion coefficients of the matrix and
reinforcement for 6061 Al/NQX and relatively large reinforcement size for 6061 Al/Nb composites.
For example, the modelled increment in yield strength due to thermal mismatch is calculated to be

4MPa for as-extruded 6061A1/12.9Nb sample.
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Figure 8.8: Incremental yield strength due to thermal mismatch as a function of average particle
diameter and volume fraction of particles for as-extruded 6061A1/SiC composites according to
Egs. 8.8 and 8.9.

The modelled incremental yield strength due to the combined effect of Orowan strengthening and
thermal mismatch for as-extruded 6061Al/SiC composite bars has already exceeded the
experimental values according to Table 8.2. The above models all assume a fine microstructure
with no defects. However, small amount of porosity is present in the as-extruded composites
according to the microstructural characterization and from the fracture surface analysis of the as-
extruded tensile samples, interfacial debonding also occurs during tensile tests (see Chapter 4).
Porosity and interfacial debonding can result in the release of dislocations as well as ineffective
load transfer from the matrix to the reinforcement particles, which is probably why the model
overestimates the experimental data. In addition to Orowan strengthening and thermal mismatch,
other strengthening mechanisms such as grain size refinement, modulus mismatch, are also
effective strengthening mechanisms to improve the tensile strength of MMCs. The above

calculations are far from comprehensive. They just provide some reference data to the individual

-254 -



Chapter 8 General discussion

strengthening mechanisms and how reinforcement type, shape, volume fraction and average size
affect their contributions to the overall tensile strength of the composites. It is clearly observed
that a great improvement is obtained when nano-sized particles are used as reinforcement

particles.

8.3.2 Mechanical properties after cold rolling

8.3.2.1 Texture strengthening

According to Chapters 5 to 7, during cold rolling, the Al, 6061Al and the composite samples have
developed crystallographic textures. The preferred orientations of the matrix grains have led to
texture strengthening that is characterized by the Taylor factor, M, which is defined as the ratio

between applied stress (c) and resolved shear stress (tc) according to Eq. 8.10;

M=Z (8.10)

Tc
M values are different for different orientations of crystals. In general, M varies from 2.3 to 3.674
for fce [37]. A larger M value means that the grains in this orientation are harder to deform than
the grains with a smaller M value. For randomly oriented fcc polycrystals, the value of M averaged

over all orientations is 3.06 [37].

The Taylor factors of the Al matrix of the as-extruded strips and cold rolled samples studied in
Chapters 5 to 7 are obtained from EBSD analysis by OIM software and the results are shown in
Table 8.4. Due to the microstructure heterogeneity in the as-extruded 6061Al/SiC strips as
observed in Figure 5.3 and only small areas of EBSD have been conducted, the Taylor factors for

these samples are not provided since the obtained values cannot represent the rest of the sample.
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Taylor Factor (M)
Materials Mecold rotted/ Mas-extruded
as-extruded | cold rolled
Al 3.28 3.39 1.034
6061Al 3.21 3.35 1.044
6061A1/8.5SiC(SH) - 3.03 -
6061A1/12.9S1C(SH) - 3.10 -
6061A1/8.5NQX 3.15 3.26 1.035
6061A1/12.9NQX 3.14 3.21 1.022
Al/12.9Nb 3.17 3.34 1.054
6061A1/12.9Nb 3.15 3.33 1.057
6061A1/12.9Nb(SH) 3.05 3.30 1.082

Table 8.4: Averaged Taylor factors (M) estimated from OIM for the Al matrix of the as-extruded
strip samples and cold rolled Al, 6061Al, 6061A1/SiC(SH), 6061 Al/NQX and 6061 Al/Nb samples.

It can be seen from Table 8.4 that except 6061Al/SiC(SH) composites, cold rolling has led to an
increased Taylor factor while the additions of reinforcement particles have led to a decreased
Taylor factor. According to Table 8.4, M values have increased by a factor of 1.022-1.082 when
compared to the as-extruded strip samples due to texture strengthening. This strengthening
mechanism is not very significant for fcc due to its abundant slip systems. However, for bcc or

especially hcp metals, crystallographic texture has a large effect on mechanical properties.

For 6061Al/SiC(SH) composites, the texture and EBSD analysis in sections 5.1.3 to 5.1.5 show
randomized texture after cold rolling due to the presence of SiC particles. For randomly oriented
fcc metals, the M values should be close to 3.06 [37] which is consistent with the M values
obtained from EBSD analysis according to Table 8.4. No texture strengthening has happened for

cold rolled 6061A1/SiC(SH) composites.
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8.3.2.2 Substructure strengthening

It has been discussed in section 8.2.2 that during cold rolling, the initial Al grains have been
subdivided and smaller subgrains with low angles of misorientations separated by dislocation walls
have been developed for the cold rolled samples. The appearance of subgrain boundaries due to
dislocations has led to additional grain boundary strengthening. A simple Hall-Petch like
relationship has been reported to model the yield stress without taking into account if the
boundaries are low or high angle grain boundaries [38]:

0, = 0y + kyDp~/? (8.11)

y

where the boundary resistance is considered to be constant regardless of the boundary character
and k; is approximately 0.14MPa m'”? for deformed Al [38]. According to the EBSD analysis from
Chapters 5 to 7, elongated Al grains or subgrains with an approximately equivalent diameter of
~2um in the as-extruded strips have subdivided into subgrains of diameter less than 1pm after cold
rolling. Assume the cold rolled Al subgrain diameter is 1pm, then the improvement in strength due
to substructure strengthening is estimated as ~41MPa according to Eq. 8.11. It should be noted
that this is just a rough estimation since ki is suggested to vary with deformation degree and change
with grain boundary angles [39]. However, the trend is clear that grain subdivision has led to

improved strength of cold rolled samples.

8.3.2.3 Work hardening
Despite of texture strengthening and grain refinement, work hardening due to the increased
dislocation density and interactions between dislocations is one of the most important

strengthening mechanisms during plastic deformation.

According to the microhardness analysis from Chapters 5 to 7, the microhardness of all samples

increases with increasing rolling strains with decreased work hardening rate. The reason for
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decreased work hardening rate is explained in detail in section 5.2.1. The simplest model, known
as power law relationship (Eq. 5.1) [30] has been successfully utilised to model the increased
microhardness as a function of rolling strains for the cold rolled Al, 6061 AI(SH), 6061 Al/SiC(SH),
6061 AI/NQX and 6061AI/Nb samples in Chapters 5 to 7. The hardening coefficient K and strain

hardening exponent n have been obtained from the fitted curves and the results are listed in Table

8.5.

Materials K n
Al 8.6 0.40
6061Al1 (SH) 64.1 0.10
6061A1/8.5SiC (SH) 42.1 0.15
6061A1/12.9SiC (SH) 37.4 0.15
6061A1/8.5NQX 24.9 0.40
6061A1/12.9NQX 24.6 0.38
Al/12.9Nb 10.8 0.30
6061A1/12.9Nb 24.8 0.32
6061A1/12.9Nb (SH) 40.6 0.16

Table 8.5: Hardening coefficient (K) and hardening exponent (n) values based on Eq. 5.1.

It can be seen from Table 8.5 that pure Al strip has a lowest K value and a highest n value and
solutes have greatly increased K and lowered n values for the 6061Al alloy. K represents increment
in strength due to work hardening when e=1. Increased K values indicate that the additions of
solutes promote work hardening during cold rolling, which is reported to be due to an increased
rate of dislocation multiplication and a reduced rate of dynamic recovery [40]. The effect of
reinforcement particles on the work hardening capabilities mainly depend on the nature of the
particles. For shearable particles, literature suggests that the overall work hardening capabilities
are reduced [30] while for non-shearable particles, very high initial work hardening rates are
observed due to the additional dislocation loops stored around the particles [30, 41]. However,

reduced K values have been obtained for 6061Al/SiC(SH) samples when compared to 6061 AI(SH)
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possibly due to the increased amount of SiC particle cracking during cold rolling, causing localised

strain softening and a decrease in the overall work hardening rates [42].

The strain hardening exponent n is a measurement of the persistence of hardening. With a low n,
the work hardening rate is initially high and then decreases rapidly with strain. Generally speaking,
high strength materials usually have lower n values than low strength materials [37] and MMCs
with a harder matrix usually have lower n values than MMCs with a softer matrix [43], which is
mostly the case in the present work. It should be noted from Table 8.5 that the Al or 6061Al based
materials have n values from 0.30-0.40 while the solution heat treated materials have n values
within the range of 0.10-0.16 despite the additions of different types of reinforcement, indicating

that n values are largely controlled by the matrix.

-259 -



Chapter 8 General discussion

8.4 References

[1]
2]

[9]

[10]

[11]

[12]

[13]

(16-04-2014). Available: http://www.goodfellow.com/E/Silicon-Carbide".html

N. J. Rounthwaite, "Development of bulk nanoquasicrystalline alloys for high strength
elevated temperature applications," Doctor of Philosophy, Department of Materials,
University of Oxford, 2012.

Y. Yang, J. Lan, and X. C. Li, "Study on bulk aluminum matrix nano-composite fabricated
by ultrasonic dispersion of nano-sized SiC particles in molten aluminum alloy," Materials
Science and Engineering A, vol. 380, pp. 378-383, 2004.

B. Avitzur, "Analysis of central bursting defects in extrusion and wire drawing," Journal
of Engineering for Industry-Transactions of the Asme, vol. 90, pp. 79-90, 1968.

G. L. Belchenko and S. I. Gubenko, "Deformation of non-metallic inclusions during steel
rolling," Russian Metallurgy, pp. 66-69, 1983.

J. H. Schmitt and J. M. Jalinier, "Damage in sheet-metal forming .1. Physical behavior,"
Acta Metallurgica, vol. 30, pp. 1789-1798, 1982.

U. F. Kocks, C. N. Tomé, and H.-R. Wenk, Texture and anisotropy : preferred orientations
in polycrystals and their effect on materials properties. New York ; Cambridge: Cambridge
University Press, 1998.

A. Poudens, B. Bacroix, and T. Bretheau, "Influence of microstructures and particle
concentrations on the development of extrusion textures in metal-matrix composites,"
Materials Science and Engineering A4, vol. 196, pp. 219-228, 1995.

L. Q. Chen and N. Kanetake, "Finite element polycrystal model simulation of cold rolling
textures in deformation processed two-phase Nb/Al metal-metal composites,"
Transactions of Nonferrous Metals Society of China, vol. 15, pp. 64-71, 2005.

F. J. Humphreys, W. S. Miller, and M. R. Djazeb, "Microstructural development during
thermomechanical processing of particulate metal-matrix composites," Materials Science
and Technology, vol. 6, pp. 1157-1166, 1990.

F. J. Humphreys and P. N. Kalu, "The plasticity of particle-containing polycrystals," Acta
Metallurgica Et Materialia, vol. 38, pp. 917-930, 1990.

L. C. L. Ko, "Particle stimulated nucleation: deformation around particles," PhD,
Engineering and Physical Sciences, University of Manchester, 2014.

F. J. Humphreys and M. Hatherly, Recrystallization and related annealing phenomena.
Oxford: Pergamon, 1995.

- 260 -



Chapter 8 General discussion

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

A. Kelly, "Processing of bulk hierarchical metal-metal composites," Doctor of Philosophy,
University of Oxford, 2011.

B. Bay, N. Hansen, D. A. Hughes, and D. Kuhlmannwilsdorf, "Overview no-96 - Evolution
of fcc deformation structures in polyslip," Acta Metallurgica Et Materialia, vol. 40, pp.
205-219, 1992.

J. G. Sevillano, P. Vanhoutte, and E. Aernoudt, "Large strain work-hardening and
textures," Progress in Materials Science, vol. 25, pp. 69-412, 1980.

F. J. Humphreys, P. B. Prangnell, J. R. Bowen, A. Gholinia, and C. Harris, "Developing
stable fine-grain microstructures by large strain deformation," Philosophical Transactions
of the Royal Society a-Mathematical Physical and Engineering Sciences, vol. 357, pp.
1663-1680, 1999.

H. Jazaeri and F. J. Humphreys, "The transition from discontinuous to continuous
recrystallization in some aluminium alloys I - the deformed state," Acta Materialia, vol.
52, pp. 3239-3250, 2004.

S. K. Panigrahi and R. Jayaganthan, "Development of ultrafine grained high strength age
hardenable Al 7075 alloy by cryorolling," Materials & Design, vol. 32, pp. 3150-3160,
2011.

A. Mortensen, J. A. Cornie, and M. C. Flemings, "Columnar dendritic solidification in a
metal-matrix composite," Metallurgical Transactions a-Physical Metallurgy and
Materials Science, vol. 19, pp. 709-721, 1988.

O. Beffort, S. Long, C. Cayron, J. Kuebler, and P.-A. Buffat, "Alloying effects on
microstructure and mechanical properties of high volume fraction SiC-particle reinforced
Al-MMCs made by squeeze casting infiltration," Composites Science and Technology, vol.
67, pp. 737-745, 2007.

G. Mahon, J. Howe, and A. Vasudevan, "Microstructural development and the effect of
interfacial precipitation on the tensile properties of an aluminum/silicon-carbide
composite," Acta Metallurgica Et Materialia, vol. 38, pp. 1503-1512, 1990.

B. Xiong, Z. Xu, Q. Yan, B. Lu, and C. Cai, "Effects of SiC volume fraction and aluminum
particulate size on interfacial reactions in SiC nanoparticulate reinforced aluminum matrix
composites," Journal of Alloys and Compounds, vol. 509, pp. 1187-1191, 2011.

R. Mitra, V. S. C. Rao, R. Maiti, and M. Chakraborty, "Stability and response to rolling of
the interfaces in cast AI-SiCp and Al-Mg alloy-SiCp composites," Materials Science and
Engineering A, vol. 379, pp. 391-400, 2004.

-261 -



Chapter 8 General discussion

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

D. Poirier, R. A. L. Drew, M. L. Trudeau, and R. Gauvin, "Fabrication and properties of

n

mechanically milled alumina/aluminum nanocomposites," Materials Science and
Engineering A, vol. 527, pp. 7605-7614, 2010.

M. Wang, D. Chen, Z. Chen, Y. Wu, F. Wang, N. Ma, et al., "Mechanical properties of in-
situ TiB2/A356 composites," Materials Science and Engineering A, vol. 590, pp. 246-254,
2014.

A. Sanaty-Zadeh, "Comparison between current models for the strength of particulate-
reinforced metal matrix nanocomposites with emphasis on consideration of Hall-Petch
effect," Materials Science and Engineering A, vol. 531, pp. 112-118, 2012.

J. Ye, B. Q. Han, Z. Lee, B. Ahn, S. R. Nutt, and J. M. Schoenung, "A tri-modal aluminum
based composite with super-high strength," Scripta Materialia, vol. 53, pp. 481-486, 2005.
A. Kelly and R. Nicholson, Strengthening methods in crystals. Amsterdam ; London:
Elsevier Pub. Co, 1971.

R. N. Lumley, Fundamentals of aluminium metallurgy : production, processing and
applications. Cambridge: Woodhead Publishing Ltd, 2011.

X. G. Qiao, N. Gao, and M. J. Starink, "A model of grain refinement and strengthening of
Al alloys due to cold severe plastic deformation," Philosophical Magazine, vol. 92, pp.
446-470, 2012.

H. Sekine and R. Chen, "A combined microstructure strengthening analysis of SiCp/Al
metal-matrix composites," Composites, vol. 26, pp. 183-188, 1995.

M. Song, "Modeling the hardness and yield strength evolutions of aluminum alloy with
rod/needle-shaped precipitates," Materials Science and Engineering A, vol. 443, pp. 172-
177,2007.

Y. Wu and E. J. Lavernia, "Strengthening behavior of particulate reinforced MMCs,"
Scripta Metallurgica Et Materialia, vol. 27, pp. 173-178, 1992.

R. J. Arsenault and N. Shi, "Dislocation generation due to differences between the
coefficients of thermal expansion," Materials Science and Engineering, vol. 81, pp. 175-
187, 1986.

Z. Zhang and D. L. Chen, "Consideration of Orowan strengthening effect in particulate-
reinforced metal matrix nanocomposites: A model for predicting their yield strength,"
Scripta Materialia, vol. 54, pp. 1321-1326, 2006.

W. F. Hosford, Mechanical behavior of materials, 2nd ed. Cambridge: Cambridge
University Press, 2010.

-262 -



Chapter 8 General discussion

[38]

[39]

[40]

[41]

[42]

[43]

N. Hansen, "Hall-Petch relation and boundary strengthening," Scripta Materialia, vol. 51,
pp- 801-806, 2004.

D. Abson and J. Jonas, "The Hall-Petch relation and high-temperature subgrains," Metal
Science, vol. 4, pp. 24-28, 1970.

G. E. Totten and D. S. MacKenzie, Handbook of aluminum. New Y ork ; Basel: M. Dekker,
2003.

L. M. Cheng, W. J. Poole, J. D. Embury, and D. J. Lloyd, "The influence of precipitation
on the work-hardening behavior of the aluminum alloys AA6111 and AA7030,"
Metallurgical and Materials Transactions a-Physical Metallurgy and Materials Science,
vol. 34A, pp. 2473-2481, 2003.

M. T. Kiser, F. W. Zok, and D. S. Wilkinson, "Plastic flow and fracture of a particulate
metal matrix composite," Acta Materialia, vol. 44, pp. 3465-3476, 1996.

M. Soliman, A. El-Sabbagh, M. Taha, and H. Palkowski, "Hot deformation behavior of
6061 and 7108 Al-SiCp composites," Journal of Materials Engineering and Performance,
vol. 22, pp. 1331-1340, 2013.

-263 -



Chapter 9 Conclusions

9. Conclugons

This thesis has studied microstructure and mechhmpeoperties of Al or 6061Al alloy

reinforced with nano-sized SiC particles (~500nmigro-sized quasicrystalline alloy particles
(<25um) and micro-sized Nb particles (~130um) fedied by powder metallurgy routes
followed by secondary processing techniques inalgidéxtrusion and cold rolling. The main
objective is trying to understand the effect of thatrix, reinforcements and the fabrication
process on the microstructure and mechanical ptiepesf the composites. The most important

results from the experimental work and discussaessummarized as follows:

1. Powder metallurgy routes are effective methodautweassfully fabricate Al alloy based
composites with a homogeneous distribution of megment particles. Secondary
processing techniques including extrusion and oallthg have been proven to be useful
techniques to further consolidate the materialduce porosity and homogenize overall
microstructure. No interfacial reaction productsvédnebeen detected for the studied
composites after extrusion and cold rolling, whistone of the advantages of powder
metallurgy compared with liquid phase processinghnéues that involve high
temperatures [1]. However, damages, such as iotalidebonding and particle fracture,
can happen during plastic deformation, especiafiid aolling, mainly due to the
different plasticity of the matrix and the reinfernent coupled with other factors. The

damages can be minimised given the appropriateepsing conditions.

2. Extrusion parameters, such as extrusion temperangeextrusion ratio, have found to

largely influence the microstructure of the studiedmposites. A low extrusion

temperature and extrusion ratio lead to a nonefit flow of the matrix alloy,
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resulting in a non-homogeneous distribution of ipee$ among the matrix alloy

generating banded structures.

. For the studied composites after extrusion intosbdy linear relationship between
microhardness and tensile yield strength:= (2.2 + 0.1) X uHV500/200, has been

found. 6061Al/SIC composites exhibit superior metbal properties than either
unreinforced alloys or composites reinforced witicnmsized particles with retained
ductility while 6061AI/NQX and 6061AI/Nb compositesfiow limited improvement in

tensile strength mainly due to the size effectha teinforcement and poor interfacial
bonding. The particle size can significantly afféatowan strengthening and thermal
mismatch mechanisms, both of which increase witliemsing reinforcement volume
fractions while drop rapidly with increasing reinfement diameter. In addition, the
application of aging heat treatment results in enhd mechanical properties due to

precipitation hardening.

. After extrusion into strips, pure Al and 6061Aligs have developed shafpfibre

textures with highest intensities near Brass. Tdditens of NQX and Nb reinforcement
have led to a reduction in the texture intensiaesl the reduction extent generally
increases with increasing reinforcement size arldrve fractions due to the formation
of particle deformation zones adjacent to the gagi The particle deformation zones
have led to dynamic recrystallization due to PSNNQX and Nb reinforced composites
during extrusion while particle pinning and impedeecrystallization have been

occurred for 6061Al/SiC composites due to the nsiged particle.
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5. After cold rolling, the weak and mostly random text in the as-extruded strips has
gradually evolved into stable orientations ngéibre with most intensities near Brass or
Copper orientations for cold rolled NQX and Nb fensed composites. The initially
elongated Al matrix grains have been severely feged and subdivided into smaller
subgrains with higher fractions of low angle misatation boundaries. For SiC
reinforced composites, however, the texture inteasshave greatly reduced during cold

rolling and a randomized texture with small equéageains has achieved.

6. The mechanical properties of cold rolled composiéenples exhibit some level of
improvement when compared to the as-extruded coibegas terms of microhardness,
three-point bending tests and tensile tests. Tigléecurves of cold rolled 6061AI/NQX,
Al/Nb and 6061AI/Nb composites have an abrupt Idexp in the middle of the tests and
limited UTS values probably due to the microstroetuefects formed during cold

rolling and interfacial debonding.

7. Texture strengthening, substructure strengthenimdyv@ork hardening are three main
strengthening mechanisms responsible for the inggtenechanical properties after cold
rolling. Texture strengthening manages to increheestrength of cold rolled materials
by a factor of 1.022-1.082 when compared to asueetl strips (except 6061AI/SIC(SH)
samples). Although it is not very effective for dehed fcc metals due to their abundant
slip systems, it can be achieved without sacrifciother properties. Substructure
strengthening due to the appearance of subgraindaoies has led to additional grain
boundary strengthening which can be expressed bialBPetch like relationship. A
rough estimation shows that the improvement indysttength due to grain or subgrain

refinement in the present work is around 40MPa. RMwairdening behaviour can be
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modelled by a simple power law relationship and largely affected by the matrix type,

the additions of solutes and reinforcement pasdicle

. The fabricated 6061AI/NQX composites in strip shapiy an extrusion ratio of ER: 6,
are not very successful. Interfacial debonding @hdvron cracking have been observed
after extrusion and the cracks further grow intganaracks in sizes of hundreds of
microns after cold rolling which seriously deteater the mechanical properties.
Methods to improve the interfacial bonding and miise the production defects, such as
applying higher temperature and larger pressurmgwonsolidation or high energy ball

milling to break up the oxide layers around theipkes should be further tested.

. The fabricated AI/Nb and 6061AIl/Nb composites depelinto microstructures

containing Al matrix and Nb planar fibres alignearallel to the rolling plane during

cold rolling. Limited improvement in mechanical pssties of these rolled composites
has been found since the Nb interparticle spacergsnot close enough to act as
effective barriers to mobile dislocations at therent rolling strains. Larger deformation
should be carried out to further decrease the Ndrparticle spacing and the effect of
closely aligned Nb filaments on the mechanical props should be studied despite of

the work hardening effect.

Based on the present work, several strategiesuttoird development of new Al alloy based

composites have been given: For matrix alloy, tbe of heat treatable or non-heat treatable Al

alloys should mostly depend on the composites’ iegjpbns. Generally speaking, the heat

treatable Al alloys have higher strength due taipration hardening. The 6xxx series Al alloys

have a very good combination of high strength, faility, corrosion resistance and weldability
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which result in varieties of applications in ditéet areas [2]. For reinforcements, the mechanical
properties of the composites generally increasé witreasing reinforcement volume fractions
and decreasing reinforcement size. However, cangfetautions need to be taken to avoid
agglomerations. For composite fabrications, powatallurgy has many advantages. The
atomised raw powders generally have fine microstnecwhich is beneficial to mechanical
properties. High energy ball milling is useful tabficate nano-sized particulate reinforced
MMCs with minimised clustering issues and strontgrface bonding. Secondary processing
techniques including extrusion and cold rolling aseful techniques to consolidate the materials
and homogenize overall microstructure. Appropriggecessing conditions, such as an
appropriate extrusion ratio and temperature, shbalihvestigated to avoid processing defects.
For Al-SiC systems, composites extruded at 450-60@8fth an extrusion ratio larger than 10
generally have a homogeneous microstructure withmimmsed defects. Cold rolling can
significantly improve mechanical properties, howewgenerate damages as well. Methods, such
as little rolling reductions per pass or inter-passealing, should be carried out to minimise the
damages. All the processing steps should be caougdcarefully such that no undesirable
interfacial reactions can happen. For DPMMCs (8legNb systems), rolling only cannot have
enough deformation strains to bring the reinforcetnfiéres close enough as effective barriers to
mobile dislocations, larger deformation modes saghdrawing, swaging or accumulative roll-

bonding (ARB) are more suitable for producing DPM$/Gr high strength purposes.
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