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1. Introduction

To meet our increasing demandsetallic materials with high specific strength
and good ductility are indispensable for structural applications [1]. Sever&mons
alloys are considered as a good candidate for replacing the ferrousaunetédsa
light-weight and thus good strengfiirweight ratios. However, the improvement in
these properties becomes an urgent issue under the current energy crisis. Among the
various processing methods applied to improve the mechanical properties and
addtional functionalities, processing of metals through the application of severe
plastic deformation (SPD) {2] has attracted much attention as a potential technique
for achieving ultrafinggrained (UFG) materials which are referred as interface
controlledmaterials through the special arrangement and control of grain boundaries
[4] which lead to significant changes in their mechanical responses.

Within a numerous number of the reported SPD techniquesphégisure
torsion (HPT) [5] has defined as one of thhost powerful techniques [6] for achieving
true nanostructures within a diskaped bulk material by imposing very high torsional
strain under compressive pressure. A unique feature of such ulgadimed metals is
that there is a potential to improleth strength and ductility, while it is uncommon
when considering the paradox of strength and ductility where most materials are either
strong but brittle or simply soft without strength. In practaoeexample shown in an
earlier report demonstratecettrengthening of an aerospapade At7075alloy
after HPT processing while maintaining reasonable formabilityéfeover, HPT
processing demonstrated successful deformation oftbatdform materials such as
Mg alloys [8] and bulk intermetallic comounds [912] even at room temperature
(RT). However, it has been described that thesesaturation in grain refinement and
thus it results iran upper limit of improving the mechanical properties in metals and
alloys, by grain refinemeniLp]. Therefoe, there is a difficulty for achieving superior
properties by a single SPD technique unless additional processing is applied to the as

processed materials415].
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Numerous point and line defects are introduced during HPT processing which
accommodate thagnificant grain refinement and furthermore accelerate the atomic
mobility even at room temperature$]1Therefore, HPT has been applied for the
bonding of machining chips 7320] and the consolidation of metallic powderd{20|
in recent years. Nevesrless, these processes often require high processing
temperature and/or twstep processes for powder compaction prior to HPT
processing to avoid the damage on anvils.

Accordingly, a new approach of solitlate reaction by applying conventional
HPT procesing has been developed for the mechanical bonding of dissimilar metals
atroom temperatures in the past five years. The goal of this approach is to improve the
mechanical properties and lightweighting of materials by the bonding of dissimilar
metals. Thusin this study, mechanical bonding of dissimilar metals of Al andsMg
conducted by applying HPT having a unique sampleigett room temperature. A
series of characterizations are conducted to show the microstructural evolution and
enhanced mechanigatoperties of the synthesized-Mg hybrid materials after HPT
up to 60 turns. Specifically, analyses evaluated a severe mixture of dissimilar metals,
mechanisms of the improved strength, and stretagtieight ratio of the
mechanically bonded Allg system A special emphasis placedon evaluating the

feasibility of the mechanical bonding through HPT for scalipghe samples size.



2. Literature Revia/

2.1 Grain refinement &Jltrafine grained materials

Numerous numbers of studies have been conducted on grain refinement of
crystalline materials to improve mechanical properties to meet the increasing
demands. Among mechanical properties, strength and ductility are considered as the
most important propertsefor the structural materials. In general, these properties
depend on the microstructure of the material and are highly affegtgihin size. At
low temperatures, typically at temperatures below ¥@.@hereTn is the absolute
melting temperature, most metals follow a relationship suggested by Hall and Petch
[31,39 describing a correlation between yield stréss,and the grain siz&), of the
metal, which is given by the following form:

A £ QqQ 7 P

whereA is the lattice friction stress ar@ is a yielding constant. Thus, .€d)
implies that an increase in yield strength is induced by a reduction in grain size.

There are numerous advantag#ser than improvement in hardnegsen
grain refinement is achieved to subgrsime and further down to nanoscale grains
[33,34], such as enhanced strain rate sensiti@5y}, [better wear resistancgq,37]
and improved electrical conductivitgg]. Therefore, there has been enormous studies
to produce polycrystalline materials having small grain sizes, so called ukrafine
grained (UFG) materials. A term of UFG materials is first defined more than a decade
ago ] as polycrystals having an average gisie less than ~1 um, specifically scale
of submicrometer (100 nAl pm). Moreover, further grain refinement produces a
finer microstructure having true nanometer grain sizes (less than 100 nm), thereby
production of bulk nanostructured materials (BNMUBUFG materials are defined
with additional criterion that the microstructure needs to be reasonably homogeneous
with equiaxed grains having higingle grain boundarieg][which result in the

advanced and unique properties of the materggs [



2.2 Severe plastic deformatigisPD)

Over the last few decades, there hasn extensive numbers of reports in the
field of SPD to introduce bulk UFG/nanostructured materials for improving the
mechanical properties which are not achievable due to a limitdtgraio size
reduction by the conventional thermmechanical processing including uniaxial
tension and compression, extrusion, rolling and drawing. SPD processing refers to a
technique of metal processing in which very high strain is imposed on matadals
thereby achieving exceptional grain refinement which leads to superior mechanical
and physical properties. The material is required to retain the overall dimensions
reasonably after the process with imposiegy high plastic strain. The special
geometies of the SPIprocessing machingsoduce a significant hydrostatic pressure
induced by prevention of free flow of the materials. This hydrostatic pressure is
essential tantroducehigh imposed straiteading tothe generation diigh densities of

points andattice defectsvhich resulted inthe significant grain refinemeng]

2.2.1 Classification of severe plastic deformation

Numeous techniques are now available for SPD processing which enable to
fabricate the UFG materialdmongthe various SPD methods, eqiealnnel angular
pressing (ECAP) and higbressure torsion (HPT) atlee most promising techniques
to produce smaller grain sizes and larger fractions ofaigiie grain boundaries than
other SPD techniqued(,4]. In addition, there are accumulated 4odinding (ARB),
multi-directional forging (MDF), twist extrusion (TE) and others.

As illustrated in Fig. 2.2.1 [2], the principle of ECAP involves the pressing of a
rod- or barshaped billet within a constrained chehwhich is bent at a specific angle
[42].
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Figure2.2.1 Schematic illustration of ECAP [2]

The billet receives a simple shear strain during the ECAP process only when
the billet pass through intersection of the two channels. The equivalentstrain,
applied to the billet after ECAP is given by the fodf][

R 0 Mo cAl OIc p (8 AT OAK 7c C
where is the angle between two parts of the channel arglthe angle representing
the outer arc of curvature at the intersection of two channeg) aignotes the
number of passes. The ECAP die has two channétstmetsame area of cressction
so that the multiple pass processing is available to induce higher strains leading
ultimately to the formation of UFG materials.

The accumulated roll bonding (ARB) is first invented by Saital [44]
through a use of ewwentional rolling facility with a modification of sample
preparation procedure. In practice, the ARB process includes several steps. A sheet
metal is rolled with a thickness reduction of 50 % and then cut into two halves. These

thinned and cut sheets atackedafter cleaning up the contact faces using a-wire



brushing for better bondirgnd then rolled again to achieve a thickness with a
reduction of 50 %. Thus, multiple processing cycle attributes to the accumulation of a
large strain to the sheet theyed producing an UFG structure. The ARB process

introduces the equivalent strain varies with the number of cyiclegjiven by-

& 1 [44]. The grain morphology after ARB processing reveals a parddake
structure elongated along a rolling direction instead of overall homogeneous
microstructure with equiaxed grains. The produced materials thus often demonstrate

an anisotropic mechanicalsgonse.

2.2.2 Historyand principleof high-pressure torsion

In 1940s, itwas demonstrated by Bridgman that torsion tests under hydrostatic
pressure attribute to increase in the fracture strain of the material [45] and this work is
now considered ahefirst report of highpressure torsion (HPT) where a history of
HPT processing was summarized elsewhere [46]. The priscptae HPTarewell
defined in an earlier review report [5]. Specificalythin diskshaped material is
placed between the uppand lower anvils, and then large torsional straining is
subjected to the disk by the rotationtloé bottom anvil while high hydrostatic
pressure is applieduring the process

The anvil tup for HPT has been developed with three different types of
proaessing, namely unconstrained, constrained and-goastrained HPT, and these
are well described with figures in an earlier report where these three anvil

configurations are shown in Fig. 2247].
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Figure2.2.2 Schematic illustration of HPT for (a) unconstrained and (b,c)
constrained conditions [47]

The HPT processingasfirst developed with the anvils having an
unconstrained condition in which, as shown in Fig.2&), the disk sample flow out
freely during torsional straining under high pressure. Therefore, there is a continuous
decrease in the thickness of materials during HPT processing, especially in peripheral
regions, and a shape of the disk is poorly defibrgk to the drawback of the
unconstrained HPT, constrained HRas developed for processing where there is a
hollow cylinder wall covering the anvil set and a sample so that the disk sample is
deformed while the procedure reasonably maintains the dimension of the disk.
However, the matial flow out into the gap between the cylinder wall and the anvils
due to the inevitable tolerance. In addition, huge friction is generated between the
sample and the cylinder wall resulting in an unintended heat generation, and thus the
processed matelireceives inhomogeneous deformation and a resultant
heterogeneous microstructufienerefore, a quasionstrained HPT setp was
developed to overcome the disadvantages of these two types of anygssaid a
schematic illustration of the anvil sep for quasiconstrained HPT is shown in Fig.
2.23[48].



Figure2.2.3 Schematic illustration of HPT machine [48]

The disk is placed within a cavity of the lower and upper anvils and this
geometry has an advantage to apply higher pressurénifibkethickness of the
sample should be thicker than the sum of the depths of the cavities to prevent a direct
contact of the anvils which causes a failure of the anvils. Thus, a small amount of the
materials flows out into a small gap between the a®timostly during loading of
compressive pressure and an early stage of the torsional straining so that the
hydrostatic pressure is generated due to a back pressure induced in the area marked as
grey color in the illustratior48]. However, the quasionstained HPT requires a
well-aligned anvil set because the central axis of the anvil set is not fixed unlike the
constrained HPT. The finite element simulation computed the induced effective strain
with the anticipated sample shapes for these three diffigyeed of the HPT anvil
configurations and the results are shown in Fig42vhereHPT processing was
simulated under an applied pressireof 1.5 GPa for one revolution with a rotational

speed of 1.0 rpn¥p).
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Figure2.2.4 Distribution of effectie strain across the vertical cressction of disks
after HPT for 1 turn at 1.5 GPa under different constraining conditions [31]

For constrained HPT, the sample received highest strain at a limited region
near surfaces at the peripheral regions of the disk whereas almost zero strain applied at
a large volume at the disk center. On the other hand, the unconstrained HIPT set
revealshigh strainingout instead a significant loss of sample volume. Unlike these
two setups, the quastonstrained HPEetup demonstrates a reasonably
homogeneous distribution of effective strain at the disk periphery after 1 HPT turn
while maintaining thénitial thickness and shape of the materials during the process.

The imposed shear straim,during the torsional straining can be calculated
by the following relationship for the quasonstrained HPT condition [49],
¢ 01
Q
whereN is thenumber of revolutiong, is the distance from the center of the disk, and

r

o

his the disk thickness. An earlier paper considered the imposed straining by
considering a change in the disk height during HPT processing [49]. Nevertheless,
using the relation i&een shear strain and equivalent strain, von Mises equivalent
strain is described in the following form [50]:

¢“ 01

- —— T
Mo
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These equations imply that the imposed stiraineases whetihe number of

revolutions increases, the distance fromdis& center increases, atie thickness of

the disk decreases while the minimum thickness of the disk sample should be more
than the total depth of a pair of the anvil cavities. Therefore, the maximum applied
strain is achieved at the disk edge and ite@ses toward the center of the disk, and
theoretically the imposed strain is zero at the disk center. As a result, it is difficult to
achieve a homogeneous microstructure within a disk. However, numerous researchers
have been reported firm experimentauis to achieve reasonably homogeneous
microstructure when reasonably high strain is introduced by increasing numbers of
HPT turns to materials.

For better explanation, there are two earlier reports showing the significance of
increasing numbers of HPTrhs to achieve a homogeneous microstructure, thus
demonstrating homogeneous hardness across the disk diameters of Al and Mg alloys.
Figure 2.2.5 represents (a) the overall hardness distribution on the surfaces-of an Al
1050 alloy processed by HPT under @Ba for 1/4, 1 and 5 turns [51] and (b) the
hardness variations with error bangasured at near mgectiors along the disk
diameter of a ZK60A alloy processed by HPT up to 5 turns under 6.0 GPa and the
lower dashed line denotes the hardness value of teetagled ZK6@\ [52].
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a Al 1050
HPT: 6.0 GPa, RT, 1 rpm
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Figure2.2.5 (a) Coloicoded hardness contour maps forl@60 after HPT for 1/4, 1
and 5 turns under 6.0 GPa [51] and (b) hardness variation along the disk diameters of
ZK60A after HPT for 0, 1/4, 1/2, 1, 3 and 5 turns under 6.0 GPa; the lower dashed line
indicates the Vickers microhardness value of ~72 in thex@isided condition without
HPT and the error bars are at the 95% confidence level [52]

Since the microstructure significantly affetd the hardness of materials, the
hardness measurements are comgasked to evaluate the evolution of
microstructure through the HPT process. The hardness distributions for both Al and
Mg alloys revealed a similar trend whiéere number of HPT turns increases. The
hardness at the peripheral regions drastically incdesasereachd much higher than
the disk center where thenes almost no hardness evolution before and after 1/4 turn
of HPT processing in ALO50 and ZK60A alloys. After 1 turn of HPT, the high
hardness at the disk edges slightly incrdas®l the hardness the disk central
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regions remained consistent in both alloys. After 5 turns of HPT, the overall hardness
values increased significantly in comparison with the materials prior to processing and
the achieved high hardness become reasonably homogeneouthaldiegneter with

the saturated Vickers microhardness valtis,of ~65 and ~110 for ALO50 and

ZKG60A, respectively. Since both Al and Mg alloys exhibit the strain hardening
behavior, it is possible to achieve homogenous hardness evdhutaighout the disk

and reasonably homogenous microstructure by applying higher torsional straining by

increasing numbers of HPT turns [53].

2.2.3 Paradox of strength and ductility
UFG metals processed by SPD generally demonstrate higher strength than

coasegrained metals due to strengthening by grain refinement as expressedl)y
whereas exhibiting very low ductility at ambient temperatures. This behavior of
engineering metals is so callpdradox of strength and ductilif$4] which is

appropriatfy def i ned as fAmaterials may be strong
[55,56]. At ambient temperatures, a decrease in the ductility of UFG metals is mainly
attributed to low strain hardening rate combined with low strain rate sensitiyity,

during phstic flow. Therefore, an important requirement for enhancing the ductility of
UFG metals is to increase a rate of strain hardening to effectively block and
accumulatehe number of dislocations3]. The onset of necking can be delayed so

that the materials are able to exhibit reasonable levels of tensile ductility only if the
high value oimis accompanied with the high value of strain hardening e The

grain boundaries become the sourcegifslocations to sink without much

accumulation when grain size becomes very small, so that the grain boundaries are no
longer effective to accumulate the number of dislocatibff [n this way, the rate of

strain hardening become lower, thereby lingtthe elongation of failure of the UFG
materials $9-61]. The paradox of strength and ductility is presented in a plgietdf

stress versus elongation to failuvegh the experimental datum points for Al and Cu

with different coldrolling amount red cides and blue squasgrespectively, as shown



13

in 3.Fig. 2.26[62]. Thus, as these reference materials show in therptust
engineeringnaterialsafter mechanical processitig in the shaded areadicating that

the materits show either high strength tivilow ductility or low strength with high

ductility.
800 T T
nano Ti Al-7%Si
700 - m Strain rate: 1.0 x 102 s ™
HPT temp. (K

600 - O 298 7
[l 445

500 A As-recieved B

nano Cu  —e—Valiev et al. (2002)|
u —&— Valiev et al. (2002)
B Valiev et al. (2002)

400

300

Yield stress (MPa)

200

100 - 35%330 -
A}\\‘.O i

0 50 100 150
Elongation to failure (%)

Figure2.2.6 The diagram showing the strengthctility paradox as developed by
Valiev et al[54] where the shaded area represents the conventional behavior, the
region of high strength and high ductility lies to the right of the solid and broken line
and the numbers marked with percentages denote the reduction in thickness after
rolling: the restis for the Al 7%Si alloy are superimposed on the plot and the
displacement to the right with increasing number of HPT tiNnis indicated by the
arrow [62]

The points denoted as nano Cu and nano Ti indicate exceptional results to the
paradox laying bgond the shaded area with excellent combinations of high strength
and high ductility after processing through ECAP and HPT, respectb4lyAlso,
the A7 % Si alloy after HPT processing reveals a clear trend of increase in both yield
stress and ducttly with increasing number of HPT turns at the processing
temperatures of 298 and 445 K when testingsitain rate op8t p mi [62].

The enhancement of strength is due to the grain refinement and the exceptional
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ductility is due to a transition of é@mation mechanism from diffusiecontrolled

flow process to grain boundary sliding (GBS362]. The enhanced diffusivity by
larger fraction of norequilibrium grain boundaries introduced during SPD processing
attributes to the activation of grain bowamg sliding even at ambient temperatures.
These experimental evidences demonstrate the feasibility of SPD to introduce UFG
materials which overcome tiparadox of strength and ductilitthereby achieving

both high strength and excellent ductility eveambient temperatures.

2.3. Bulkstate reaction of dissimilar metals

2.3.1 Formation of hybrid nanostructured materials
There are numerous reports demonstrating mechanical bonding of dissimilar
metals with applying the conventional rolling procedure. Chedrad [63] reported the
fabrication of Mg/Al multilayes by coldroll bonding of separate Al and Mg at
ambient tempetture. Thereafter, Macwaet al.[64] reported the fabrication of an
Al/Mg/Al tri -layer by a clagrolling process by means of a conventional rolling

technique and a schematic illustratmfrthis techniqués shown in Fig. 2.3.1.

Figure2.3.1 Schematidlustrationof roll cladding process [64]
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This study demonstrated Mg layersin a good bonding conditiorithout
any voids anghowedhe improvement of mechanical properties such as ultimate
tensile strength and elongation to failureorder © acheve further grain refinement
and enhance mechanical properties of alloy shaetstieof dissimilar metals have
been processduay the applicatiorof ARB for the AFCu [65, 66|, Al-Mg [67-69] and
Al-Zn [70] systems. The principle of this process is santlk the ARB processing,
butadifference is thastacking sheets afissimilar metals werappliedinstead obne
kind of metal and alloyThese studies demonstrated the increase in mechanical
propertiesof the hybrid alloy sheewfter ARB processing, but the ARBocessed
fine-grainedmetals often fail to achieve homogeneous microstructua# directiors
and show anisotropic plastic bef@s along the rolling direction and the through

thickness direction7[1].

2.3.2 Architecturing of hybrid materials by HPT
In addition to claddingvith anARB processseverakreports demonstrated
recentlythe mechanical bonding of dissimilar metals tigiothe application oHPT
with a fewdifferent sample saips. Figire2.3.2 shows one of the first reports
demonstrating the solistate reaction of Al and Guhere (a) a schematic drawingaof
sample seup prior to HPT andb) the photos showing thehge of the samplbefore
andafter HPT processiny2].
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Figure2.3.2 (a) Schematic illustration of HPT processing andlfbpeof Ali Cu
sample before HPT and after HPT for 100 turns [72]

Two semicircular dislks of Al and Cu were placed in the lower anvil to
delineate a complete disk shape and then procéssd@Tfor 100 turns at 6.0 GPa.
A microstructural analysis demonstrated the formation of distortécuAamellar
structures with the nangcale layers. Ftinermore, the HPT processing for 100 turns
induced a formation of two intermetallic compounds ofCAl and AlCw. The
accelerated diffusionnder high pressure and torsion procesattriputes to the solid
state reaction of ACu and formation of interntallic compoundsit room
temperatureAnother experimental and computatiostldywas conducted for a
similar but different sample sep for architectiringa spiralstructure and texturie
anAl-Cu compositeq3]. Figure2.3.3 shows aesult from computional modeling
wherethe HPT-processed hybridampleshowing the spiral structure and the
deformed @ and Al alloys in separate figurds practice, he four quartecircular
disks of an Al6061 alloy and pure Cu were used for HPT processing at 2.5 GPa for 1
turn. This study demonstrated the potential for fabricatin@@hybrid materials,
however, there is no detailed microstructure information evaila
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Spiral
Architecture

Figure2.3.3. Computational model for the Hipfocessed hybrid sample showing the
spiral structure [73]

Following thesegoreliminarystudies, a simpler procedure is introduced for the
direct bonding oflissimilar metals by mean of the conventiddRT process oAl
andMg by simply stacking two Al disks and Mg diskthe order of Al/Mg/Al
without any surface treatment attis study was reported fpublicationg 74-80].

This unique sample sep of HPT processingas beempplied forseveraldifferent
metal combinations such as Al/Cu/&1], Al/Fe/Al [82], Al/Ti/Al [82], Cu/Al/Cu
[83], Cu/ZnO/Cu[84], Zn/Mg/Zn[85], Fe/V/Fe[86,87], and \-10Ti-5Cr/Zr-2.5Nb/V-
10Ti-5Cr[88].
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3. Experimental procedures

3.1 Materials angample preparation

This study uses two sets of Al and Mg alloys. The first set includes a
commercial purity aluminum, ALO50, containing 0.40 v@ Fe and 0.25 wt.% Si as
major impuritiesand a ZK6@ magnesium alloy containing 6.0 wt.% Zn and 0.72
wt.% Zr. The second set includes the consistieatAl-1050aluminum alloy described
above and a commercial 2 magnesium alloy containing 3 wt.% Al and 1 wt.% Zn

Two differentsample sizeare appliedor grain refinement processiigthis
study. Firstastandard specimen singth a diameter 000 mmand thicknesses of
~0.80 mm isused for most of the experiments in this stuihye first set of Al and Mg
alloys were used for the experiments usingstia@dard 10 mm diameter disks.
Secondly, a scaledp specimen having a disk diameter of 25 amd thicknesses of
~2.5 mmwaspreparedor the evaluation of a possibility to staj up of bulk
nanocrystalline metals f@applicationpurpose. The second setf the Al and Mg
alloys were applied for evaluating the seafeprocessing.

For preparing the standard size diskglate of Al having a thickness of 1.2
mm was machined into disks with diameters of ~

10 mm by electric discharge machining (EDM). The allgy was received as an

extruded bar with a diameter of 10 mm, and this bar was cut into disks with a
thickness of ~1.2 mm. These Al and Mg disks having 10 mm diameter were
mechanically grinded on both surfaces with maintaining a consistent thickr@8¢ of
mm by silicon carbide sandpaper.

For the scalaip disk preparation, a plate of Al and an extruded bar of Mg alloy
were prepared in the consistent manner as listed for the 10 mm diameter disks but

towards to a final thickness of ~2.5 mm with a diamefe-25 mm after grinding.

3.2 Materials processing
TheseAl and Mgdiskshaving 10 mm dimetewere processedith

conventionaHPT facility under quasconstrained condition$89,97 in monotonic
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torsionalstraining[91] atRT at 1.0 rpm. A photograph of the HPT machine at Oregon
State University is shown in Fig.21.

Figure3.2.1 A photograph of the HPT facility at OSU

In contrast to general HPT processing involving an arbitrarily selected
material, this study appliesumique sample setp where a set of two Al disks and a
Mg disk were processed altogether by stacking them in the order of Al/Mg/Al without
any special surface treatment between the separate Tmls.he initial total
thicknesgsof the stacked0 mmand 25 mm diametedisk ses before processing
were~2.4 mm and ~7.5 mpmespectivelyThe schematic drawing élfie unique
sample seup for the mechanicddondingHPT process is shown in Fi§.22 where
(a) and (c) shows the two different stacked disk ispexes withdetaildimensiors and

(b) is the schematic illustration of the experimentaiget
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Figure3.2.2 Schematic drawings of (a) a sampleugefor 10 mm diametedisks (b)
HPT processing for the mechanical bonding, and (c) a samplg &&t25 mm
diameterdisks [79]

Two different processing parameters were applied in this study depending on
the size of the disks. Series of the standard specimens with 10 mm diaereter
processed by HPT under 6.0 GPa at RT for total numbers of revolution§@pitos
using a constant rotational speed @frpm. On the other hand, the scalgul
specimens having 25 mm diameter were processed through HPT under 1.0 GPa at RT
for 10 and 20 turns at a rotational speed of 0.4 rpphis lower compressive pressure
was introduced for the 25 mm diameter disks when the consistent compressive force
applied for the 10 mm diameter disks were applied. Moreover, the slower torsional
shear rate 0.4 rpm was selected for the 25 mm disk processing and the shear rate for
the large specimen provides an equivalent shear rate for the 10 mm diamete® with 1

rpm by calculating the shear strain using &y. (

3.3 Microstructural analysis

The processed Allg disks with 10 mm and 25 mm diameters were cut
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vertically along the diameter into half disks, and a esestion of each processed disk
was mechanically polished to have a mirke surface through several various grid
size up to 0.05m waterbased colloidal silica suspension. A seriespifaal
microscope images were taken by an optical microscope, Mitutoy@®\over the
polishedcross ect i onal surfaces after chemicall
Detailedmicrostructural analysis was performed using transmission electron
microscopy (TEM), JEOL JEOM100F, at the edges and centers of the processed
disks by HPT. The TEM specimens were prepared by a focused ion beam (FIB), FEI
Quanta 3D FEG, where the specimmevere taken from the disk edges at4.0 mm
and the disk centerse® 0 mm for 10 mm diameter disks and at the disk edges at
© 10.0 mm for 25 mm diameter diski addition a compositional analysis was
conducted using energy dispersive spectros¢Bpys) in a scanning TEM (STEM)
mode.
A series of Xray diffraction (XRD) analyses were performed usirigigaku
Ultima 11l for applying the entirélisk surfaceso acquireoverall structural
informationof the materials and usiragBruker D8Discover wih a conical shape slit
for conductingmi ¢ r o X R DanalysidsyRdanning the small diffracted area of
1.0 mn* for obtaining local structural information in areas of interest. Both XRD
facilities use Cu l4 radiation at a scanning speed arglep interval of 1° mithand
0.01° respectivelyandonlye XRD anal ysi s for the 25 mm
was performed under nin! scanning speeand 0.@° step interval due to an
instrumental limitation. Furér analysis using the XRD profiles was conducted
through XRD data analysis software based on Rietveld analysis, Materials Analysis
Using Diffraction (MAUD) [92] for identifying and quantifyinghe phase fractions
and changes in the crystal structure, datpparameter, micrstrain and crystallite size.

3.4 Mechanical properties
Vickers microhardness measurements were conducted to cohsirdicess

profiles along the diameter on the rsdction of each disk sample arwor-coded

y
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hardness contour maps the polishederticalcrosssectionakurfaces of the semi

circle disksafter processingrhe Vickers microhardness values, Hv, were recorded
usinga Mitutoyo HM-200with an applied load of 50 gf and a dwell time of 16@:

the hardness line profilthe hardness measurements were conducted on the near mid
sectional planes of the disk with applying measurement locations as multiple lines
pattern by intervals of 0.15 mr@onstucting the hardness maps, the hardness
measuements were conducted on the crssstion of the disks with applying

measurement locations as a grid pattern by intervals of 0.15 mm.
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4. Results
4.1 Formation of metal matrix nanocomposite (MMNC)

4.1.1 Overview of microstructure anAl-Mg alloy system

Figure4.1.1 shows theverview taken by an optical microscope of vieetical
crosssectiors of, from the topthe Al-Mg disks after 1, 5, 10 and 20 tudogHPT
[74,76,77,9Band after 20 turnby HPT followed by PDA at 573 K for 1 ho{ir7,93].
The bright region denotes the-Ath phase and the dark region denotes therikly
phase after the chemical etchinghe micrographsThere was an expected
microstructure for the disk after 1 turn showing a rAalered structure with well
bonded Al and Mg diskwithout any visible segregation or void at the interfaafes
the Al-Mg layersacrosghe disk diameter. Itt@uld be noted thahe Mg phase is
necked andragmented into islands anldeseMg layeistend to become thinner at the

disk edge region.

HPT: 1 turn, 6.0 GPa, RT, 1 rpm

(20 turns, 6.0 GPa, RT) + PDA (573 K, 1 hour)

el

Figure 4.1.1 Theptical micrographs on crosectional planesf the Al Mg system
after HPT under 6.0 GPaRT for, from the top1, 5, 10, 20 turns and for 20 HPT
turns followed by PDA93]
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The HPTFprocessed disks after 5, 10 and 20 tulesionstrated unique
microstructure with two different microstructural feses depend otine radial
distance from the centeof the disls. First, the multilayered microstructureemained
in the central regionsonsistenafter 1 turn through 20 turnsutthe Mg layers tend to
be thinner and fragmented as the number of HRIStuncrease In addition the
multi-layered structure exist&tr <2.5 mmof the disk after 5 turnand it become
narrower tahe area withr <1.0 mm after 10 and 20 turns. Second, theralisigue
feature at the peripheral regioof the HPFprocessed disks up to 20 turns. The disk
edge at >2.5 mm after 5 HPT turns demonstrated homogeneously distributed fine Mg
phasesvith thicknesses of ~20@m. The peripheral region sh@a disappearance of
thevisible Mg phaseptically after 10 and 20 HPT turns ahdldstheclearflow
patterns by torsional strainimghich isespeciallyapparengafter 20 turns. Moreover,
the peripheral regiowithout anyvisible Mgrich phase is extended te>2.5 mm after
20turns while 10 turns showesdich severe phaseixing atr >3.0 mm.

A similar single phas#ke microstructure wasbservedafter 20 turns
followed by PDA buttheareashowing severe mixture of phases without a Mg phase
was reducedtr >4.0 mm According tothe HPT principle$50,94,9%, the peripheral
regions having a single phallee microstructure have an estimated equivalent von
Mises strain 0230 and the outer region having a finely distributed Mg phase has the
von Mises strain less th&00. It indicates that the hybrid-Mg systems after 10, 20
HPT turns and 20 turns followed by PDA have a graelgoe heterstructure along

the disk diameter.

4.1.2 Microstructural characterization of anl#ddsed MMNC
Detailed microstructural and compositional analyses were performed by TEM
and XRD at the periphery of the dssifter 5, 10and20 HPT turns and 20 HPT turns
followed by PDA as shown in Fsgt.12, 4.1.3, 4.1.4 and 43,.respectively
[74,76,77. Representative TEM bright field imageeshown in Fig. 4.1.2(aand(b)

for the diskedgeafter 5 turns.
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Figure 4.1.ZRepresentative TEM brigiiield imagesshowing (a) a layered
microstructure consisting dfie Al matrix region with one visible Mg phase, @)
representativeltrafine grainin the Al matrix and (c) a daskeld image and the
corresponding compositional maps of Al and tdgen at the disk edgdter HPT for
5 turns[74] and(d) XRD profilesshowing, in ascending order, ZK&DAI-1050 and
the Ali Mg disks after HPT for 5 turns under 6.0 6]

Firstly, the true nangcale microstructure was achieved at the disk edge after 5
turns consisting of two representative microstructures, 1) layered microstructures with
thickness of ~9@.20 nm with welbonded AtMg interfaces without any visible voids
ard 2) equiaxed microstructures having an average graindiaé;~190 nmin
addition several thin layers exist in the layered microstructure avidwverage
thickness of ~20 nnwhere these are indicateg White arrowsshown in Fig. 4.1.2(a).
Further gaminationthrough EDS mapping in STEM mode was conducted at the
region involving the AIMg interface and nano layeasshown in Fig. 4.1.2(c) for a
dark field image and corresponding compositional $fapAl and Mg. The
compositional analysis through EM revealedhat boththin layersand the AIMg
interfaceare composed of both Al and Mg atoms. Furttenpositiorl analysis
confirmed the thin layers ash-AlsMg2 intermetallic compound which can be a great
source for reinforing the nanostructured Amatrix towardsincreasing the hardness
and strength at the disk edgetloé Al-Mg system 74 | . I't shoul d be

not e
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AlsMg2 was found iralimited area within the Al matriat the disk edgandthese
exist only aghin layers.

XRD analysis was conducted at the edfthe Al-Mg disk after 5 turns to
provide supporting structural information and a corresponding XRD pre&leown
in Fig. 4.1.2(d) For comparison purposes, the XRD profiles for the base materials of
ZK60A andAl-1050 after .HPT turnsare also shown in the pldt should be noted
that all XRD analyses for the Allg disks in this study wengerformed at the mid
sectional surface of the disks aftarefullyremoving the central regionsrat1.5 mm
containing larg Mgrich phases. However, it @fficult to eliminateall existingMg-
rich phase at the disk center and therefore a remaining Mg phase was detéeed
XRD analysis.

The XRD profile after 5 turns revealed a very stréog. Al peaks and weak

peaksof h.c.p.Mg peaks on ther( 1t 7 lsasal plane ang (1p) pyramidal plane. In
addition to the overall XRD profile analysis, a close inspection on limited 2 theta
range from 30° to 60° revealed the existenca @l sMg. intermetallic compound by
relative geak intensity analysigf]. However further analysis by MAUD failed to
observe the presence of the intermetallic ph@kese results support theited
formation ofa b-AlsMg2 intermetallic compound at thAd-Mg disk edge after 5 turns,
butaf r act i oAlsMg:is lessithan afetection limit by XRi 5 vol.%.

An additional evaluatiowas conducted to estimate the Mg solubility in the Al
matrix at the disk edge after#T turns based on tha@btainedXRD profile. First,the
MAUD computaibn based on the Rietveld analypi®vides a mean lattice parameter
of Al of a = 4.087 A at the peripheral region of the disk after 5 turns. Based on
Ve gar d[86s97 andaw experimental study on the lattice expansion by Mg solute
in the Al [98], the following equation was established to estimate the Mg solubility,
Xwmg, in the Al matrix applying the lattice parameter of pureadk 4.04® A [99].

() oﬂtru(b,— TBITTO U
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Thus, eq. %) provides an estimated Mg solubility in the Al maii0.5 at.% + 0.3
and it is reasonable to conclude that the estimated solubility represents an average
concentration of Mg in the Al matrix at>1.5 mm after 5 turniBy consideringhe
diffraction area by XRD analysis. This value is more thantimes of Mg
concentration in the ALO50base materiahowever it is lower thathe maximum
solubility of Mg of ~1.6 at.% in Al at RT10Q andthere is no evidence of the
supersaturated solid solution (SS&8jnation. Therefore, processing of Al and Mg
alloy altogether by HPT for 5 turns demonsttdeeformation of an Abased metal
matrix nanocomposite (MMNC) containing an intermetallic compaifrig Al sMgo.
Figure4.1.3(a) shows a representative TEM bright field image at theafdge
the AFMg system after 10 turrig4]. It shows much finer microstructure than after 5
turns shown in Fig. 4.1.2(and(b). No proof of the presence ofMg-rich phasevas
observedwithin the specimen prepared by FIB and there are equiaxed grains with an

average size of ~90 nm.

f Al: 734+/-2.3%
{ Mg: 4.9+/-07%
} AlizMgi7: 21.7 +/-1.5%

Intensity'? [count'?]
—

2 Theta [degrees)

Figure 4.1.3a) A representative brigtiteld image,(b) a darkfield image and the

corresponding compositional maps of Al and Mg,ab)gh resolution TEM image

taken in the Al matrixand (d) XRDprofile in black and the simulated line profile in
redattheedgeof the AFMg system after HPT for 10 turng4
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Also, a similar microstructure was confirmed by EDS in STEM mode shown in
Fig. 4.1.3(b). It demonstrates a formatioraofanolayered structure withthickness
of ~30 nm in the Al matrixMoreover the EDS mapping result shoteat arelatively
large content of Mgs dissolved into the Al matrix at the disk edge after 10 turns
resuling in a difficulty to clarify the AtMg interface boundarieshich is in contrast
with the disk edge after 5 turns

Compositional analysis by EDS point scanning confirmegtksence ob-
AlsMg2 intermetallic compoundsnanascale thin layers in the Al matras well as
the Mg dissolution of 9.0 at.%in the Al matrix [74]. Furthermore, a highesolution
TEM (HR-TEM) image takeratthe nanostructured Al matrix shown in Fig. 4.1.3(c)
demonstr at es -AlibMe:rimarneslkccanpoura having an atomic
spacing of ~0.3nm ata (220) plane that is a larger interatomic spacing than any
planes in the Aphase Figure4.1.3(d) showshe XRD profile with a black line and a
fitted line through MAUDwith a red coloand theestimated phase fractions. The
estimationprovides 73.4 £ 2.3 of Al, 4.9 £ 0.7 of Mg and 21.7 £ 1.5aaf-Al 12MQ17
i ntermetallic c¢ompo un-AlsMgzintenmetalli®ocompblmé pr es en
which wasconfirmedby compositional analysis was nalbserved byXRD and
MAUD analyses. limplies thatthe o n c e n t r-Ad:Mg2 i3 less thdn the
detectable limit by XRD at the edge of theMy system after 10 turns.

Furthermore, using e¢b) andthe estimated lattice parameteract 4.0628A
for the AFMg disk edge after 10 HPT turrthe Mg solubilityin Al matrix was
calculated as 3.1 at.% and inmichhigher than the maximum solubility limit in the
Al matrix at RT. These results provide a direct proahefformation of MMNC with
nanocrystallinéAl SSSSandtwo different intermetallic compoundsokever, there is

no supporting evidence tfiepr ef erred | ocatAlsbg:r i n formatio
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A set of the esuls through TEM and XREareshown in Fig. 4.1.4 for the Al
Mg system after 20 turns at the peripheral reg[@id$ Figure4.1.4(a) and (b) are
representative TEM brigtiteld images, (c) a corresponding selected area diffraction
(SAED) pattern from the region in (b), (d) a ddikdd image in STEM mode from the
region in (a) andhe corresponding compositional maps for Al and Mgg(e) a
selected 2 theta rangerdy profile taken athe disk edgef the AFMg system after
20 turns.

A

. =

Al;:Mg,;, (330) Al (002 Al (022
0.242

0.202 nm_~ 0.143 nm|

Al-Mg

. HPT: 20 turns, 6.0 GPa, RT o
0 Al 68.3 +/- 0.88%
® Vg 8.2 +/- 0.30%
® Al,,Mg,; | 23.5+/-0.91%

Intensity "

2 Theta (°)

Figure 4.1.4 (a) and (b) Representative ThMht-field images, (c) the
corresponding diffraction ring pattetakenat theequiaxedmicrostructurategion (d)
a darkfield imageandthe corresponding compositional maps of Al and &yl (e)
XRD profile taken at the disk edgd the AFMg system after HPT for 20 turns [77]
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The TEM micrographs taken at the disk edge after 20 turns revealed the
existence of two representative microstructures consist of layered and eqyraixed
formations An average thickness of the layerédisture is ~20 nm containing
numerous dislocations which penetrate the layers in a vertical direction and an average
spatial grain size is ~60 nm in the equiaxed microstructure.
Figure4.1.4(c) provides a direct proof of tl@mation of ao-Al1oMg17 phase
by spot distributions in the SAED pattern. A compositional analysis at the layered
microstructureas shown in Fig. 4.1(d) revealed two important findisgFirst, no
Mg-rich phasevas observedt the disk edge after 20 turns, thereby implytimey
complete dissolution of Mg ithe nanocrystallinéAl-rich matrix. Second, as displayed
in Fig. 4.14(d), all the measured area consist both Al and Mg atoms, thereby
indicating no clear pdse interfaceat the disk edgef the AFMg system A point
element analysis was conducted at a marked point displayed as Spectrum 1 in Fig.
4.14(d). The point was randomly selected within the thin lapé@nthickness of ~20
nm and the concentratio @ach atom is ~57.55 at.% of Al and ~41.84 at.% of Mg,
thereby demonst r aAliMgz@sthinhagers fn the Ahmdtrixon of b
Figure4.1.4(e)shows the XRD profilevith a table showing compositional
datataken througtMAUD for the AFMg disk edge after 20 HPT turnBhus,the
estimated phadeactionsar e 68. 3 N 0.9 of AI, 8.2 N 0.3
Al 12Mg17 phasesn wt.%. The Mgrich phasevere detected frorthe multilayered
structure at the central regiarich isinevitabk to eliminate by the sample
preparationMoreover,i was unabl €lsMgpeve thoughdhte présbnee b
of theb-AlsMg2 nanclayers were confirmed in STEM.duggests he fr acti on of
AlsMg2 phase at the disk edge after 20 turns is less thatetketable limit by XRD.
Neverthelessthere was an increase in the concentratidhex-Al 12Mg17
intermetallic compound at the disk edge after 20 turns than 10 braddition using
eg.(5) andthe estimated lattice parameter for the disk edge=04.0643A, the
calculated Mg solubility in Al matrixvas~3.43 at.%at the disk edge dhe Al-Mg
system after 20 turns, thereby demonstrating the formation of the Al 83§S.
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reasonable to concladhat the XRD analysis shows excellenagreement with
microstructural and chemical anadgsconducted by TEMherethe peripheral region
of theAl-Mg system for 20 turnorms MMNC containinghe two intermetallic
compound®f b-AlsMgz2 a n dAl 1 Mgi7 within Al SSSS.

A series of consistent microstructural and compositional analysis was
conducted at the edge of the-l system for 20 turns followed by PDA at 573 K for
1 h. Figure 4.1.5(a) is a representative TEM brigdltl image, (b) aorresponding
HR-TEM image from the selected area in (a), (c) a-di@ikd image in STEM mode
from the region in (a) and the corresponding compositional majo3 Af and (e) Mg,
and €) the X-ray profile taken at the disk edge after 20 turns followeB D [77].

Figure 4.1.5 (a) A representative TEM briglald image (b) a highresolution TEM

image, (c) a darkield imageandthe corresponding compositional mapga)fAl and

(e) Mg, and {) XRD profile taken at the disk edgé the AFMg systemefter HPT for
20 turns followed by PDA [77]

It is apparent that the AWlg system after 20 turns followed by PDA has
homogeneous microstructure with an average equiaxed grain size of ~380 nm, thereby
confirming grain growth by PDA after HPT for 20 turns. fdover, a grain having an
atomic spacing of ~0.236 nm was observed in HEM as shown in Fig. 4.1.5(b) and

anticipating a lattice expansion due to substitutional Mg dissolution the measured



