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Abstract Components made of metallic materials with
superior mechanical properties are of high demand in this
modern era. Different processes and techniques are used to
get improved mechanical properties of the metallic mate-
rials such as semisolid casting, ultrasonic melt treatment,
friction stir processing and severe plastic deformation
processes. It is observed that the selection of a particular
method for processing of a component mainly depends on
the factors, viz., material properties, size and shape of
component and other economic factors. The parameters to
be optimised for the productive operation of each of these
processes are also reported in this paper.

Keywords Severe plastic deformation -
Friction stir processing - Ultrasonic melt treatment -
Superior mechanical properties

1 Introduction

Metallic-based materials with high specific strength, tem-
perature resistant, hardness and toughness are demanded by
various industries such as aeronautics, automobiles, nuclear
reactors and space shuttles [1-3]. Conventional methods
like casting process especially gravity and die castings are
the major fabrication methods for metals and alloys
because of its ease and economical factors [4—11]. How-
ever, conventional casting techniques produce components
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which suffer from defects like agglomeration, non-uniform
distribution of reinforcements, porosity, etc. Processing
techniques such as, ultrasonic melt treatment, semisolid
processing and disintegrated melt deposition are examples
of innovations in conventional casting processes to over-
come these drawbacks to a certain limit [10-17].

Although the techniques mentioned above are able to
make components from advanced materials, further pro-
cessing is very much needed to obtain specific mechanical
properties demanded by industries. This is achieved by
inducing high strain into the material using various forming
processes such as rolling, forging, extrusion and drawing.
These forming processes are associated with size and shape
of the components. But, near net shape components pro-
duced using advanced fabrication techniques do not require
considerable change in dimensions. Thus, processes such
as friction stir processing (FSP) and severe plastic defor-
mation (SPD) processes have been developed to improve
the mechanical properties by grain refinement with mini-
mal or no change in the cross-sectional dimensions
[18-21]. Moreover, SPD techniques have proved to impose
much higher strain compared to conventional forming
methods. Various SPD processes, viz., accumulative roll
bonding (ARB), constrained groove pressing (CGP), equal-
channel angular processing (ECAP) and high-pressure
torsion (HPT) used for processing near net shape compo-
nents are also discussed in this paper. The selection of
these SPD techniques depends on the shape of the com-
ponents to be processed; bars and rods are processed using
ECAP, discs using HPT and sheets using ARB and CGP
[22-26].

This paper mainly reviews on the advancement made in
fabrication techniques and severe plastic deformation pro-
cesses adopted for the production of components using
metallic materials.
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2 Semisolid Processing

Although conventional casting techniques are suitable for
fabrication of bulk components, these components fabri-
cated using conventional casting often contain dendritic
morphology and internal structural defects that lead to poor
mechanical properties. Grain refinement, rapid solidifica-
tion and semisolid processing are some of the ways by
which dendritic formation can be altered. Besides, helping
in achieving a nondendritic structure, semisolid processing
also helps in reducing porosity, macro-segregations and
forming efforts. In semisolid processing, the material is
processed in partially solid and partially liquid state; thus,
nonferrous alloys such as aluminium, magnesium and
copper with sufficient melting temperature range and good
fluidity are more suited [27-30]. It is now well established
that the shearing action (either through mechanical or
electromagnetic means) during the solidification of the
alloys results in breaking up of the dendrites and suspen-
sion of globules of primary phase in the liquid [31]. The
solidification occurring in the semisolid die casting process
can be considered in two stages. Firstly, primary globules
are nucleated and grow in the slurry maker; secondly,
slurry is solidified, which involves non-equilibrium eutec-
tic reactions. In addition, uniform distribution of primary
particles and solute elements owing to the shearing action
imposed on the slurry leads to homogeneous nucleation
and growth of secondary grains [32-34]. The ability of
semisolid processes such as thixocasting, where the precast
billet is heated to the semisolid range, and rheocasting,
where the melt is cooled down to reach the semisolid
range, to alter the dendritic morphology has been studied
by various researchers. Microstructures of the squeeze and
rheocast AZ91 as well as the thixocast AZ80 are presented
in Fig. 1, and it can be observed that shape and distribution
of the different phases are dependent on the casting route.

For squeeze-cast structure, solidification starts with the
nucleation of the primary o-Mg globules; however, forced
nucleation of o-Mg and globular growth is exhibited in
rheocast and thixocast structures. But, for the thixocast
structure, eutectic phase is also present inside the globules
[32]. Similarly, semisolid die casting of AZ91 alloy exhi-
bits a uniform distribution of primary a-Mg globules as
observed in AZ80 [33]. Rheocasting of 5052 Al alloy has
resulted in a nondendritic microstructure with homoge-
neous distribution of primary o particle. Moreover, UTS of
191 MPa and 7.5% elongation is obtained for rheo-gravity
cast 5052 alloy compared to UTS of 156 MPa and 4.1%
elongation obtained after conventional gravity cast 5052
alloy [34].

Parameters that alter the final microstructure in semi-
solid casting are the pouring temperature, stirring speed
and time. For example, a decrease in the stirring temper-
ature results in an increase in the viscosity and solid frac-
tion of the slurry. It is observed that for a constant stirring
time at lower temperature, due to low fluidity, globules
become coarser. So, it is important to optimise the pro-
cessing temperature to get fine globules in a particular
alloy. For example, particle size of primary o Al in Al-Si—
Mg-Fe alloy processed using semisolid casting reduces
from 110 pm at 650 °C rheocast temperature to 60 pwm at
620 °C rheocast temperature. The refinement of primary o
has resulted in an increase in UTS from 160 MPa at 650 °C
to 188 MPa at 620 °C and elongation from 5.9% at 650 °C
to 8.4% at 620 °C for 10% volume fraction of solid. Fur-
ther increase in volume fraction of solid to 20% at 620 °C
has contributed to the increase in UTS to 203 MPa and
elongation to 10%. The effect of rheocast processing
temperature on elongation and UTS of Al-Si-Mg—Fe alloy
is shown in Fig. 2 [35]. Studies show that the optimum
rheocast temperature corresponds to the one at which the
melt possesses 50 volume fraction of solid. However, it is

Fig. 1 Microstructures of a AZ91 squeeze cast, b AZ91 rheocast and ¢ AZ80 thixocast [32]
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Fig. 2 Effect of rheocast processing temperature on elongation and
ultimate tensile strength of Al-Si-Mg-Fe alloy [35]

to be noted that processing temperature also affects the
porosity in the samples. As at higher temperatures, flow
will become turbulent and thus increase the amount of
entrapped air [36, 37]. But, for the same pouring temper-
ature, stirring of the melt affects the microstructure
immensely [38—40]. It has been reported by Liu et al. [38]
and Nafisi et al. [39] that for the same pouring temperature
in rheocasting of A356 alloy, with and without stirring,
finer, uniform and globular primary particles are observed
when the melt is stirred [38—40].

Mechanical stirring is used to impose shearing action in
the slurry which also melts grain boundaries and breaks up
the initial dendritic structure, but the increase in stirring
time results in coarsening of primary globules. The
mechanical stirring carried out at different stirring speeds
and time in Al-5.2Si alloy proves that as stirring speed
increases globular primary particle size decreases. In
addition, for a constant stirring speed, increase in stirring
time leads to decrease in size of primary particles till an
optimum time and further increase in time results in
coarsening of these particles and this behaviour can be seen
in Fig. 3 [41]. Similarly, increase in stirring speed from
100 to 400 rpm in rheocasting of Al-7%Si alloy has
resulted in decrease in size of agglomerates. Moreover, it is
also reported that with the assistance of stirring, even for a
short period of time, a nondendritic structure is obtained
[42]. For a constant stirring speed of 300 rpm and different
combinations of process parameters, stirring time and
temperature of 30 min and 640 °C, respectively, have
proved to be most efficient in obtaining uniform distribu-
tion of particles in ABOw (aluminium borate whisker) +
SiCp-reinforced Al6061 composites. Increase in stirring
time from 20 to 30 min leads to a reduction in agglomer-
ation of particles and an increase in UTS from 214 to
293 MPa [43].

The ability of semisolid processing to fabricate com-
ponents with uniform nondendritic microstructure and
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Fig. 3 Plot of mean particle size versus isothermal stirring time
(400 rpm) at 615 °C(Al-5.2Si alloy) [41]

excellent mechanical properties is well established by the
studies reported above. But, to obtain a nondendritic
microstructure, factors such as processing temperature,
stirring speed and time must be optimised. This nonden-
dritic microstructure obtained using semisolid casting
finally leads to better mechanical properties. However,
obtaining a nondendritic microstructure is no easy process
as it is very difficult to maintain a semisolid processing
temperature as most of the alloys have a narrow range of
mushy state.

3 Ultrasonic Melt Treatment

Recently a new approach has been applied to the pro-
cessing of alloys and composites with ultrasound for pro-
ducing high-quality products with minimal defects and
better mechanical properties. Ultrasonic treatment of the
melt prior to casting results in a nondendritic structure as
obtained in a semisolid casting and better dispersion of
particles and reduction in porosity to a great extent is also
possible [44-46]. The alternating pressure above the
threshold results in the cavitation of bubbles which act as
the nuclei for solidification degassing and deagglomera-
tion. The bubbles thus formed behave differently, as some
of them oscillate with the frequency of the applied ultra-
sonic field, whereas some cavitation bubbles start to grow
due to the tensile pressure of a sound wave and the uni-
directional hydrogen diffusion into the bubble and some of
the bubbles do not have a chance to be filled with the
dissolved hydrogen and therefore collapse during the
compression stage of a sound wave. Collapsing bubbles
create very fine fragments and the process repeats with
these fragments by the chain-reaction mechanism. These
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processes occur spontaneously, during a few periods of a
sound wave [47, 48]. The effect of ultrasonic treatment
(UT) of melts prior to casting by various researchers has
been discussed below.

UT of AZ91 magnesium alloy has resulted in refinement
of a-Mg phase and intermetallic phases Mgi;Al;,, Mg,Si
and MnFeAl(Si). SEM image of AZ91 alloy processed
with and without UT in Fig. 4 reveals the refinement of
intermetallic phases with UT of AZ91. The refinement of
intermetallic phase attributes to the improvement in tensile
strength of the sample from 94 MPa without UT to
165 MPa with 60% ultrasonic power [49].

Similarly, UT of ADCI12 (A383) die cast alloy has
resulted in the transformation of long plate-like Fe inter-
metallic phases of about 200 pum length to a much refined
globular form of size less than 15 um. Moreover, nucle-
ation undercooling (measure of nucleation efficiency) is
reduced from 2.9 to 0.4 °C with UT which implies that UT
stimulates the nucleation process [50]. It is also observed
that the UT close to the melting temperature refines the
solidification microstructure owing to the solidified alloy
formed on ultrasonic horn (as it has superior cooling
potential). The phases that are broken down to fine parts
due to cavitations and acoustic streams serve as sites for
crystallisation [50-52]. Although, UT is suitable for both
alloys and composites alike, the particles present in com-
posites act as heterogeneous nucleation sites for formation
of cavitation bubbles, thus enhancing the effects of UT.
The presence of reinforcement particles in the slurry
increases the rate of formation of cavitation bubble and
agitation of melt in areas near to the sonotrode tip. Even
though cavitation and agitation helps in improving solidi-
fication, vigourous agitation of the melt may result in
undesirable defects in castings, such as oxide bifilm for-
mation, porosity or unfavourable changes to the
microstructure [53-56].

The above discussion points out that UT of the melt
helps in achieving microstructures similar to the nonden-
dritic microstructure obtained with semisolid castings in all
alloys and composites irrespective of their mushy zone
range. Although UT is able to induce grain refinement in
both alloys and composites, the particles present in com-
posite act as nucleation sites for formation of cavitation
bubbles and thus enhances the effects of UT. This in turn
results in the uniform distribution of particles in compos-
ites which further leads to better mechanical properties.

4 Friction Stir Processing (FSP)

FSP technique is a promising solid-state mechanical pro-
cessing method for surface microstructural modifications of
materials and fabrication of surface composites. FSP is able
to induce a wrought microstructure in a component and
reduce many of the casting defects such as porosity and
inhomogeneous microstructure. The versatility it offers and
environment friendliness makes FSP a favourite processing
route for structural modifications of the material [57-59].
Mishra et al. [60] have developed FSP as a means for
microstructural modification of the surface of materials and
now it is also used to develop surface composites. The
basic working principle of FSP is same as that of friction
stir welding (FSW). FSW is a solid-state joining process in
which the heat generated by the friction between rotating
tool and workpiece softens the area near the tool. In FSP, a
rotating tool is forcefully passed over the material surface
along a line where modifications are required (Fig. 5 shows
the schematic representation of friction stir processing)
[60, 61]. The temperature generated during FSP affects
grain size and thus the mechanical properties. The tem-
perature decreases from the surface towards the bottom of
the material and as a result, grain size reduces and hardness
increases, since at higher temperatures softening of the

Fig. 4 SEM micrographs of different intermetallic phases observed in AZ91: a without ultrasonic treatment and with ultrasonic treatment for

5 min [49]
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Fig. 5 Schematic representation of friction stir processing [72]

matrix occurs and grain growth takes place [62]. Elimi-
nation of casting defects such as porosity and cold flake,
grain refinement and uniform dispersion of particles
offered by FSP help the materials processed to obtain better
mechanical properties. For example, Saito et al. [63] have
reported grain refinement of 1050 aluminium alloy using
FSP and the reduction in grain size from 8 to 2 um after
FSP has resulted in higher microhardness in the processed
region [63]. The hardness of aluminium die cast alloy
increases from 90 Hv to 110 Hv due to FSP and tensile
strength increases almost 1.7 times after FSP, a 30%
increase in ultimate and yield strength and a fourfold
increase in ductility is observed for FSPed Al 2285 alloy
[64, 65]. Similarly, FSP has been used as a means to suc-
cessfully split-up the coarse eutectic B-Mg;;Al;, phase in
AZ91 alloy [66] and the dispersion of Si particles into the
o-matrix in A356 alloys [67] resulting in an increase in
mechanical strength, grain refinement and particularly
ductility [66, 67]. After one FSP pass, grain size of AZ31 is
reduced from 75 pm to 100-300 nm and microhardness is
increased from 50 to 120 Hv [68]. The microstructure of
FSPed A356 and A319 show uniform distribution of sec-
ondary phases with no visible casting defects. The optical
microstructures of A319 before and after FSP shown in
Fig. 6 exhibit the dispersion of particles after the FSP.
Tensile strengths of as-cast A319 and A356 increase from
154.8 and 139.5 MPa to 300 and 173.6 MPa, respectively,
after FSP [69].

Although FSP is suitable in altering the surface
microstructure of materials, it is also used for fabrication of
surface composites. Mishra et al. [70] have successfully
fabricated AI-SiC particulate surface composite using FSP
technique. Out of the different target depths and traverse
speeds used, a target depth of 2.03 mm with a tool traverse
speed of 25.4 mm min~' has resulted in the incorporation
of up to 27% of SiC by volume into the base matrix and has
resulted in successful bonding between particles and the

matrix. Figure 7 shows the perfect bonding between the
particle and the matrix [70].

Similar observations are made by Morisada et al. [71] as
multiwalled carbon nanotubes (MWCNTSs) are incorpo-
rated into AZ31 magnesium alloy using FSP with an
optimum tool traverse speed of 25 mm min~'. Both the
studies suggest that there exists an optimum tool traverse
speed to obtain perfect dispersion of the particles. A higher
traverse speed is too fast to produce enough heat flow to
produce suitable viscosity in the matrix to allow the
incorporation of particles [71]. Al-Al;Ti nanocomposites
are fabricated from Al-Ti elemental powders with the aid
of high temperature developed, due to the friction between
the workpiece and tool during FSP, which in turn leads to
in situ formation of the intermetallic Al;Ti phase. The
composite has shown 63% increase in Young’s modulus
compared to aluminium, due to the grain refinement and
uniform distribution of Al3Ti phase obtained after FSP
[72]. The number of FSP passes has a huge impact on
uniform distribution of particles in the matrix, grain
refinement and mechanical properties. It is reported that
increase in number of FSP passes has resulted in better
distribution of Al,O3 nanoparticles in Al 6082 alloy.
Moreover, after four FSP passes, grains having size less
than 300 nm and an increase in microhardness is observed
[73]. Likewise, Lee et al. [74] have reported uniform dis-
tribution of SiO, nanoparticles in AZ61 Mg alloy after four
FSP passes. Figure 8 shows the SEM micrographs of
FSPed AZ61 Mg alloy reinforced with uniformly dis-
tributed SiO, nanoparticles [74].

The above discussion shows that, although FSP has been
introduced as a surface modification process, it is now
currently used by researchers for fabrication of surface
composites also. It has also been reported by researchers
that mechanical properties and microstructure of the pro-
cessed zone can be effectively controlled by optimising
different parameters. Further, increase in number of passes
has resulted in a much refined microstructure in alloys and
homogeneous distribution of particles in composite
materials.

5 Severe Plastic Deformation (SPD)

The demand for ultra-fine-grained (UFG) materials by
industries requires processes that are capable of inducing
high strain into the materials. Conventional forming oper-
ations such as rolling, extrusion and forging are able to
impose strain less than around two. However, strain higher
than 2 is possible with multi-pass rolling and extrusion,
but, the end product being so thin, it is not suitable for
industrial applications [75, 76]. Thus, alternate processes,
viz., SPD techniques such as equal-channel angular process
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Fig. 7 Optical micrographs a homogeneous dispersion of SiC particles (27 vol%) in Al alloy matrix and b perfect bonding between substrate
and surface composite [70]

Fig. 8 SEM micrographs of AZ61-5vol% SiO, showing the particle dispersion after: a one FSP pass, b four FSP passes [74]
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(ECAP), high-pressure torsion (HPT), accumulative roll
bonding (ARB), constrained groove pressing (CGP), etc.,
have been developed to meet the demands. Unlike in
conventional forming operations such as forging, extrusion
and rolling, materials that are processed using SPD do not
undergo a change in cross-sectional dimension. This pro-
vision thus allows the sample to be processed for multiple
times to obtain higher strains without any considerable
change in the cross-sectional dimension. Besides grain
refinement, SPD offers significant reduction in porosity and
a uniform microstructure. Some of the common SPD
techniques are discussed below:

5.1 Equal-channel angular processing (ECAP)

In equal-channel angular processing (ECAP) technique, the
component is pressed through a die using a plunger. The
sample while passing through the die experiences simple
shear as shown in Fig. 9. Although relatively high amount
of strain is introduced in the component, there is no sig-
nificant cross-sectional change. Moreover, it is an attractive
technique due to various factors as it is comparatively easy
to fabricate and use an ECAP die and it also helps in
imposing high strains. The ECAP samples are more
favoured as they can be scaled-up to produce large bulk
materials which find application in various industries such
as biomedical and aerospace industries [75-77].

ECAP can be performed with different processing routes
(A, Ba, Bc and C) which has a significant effect on the
microstructure and shear planes on material under consid-
eration. Rotation of billet is not allowed in route A, rotation
of billets in alternate or same directions is followed in B4
and B, respectively, and 180° rotation of the billet is
followed in route C. It has been reported that different
processing routes induce shearing patterns into the

plunger

die J

sample

Fig. 9 Schematic diagram of an ECAP die [79]

components resulting in macroscopic distortions and
development of a homogeneous and equiaxed UFG
microstructure. The close examination of the various pro-
cessing routes has revealed the shearing characteristics
associated with these routes and it is reported that the route
B¢ is more favoured over other routes as homogeneous
deformation of the sample along all the directions is pos-
sible with this route [78-81]. Similar results are also
reported by Stolyarov et al. on the study of the effect of
ECAP routes B¢, B and C on titanium. Equiaxed grains of
260 nm sizes are achieved with route B¢ compared to the
elongated grains obtained with routes B, and C. Although,
improved mechanical properties are achieved with routes
B, and C, the route B¢ is considered as the best due to the
better surface quality and the equiaxed grains it produces
[82]. Although Bc is the best route for better grain refine-
ment, it is observed that the change in microhardness
values is negligible with respect to different routes, but
higher and lower strength values are achieved with respect
to routes A and C [83, 84].

Further in ECAP, the angle of the die plays a major role
in imposing strain on the work piece. The strain induced on
the ECAPed sample is mainly dependent on the angles @,
between two parts of the channel, and ¥, between the outer
arcs of curvature. Figure 10 shows the dependency of
strain imposed on @ and Y. It is clear that the strain
increases with a reduction in @ and ¥ [85, 86].

The effect of ECAP on grain refinement and mechanical
properties has been studied by many researchers. ECAP
studies on aluminium have exhibited a considerable
reduction in grain size to 650 nm leading to significant
improvement in UTS from 71 to 180 MPa after four passes
[87]. Similarly, the grain size of AM30 Mg alloy is
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o
w
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O (deg)

Fig. 10 Variation of strain, ¢l for a single passage through the die
(N = 1) showing the dependence on @ and ¥ [85]
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reduced from 20.4 pm to 3.9 pum after four ECAP passes
and subsequent passes lead to an improvement in grain size
uniformity [88].

Solid solution strengthening, precipitation strengthening
and grain boundary strengthening are the major strength-
ening mechanisms in ECAP-processed materials. However,
Chung et al. have reported the absence of peak shifts in
X-ray diffraction which implies that ECAP has no effect on
the lattice parameters, underlying that solid solution
strengthening is not significant. Similarly, the precipitate
size is only reduced to 1 pm after six ECAP passes which
is not enough to offer an apparent strengthening. Thus,
precipitate strengthening is also not the key strengthening
mechanism. But, ECAP processing significantly reduces
the grain size; thus, grain boundary strengthening is the
major factor in increasing the strength in ECAPed mate-
rials [89, 90]. However, in certain studies, it is observed
that the reduction in grain refinement achieved with ECAP
has not resulted in corresponding increase in strength. For
example, the grain size of AZ61 is reduced from 24.4 pm
to 8.4 pum, but the yield strength is reduced after eight
ECAP passes using Bc route. This demonstrates that
although ECAP proves to be a successful method in
refining the grains, it is not capable of improving the
strength in AZ61 alloy. This is because of the fact that
texture softening is predominant over strengthening due to
grain refinement in AZ61 [91, 92]. This behaviour is also
observed in certain other Mg alloys by researchers. Like-
wise, grain size of AM60 alloy is reduced from 19.2 to
2.3 um after six ECAP passes, but yield stress and UTS
increase till two passes and decrease with further pro-
cessing [93]. Grain size of AZ31 is reduced with increase
in number of passes, but due to texture softening, the
strength is decreased [94].

Although high number of passes is not possible in metal
matrix composites, ECAP is effective in achieving grain
refinement and improved mechanical properties in com-
posites too. Al 6061 alloy and Al 6061-10% Al,O5p
composite after eight ECAP passes have resulted in
refinement of grain size to 300 nm. In addition, the stress
strain behaviour of the composite presented in Fig. 11 is a
clear indication of the high mechanical strength along with
considerable ductility achieved after ECAP [95]. The grain
size of Al-5%SiCp is reduced from 45 to 8 um and
microhardness is increased from 29 to 48 Hv after two
ECAP passes, similarly, grain size of Al-5%SiCp is
reduced from 45 to 16 pm and microhardness is increased
from 44 to 50 Hyv after first pass [96]. Four ECAP passes in
Al-5% graphite composite have resulted in UFGs of
300 nm, a twofold increase in hardness and increase in
strength from 97 to 249 MPa [97]. Maa et al. [98] have
used ECAP to successfully break SiC whiskers without
failing the aluminium matrix in Al-15% SiC composite and
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it is observed that length of SiC whiskers reduce from 42 to
4 pm after two ECAP passes [98].

After going through the studies reported here, it is clear
that ECAP process induces ultra-fine-grained microstruc-
ture with the increase in number of passes and of the dif-
ferent processing routes, Bc is the most favourable as
homogeneous deformation in all the directions is possible
with this route. Moreover, with the help of the studies
reported above, it can be seen that the strain imposed on the
samples processed by ECAP is mainly dependent on
channel angle, angle between outer arcs of curvature,
processing route and number of passes. ECAP is promising
route compared to other SPD techniques as it is able to
handle bulk components or components processed using
ECAP can be scaled to bulk components.

5.2 High-Pressure Torsion (HPT)

In ECAP, the strain induced is not dependent on the
extrusion pressure, but HPT uses high pressure to obtain
torsional straining in the samples being processed (This is
shown schematically in Fig. 12.) Samples that are pro-
cessed using HPT suffer from huge pressure leading to
higher amount of deformation and grain refinement com-
pared to ECAP-processed samples. Sample, usually disc-
shaped, is placed in the cavity between two anvils, and
hydrostatic pressure is applied by the rotation of one of the
anvils to achieve torsional straining. HPT is generally used
to produce small nano-magnets, arterial stents and various
devices for electro-mechanical systems [99-101].
Although higher strains are induced in HPT compared to
ECAP, many researchers have reported that the
microstructural studies of HPT-processed samples have
revealed that the centre of the disc suffers most from tor-
sional straining. The whirlpool-like flow in HPT-processed
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high-purity aluminium presented in Fig. 13 is in agreement
with this statement and is a proof of non-uniform
microstructure. It is also clear from Fig. 13 that as the
number of turns is increased, the inhomogeneous regions
are reduced to a great extent. During HPT, shearing takes
place, at a place where friction coefficient is high, resulting
in local hardening of the particular point, which in turn
reduces the frictional forces and shearing is transferred to
the adjacent position [101-103]. The incremental shear
strain introduced in HPT-processed material is given by

0y = (rd0) /h

where Oy is incremental shear strain, » and & are disc

N =1 turn

X
é

a

= 2 turns

radius and thickness and 00 is incremental rotation. Thus, it
can be seen from the equation that no strain (theoretically)
is introduced at the centre of the disc during HPT. It can
also be observed that as distance from the centre increases,
strain increases [103].

The microhardness measurements in aluminium and Al-
3%Mg—0.2%Sc alloy have shown that initially micro-
hardness is lower at the centre of the sample and increases
with distance from the centre to the edge. It is also noted
that grain size of AlI-Mg—Sc alloy reduces from 0.5 mm to
0.20 pm after ECAP, whereas HPT results in a grain size
of 0.15 pm. From Fig. 14, it is clear that after a few turns,
microhardness at the centre increases and reaches close to
the microhardness at the periphery, and moreover, the
inhomogeneity in microstructure is reduced [103, 104].
Although, HPT is widely used as a technique for grain
refinement, it is also used for fabrication of metallic and
ceramic-based composites. Lee et al. [105] have fabricated
Al-7.5% Mg by HPT and it has been reported that
microhardness of the composite so developed is almost
50% higher than the composite processed using extrusion
[105]. Tokunaga et al. [106] have developed Al-based
composite containing fullerene through HPT processing.
But, the inhomogeneous distribution of fullerene has
resulted in change of mechanical properties with distance
from the centre. The composite has shown a microhardness
of 39 Hv at the centre and it increases with distance to
finally reach saturation at 3 mm away from centre

N =4 turns

Fig. 13 Upper row : optical micrographs of HPT-processed high-purity aluminium; lower row : the magnified appearance of the central region

of each disc [102]
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Fig. 14 Microhardness across the diameters of Al samples undergone
HPT at a pressure of 1GPa and till eight whole turns [104]

corresponding to 118 Hv [106]. Likewise, Joo et al. [107]
have used HPT to process Al-CNT composite and it has
been observed that microhardness at the centre is 70 Hv
and at 1 mm away from the centre is 85 Hv. Although, it is
reported that microhardness of the composite increases
with distance from centre, it reaches saturation at 1 mm
away from the centre and there is no appreciable increase
in hardness beyond 1 mm. Higher tensile strength of
510 MPa is observed for the composite owing to the
homogeneous distribution of CNT in the aluminium alloy
compared to 255 MPa of aluminium alloy [107]. Although
Cu-CNT nanocomposite fabricated using HPT has shown
uniform distribution of CNT, microhardness of the com-
posite doesn’t change significantly with distance from the
centre. Moreover, the initial grain size of 0.5-1.5 pm
reduces to 22 nm after HPT processing. The uniform
microstructure obtained in Cu-CNT composite is in dis-
parity with the Al-CNT nanocomposites processed by Joo
et al. [107]. This is due to the different processing routes
adopted; Al-CNT composites are directly fabricated from

Fig. 15 Schematic
representation of ARB

mixed Al and CNT using HPT, whereas Cu and CNT used
in Cu-CNT composite have been ball-milled, consolidated
using compaction and finally refined using HPT [108] .

It can be clearly seen from the above discussion that
although HPT process is able to induce higher strain into
the sample compared to ECAPed samples, inhomogeneous
microstructure at lower number of cycles is a major issue.
Moreover, unlike ECAP, bulk samples cannot be processed
by HPT. In addition, researchers have shown that HPT can
also be used for consolidation of powders and fabrication
of metal and ceramic-based composites.

5.3 Accumulative Roll Bonding (ARB)

For the continuous production of sheets, plates and strips,
conventional rolling process has been a suitable deforma-
tion process for centuries. But, rolled products after
undergoing multiple passes tend to have cracks at the edges
and more over, strain per pass is relatively low. Accumu-
lative roll bonding is an alternative process which is able to
overcome these drawbacks to a great extent. In ARB, the
surfaces to be joined are cleaned by degreasing and wire
brushing and then stacked together, heated and rolled.
When the process is continued for a number of cycles,
strips get bonded to form a bulk material. Figure 15 gives a
clear idea about the ARB processing [109]. Moreover,
ARB-processed materials possess ultra-high grain refine-
ment and very high strength (Fig. 16). Thirty-two strips of
ultra-low-carbon steel developed using ARB at 50 °C show
that the yield and tensile strengths have increased by
around 200-300% and it has been further reported that
increase in number of layers from 4 to 32 has increased the
bonding strength from 52 to 100 MPa. However, cracking
of edges, due to state of stress at that location, is observed
which limits further processing [110]. Increase in number
of cycles during ARB processing increases the dislocation
density. At the initial stage, strain hardening is the pre-
dominant factor in increase in strength, but as the process
continues, grain structure predominates in increase in

Cut of the rolled sheet in five pieces

processing [113] Initial sheet Heating
000 o
— 2|loooo
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Fig. 16 Microstructures of the alloys processed by accumulative roll bonding. a AZ31 single pass; b AZ31 four passes; ¢ AZ91 single pass; and

d AZ91 four passes [113]

Fig. 17 Optical microstructure shows necking (A) fracturing (B) and
departing (C) of Ni layers in longitudinal section of Al/Ni composite
after 1 ARB pass [115]

strength. Although ARB processing in some alloys such as
AZ31 and AZ91 Mg does not result in significant reduction

in grain size beyond the second pass, a homogeneous
microstructure is obtained with increase in number of
passes as shown in Fig. 17 [111-113]. Usually ARB pro-
cess is carried out at elevated temperatures with no lubri-
cation, but the use of lubrication in ARB processing of
ultra-low-carbon IF steels has revealed that an uniform
microstructure is obtained after the first pass itself. Even
though, ARB processing without lubrication results in
inhomogeneous microstructures in the earlier cycles,
increase in number of cycles ensures homogeneity [114].
ARB processing is mainly used for grain refinement of
sheets, but it can also be used to fabricate multilayered
composites. The different materials are stacked alterna-
tively and rolled for a number of cycle; harder of the two
matrices will eventually neck and break due to the defor-
mation process. This phenomenon of necking, breaking and
fragmentation is observed in the microstructure of multi-
layered Al/Ni composites developed using ARB. With the
increase in number of cycles, the thickness of both the
layers is decreased and finally hard Ni layers are necked
and fragmented. The microstructure of Al/Ni composite
after first cycle (Fig. 17) exhibits necking, fracturing and
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Fig. 18 SEM image of Al/Cu composite cross sections processed using ARB a primary sandwich, b st cycle, ¢ 2nd cycle and d 5th cycle [116]

departuring of Ni layers [115]. Similar observations are
made by Eizadjou et al. [116] on the structure and
mechanical properties of multilayered Al/Cu composite
produced by ARB process and reported that the composites
exhibit an increase in strength and hardness with the
increase in number of ARB cycles, but the elongation of
the composites decreases compared to the individual met-
als used. Figure 18 shows the homogeneous distribution of
hard Cu layers after five cycles [116].

Thus, it can be deduced that ARB processing proves to
be efficient in processing of sheets and is also able to
produce multilayered metal composites. Moreover, studies
show that the refinement of grains in metallic sheets and
homogeneous distribution of the metals in the composites
are affected by the number of passes and orientation
change between the passes. However, the process should be
carried out at a certain temperature for avoiding edge
cracking that may happen with the increase in number of
passes.

5.4 Constrained Groove Pressing (CGP)

The main drawback of ARB process is that, it needs
repeated bonding between the plates and if it fails to obtain
perfect bonding between the plates, the bonding interface is
likely to deteriorate the mechanical properties of the
samples prepared after ARB. Whereas in CGP, sheets are
pressed by grooved and flat die repetitively, this induces
strain on the sheets. Unlike in ARB, the sheets are not cut

@ Springer

Fig. 19 Schematic of dies used through CGP process, left: grooving
die, right: flattening die. [119]

into pieces for the next cycle in CGP, thus bonding is not
an issue in CGP. Figure 19 shows dies used for CGP
process: grooving die and flattening die. [117, 118]. For
obtaining perfect bonding, ARB process is favourable at
higher temperatures, whereas CGP can be performed at
ambient temperature and there is no cross-sectional change
in the case of CGP-processed samples. Although CGP fails
to compete with the grain size reduction associated with
ARB process, it is efficient enough to obtain materials
having UFG microstructure. For example, CGPed low-
carbon steel has shown grains with 230 nm size with a
strain of 4.64 and ultimate tensile strength of 400 MPa
after two passes. CGPed AA3003 alloy has resulted in
ultra-fine grains of 580 nm and an increase in tensile
strength of 170% compared to annealed sample [119, 120].
TEM images (Fig. 20) of high-purity Al sheets after five
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Fig. 20 TEM micrographs of CGP-processed aluminium sheet after a first pass and b fifth pass [121]

CGP passes reveal that uniform, fine and equiaxed
microstructure with well-defined cell boundaries are
obtained after fifth pass. However, initially tensile strength
is increased from 40 MPa before CGP to 110 MPa after
two passes, but, it decreases after third, fourth and fifth
passes due to increased number of dislocations [121] .

Similar behaviour is shown by pure nickel sheets pro-
cessed using CGP as tensile strength, which reduces
beyond second pass. This is due to the occurrence of micro-
cracks and elimination of dislocations at higher strains.
But, as the number of pass increases, grain size decreases,
plastic strain increases and increase in dislocation density
is observed. These factors contributes in the initial
strengthening mechanism of the CGPed samples; after the
first pass, an increase of 60% in tensile strength is observed
[122]. Morattaba et al. [123] also reported that CGPed pure
Al sheets show remarkable increase in mechanical prop-
erties with increase in number of passes. However,
appreciable increase in hardness after third and fourth pass
is not obtained as the TEM images show dislocation-free
cells after the fourth pass. Figure 21 shows the SEM
images of the fracture surface, and it is clearly seen that the
dimples are more homogeneous and equiaxed after the
fourth pass [123].

6 Conclusion

Conventional casting techniques have been replaced by
other advanced processes for production of metallic-based
components and composites. It has been concluded that the
selection of a particular method for processing of a com-
ponent depends on factors such as material properties of

Fig. 21 SEM images of the fracture surface after the first (a) and
fourth (b) pass [123]

the component, size and shape of component and economic
factors.

1. Semisolid processing is able to produce components
made of materials with better mechanical properties
owing to the formation of globule-shaped primary
particles and the nondendritic microstructure obtained
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after semisolid processing. Nonferrous alloys such as
aluminium, magnesium and copper with sufficient
melting temperature range and good fluidity are used
for semisolid processing.

Ultrasonic melt treatment is able to produce compo-
nents with a nondendritic structure much effectively
compared to semisolid processing. Further, ultrasonic
treatment of melts has added advantage as it also helps
in degassing of the melt and deagglomeration of the
particles to a great extent. Since ultrasonic treatment is
carried out at liquid state, all metallic materials can be
processed effectively using ultrasonic treatment.

FSP is highly useful in modifying the surface
microstructure of cast components and the grain
refinement results in better mechanical properties.
ECAP is mainly used for inducing high strain into bars
or rods and even plate-shaped samples. The compo-
nents processed can be scaled-up to bulk materials
which can be used in wide range of applications.
HPT induces much higher strain into the materials than
ECAP but limited by the inhomogeniety in microstruc-
ture and size of samples it can process. It is favourable
for processing of disc-shaped samples and can also be
used for production of composites.

ARB and CGP techniques are used to impose strain
into sheets, plates and strips. ARB can also be used to
produce metallic composites. But, ARB requires
perfect bonding between the plates and more number
of passes to induce higher strain compared to CGP.
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