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a b s t r a c t

Mechanical properties of new composites having a binary matrix of Al–4Cu reinforced with TiO2 nano
particles were investigated. The composites which consisted of 2 wt% and 8 wt% of TiO2 reinforcement
particles, were fabricated using mechanical alloying and a powder metallurgy route. Morphology, phases
and compounds formed during ball milling and densification of samples were studied. With increasing
percentages of the reinforcement particles, mechanical properties of the composites were enhanced.
Microstructural evolution and mechanical properties changes of the composites after application of twist
extrusion (TE), as a severe plastic deformation (SPD) process, were also investigated. It was revealed that
the more TE passes the higher hardness and yield strength obtained. In addition, increasing TE passes, led
to occurrence of a more homogeneous distribution of the reinforcement particles within the structure,
and development of an ultrafine-grained nano-structure. The maximum allowable number of TE passes
was found to be four, above which the materials failed.

� 2014 Elsevier B.V. All rights reserved.
1. Introduction

In recent decades, aluminum matrix composites (AMC) with
discontinuous reinforcements have vastly been attracted by differ-
ent industries due to their good mechanical properties. Large num-
ber of manufacture routes have been developed to produce these
materials among which powder metallurgy (PM) routes have been
more considered with several causes. First, in powder metallurgy a
controlled phase microstructure can be achieved. On the other
hand, lower temperatures used in PM processes make the inter-
phase kinetics be precisely controlled. In PM routes, the powders
of elements and alloys are used which might be more inexpensive,
and of course, much more effective in reinforcement of the com-
posites. Traditional stages of PM–AMCs fabrication include mixing
and blending the powders; degassing the solidified product in vac-
uum; homogenizing through hot pressing or hot isostatic pressing
(HIP) [1].

AMCs are widely used in automotive, aerospace and transport
industries because of their light weight, high elastic modulus,
improved strength and good wear resistance. Strength and wear
resistance of these materials are strongly dependent on volume
fraction, size and type of reinforcement particles. They are well
established that compared to their un-reinforced matrix alloys
show higher wear resistance. AMCs with ceramic particles includ-
ing SiC, TiC, C4B, TiB2 and Al2O3 are relatively easy to process and,
in comparison with fiber-reinforced composites, are nearly isotro-
pic [2].

Particulate AMCs have introduced most wide spread applica-
tions and hold the greatest promise for future growth because of
their tailored properties, low cost-effectiveness and high volume
production methods [3]. Aluminum matrix composites are known
to be hard materials exhibiting a low forming capacity through the
conventional techniques. Nevertheless, many promising attempts
have been made to produce Al composites with a high potential
of being formed plastically and even superplastically while their
strength is retained [4].

Mechanical alloying (MA) is an interesting powder metallurgy
route for producing of powders with high homogeneity and unifor-
mity. This technique is very effective in dispersion of reinforce-
ment particles and enhances grain refinement, which induces an
increase of strength and hardness [5].

In recent years, manifestation of severe plastic deformation
(SPD) methods in material science has shed light on new prospects
in achieving a unique combination of high strength and ductility
[6] as well as attaining ultrafine-grained materials with improved
properties. SPD is a family of metal forming techniques that use
extensive hydrostatic pressure to impose a very high strain on bulk
solids, producing exceptional grain refinement without introduc-
ing any significant change in the overall dimensions of the sample
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Table 1
Specifications of powders used in this study.

Powder Particle size Purity (%)

Al <45 lm 99.9
Cu <40 lm 99
TiO2 <50 nm 99

H. Ashuri, A. Hassani / Journal of Alloys and Compounds 617 (2014) 444–454 445
[7]. Several different SPD techniques are now available; these
include high-pressure torsion (HPT) [8], equal channel angular
pressing (ECAP) [9], multi-directional forging (MDF) [10], accumu-
lative roll-bonding (ARB) [11], repetitive corrugation and strength-
ening (RCS) [12], spread extrusion (SE) [13], simple shear extrusion
(SSE) [14] and twist extrusion (TE) [15,16]. The SPD products have
much higher structural efficiency in comparison with their coarse-
grained counterparts. However, high cost-effectiveness of most
SPD methods is a central drawback to produce such materials in
high quantities. Therefore, development of new SPD methods to
tackle cost problem is important.

In 1999, Beygelzimer proposed a severe plastic deformation
process that became known as Twist Extrusion (TE) [17]. This pro-
cess can change the structure of materials, significantly improving
some of their physical and mechanical properties and, even in cer-
tain cases, gaining new properties. TE works by extruding a prism
specimen through a matrix whose profile consists of two prism-
like regions separated by a twist passage. The extruded material
undergoes an intense shift, with the properties that the final
cross-section of the specimen is identical to the initial cross-sec-
tion [18]. These properties allow for a repeated extrusion that
accumulates the value of deformation. TE is carried out under high
hydrostatic pressure in the center of deformation which is created
by applying anti-pressure (back pressure) to the specimen when it
exits the matrix. It is possible to produce more isotropic and
homogeneous deformation by turning the samples 90� in each
consecutive deformation or alternatively, make the use of consec-
utive clockwise–anticlockwise–clockwise twists [19]. A compari-
son between TE and the two most widely used SPD methods,
ECAE and HPT, reveals that firstly, TE provides some advantages
over ECAE such as the ability to extrude the hollow parts and the
rectangular cross-sections [6]. Secondly, HPT involves order of
magnitude higher pressures than in any other SPD process which
provides attainment of uniquely high strains and formation of
ultrafine grained structures. From another point of view, twist
extrusion that combines extrusion with torsion, was introduced
to tackle the insufficiency of HPT, that is, its being limited to labo-
ratory conditions due to small size of the samples [19]. There are
currently three main application areas of TE: (a) obtaining ultra-
fine grained crystalline and nano-crystalline structures in bulk
specimens, (b) increasing the plasticity of secondary non-ferrous
metals and alloys, which allows one to significantly broaden the
range of production, (c) obtaining bulk specimens by consolidating
porous materials which allows one to create substantially differ-
ent, new compositions with unique characteristics [20].

In TE, strain distribution along the cross-section of the specimen
is inhomogeneous; getting away from the axe, plastic strain
increases, thus, the grains being finer. The microstructural inhomo-
geneity leads to inhomogeneities in the mechanical properties of
the composite; the central area of the cross section having lowest
strength. It is expected that with increasing the number of TE
cycles, the microstructure becomes uniform [21].

In the present study, a powder metallurgy route combined with
mechanical alloying was employed to produce some particulate
Al–Cu/TiO2 composites with low TiO2 contents. The products were
then severely deformed by twist extrusion technique. The micro-
structures, densities, wear resistances, hardness and strengths of
the resulted composites, in two different TiO2 reinforcement con-
tent of 2 and 8 wt% and at various TE cycles were examined.

2. Experimental procedures

To attain a uniform distribution of the TiO2 reinforcement particles in Al–Cu
matrix, a high-energy planetary ball-mill machine, manufactured by the authors
was utilized and, the powder behavior was studied during the process. Milling time
and the effects of volume fraction of the reinforcement and its particle size were
also investigated. Aluminum powder with mean grain size of <45 lm and
commercial purity of 99.9% and copper powder of 40 lm with 99.0% purity were
supplied. Nano-scale anatase TiO2 powder, as the reinforcement, having a mean size
of 50 nm was also obtained. The powders specifications are shown in Table 1.

The appropriate proportions of Al and Cu powders were weighed using a digital
balance of 0.001 mg accuracy. Internal surfaces of the cups were wetted with a thin
layer of glycerin to prevent sticking the powders mixtures on them. The powders
were then mixed and blended in a high energy planetary ball mill to produce the
matrix alloy powder. For ball-milling, chromium steel balls with diameters of 17,
19, 22, 25 and 30 mm, ball-to-powder weight ratio of 20:1, constant rotational
speed of 300 rpm and argon atmosphere were used. Ball milling time was 16 h.
To reinforce the product, 2 wt% and 8 wt% of TiO2 particles were added and blended
to a homogeneous mixture. The mixture was cold compacted into a two-piece die of
DIN-1.2344 hot die steel having a hole of 15 � 15 � 80 mm dimensions for 15 min
under 600 MPa. Then, to enhance apparent densities of powders, they were put into
the die under 100 MPa pressure being heated to temperatures of 550 �C, 580 �C and
640 �C. After reaching these temperatures, the pressure was turned up to 700 MPa
at which the samples were kept for 30, 60 and 120 min to obtain three different
densities. After sintering, the samples were furnace cooled and homogenized to
room temperature at a rate of 21.8 �C/h.

For twist extrusion testing, the samples were lubricated with MoS2 to reduce
friction. Then, they were inserted into the entrance guide of the twist extrusion
die being pushed to the distorted channel using a steel plunger with speed of
1.1 mm/s. The twist extrusion die of 14.6 � 14.6 mm internal cross-section with a
twist line slope of b = 60� in the counter-clockwise direction was used (Fig. 1). In
order to apply a backpressure on the sample, the output channel was built steeped.
This channel, itself, acted as a direct extrusion die. Thus, after the specimen passes
the twisted channel, enters a straight output passage of 29 mm length during which
its cross-section changed from 14.6 � 14.6 mm to 14.2 � 14.2 mm. In addition, for
preventing deviation of the sample to the sides and making sure of upright entering
of the sample into the twisted channel, an 80 mm channel with 15 � 15 mm cross-
section was developed at the entrance as the sample guide. Also, to inhibit stress
concentration, the right angle corners of the die interior walls were blunted. In this
research, two sets of Al–4 wt%Cu/2 wt%TiO2 and Al–4 wt%Cu/8 wt%TiO2 samples
were extruded at velocity of 68.4 mm/min (maximum velocity of the available
press) for 1, 2 and 4 passes. The maximum allowed number of TE passes was found
to be four, above which material failure occurred during twist extrusion operation.

To investigate the microstructure changes in the materials due to twist extru-
sion, the samples were prepared by cutting from the cross-section perpendicular
to the axial direction of the extruded billets. The microstructure evolution was then
studied in the central, lateral and corner regions of the cross-section using scanning
electron microscopy (SEM).

Densities of the compacted powders were determined through Archimedes
procedure according to the standard ASTM B93-13 [22]. The microstructures of
samples from both composites were studied using SEM model ISI ABT SR-50
equipped with EDX analyzer after their preparation including grinding, polishing
and etching with Keller etchant solution. To investigate the formation of deleterious
phases like Al7Cu2Fe and Al4C3, X-ray diffraction examinations and scanning
electron microscopy observations were carried out on the sintered composites. To
evaluate grain size and lattice strain, spectroscope system equipped with copper
ray lamp (wavelength 1.5405 Å) was utilized. Williamson–Hall equation was used
to determine crystallite size and lattice strain in diffracting domain. For hardness
measurements of the sintered samples, Vickers hardness testing machine with
the applied force of 1000 g was utilized.

To evaluate wear resistance of the composite specimens, tribological studies
were conducted according to ASTM G99-04 standard [23] using a WAZAU pin-on-
disk wear testing machine connected to computer interface from Tribo V4.3L soft-
ware. The samples were cut from the cross-section perpendicular to the extrusion
direction. Hardness testing was performed on the points across cross-section diam-
eter with 1 mm intervals from one corner to the other. The samples were cut by a
Merck lathe from the upper part of the cylindrical samples to make disks of 50 mm
diameter and 4 mm thickness. To polish the sample surfaces, they were ground
against 100, 200, and 500 grit emery papers. As the wearing apparatus, pins of
5 mm length and 2 mm diameter from 2160 steel with 60 HRC were prepared.
The applied force and sliding distance were selected to be 30 N and 1000 m, respec-
tively. Wear coefficient, K, was predicted using the Archard equation [24]:

V ¼ KWL=H ð1Þ

where V is the lost volume of the worn material, H Brinell hardness, W normal
applied load equal to 30 N, L the sliding distance (m) and K wear coefficient.



Fig. 1. Twist channel of TE die with a = 90� and b = 60�.
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To investigate mechanical properties of the composites and to plot true stress–
true strain relation, compression tests were carried out. The cylindrical compres-
sion samples were cut from the centre of the billets for 1, 2 and 4 cycles with ratio
of H/D = 1, separately out of the samples containing 2 and 8 wt%TiO2 and, then were
prepared and polished. The tests were conducted at ambient temperature. True
stress–true strain relation of samples in each pass were inferred from compressive
stress–strain curves.

3. Results and discussion

3.1. Powders specifications

Firstly, to determine the adequate milling duration, aluminum
powder and 4 wt%Cu powder were mixed and ball-milled for 5, 6
and 8 h. The XRD patterns are compared in Fig. 2a. As seen, with
increasing the milling time, the XRD peak intensities for aluminum
and copper phases decreased and the XRD peak intensity of Al2Cu
phase increased, therefore, it is inferred that after 8 h milling, the
phase Al2Cu was formed and alloying process was completed.
Fig. 2. XRD results (a) for different milling times of Al–4Cu, (b) comparison of results for
of powder mixture containing 8 wt%TiO2.
Now, 2 wt%TiO2 reinforcement powder was added to the mixture
and milled for 4 more hours (two-stage alloying). Next, aluminum,
copper and TiO2 powders were mixed together and were milled in
two portions for 12 and 16 h (one-stage alloying). Compressive
results are shown in Fig. 2b. In two-stage conditions, as observed
in Table 2, the subgrain size is smaller, but formation of Al7Cu2Fe
brittle phase occurred that might be due to gradual intrusion of
Fe into the mixture during ball-milling through surface erosion
of the balls and cups. On the other hand, the weak signs of the for-
mation of that phase were observed in one-stage milling for 16 h.
Therefore, to minimize the possible formation of the deleterious
brittle phase of Al7Cu2Fe in the final product, all samples were pro-
duced through one-stage, 16 h ball-milling. In Fig. 2c, the results of
X-ray diffraction experiments for milling of Al–4 wt%Cu powder
mixture containing 8 wt%TiO2 for 16 h are depicted. The results
indicated the formation of Al2Cu phase which witnesses that the
alloying was performed successfully. The deleterious brittle phase
of Al7Cu2Fe was not observed in the final product.
12 h 2-stage with 12 h and 16 h 1-stage mechanical alloying and (c) for 16 h milling



Table 2
A comparison of subgrain size and grain strain in different milling times.

Sample Type of milling Milling time (h) Subgrain size (nm) Grain strain

Al–4Cu/2TiO2 Two stage 12 11 0.0017
Al–4Cu/2TiO2 One stage 12 33 0.0045
Al–4Cu/2TiO2 One stage 16 31.51 0.00475
Al–4Cu/8TiO2 One stage 16 28.41 0.00481

Table 3
Relative densities of samples at 700 Mpa pressure for 30 min at different temperatures.

Sample Theoretical density (g/cm3) Bulk density (g/cm3) Temperature (�C) Relative density (%) Porosity percentage (%)

Al–4Cu/2TiO2 2.797 2.256 ± 0.0006 550 90.31 9.69
2.7095 ± 0.0004 580 96.87 3.13

Al–4Cu/8TiO2 2.856 2.7452 ± 0.003 640 98.15 1.85
2.759 ± 0.004 640 98.64 1.36

Fig. 4. SEM micrograph of sample Al–4Cu/8 wt%TiO2 showing large agglomerated
TiO2 particles.
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3.2. Evaluation of composites

For hot compacting, the twist extruded samples having
2 wt%TiO2, first, temperature of 550 �C and, then 580 �C were
applied. Densities of those samples were calculated using
dipping-in-water procedure (Eqs. (2) and (3)) and, since their
measured densities at above two temperatures were found to be
very low (<97%), higher temperatures were applied. The applied
pressure for all samples was fixed at 700 MPa for 30 min. Porosity
volume fraction was also determined using Eq. (3); the results are
presented in Table 3. For applying a uniform axial pressure, the
ratio of height to diameter (h/d) was about 1.5.

q ¼ Wairbqwater � 0:0012c
0:99983bWair �Wwaterc

þ 0:0012 ð2Þ

qT ¼
Xn

i¼1

f iqi ð3Þ

%Porosity ¼ qT � q
qT

� 100 ð4Þ

where Wair is the measured weight of the sample in air, Wwater the
weight in water, q measured density, qwater density in water, qT
Table 4
Relative densities of samples at 700 MPa pressure at 640 �C and different times.

Sample Theoretical density (g/cm3) Bulk density (g/cm3)

Al–4Cu/2TiO2 2.797 2.252 ± 0.0008
2.757 ± 0.0005

Al–4Cu/8TiO2 2.856 2.769 ± 0.0003
2.833 ± 0.0004

Fig. 3. SEM images of samples reinforced with (
theoretical density.In hot compression test performed on compos-
ite, temperature of 640 �C was applied for the other samples, but
their holding time in the furnace increased to 60 and 120 min.
The final densities are tabulated in Table 4. In hot compression sit-
uations at 640 �C for 120 min, the density of the sintered sample
Time (min) Relative density (%) Porosity percentage (%)

30 98.15 1.85
60 98.59 1.41

120 99.01 0.99
120 99.20 0.80

a) 2 and (b) 8 wt%TiO2 particles prior to TE.



Fig. 5. (a and b) XRD patterns of composites reinforced with 2 wt%TiO2 and 8 wt%TiO2 nano-particles and (c and d) EDX analysis results for those composites, respectively.

Table 5
Weight percentage of elements in Al–4Cu/2 wt%TiO2 and Al–4Cu/8 wt%TiO2 derived
from EDX analysis.

Element wt% of element in Al–4Cu/
2 wt%TiO2

wt% of element in Al–4Cu/
8 wt%TiO2

Al 84.1 77.14
Cu 3.88 3.68
Ti 2.08 7.86
O 9.94 11.32
Total 100 100

Fig. 6. (a) SE images of composite reinforced with 2 wt%TiO2 and EDX analysis of point A
of points A and B.
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was nearly equal to the theoretical density of the composite. There-
fore, the same conditions were repeated for the mixture powder
containing 8 wt%TiO2 reinforcement. Because the density of TiO2

particles was higher than that of the matrix alloy (4.5 g/cm3), it
was anticipated that with increasing volume fraction of reinforce-
ment particles, the relative density of the composite increased [5]
which was consistent with the results depicted in Table 4.

Fig. 3 shows SEM micrographs of the samples containing
2 wt%TiO2 and 8 wt%TiO2 prior to TE with coarse distinct grains.
As seen, the reinforcement particles are distributed uniformly
within the matrix. The particles became finer with smooth edges
and corners during ball-milling. Uniform distribution of nano-
particles within matrix, because of their high surface to volume
and B, (b) SE micrograph of composite reinforced with 8 wt%TiO2 with EDX analysis



Fig. 7. Compression true stress–true strain curves for annealed samples until
beginning of barreling.

Fig. 8. Variation of lost volume of matrix alloy and composite vs. sliding distance in
wear test.

Fig. 9. Variation of wear coefficient for matrix alloy and composites vs. sliding
distance at pressure of 30 N.

Table 7
Mean Brinell hardness for different samples.

Specimen Hardness (Brinell)

Al–4Cu 107
Al–4Cu/2TiO2 138
Al–4Cu/8TiO2 200
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ratio, is difficult. In the composites with 8 wt%TiO2, distribution of
these nano-particles was inhomogeneous resulting in formation of
their large agglomerates; these usually impair mechanical proper-
ties of materials. This is more evident in Fig. 4.

According to XRD results shown in Fig. 5a, presence of the brit-
tle phase (i.e. Al7Cu2Fe in the sintered Al–4Cu/2TiO2 sample, which
causes brittle fracture of the material, is confirmed. However, X-ray
diffraction pattern in Fig. 5b indicates that in the Al–4Cu/8TiO2

sample, the brittle phase is absent. In the next stages of experi-
ments, it will be noticed that with application of severe plastic
strains, fracture of latter samples occurred more frequently in com-
parison with the former ones. For performing quantitative analysis
of the existing elements in the samples, EDX was utilized. The
results are depicted in Fig. 5(c) and (d) as well as in Table 5. Those
results were obtained from surfaces of the samples showing the
total weight percentage of the elements in the sintered samples.
The analysis showed no contamination.

Fig. 6(a) shows secondary electron (SE) micrograph of a sample
with composition of Al–4Cu/2TiO2 together with EDX analyses of
points A and B (specified with circles), which are nearly identical.
Therefore, it is concluded that the reinforcing particles are uni-
formly distributed within the matrix, as mentioned earlier. How-
ever, EDX analyses of points A and B of SE micrograph of the
sample Al–4Cu/8TiO2 shown in Fig. 6(b) are quite dissimilar. It
means that a non-uniform distribution of TiO2 nano-particles cou-
pled with their large agglomerates, which usually contribute to
deterioration of mechanical properties of the composite, occurred.

Compression true stress–true strain curves of the annealed
samples, in the case of Al–4Cu, Al–4Cu/2 wt%TiO2 and Al–4Cu/
8 wt%TiO2 are illustrated and compared in Fig. 7 and the results
are shown in Table 6. It is evident that with increasing TiO2 content
in the composite, yield stress and Young modulus increase but,
ductility decreases. Perhaps, deletion of porosities during hot com-
pression at 640 �C for 120 min was effective in enhancement of the
sample strength. On the other hand, TiO2 particles are stable ther-
modynamically, and do not react with the matrix phase at high
temperatures. These particles act as barriers against movement
of dislocations leading to ductility decrease [25].

Fig. 8 shows variation of lost volume of composites during wear
test vs. sliding distance. As previously shown, with increasing the
percentage of TiO2 reinforcement, the lost volume decreases. To
predict wear coefficient, Eq. (1) was used. The graph in Fig. 9 shows
Table 6
Results of uniaxial compression testing for annealed samples.

Specimen Young modulus (GPa) Yield strength (

Al–4Cu 66 256
Al–4Cu/2TiO2 70 246
Al–4Cu/8TiO2 79.6 278
variation of wear coefficient with sliding distance for all samples.
As indicated, the lowest wear coefficient belongs to the composite
having 8 wt%TiO2. It is also evident in Table 7 that with increasing
weight percentage of TiO2 particles, the hardness of the material
increases. Such a hardness increasing can be attributed to the
increasing of dislocation densities improving material resistance.
Hardness increasing leads to enhancement of wear resistance of
the composite [25].

Fig. 10 are the backscattered electron BSE images of samples
Al–4Cu/2 wt%TiO2 and Al–4Cu/8 wt%TiO2 from central and lateral
GPa) Barreling stress (MPa) Barreling strain (%)

270 0.96
284 0.93
298 0.87



Fig. 10. BSC images of composites, up: Al–4Cu/2 wt%TiO2 and down: Al–4Cu/8 wt%TiO2, (a, b, e and f) central regions, after 2 and 4 passes, (c, d, g and h) lateral regions, after 2
and 4 passes.

Fig. 11. Grain size measurement for a corner of cross-section of a sample
containing 8 wt%TiO2 extruded for 2 passes.
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regions. EDX examinations revealed that the two discrete dark and
light regions corresponding to TiO2 clusters and the matrix, respec-
tively. Fig. 10(a), (b), (e) and (f) shows the microstructure of two
composites in central area after two passes and four passes of twist
extrusion, respectively. It is revealed that grains became finer and
the microstructure was more uniform with increasing the number
of TE passes and this is same for Fig. 10(c), (d), (g) and (h) that illus-
trate the microstructure of lateral region of cross-section of both
composites after two passes and four passes of TE, respectively.
After four passes of TE in both composites, formation of nano-sized
grains are evident. Unlike significant effect of billet axial rotations
between ECAP passes [26,27], the billet rotations between TE
passes have no effect on the plastic flow. This is due to the axial
symmetry of the process.

Clustering of fine particles has been reported by Ritasalo et al.
[28]. With increasing twist extrusion passes, TiO2 clusters became
Table 8
Mean grain size (lm) of centers and corners of cross sections of two composites at variou

Sample Position Annealed

Al–4Cu/2 wt%TiO2 Corner 20.9 lm
Center 21.7 lm

Al–4Cu/8 wt%TiO2 Corner 18.2 lm
Center 18.8 lm
smaller having a more homogeneous distribution in the matrix. For
the sample Al–4Cu/8 wt%TiO2, as observed, with increasing the
number of TE passes, very fine equiaxed grains are formed. It is also
evident that in the centre of the sample, the microstructure is less
homogeneous and the formation of TiO2 clusters is observed. As
indicated, in both types of samples, the microstructures in the cor-
ners and edges of the cross-section are more homogenous than
those in the centers. This means that the corners experienced lar-
ger strains compared to the centre. In each pass of TE process,
applying plastic deformation leads to an increase in dislocation
density and, consequently formation of subgrains that impede dis-
locations glide gradually. With accumulation of plastic strains in
subsequent passes, misorientation between neighboring grains
increases and elongated grains turn to fine equiaxed ones resulting
in a recrystallized microstructure [29]. This is the same phenome-
non normally observed in SPD processes and is termed dynamic
recrystallization [30].

Mishra et al. [29] suggested that when grains become smaller
and also when the total area of grain boundaries increases, discrete
dislocations emitted by a boundary are absorbed by the opposite
grain boundary. Therefore, in higher passes of TE, dislocation den-
sity decreases gradually and high angle grain boundaries form.
Shape of grains and rate of converting low angle boundaries to high
angle ones in TE process depend on twist path and twist angle (a).
It is worth noting that strain distribution and the boundary of
deformation zones depend strongly on the geometry of die cross-
section, i.e. deviation angle (b) and twist angle (a), and by varying
these factors, one can change strain intensity in different regions.

Grain sizes of the extruded samples were determined after each
TE pass using a scaling-measuring utility installed to scanning elec-
tron microscope, as shown in Fig. 11 and the results are depicted in
Table 8. It is inferred from Table 8 that with increasing TE passes,
grain size in the centre and in the corners decreases. However, with
increase of passes, the amount of strain that can be imposed on the
sample, decreases. Such a decrease is further observed at edge
s passes of TE.

1-pass 2-pass 4-pass

11 lm 9 lm 7.1 lm
20 lm 12 lm 8.4 lm

10 lm 7.8 lm 5.6 lm
14 lm 9.8 lm 6.5 lm



Fig. 12. Grain size heterogeneity index for different passes for two composites.
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regions. Therefore, uniformity of deformed structure increases and
gradually, extent of grain refinement increases in central and lat-
eral regions of the sample. This is due to structure stability brought
about by saturation of the mechanical properties after the strain
exceeds saturation limit. Such stability and saturation are not con-
fined to TE, but are extended to all deformations based on pure
shear like ECAP and so on. Mechanisms of this effect in PSD pro-
cesses are such that with increasing passes (i.e. with increasing
the strains), grain boundary surfaces also increase with a rate pro-
portional to deformation state. During plastic deformation, cells or
subgrains form and after a rather large strain, a considerable
Fig. 13. (a) Variation of Vickers hardness of composites with different TiO2 contents, pri
mean hardness at different TE passes for composite Al–4Cu/2 wt%TiO2. (c) Variation of ha
TE passes for composite Al–4Cu/8 wt%TiO2.

Fig. 14. Vickers hardness measured along diagonal line over cross s
change does not occur in them. Therefore, with increasing strain,
amount of high angle boundaries increases [29]. It is then con-
cluded that with increasing the number of passes, the difference
in grain sizes decreases in various regions of the sample. To deter-
mine extent of this difference in various passes, a variable index (V)
is defined as a ratio of standard deviation, SD to a parameter aver-
age value �x as follows [31]:

V ¼ SD
�x
� 100 ð5Þ

Fig. 12 shows inhomogeneity of grain size for different passes
and various TiO2 contents in composites. As indicated, the
annealed sample is more homogeneous in grain size and, the
sample extruded for one pass shows highest inhomogeneity. It is
evident that with increasing the number of passes, the inhomoge-
neity of grain size decreases to a minimum of V = �16% for four-
pass TE operation.

Fig. 13(a) shows the effect of TiO2 content on Vickers micro-
hardness of the composites. A more uniform dispersion of TiO2 par-
ticle in the matrix impedes dislocation movements resulting in an
increase of the hardness [32]. Fig. 13(b) and (c) shows the variation
of hardness in the centre and corners of cross-section as well as
mean hardness, in different passes of TE, for both types of compos-
ites. As seen, during first pass, the hardness increases dramatically,
but in next passes, an obvious decrease in the curve slope is
observed. This has been attributed to increase in dislocation den-
sity resulted from application of severe plastic deformation [29].
or to TE. (b) Variation of hardness at central and lateral regions of cross-section and
rdness at central and lateral regions of cross-section and mean hardness at different

ection of (a) sample Al–4Cu8 wt%TiO2 at various passes of TE.



Fig. 15. Heterogeneity index of hardness values for various TE passes.
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Since corners get higher plastic strains than the centre, they pos-
sess higher hardness. However, with increasing the number of
passes and gradual saturation of microstructure with strain due
to saturation in dislocation density and, then development of a fine
Table 9
Vickers microhardness values for samples Al–4Cu/2 wt%TiO2 at different passes and their

Sample Hardness in center (HV) Mean hardness (H

Annealed 145 146
1-pass 217 224
2-pass 225 234
4-pass 227 237

Table 10
Vickers microhardness values for samples Al–4Cu/8 wt%TiO2 at different passes and their

Sample Hardness in center (HV) Mean hardness (H

Annealed 210 211.5
1-pass 296 308.5
2-pass 318 335.5
4-pass 324 345.5

Fig. 16. Results of compression tests: (a) true stress–true strain curves for Al–4Cu/2 wt%
strength at different passes for both composites.
substructure, the heterogeneity in hardness distribution on the
cross-section of the sample decreases. Therefore, despite occur-
rence of heterogeneity in deformation, hardness distribution is
homogeneous at higher strains. Zendehdel et al. also reported
homogeneity of hardness distribution at higher passes when they
investigated influence of TE process on microstructure and
mechanical properties of 6063 aluminum alloy [33]. Fig. 14(a)
and (b) illustrates Vickers microhardness measured along diagonal
line on cross-section of different samples. As indicated, hardness of
samples increased noticeably after first pass compared to the
annealed specimens. For the samples containing 2 wt%TiO2, the
hardness increased by 52% in average, but for the sample having
8 wt%TiO2, the hardness increasing was 46%. The hardness increase
is lower for the central regions that undergoes lower strain levels
and, higher for the lateral areas deformed by higher strains; this
is due to higher redundant strains (er) at the lateral regions [34].
The variation index, V, is also defined for description of heteroge-
neity level in hardness values. Using the variation index, V, calcu-
lated through Eq. (5) for different passes, Table 9 for the sample
Al–4Cu/2 wt%TiO2 and Table 10 for the sample Al–4Cu/8 wt%TiO2

are tabulated. Fig. 15 shows the heterogeneity index of hardness
values (V) for different passes of TE. It is inferred from Tables 9
heterogeneity values.

V) Hardness of edge (HV) Heterogeneity V (%)

147 1.3
231 6.25
243 7.69
247 8.44

heterogeneity values.

V) Hardness of edge (HV) Heterogeneity V (%)

213 1.42
321 8.10
353 10.43
367 12.45

TiO2, (b) true stress–true strain curves for Al–4Cu/8 wt%TiO2. (c) Variation of yield



Table 11
Results of uniaxial compression testing on samples Al–4Cu/2 wt%TiO2 and Al–4Cu/8 wt%TiO2 (Type 1 and Type 2, respectively) at different passes.

Sample Young modulus (GPa) Yield strength (MPa) Barreling stress (MPa) Barreling strain (%)

Type 1 Type 2 Type 1 Type 2 Type 1 Type 2 Type 1 Type 2

Annealed 70 79.6 246 278 284 298 0.93 0.87
1-pass 84 94.9 304 325 241 347 0.80 0.74
2-pass 85 96.6 334 354 358 366 0.66 0.62
4-pass 87.6 97.2 368 372 383 391 0.65 0.61

H. Ashuri, A. Hassani / Journal of Alloys and Compounds 617 (2014) 444–454 453
and 10, and Fig. 15 that, in addition to increase in hardness within
the central and lateral areas, and also increasing average hardness
in whole sample, heterogeneity increased as well. Hardness heter-
ogeneity index value in the sample of Al–4Cu/2TiO2 extruded for 4
passes reached to 8.44 from 1.37 for the conditions before TE and,
also in the sample of Al–4Cu/8TiO2 extruded for 4 passes, V value
reached to 12.45 from 1.42 for the conditions before TE. It seems
that heterogeneous distribution of hardness within whole sample
was not significant due to application of backpressure during the
process. Because backpressure is necessary for completion of cine-
matic conditions of applied plastic flow through tool geometry of
TE, and facilitates development of more homogeneous structure
and mechanical properties [30].

Fig. 16(a) and (b) shows graphs obtained from compression
tests including true stres–true strain curves derived from uniaxial
compression test on samples Al–4Cu/2 wt%TiO2 and Al–4Cu/
8 wt%TiO2 after different TE passes, respectively. The obtained
results are compared in Table 11. Fig. 16(c) illustrates variation
curves of yield strength for both composites in different TE passes.
As indicated, with increasing number of passes, strength increased
and ductility decreased. The strength increase extent in the first
pass is obviously higher than that in the second and fourth passes
which is due to gradual strain saturation in different regions, par-
ticularly those closer to the centre. By applying a few number of TE
passes, strain exceeds saturation limit and saturation state gradu-
ally extends all cross-section area leading to uniformity in chang-
ing microstructure and other properties [35].
4. Conclusions

Mechanical alloying and powder metallurgy routes were
applied to fabricate a new composite with binary matrix of Al–
4Cu and reinforced by 2 wt% TiO2 nano-particles. The annealed
materials were subjected to some of the mechanical tests, and
hardness, strength and yield strength were measured. With
increasing percentages of the reinforcement particles, hardness,
yield strength, Young modulus and wear resistance of the compos-
ites increased but ductility decreased. Afterwards, the composites
were deformed severely through twist extrusion for 1, 2 and 4
passes. The maximum allowable passes of extrusion was four,
beyond which the materials did not endure plastic deformation
and failed. It was revealed that with increasing the number of
passes by 4, a more homogeneous distribution of reinforcement
particles occurred and also an ultrafine-grained nano-structure
was obtained.
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