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Abstract

This work aims to study the effects of dispersed pure titanium particles (150 mesh) with 0, 2.3, 3.5, 4.9, and 8.6 wt.% on
the microstructure and mechanical properties of AZ31-Mg alloy matrix. Mg—Ti composites were processed through a three
accumulative roll bonding (ARB) process using thickness reductions of 50% each pass followed by heat treatment at 400 °C
for 12 h in an argon atmosphere. Mechanical properties of Mg—0 and Mg-2.3 Ti composite were enhanced by ~8 and 13% in
YS and ~ 30 and 32% in UTS, respectively. Meanwhile, the elongation of the composite was decreased by 63 and 70%. After
heat treatment, the results showed a decrease in yield strength and increased in the elongation to fracture. The mechanical
properties of the Mg—0 and Mg-2.3 Ti composite were enhanced; ultimate tensile strength by 9 and 7%, and elongation by
40 and 67%, while the yield strength was decreased by 28 and 36% compared with the initial AZ31. Enhancement of strength
and ductility was developed based on the operation of two mechanisms: developing a random matrix texture by ARB, and

dispersion of ductile titanium particles. ARB is an efficient process to fabricate an Mg—Ti composite material.
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Introduction

Magnesium is lighter than aluminum and steel by 35 and
78%, respectively. Magnesium-based composite materials
have become more attractive in the transportation industry
and aerospace applications due to their combined desir-
able properties such as lightweight, high strength, and high
recyclability. Magnesium alloy AZ31 (Mg-3%Al-1%Zn)
has been used in industrial applications because of its good
mechanical properties, damping characteristics, machinabil-
ity, and low casting costs [1-3]. However, it is difficult to
form Mg alloys at an ambient temperature because Mg alloys
have a hexagonal close-packed (HCP) structure [4], and the
axial ratio(c/a) is 1.624 smaller than the ideal value[5]. Only
the basal slip system is active at room temperature, while the
other slip systems (prismatic and pyramidal) are inactive.
Therefore, insufficient plastic deformation occurs at room
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temperature [6—9]. During severe plastic deformation pro-
cessing high temperature (i.e., hot rolling and extrusion),
other non-basal slip systems or twinning systems are acti-
vated. In general, HCP materials have slip systems: basal
{0001} <1120>, prismatic {1010} <1120>and pyramidal
{IOTI} <1120> [10, 11]. Therefore, the texture control is an
effective way to enhance the ductility of Mg and its alloys at
room temperature [12]. Severe plastic deformation (SPD) is
a process in which a large strain is applied at a temperature
below recrystallization temperature without thermal treat-
ment to produce ultrafine-grained (UFG) structures. There
are several processes which have been developed to produce
high strain in metals accompanied with changes in sample
dimensions such as equal-channel angular pressing (ECAP),
high-pressure torsion (HPT), multi-axial forging (MAF), and
accumulative roll bonding (ARB) [7, 13-16].

Composite materials are alternating which have signifi-
cant advantages due to the combination of their desirable
properties, such as strength and ductility. Ceramic and inter-
metallic compounds were employed as reinforcements to
Mg- alloys such as SiC, TiC and TiB,, Al,0,, and graphene
nano-platelets [17-21]. However, all of these hard and brit-
tle reinforcements lead to a decrease in the ductility of the
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composites[22]. Alam et al. [23] claimed that there is an
improvement in the microstructure and mechanical proper-
ties of AZ41 and AZ50 Mg alloys by adding nano-sized
Al,O; particles and Ca. Mg-based composites can improve
formability and toughness by the dispersion of ductile par-
ticles, which are deformed plastically with stress lower than
the maximum strength of the Mg matrix. The dispersion
particles prevent stress concentration and cracking at Mg
grain boundaries. Ti has been reported as a suitable disper-
soid because it has a very low solid solubility, and there is
no affinity and no intermediate reaction layer in the Mg—Ti
binary phase diagram [5, 22, 24-26]. Kitazono et al. [2]
synthesized Mg/Ti composites by accumulative diffusion-
bonding (ADB). The mechanical properties of the AZ91Mg
alloy were improved by the dispersion of Ti particles in
the AZ91matrix. They suggested that the development of
a random texture improved ductility due to severe plastic
deformation and stress relaxation in Ti particles. Esen et al.
[27] prepared Ti—-Mg composite rods by hot rotary swaging
from elemental powders of titanium and magnesium. The
composite was in vivo tested in Ringer’s solution which can
be used in the human body. In this study, Ti particles (0,
2.3, 3.5, 4.9, and 8.6 wt.%) were used to improve AZ31
ductility. We proposed the accumulative roll bonding (ARB)
process which is known as a useful severe plastic deforma-
tion technique to fabricate metal-metal composites material.
The materials synthesized were studied for microstructural
and mechanical properties. The reinforced composites with
Ti particles were compared to that of unreinforced samples.

Materials and Experimental Procedures

AZ31 magnesium alloy (Mg-3wt.% Al-1 wt.% Zn, pro-
vided by Magnesium Elektron) was used as a matrix, and
high purity (99.9%) titanium particles (spherical — 150
mesh, provided by Alfa Aesar) were added as ductile rein-
forcements. Mechanical properties of the AZ31 matrix are
224-227 MPa yield strength, 290-291 Mpa ultimate ten-
sile strength, and 17% elongation. The AZ31 sheet was
0.80+0.1 mm in thickness. The samples were 25 mm in
width 50 mm in length, and 0.80+0.1 mm in thickness (S5ply
plates) of the AZ31 with five weight percentage of Ti 0, 2.3,
3.5, 4.9, and 8.6 as starting materials. The samples were
named as (Mg-0 Ti, ..., Mg-8.6 Ti) in correspondence to
the Ti weight percentage in the composite. Before stacking
the AZ31 layers, the Ti particles were distributed on the
bonding interface. First, the samples were assembled by the
uniaxial hot press with a load of 5 tons at 300 °C for 20 min
to bond the AZ31 layers and avoid Ti particles oxidation [2].
Opposite corners of the assembled samples were fastened
tightly by steel wires to prevent sliding of the AZ31 layers
during ARB. Second, the assembly samples were heated in
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an argon atmosphere furnace at 450 °C for 15 min, and then,
three ARB cycles were done using thickness reductions of
50% each pass [13]. The detailed schematic diagram of the
ARB process is illustrated in Fig. 1.

The ARB process was carried out without lubricant using
rolling mills with 101.15 mm diameter. After each ARB
cycle, the sample was cut into two halves using a shear cut-
ting machine, surface treatment, assembly, and rolled [28,
29]. To achieve good bonding between layers, the AZ31
plates were decreased by an ultrasound bath using ace-
tone for 15 min and roughened using a rotating “stainless
steel” wire brush [30-32]. Surface treatment was done for
the assembly samples and between the ARB cycles. Heat
treatment was carried out at 400 °C for 12 h in an argon
atmosphere. Optical microscopy (OM), X-ray diffraction
(XRD), scanning electron microscopy (SEM), energy dis-
persive spectroscopy (EDS), electron backscatter diffrac-
tion (EBSD), nanoindentation, and tensile tests were used
to characterize the samples before and after heat treatment.
The samples were mounted using a non-conductive epoxy.
The surface was prepared using silicon carbide abrasive
papers for grinding and MasterPolish (0.05 um) polishing
liquid with a ChemoMet cloth for mechanical polishing.
Electrochemical polisher was used to polish AZ31 matrix;
an electrolyte (methanol: ethanol: nitric acid=10:10:3) at
room temperature and voltage of 27-30 V to obtain high-
quality EBSD patterns [33, 34]. EBSD was performed on
the as-rolled and annealed samples Mg—0 Ti and Mg—4.9
Ti using FEI (Helios NanoLab 660) equipped with an elec-
tron backscatter diffraction (EBSD) system. The EBSD data
were analyzed using HKL channel 5 software. Hardness was
evaluated by nanoindentation (Agilent G200). The tensile
tests conducted at room temperature with a strain rate of
0.5 mm/min. Tensile specimens with 10 mm gauge length
were machined by an electric discharge machine (EDM) in
rolling direction (RD) [35].

Archimedes’ principle was used to measure the density of
the Mg-Ti composites. Table 1 lists the density of the pre-
pared Mg—Ti composites, which increases with the increase
of the weight fraction of Ti particles, as expected. The vol-
ume percentage of Ti was calculated using below formula:

wt.% of Ti
density of Ti
wt.% of Ti wt.% of AZ31 matrix
density of Ti density ofAZ31 matrix

Results and Discussion

Optical micrographs of the ARBed Mg—4.9 composites
materials are shown in Fig. 2. It can be seen the bonding
line and agglomeration of the Ti particles in the first ARB
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Fig. 1 Schematic diagram of the ARB process

cycle (Fig. 2a). The Ti particle distribution in the AZ31
matrix became more uniform after the second and third
ARB cycles, as shown in Fig. 2b—d. The bonding lines disap-
peared after the three ARB cycles which indicate that ARB
is an effective process to fabricate Mg—Ti composite mate-
rial [9, 15, 36, 37]. In this study, several weights percentages
of Ti particles (0, 2.3, 3.5, 4.9, and 8.6) were added to the
AZ31 matrix. The microstructures of the AZ31-Ti composite

4™ step: Cutting and surface cleaning.

with four different weight contents of Ti after three ARB
cycles are shown in Fig. 3. The composite material showed
no visual defects such as interface debonding, cracks, or
pores after three ARB cycles for both AZ31/AZ31 and Ti/
AZ31 interfaces.

The Ti particles were quite uniformly distributed without
agglomeration in the matrix; neither clusters of Ti particles
nor new phases were created during the ARB process [22,
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26]. Figure 4 shows X-ray diffraction patterns of AZ31, Ti-
particles, Mg—4.9 Ti, and Mg—4.9 Ti in annealed condition
after three ARB cycles.

Furthermore, no changes of the Ti particle shape or par-
ticle size were detected during ARB cycles. This is related
to the high strength of Ti, and the flow deformation of the
matrix is not enough to deform the Ti particles. It has been
reported that the particles shape and size may affect the
mechanical properties of the composite materials [2, 26].
In this work, the Ti reinforcement particles found with
round edges, and therefore, no stress concentration would
occur due to sharp edges[38, 39]. The total reduction and

Table 1 The density of the prepared Mg-Ti composites

Material Ti particles Density (g/cm®)
wt.% vol.%

Mg-0 Ti 0 0 1.7700 +0.0006

Mg-2.3 Ti 2.3 0.9 1.7952+0.0019

Mg-3.5 Ti 35 14 1.8089 +0.0055

Mg-4.9 Ti 4.9 2 1.8240+0.0030

Mg-8.6 Ti 8.6 3.6 1.8685+0.0043
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2 [40, 41].
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where n is the number of ARB cycles.

To study the effect of Ti addition on the AZ31 matrix
texture, EBSD was conducted for the as-ARBed and
annealed condition for the Mg—0 Ti and Mg—4.9 Ti sam-
ples after three ARB cycles. The results of texture analysis
based on the EDSD scan were performed on the TD plane.
SEM images and pole figures corresponding to the AZ31
matrix of a composite structure Mg—0 Ti and Mg—4.9 Ti
are shown in Fig. 4. Dynamic recrystallization (DRX) has
taken place in the AZ31 matrix where recrystallized grains
grew by the migration of grain boundaries during the ARB
process. As shown in Fig. 5a, the microstructure of Mg—0
Ti was populated by recrystallized grains. In addition, heat-
ing between ARB passes may cause partial recrystallization
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Fig.2 Microstructure of the Mg—4.9Ti composite processed by accumulative roll bonding. (a) ARB1, (b) ARB2, (¢) ARB3, (d) high magnifica-

tion of (¢)
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Fig.3 The microstructure of the composite processed by three ARB passes. (a) Mg—0 Ti, (b) Mg—2.3 Ti, (¢) Mg-3.5 Ti, and (d) Mg-8.6 Ti
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Fig.4 Shows X-ray diffraction patterns of AZ31, Ti- particles,
Mg—4.9 Ti, and Mg—4.9 Ti annealed

and remove the accumulated strain [9, 15]. The (0001) PF
showed strong basal texture with maximum pole intensity
of 16.04, which tilted at 15° away from normal direction
ND toward TD, as shown in Fig. 5a-1. Zhan et al. [9, 15]

have reported improved mechanical properties of the AZ31
after three ARB cycles at 300 and 400 °C with 50% reduc-
tion. According to them, the basal texture was weakened as
a result of repeating the ARB process and the DRX, which
agrees with my research results.

To further understand the effect of Ti particles (Mg—4.9
Ti) on the AZ31 matrix texture, the EBSD scan was con-
ducted at two sites. Sitel was in areas without Ti particles
and site2 around Ti particles, as shown in Fig. 4b and c,
respectively. Recrystallized grains were found in the sitel
which is similar to Mg—0 Ti matrix, as shown in Fig. 5b.
Also, the (0001) PF showed a strong basal texture with max-
imum pole intensity of 12.63 and tilted at 15° away from
ND toward TD, as shown in Fig. 5b-1. Pérez et al. [25] have
studied Mg—Ti composites (5 to 15 vol.% of Ti) processed
by powder metallurgy followed by hot extrusion at 400 °C.
According to them, the basal texture intensity decreased
with increasing Ti volume fraction. Elongated matrix grains
formed in the vicinity of the Ti particles in site2 (Fig. 5c),
which means a strong interaction between AZ31 and Ti
particles during the ARB process. The Ti particles resist
the AZ31 deformation flow that leads to forming the AZ31
fiber texture around Ti particles [22, 26]. The site2 showed
a strong basal texture with maximum pole intensity of 15.12
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Fig.5 SEM and pole figures corresponding to AZ31 matrix after three ARBed cycles: (a) Mg—0 Ti, (b) Mg—4.9 Ti site 1, (¢) Mg—4.9 Ti site 2

and —5° away from normal direction ND toward TD, as
shown in Fig. 5c-1. The Ti particle zones were disturbed by
the texture to re-arrange. In addition, Ti particles are located
between the stacking AZ31 sheets during the ARB process,
so that the texture changes from rolling texture to the large
shear texture (site2) between bonded surfaces [42]. Thus,
the AZ31 texture intensity is high in the vicinity of the Ti
particles.

Heat treatment was carried out at 400 °C for 12h to relive
the internal stress in the matrix during the ARB process.
EBSD was used to analysis the texture changes after post-
heat treatment. Figure 6 shows SEM images and the pole
figures of the Mg-Ti composites with Mg—0Ti and Mg—4.9

@ Springer

Ti after three ARB passes. Static recrystallization (SRX)
and grain growth occurred upon heat treatment. As shown
in Fig. 6a—c, the grains become larger and more equiaxed,
and the matrix fiber texture around the Ti particles disap-
peared. Furthermore, the basal texture intensity was weak-
ened due to static recrystallization during heat treatment.
The comparison of the pole figures of the ARBed and
annealed samples reveals that the heat treatment has sig-
nificantly influenced the texture intensity. The basal texture
intensity of the Mg—0Ti sample was reduced from 16.04 to
7.16. The (0001) PF shows multi-basal poles along the TD,
as shown in Fig. 6a-1. Also, the EBSD was conducted in
two sites for the sample with Mg—4.9 Ti. Sitel shows lower
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Fig.6 SEM and pole figures corresponding to AZ31 matrix after three ARBed cycles and annealing heat treatment: (a) Mg—0 Ti, (b) Mg—4.9 Ti
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basal texture intensity than the as-rolled condition where the
(0001) PF reduced from 12.63 to 9.65 (Fig. 6b-1), while the
site2 (0001) PF was reduced from 15.12 to 6.20, as shown
in Fig. 5c-1.

Figure 7 depicts the EDX line scan profile of the annealed
Mg-4.9 Ti composite, which reveals a diffusive zone around
the Ti particle. The spatial distribution of the concentrations
of Ti and Mg can be seen clearly, suggesting the presence of
inter-diffusion across the Mg/Ti interfaces and the diffusion-
assisted interface bonding [3].

Nanoindentation measurements were conducted on pol-
ished samples before and after heat treatment. Berkovich
indenter was used with a test load of 30 gf and a dwell time
of 15 s. The hardness tests were conducted randomly on the
Mg-Ti composite material, and the averages of the values
were reported. Figure 8 shows the room temperature results

of the nanoindentation measurements of as-received AZ31
and Mg-Ti composite materials reinforced with different Ti
contents. The result reveals that the hardness values were
significantly increased after three ARB cycles compared to
initial hardness of the AZ31. In addition, the hardness values
increased with an increase in the weight percentage of Ti
content in the matrix. The hardness value was 0.85, 0.95,
and 1.025 GPa for the as-ARBed condition of the Mg—0 Ti,
Mg—4.9 Ti, and Mg-8.6 Ti, respectively. The hardness of the
unreinforced Mg—0 Ti and Mg—4.9 Ti has increased by about
43% and 60%, respectively, compared to the AZ31. This is
attributed to: (a) grain refining during ARB, (b) the forma-
tion of localized plastic deformation (fiber texture) around
the Ti particles, which was caused by plastic deformation
incompatibility between the reinforcement and matrix, and
(c) the presence of relatively harder phase Ti particles in the
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Fig. 8 Nanoindentation measurements of as-received AZ31 and Mg—
Ti composite material reinforced with different Ti contents

matrix [22, 26, 38, 43]. Furthermore, the internal stresses
developed in the metal matrix composite materials, which
caused by various factors. It has been reported that the
increase of the Ti particle fraction leads to increase in inter-
nal stress between Ti reinforcement and matrix due to the
differences in their thermal expansion coefficients and the
modulus of elasticity [44, 45].

Softening behavior and stress relieve upon heat treatment
of the metal matrix composite materials were investigated
[46, 47]. Figure 8 shows the hardness as a function of Ti
content in the matrix. The hardness decreased after heat
treatment at 400 °C for 12 h. This may be attributed to the
relaxation of the internal stress and grain coarsening dur-
ing heat treatment. It can be seen that the recrystallization
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Fig.9 Contact modulus of Mg-Ti composites

has changed the texture of the ARBed materials completely
(Figures 5, 6). The hardness values were 0.61, 0.78, and 0.79
GPa for the Mg-0, Mg-4.9, and Mg-8.6 wt.% Ti, respec-
tively. The hardness of the as-received AZ31 increased
by ~3.5% and 32.5% compared to Mg-0 Ti and Mg—4.9 Ti,
respectively.

Figure 9 shows the variation of the contact modulus, as
calculated from the unloading curves of the nanoindentation
tests, with the weight fraction of Ti particles. The contact
modulus increases with the increase of the weight fraction
of Ti particles, as expected, due to the large modulus of Ti.
The annealing of the as-ARBed Mg—Ti composites led to a
slight decrease in the contact modulus of the corresponding
composites. Such a difference is statistically insignificant.

Figure 10 presents the tensile behavior of the Mg—Ti com-
posites after three ARB passes with and without annealing.
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Fig. 10 Tensile behavior of Mg—Ti composite materials: (a) stress—strain curves, (b) ultimate tensile strength, (d) yield stress, and (d) elongation

The ARB processing caused the increase of the ultimate
tensile strength (UTS) and 0.2% yield strength (YS) of
the Mg—Ti composites. However, both the ultimate tensile
strength (UTS) and 0.2% yield strength (YS) as well as the
elongation generally decrease with the increase of the weight
fraction of Ti particles, except Mg—2.3 Ti. Such behavior
might be associated with the bonding strength between Ti
particles and the AZ31 matrix. Also, stress concentration
around Ti particles under tension might cause local damage
when local stress is higher than the bonding strength. The
combinational effect of the bonding strength and the local
damage likely contributes to the decrease of the mechanical
strength of the Mg—Ti composites for the weight fraction of
Ti particles larger than 2.3 wt.% [24].

The annealing-induced decrease of the mechanical
strength and the increase in elongation are consistent with
the annealing-induced decrease of the indentation hardness.
This change can be attributed to (a) the relief of residual

stresses in the matrix around Ti particles, (b) an increase in
average grain size, and (c) a reduction of the basal texture
intensity due to SRX.

Table 2 summarizes the comparison of the tensile proper-
ties of AZ31 and Mg-based composites reinforced with hard
and ductile particles, such as SiC, Al,O,, and Ti, available
in the literature. It is evident that ARB is a relatively better
process for making Mg—Ti composites than the other pro-
cesses available in the literature.

Figure 11 shows the fractured surface of the annealed
Mg-0 Ti, Mg-2.3 Ti, and Mg-8.6 Ti tensile samples. There
are dimples presented on the fracture surfaces, suggesting
ductile fracture. Ti particles in Mg—2.3 Ti and Mg-8.6 Ti
samples are observed on the fractured surfaces, suggesting
poor bonding between Ti particles and the AZ31 matrix.
This result confirms decreasing in the mechanical strength of
Mg-Ti composites due to limited load transfer between the
Mg matrix and Ti particles. However, the SEM image for the
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Table 2 Comparison between

. . Material Method of Preparation ~ 0.2% YS (MPa)  UTS (MPa)  Elongation (%)
this study and the literature of
Mg-Ti composite materials AZ31B 225 302 17.4
Mg-0 Ti ARB 243 393 6.47
[Present study] ARB and annealed 175 324 24.2
[Present study]Mg -2.3Ti ~ ARB 255 399 53
ARB and annealed 165 320 29.1
Mg|[Present study]-3.5 Ti ARB 227 362 5
ARB and annealed 161 295 19.6
Mg—4.9 Ti ARB 220 350 43
[Present study] ARB and annealed 160 289 19.2
Mg-8.6 Ti ARB 197 348 4
[Present study] ARB and annealed 140 247 13.6
ZK51 [48] Hot extrusion 229 315 8.5
ZK51-SiC 302 355 32
ZK51-Ti 295 386 16.9
Mg [25] Hot extrusion 23343 256+3 4+0.5
Mg-5 Ti 201+5 223+10 55+1
Mg-10 Ti 200+4 225 6+1
Mg-15 Ti 196 +5 215+8 5+1
Mg-0 Ti[22] Spark plasma sintering 182 223 14.3
and hot extrusion
Mg-1Ti 180 221 16.1
Mg-3 Ti 184 224 14.9
Mg-5Ti 179 218 15.5
AZ31B/ AL,05[49] Hot extrusion 204+38 317+5 22+2.4
AZ31 matrix [18] Hot rolling 208 269 16.9
AZ31-SiC 258 308 54

Mg-2.3 Ti sample (Fig. 11d) reveals the extension of cracks
from the Mg matrix to a Ti particle, indicating load transfer
from the AZ31 matrix to the Ti particle. This can increase
the strength of the composite due to the increase in the load-
ing capacity by the Ti particles, suggesting the benefit of
ductile reinforcements to the AZ31 matrix in comparison to
hard-particle reinforcements [50, 51].

Conclusions

The Ti particle dispersion AZ31 was successfully processed
through ARB process. The microstructure and mechanical
properties were evaluated. The results can be summarized
as follows:

1. Mg-Ti composite materials with different Ti content
(Mg—0 to Mg—8.6 Ti) can successfully be made by ARB.
Addition of Ti particles improves the UTS, 0.2%YS, and
degrades the ductility of the composite for as-ARBed
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condition, whereas post-heat treatment leads to sig-
nificant decrees of the UTS, 0.2% YS and a significant
increase of the ductility to fracture.

Detailed texture studies using EBSD analysis revealed
recrystallization and residual stress relieve due to heat
treatment when compared to the as-ARBed (non-heat
treated composites).

Mechanical properties of the heat-treated composites
showed a significant increase in ductility with a reduc-
tion in yield strength which is caused by texture weaken-
ing due to matrix recrystallization.

Ti particle-reinforced magnesium and its alloys can be
superior to that of using hard reinforcing particles such
as SiC and Al,O;.

The fracture of Ti particles was the main failure mecha-
nism in the Mg/Ti composites.

Ti particles could be used as ductile reinforcement for
the ductility of magnesium matrix composite materials.
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Fig. 11 SEM of fractured surface of tensile test samples for heat treated sample: (a, b) Mg-0 Ti, (c, d) Mg-2.3 Ti, and (e, f) Mg-8.6 Ti
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