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Abstract

In the present study, a three-layered Ti/AZ31/Ti clad sheet was produced by single-pass hot rolling. Metallurgical bonding
between Ti and AZ31 was successfully achieved with a reduction of thickness 38% (sheet I) and 50% (sheet II). The micro-
structure and mechanical behavior were analyzed using optical microscopy (OM), X-ray diffraction (XRD), scanning electron
microscopy (SEM), energy dispersive spectroscopy (EDS), electron backscatter diffraction (EBSD), nanoindentation, and
tensile tests. The AZ31 layer in sheets I and II exhibited microstructures of shear bands and tensile twins 1012 <1OT1>.

The shear bands acted as local strain concentration areas which led to the failure of the clad sheets with limited elongation.
Heat treatment caused changes in the microstructure and mechanical properties of clad sheets due to static recrystallization
(SRX) on twins and shear bands in the AZ31 layer. Recrystallized grains usually randomize the texture which led to weaken
the strong deformed (0001) basal texture. Twins served as nucleation sites for grain growth during SRX. Tensile tests at
room temperature showed significantly improved ductility of the clad sheets after heat treatment at 400 °C for 12 h. The
results showed that the mechanical properties of clad sheet II are better than clad sheet I: Clad sheet II shows elongation 13%
and 35% along the rolling direction (RD) for as-rolled and annealed clad sheet, respectively, whereas clad sheet I shows
elongation 10% and 22% along RD for as-rolled and annealed clad sheet, respectively.
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Introduction

Severe plastic deformation (SPD) is an effective method
for achieving high strength and high ductility of Mg alloys
with very fine grain sizes. However, the application of Mg
alloys is quite limited because of poor corrosion resistance.
Magnesium composite materials have been produced with
various materials such as Al [1], Zn [2, 3], Ni [4], and Cu
[5] to improve their mechanical and heat conductivity prop-
erties. Also, Mg alloys have been clad by various types of
materials such as aluminum [6, 7], steel [8], and titanium
[9-11]. Metal-metal composite materials were fabricated
by bonding multilayers, which have the advantage of their
mechanical properties. Kawamoto et al. [12] studied strain
transfer through the Mg/Ti interface using a crystallographic
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method. They suggested that the dispersion of Ti particles
in the Mg-based composite can improve the deformabil-
ity of Mg by the strain transfer through the Mg/Ti inter-
face [13]. Clad sheets component is minimized Mg alloys
weakness and provides a new application area. The ductile
layer can attribute to prevent failure of a less ductile layer
of metal-metal composite materials, which will be neck-
ing at the higher strain that depends on the two metals [8].
Therefore, it is important to obtain a suitable method to
fabricate Ti/AZ31/Ti Clad sheet. There are many processes
to manufacture Mg multilayer composite materials such as
accumulative roll bonding (ARB) [1, 14], diffusion bonding
(DB) [15, 16], brazing and friction stir welding [17-23], and
roll bonding(RB) [7, 24]. The roll bonding process has been
reported as a conventional method to fabricate and bond clad
sheet by cold or warm rolling [25]. The strength of bi-metal
composites depends on the volume fraction of its constitu-
ent. This is mainly associated with bonding strength between
different constituents, which can increase the strength of the
material [26].
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In the present work, the Ti/AZ31/Ti clad sheet was
fabricated by single-pass hot rolling. AZ31 Mg alloy has
relatively poor tensile ductility; therefore, utilizing the
advantages of both Mg and Ti may improve its performance
in structural applications. Moreover, clad sheet gains the
corrosion resistance equivalent to that of Ti alloys. The
microstructure and mechanical properties of the clad sheet
Ti/AZ31/Ti were investigated. Mainly, the Ti/ AZ31 inter-
face texture orientation was studied as well. The relation
between texture and mechanical properties at the interface
was discussed.

Experimental Procedures

The materials were used commercially pure Ti grade 2
(Ulbricht) (C 0.012, N 0.005, Fe 0.09 and balance Ti
wt.%) and AZ31B magnesium alloy (Magnesium Elec-
tron) (Al 3.06, Zn 1.04, Mn 0.4, Cu 0.001, Si 0.004, Fe
0.0035, and balance Mg wt.%). Three layered, Ti/AZ31/
Ti clad sheet, was produced by single-pass hot rolling.
The AZ31 and Ti sheets were cut into rectangular pieces
of 75x50%3.06+0.10 mm and 75 x50x0.2+0.02 mm,
respectively. Sandwiched samples were heated in a furnace
at 450 °C for 15 min and then fed through a rolling mill
with a reduction of thickness 38% and 50% in a single
pass, as shown in Fig. 1a. The samples named as the clad
sheet I and II for reduction of thickness 38% and 50%,
respectively. The AZ31 and Ti plates were degreased by an
ultrasound bath using acetone for 15 min and roughed by
using a rotating stainless steel wire brush before assembly.
Samples surface preparations were carried out to achieve
a good bonding strength between layers. The degreasing
and surface roughing steps were required to avoid sheets
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sliding to obtain an excellent bonding strength between
layers [27]. The roller diameter was 101.6 mm, and the
rotational speed of the roller was 24 revolutions per min-
ute. Heat treatment was carried out in an argon atmosphere
furnace at 400 °C for 12 h.

The Ti clad Mg alloy sheets were observed along the
(TD) plane using optical microscopy (OM), scanning
electron microscopy (SEM), X-ray diffraction (XRD),
energy dispersive X-ray (EDX), and electron backscat-
tering diffraction (EBSD) patterns. Samples were ground
using silicon carbide abrasive papers of grit sizes 320,
1200 and 2000. Preparations of EBSD samples were dif-
ficult because the Ti and AZ31 required different solu-
tions and methods for surface polishing. Therefore, the
polishing was performed layer by layer. Suter's electro-
chemical polisher was employed to polish the AZ31 layer;
an electrolyte (methanol: ethanol: nitric acid =10:10:3)
at room temperature and voltage of 27-30 V. Ti layers
were chemically polished using (nitric acid: hydrofluo-
ric acid=1:1) to obtain high-quality EBSD patterns [28,
29]. EBSD was performed on the as-rolled and annealed
samples using FEI (Helios NanoLab 660) equipped with
an electron backscatter diffraction (EBSD) system. The
EBSD data were analyzed using HKL channel 5 software.
The mechanical behavior was evaluated by nanoindenta-
tion (Agilent G200) and tensile test. The tensile test sam-
ples were cut parallel to both (RD) and (TD) directions.
The tensile strength test was performed at room tempera-
ture using (Instron 3345 machine) machine with an initial
strain rate of 0.5 mm/min. The tensile test spacemen were
machined by an electric discharge machine (EDM) and
have a gauge length of 10 mm and 2 mm width, as shown
in Fig. 1b [30].
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Fig. 1 (a) illustration of the fabrication of Ti/AZ31 clad sheet; (b) dimensions of the tensile test specimens
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Results and Discussion
Microstructural Characterization

Ti/AZ31/Ti clad sheets were fabricated with a thickness
reduction of 38% and 50% (sheet I and II). Optical micros-
copy (OM) observations appear without any visible defects
such as pores, voids, cracks, interface debonding, or delami-
nation, as shown in Fig. 2a. Considering high plastic defor-
mation generated at the interface which causes a zig-zag
mode at the interface due to different flow stress of the Ti
and AZ31. The interfacial zig-zag mode is a favor geometri-
cal shape that enhances the bonding strength between layers
[25,27,31].

It is suggested that plastic deformation and friction could
increase the temperature at the interface. This lead to soften-
ing of both the Ti and the AZ31 and increases the plastic
strain as well as the migration of atoms across the AZ31/Ti
interfaces [4, 24]. Figure 2b shows microstructure of the
as-rolled clad sheet which is observed as a mixed micro-
structure of parallel shear bands inclined by +35° and ten-

sile twins { 1012 $(1011) in areas far from the interface of

the Ti/AZ31 layer. While ultrafine dynamic recrystallization
(DRX) grains were found close to the Ti/AZ31 interface, a
high friction interaction between both layers occurs during
the rolling; that means the main deformation mechanisms
during hot rolling where controlled by basal (a) slip system
({0001}(1120)) and twining {1120} [32, 33]. Figure 2¢ illus-
trates microstructure of the as-rolled AZ31 sheet with reduc-
tion of thickness 50%. DRX occurred during the hot rolling
which produced homogenous equiaxed fine grains with
small fractions of shear bands, as previously reported
[34-38]. Compared with the as-rolled clad sheet microstruc-
ture, the clad sheet samples were deformed under the high
strain rate along the normal direction (ND) which was gener-
ated the shear bands (many fine DRX grains) and twins
microstructures [39]. The shear bands act as local strain
concentration areas which lead to fail the clad sheet with
lower elongation [40—42]. Annealing of the clad sheets can
improve the ductility of the Z31 layer and the bonding
strength between the Ti and AZ31 [9]. Further annealing,
the microstructures of the AZ31 layer showed uniform equi-
axed recrystallized grains, as shown in Fig. 2d. Optical
microscopy cannot provide high magnification views of
shear bands. SEM of shear bands is shown in Fig. 3. The

Fig.2 OM images of the Ti/AZ31 interfaces; (a, b) as-rolled clad sheet II; (¢) AZ31 hot rolled with 50% reduction; (d) annealed clad sheet IT
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Fig.3 Shows SEM images: (a) sheet I as-rolled AZ31 layer; (b) sheet II as-rolled AZ31; (¢) point scanning of annealed sheet II interface; (d, e)

line scanning of annealed sheet I and II interface
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shear bands density was increased with the increase in the
reduction strain from 38 to 50% during the hot-rolling pro-
cess. The shear band form during high strain process associ-
ated with DRX. During hot rolling, the normal strain and
high temperature cause softening and local strain. Under this
condition, dislocation density becomes more concentrated
which is lead to form the shear bands [43—45]. SEM image
of annealed sheet II shows no visible intermetallic com-
pound; EDS point analysis provides further support as
shown in Fig. 3c. In addition, EDS line scan of the annealed
sheet I and II is given in Fig. 3d, which show the effect of
reduction strain and heat treatment. A thin diffusion reaction
layer was observed at the Ti/AZ31 interfacial zone, which
resulted in atoms diffusion occurring despite the short roll-
ing time. Since Ti-Mg binary phase diagram shows tiny
mutual solid solubility, they do not react with each other; no
exist of intermetallic phase [12]. Therefore, the bonding
between Ti and Mg may occur by interdiffusion or intermix-
ing at an atomic level [10, 46, 47]. The bonding strength is
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a function of surface roughness and post-heat treatment. It
has been reported that severe plastic deformation can pro-
duce significant mixing, such as ball milled powders and roll
bonding [48, 49].

The results showed that no enrichment of Al element
found across the interface of the Ti/AZ31 after annealing
heat treatment, as shown in Fig. 3c. Thus, there is no pos-
sibility to form of brittle intermetallic compounds between
Ti—Al and Mg—Al at the interfaces. Figure 4 showed XRD
patterns of Ti, AZ31, as-rolled, and annealed clad sheet II.
The AZ31 presents a strong XRD diffraction peak (0002)
basal plane texture. Furthermore, there is no evidence
for intermetallic compounds obtained from Ti, AZ31, as-
rolled, and annealed sheet II diffraction patterns, as shown
in Fig. 4c and d.

After hot rolling, (1011), (1010), and (1120) show strong
XRD diffraction peak while (0002) shows weak diffraction
peak which means the material is exhibiting texture evalua-
tion. The peak intensity should be attributed to the relative
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Fig.4 Shows X-ray diffraction patterns of (a) AZ31 as-received; (b) Ti as-received; (c¢) sheet 1I as-rolled; (d) sheet II-annealed
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number of crystal planes parallel to the surface [50, 51]. In
addition, the reorientation of lattice was occurred by twin-
ning that led to weak the strong basal texture. Therefore, the
strong peak corresponds to the higher crystal plane. After
annealing, the strong peaks remain the same, with the inten-
sity increasing obviously.

Texture Evolution of Clad Sheets
The AZ31 Layer

The AZ31 layer is the largest substantial component of the
clad sheet, and its texture significantly affects the mechanical
properties. EBSD analysis investigated the texture of the
AZ31 layer before and after annealing heat treatment. Fig-
ure 5 shows EBSD inverse pole figure (IPF) map, pole fig-
ures (PF), and distributions of misorientation angle, which
were obtained from areas far from the AZ31/Ti interface of
the as-rolled sheet I (central part of the AZ31 layer).

ND
TD<—T

{11-20}

Figure 5a shows IPF map and grain boundaries (GBs) which
is a columnar grain structure containing deformed and fine
substructure grains with an average grain size of 6.36 um.
The average grain size was calculated from IPF maps. The
different color in EBSD map means different crystal orienta-
tion. The fine grains are found as resulting of the DRX dur-
ing hot rolling, as discussed in the previous section. The
as-rolled AZ31 layer developed strong basal crystallographic
textures. The maximum pole intensity of the (0001) PF was
26.22 which tilted at 14° away from the normal direction ND
toward RD, as shown in Fig. 5b. It has been reported that
deformation by the basal {(a) slip system ({0001 H1 150))

and twining { 1 120} can affect texture orientation by rotation
of many grains from c-axes to the RD [24, 33, 52].

Various terms are used to describe the distribution of
misorientation angles such as low angle grain boundaries
(LAGBs; misorientation angle < 15°); high angle grain
boundaries (HAGBs; misorientation angle > 15°); double
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Fig.5 Shows AZ31 layer of the as-rolled sheet I; (a) EBSD IPF image of the AZ31 layer; (b) pole figures; (c¢) distributions of misorientation

angle
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twins (DTWs; {1011} — {1012}(1021)) around 35°; com-
pression twins (CTWs; {1011}(1020)) around 56°; tensile
twins (TTWs:;{1012}(1011)) around 86° [53, 54]. The dis-
tributions of misorientation angle were dominated by a large
peak around 8° (LAGBs), and there are two small peaks
around 40° (DTWs) and 86° (TTWs), as shown in Fig. 5c.
Therefore, it is evidence that twins (TWs) and LAGBs cause
the formation of shear bands during hot rolling [44, 45]. Tan.
et al. [55] have demonstrated that rolled AZ31 at a tempera-
ture ranging between 200 to 400 °C with high strain levels
(60-80%) led to grain refinement. The IPF map contains
non-indexed areas (TTWs) which subjected to high local
strain (sheared during high deformation) [56]. Guan et al.
[57] reported that deformed grain boundaries, deformed
twins, shear bands, and second-phase particles are the main
contribution to nucleation sites during the recrystallization
of Mg alloys.

The sheet II was subjected to high strain (50% reduc-
tion) during the hot-rolling process. Figure 6a shows IF map

(b)

Number fraction

of the as-rolled AZ31 layer which also reveals a columnar
grain structure (deformed and fine substructure grains) with
an average grain size was 4.4 pym. The average grain size
of the as-rolled AZ31 layer decreases with the increase in
the reduction strain. Figure 6b shows a strong (0001) with
a maximum index of 22.71 which is tilted 30° away from
the normal direction ND toward RD. The texture intensity
of sheet II is lower than the intensity of sheet I which is
related to the amount of strain. Hot-rolled AZ31 usually
exhibits (0001) pole figure orientation distribution around
ND wider in RD than in TD [58]. In addition, the pyramidal
slip system (¢ + a) ({1122}(1123)) is responsible for split-
ting of the basal pole toward the RD for the hot-rolled AZ31
[34, 58, 59]. Figure 6¢ shows distributions of misorientation
angle which consist of two main peaks with rang ~5°-8°
and ~85°-90°. The first beak represents LAGBs, while the
second peak represents HAGBs (TTWs;{ IOTZ}( 1011 ».

In addition to the two main peaks, there is a small frac-

tion of double twins (DTWs; {10?1} - {10T2}<10§o>)
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Fig.6 Shows AZ31 layer of as-rolled sheet II; (a) EBSD IPF image of the AZ31 layer; (b) pole figures; (c) distributions of misorientation angle
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around 35° [53, 54]. The number of CTWs { 1011 }(1050)

are limited because of their transformation to DTWs,
{1011} - {1012}(1020) [56, 60]. It has been reported

that the DTWs reduce the ductility of Mg alloys and lead
to shear failure at low strain [61]. Hot rolling associated
with a large strain deformation leads to reduce critical
resolved shear stress (CRSS) of the pyramidal (¢ + a) slip
system and non-basal slip system may become activate
[34, 62, 63]. DRX has been taken place during hot rolling
for both sheet I and sheet II, which involve to convert the
LAGBs to HAGBs [55].

During the annealing heat treatment, recovery, recrys-
tallization, and grain growth have been taken place with
different rates on different regions of the AZ31 layer which
was depending on their local stored energies. The micro-
structure evaluation after annealing treatment at 400 °C
for 12 h shows that there is no presence of any elongated

ND
TD4—T

{1120}
XO .

Fig.7 Shows middle of the AZ31 layer for the annealed sheet I; (a) IPF figure of the AZ31 layer; (b) pole figures; (c¢) distributions of misorien-
tation angle

@ Springer

grains which indicates that the microstructure has been
recrystallized and grown to some extent.

Figure 7 shows IPF map, (0001) PF, and distributions of
misorientation angle in areas far from the interface AZ31/
Ti of the sheet I. Equiaxed coarse grains are formed after
the heat treatment. The average grain size was 9.28 um, as
shown in Fig. 7a. The deformed grains and non-indexed
areas with higher internal stored energy were recrystallized.
The (0001) PF shows double-peak basal pole intensity which
is tilted about +25° from the ND toward the TD, as shown
in Fig. 7b. Also, the basal texture intensity was significantly
reduced from 26.22 to 7.51 [24, 34]. The annealing process
has the most significant enhancement of AZ31 layer texture
which was weakening the severely deformed grains of the
texture component [34, 57, 64]. Qiao et al. [32] and Nie et al.
[24] have reported the mechanism of LAGBs transformation
into HAGBs by migration of the grain boundaries of the
sub-grains. Figure 7c shows distributions of misorientation
angle which is exhibited by a random distribution of grain
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boundaries with the domination of HAGBs. This indicates
that the static recrystallization process (SRX) had taken
place during annealing heat treatment [51, 64]. During the
annealing process, the stored energy from plastic deforma-
tion could be the driving force for SRX [51, 65].

Figure 8 shows IPF map, (0001) PF, and distributions of
misorientation angle in areas far from the AZ31/Ti interface
after annealing of the sheet II. Figure 8a shows IPF map
which reveals recrystallized texture with an average grain
size of 8.97 um. Figure 8b shows (0001) PF a significant
change in pole intensity distribution compared with as-rolled
sheet II. After the annealing treatment, the basal pole inten-
sity decreased from 22.71 to 9.68. The result shows that sin-
gle pole intensity maxima splitting along the RD, and a wide
pole intensity distribution inclined — 5° from the ND to word
RD. Hong-Fei et al. [33] have been reported that the most
recrystallized grains tilt away from the ND depending on the
degree of deformation. Sample with deformation higher than
30% shows double pole tilts toward TD, while the sample
with high plastic deformation shows tilting toward RD. The

{1120} {10-10}
xo .

basal plan pole tilting will affect the mechanical anisotropy
along (RD) and (TD) during the tension test at room temper-
ature. The annealing heat treatment is effective in weakening
of the basal texture intensity of the as-rolled clad sheet due
to SRX. Figure 8c shows a wide misorientation distribution
histogram in the range of the angle between 20° and 60°
(HAGBSs) which confirms the SRX.

Figure 9 shows IPF map, (0001) PF, and distributions of
misorientation angle in areas close to the AZ31/Ti interface
after annealing of the sheet II. Coarse grains are formed at
the AZ31 layer close to the interface after annealing heat
treatment. The average grain size was 13.03 um, as shown
in Fig. 9a. Figure 9b shows double-peak (0001) PF with an
intensity of 9.77 which is tilted about 50° from the ND
toward TD. Figure 9c shows the misorientation distribution
of grain boundaries which exhibit two strong beaks at ~35°
and ~85°. The first beak represents the recrystallized grains
which support the above discussion of the increase in grain
boundary misorientation and the conversion of LAGBs into
HAGBSs. Another peak represents the probability of existing
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Fig.8 Shows the middle of the AZ31 layer for annealed sheet II; (a) IPF figure of the AZ31 layer; (b) (0001) pole figure; (c¢) distributions of

misorientation angle
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Fig.9 Shows annealed sheet II for AZ31 layer close to interface; (a) IPF figure of the AZ31 layer; (b) (0001) pole figure; (c¢) distributions of

misorientation angle

of the TTWs {1012}(1011) [6]. The grain sizes of AZ31
layer close to the interface are larger than those in the areas
far from the interface. With high friction at the interface,
high deformation energy is stored which provides a larger
driving force for recrystallization. It can be seen that the
microstructure after annealing heat treatment become
HAGBs with a small number of twins at the interface. The
twins and twin-grain boundary (GB) lead to activate of
nucleation which leads to form of new grains DTWs
({ 10T1} - {10T2}<1050>) and CTWs ({ 1011 }(1050}).
Chao et al. [65] suggested that high dislocation density was
preferential nucleation sites during SRX of the AZ31 Mg
alloy. Their observation depends on the modeling of fine
grains and the twin's texture before and after annealing heat
treatments. As a result of annealing heat treatment, SRX
causes the weakening of AZ31 layer the basal texture which
is not eliminated [57, 66]. Kawamoto et al. [12] studied Mg/
Ti interface crystal orientation using EBSD. They confirm
that twins formed at the interface after applying strain. Guan
et al. reported that DTWs could weaken the deformed tex-
ture and for the first time provide direct evidence that

@ Springer

recrystallized grains originating from double twins can form
the rare earth texture during annealing recrystallized grain
nucleation, grain growth, and texture evolution of Mg alloy
after heat treatment [56].

The Ti Layer

Figure 10 shows EBSD inverse pole figure map, (0001) PF,
and distributions of the misorientation angle of the sheet I
Ti layer in as-rolled and annealed state. A few studies have
been reported the hot-rolling texture of pure Ti, and all
investigation has been done using X-ray diffraction (XRD)
pole figures [67]. The results reveal uniform grains with an
average grain size of 2.83 um and 3.35 um for as-rolled and
annealed, respectively, as shown in Fig. 10a and b. The Ti
layers were subjected to low deformation strain due to dif-
ferent flow stress of the Ti and AZ31. In this work, a thin Ti
layer (0.2 +£0.02 mm) was used to clad the AZ31 which was
subjected to shear deformation generated by friction from
both the AZ31 layer and rolls. The hot-rolling and annealing
heat treatment was carried out at a temperature lower than
the recrystallization temperature of Ti (>500 °C) [9, 10].
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Fig. 10 Shows sheet I Ti layer in as-rolled and annealed state: (a, b) IPF map; (c, d) (0001) pole figure; (e, f) distributions of misorientation
angle

Therefore, it is considered to be in a deformed or recov-  basal texture split to the RD, and the maximum intensity
ered state, i.e., unrecrystallized. The (0001) PF of as-rolled of (0001) poles shifted by 35°-45° toward RD from ND.
and annealed Ti layers is represented in Fig. 9c and d. There =~ The distribution of the grain boundaries misorientation
was a slight decrease in the texture intensity after anneal-  angle illustrated in Fig. 9e and f confirm a wider distribu-
ing. Both as-rolled and annealed texture show single pole  tion of HAGBs in the range of the angle between 20°and 80°
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with a small fraction of LAGBs and TTWs in the as-rolled
layer which was disappeared after heat treatment. Dragomir
et al. [68] studied hot rolled commercially pure titanium at
268 °C to a different reduction of 40-80%; they found that
the (0001) PF was split to the RD in the initial state, and
then, the orientation become TD at a higher strain of 80%.
Bouhattate et al. [69] simulated experimental data of cold
and hot-rolled commercial pure Ti texture with a different
strain. They show that the (0001) PF split along RD for the
hot-rolled sample with a strain of 20% for both experimental
and simulated.

Figure 11 depicts EBSD inverse pole figure map,
(0001) PF, and distribution of grain boundaries misorien-
tation angles for as-rolled and annealed state sheet II. The
Ti layers in the sheet II have exhibited a similar texture as
in the sheet I, which is confirmed the Ti layer subjected
to low deformation stain in both sheets I and II. The aver-
age grain size was 2.86 pm and 4.41 pm for as-rolled
and annealed sheets, respectively, as shown in Fig. 10a
and b. Also, the (0001) PF shows single pole basal tex-
ture split to the RD by 35°-45° toward RD from ND, as
shown in Fig. 11c and d. The distribution of the grain
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Fig. 11 Shows sheet II Ti layer in as-rolled and annealed state: (a, b) IPF map; (¢, d) (0001) pole figure;(e, f) distributions of misorientation

angle
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boundaries misorientation angle is shown in Fig. 11e and
f which exhibits HAGBs in the range of the angle between
20° and 80° with a small fraction of LAGBs and TTWs
in the as-rolled sheet which was disappeared after heat
treatment.

Mechanical Properties

The mechanical properties were investigated by conduct-
ing nanoindentation and tensile tests at room tempera-
ture. The annealing heat treatment process could affect
the mechanical properties of the clad sheets. The effect
of the clad sheets texture on the mechanical properties
was studied as well.

Nanoindentation Test Results

The nanoindentation is a useful characterization technique
that reflects the strength of the clad sheet layers. Nanoin-
dentation test was conducted to study the mechanical prop-
erties of the clad sheets layers. Indentation test was per-
formed on Ti/AZ31/Ti cross section for assembly sample,
sheet I, and sheet II in as-rolled and annealed conditions,
as shown in Fig. 12a. The hardness of the Ti layers is much
higher than that of the AZ31 layer in all conditions. After
the hot-rolling, the hardness of the AZ31 layer enhanced,
while Ti layer showed a slightly increasing. The hardness
of as-rolled AZ31 layer is slightly higher than the AZ31
layer in the assembly sample, which is likely associated with
twins, shear bands microstructures, and high texture inten-
sity generated during the hot-rolling process. Also, hardness
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Fig. 12 (a) local nanoindentation evolution through the cross section of the sheet II; (b) average hardness values of assembly sample, the clad

sheet I and II; (¢) nanoindentation load—displacement curves of the sheet II
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measurements showed that increase in hardness values with
increasing rolling reduction. This could be attributed to fine
grain size and the increase in shear band density [65, 70].

The shear bands' hardness has been discussed by Fatemi-
Varzaneh et al. [44] in the AZ31 Mg alloy. Also, the shear
bands may consider a grain refining mechanism. Thus, the
tensile strength of the clad sheets was enhanced while reduc-
ing the ductility.

Further annealing heat treatment, the hardness of the
AZ31 layer was decreased. The hardness value decreased
attributed to the recovery and recrystallization during heat
treatment [65, 71]. The average hardness values of the
assembly sample, the clad sheet I, and sheet II are shown in
Fig. 12b. The hardness of the annealed Ti layer is higher than
that in assembly and as-rolled samples, which may associ-
ate with the diffusion of A1 to Ti side during heat treatment
[72-74]. The nanoindentation load—displacement curves
of the as-rolled and annealed clad sheet II are presented in
Fig. 12c. A maximum load of 30 mN was applied, and the
indentation depth was in the range of 2000-3500 nm. The
AZ31 layer showed quite a difference in indentation depth
before and father heat treatment. The hardness values are
increasing, and the indentation depth decreasing agrees with
the fact that hardness has increased with the higher resist-
ance of the as-AZ31 layer to the indenter.

The Tensile Properties of Clad Sheets

Figure 13a shows the stress—strain curves of the AZ31 and
clad sheet II (as-rolled and annealed conditions). The ten-
sile properties are summarized in Fig. 13b; for the ultimate
tensile strength (UTS), 0.2% yield stress (YS), and the elon-
gation in the RD and TD directions. The tensile tests were
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conducted at room temperature. The as-rolled sheets show
that increased the flow stress and significantly decreased the
elongation. The UTS and YS of as-rolled sheet II reached
365 MPa and 280 MPa, respectively, which was ~26%
and 25% higher than that of AZ31 alloy (290 MPa and
224 MPa). The elongation was 13% which was ~23% lower
than that of AZ31 alloy (17%). This is generally attributed
to dislocation strengthening mechanisms during the hot-
rolling process in which the higher density of dislocations
and finer microstructures (twins and shear bands) pinned the
dislocations and caused strengthening in the AZ31 layer. In
general, materials processed through severe plastic deforma-
tion showing very limited ductility due to the fine-grained
microstructure. It is reported that shear bands act as stress
concentration point which leads to the failure of the materi-
als at low elongation [40, 41].

It can be seen that the annealed sheets exhibit lower
UTS and YS than the as-rolled sheets which are a good
agreement with the texture evolved after the heat treat-
ment. The clad sheets mechanical properties are controlled
by the component's texture and layered structural design.
The elongation of the sheet II is significantly improved
following the annealing treatment at 400 °C for 12 h. The
elongation reached 35% and 26% in RD and TD, respec-
tively, which is ~51% and 35% higher than of as-received
AZ31. The AZ31 is the largest constituent layer in the clad
sheets which controls the mechanical performance due to
its sensitivity to cracks [26]. Therefore, the annealing heat
treatment is highly significant. The texture evolution of
the AZ31 layer obtained by annealing heat treatment is
the essential step to improve the sheets mechanical prop-
erties. On the other hand, the Ti cladding layer has bet-
ter formability than the AZ31 alloy which may impose
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Fig. 13 (a) stress—strain curves of the AZ31 and clad sheet II in as-rolled and annealed conditions; (b) summarized average of the UTS, YS, and

the elongation
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the maximum tensile stress. However, the Ti layers were
subjected to work hardening due to mechanical cleaning
and rolling processes [9]. Therefore, Ti may fail at lower
elongation since the annealing heat treatment is carried
out at a temperature lower than Ti recrystallization tem-
perature. The mechanical performance of the clad sheet
can be calculated using the rule of mixtures (Eq 1) [26, 75]

Oclad = OTi * V1i T 0az31 * Vaz3 D

where o, is the strength of the clad sheet; (oy;; 6,4,3,) and
(v735v4z31) are the strength and volume fractions of Ti and
AZ31, respectively. The results show that the experimental
result agrees with the theoretical calculation (the calculated
results provided in the supplementary materials). The bond-
ing strength between the AZ31/Ti plays a critical role in the
mechanical properties of the clad sheets. It has been reported
that interface bonding affects load transfer and the stress
redistribution during the deformation [26, 75]. Kawamoto
et al. [28] studied stain transfer through Mg/Ti interface.
They found that the Mg twinning is associated with Ti dis-
location motion. In this study, the AZ31/Ti interface crystal-
lographic orientation is controlled by AZ31 twining, which
agrees with Kawamoto et al. conclusion; AZ31/Ti crystal-
lographic orientation is provided in the supplementary mate-
rials. Brittle/ductile composite materials can sustain large
plastic deformation without failure through the structure
design such as layered, networks, and bi-layer. Huang et al.
[75] studied the strain delocalization and constrained crack
distribution of layered Ti/Al composite material. They found
that constrain interface may restrict the extensive crack and
relieve the localized strain at the interface. The elongation
of the sheet II in the RD and TD directions shows 35% and
26%, respectively, which is related to the anisotropic prop-
erties of AZ31 layer texture. It can be seen that the YS of
the sheet depends on the sample direction; where the TD
tensile samples show an increase in the YS and a decrease in
elongation compared to the RD samples [9]. In addition, the
mechanical properties of the sheet II are same as or higher
than that of magnesium alloy that is processed by plastic
deformation and annealed [51, 62, 70]. Therefore, the sheet
IT exhibits a combination of strength and ductility and sug-
gested that the shape of (0001) basal plane effect the planer
anisotropy, which means the probability of activation slip
systems according to the Schmid factor in RD is higher than
TD [9, 58, 59].

The sheet II presented ductility behavior higher than
the AZ31, which is related to the unique layered struc-
tural design. As shown in Fig. 13b, the annealed sheets II
showed better mechanical properties than those of sheet I.
The reasons for these variations can be related to the bond-
ing strength between the Ti/AZ31, which enhanced as a
function of large rolling reduction and post-heat treatment.

This is further support for the effect of the interdiffusion
layer on the interface strength.

Fracture Morphology of Clad Sheets

The fracture surface of the sheet II in as-rolled and annealed
conditions is shown in Fig. 14. The fracture was governed
by the failure of the AZ31 layer, nucleation, and growth
of cracks. Compared to the failure surface of the sheet II
before and after annealing treatment, the Ti layers in both
conditions show equiaxed dimples on the failure surface,
which leads to ductile fracture of the Ti layer, as shown in
Fig. 13a and b. Figure 9c shows the surface of the as-rolled
AZ31 layer with large voids (indicated by a red circle), shear
bands (indicated by a blue arrow), and tear ridges (indicated
by a yellow arrow). The fracture surface features are typi-
cal intergranular fracture that occurs due to high dislocation
densities (shear bands). As a result, shear bands areas are
potential stress concentration sites which susceptible to void
and crack formation starting early. This causes a reduction in
the clad sheet ductility [40]. After annealing, the AZ31 layer
exhibits ductile fractures with fine equiaxed dimples that
lead to a significant increase in tensile ductility, as shown
in Fig. 14d. Thus, modifying the shear banding structure
can lead to relatively high elongation. Subsequent anneal-
ing heat treatment is believed to recover and recrystallize
the deformed materials, which leads to homogenous micro-
structure and delays the cracking formation in AZ31 layer.

Conclusions

The single-pass hot-rolling and annealing heat treatment
would be a successful way to fabricate lightweight Ti/
AZ31/Ti clad sheets with excellent corrosion resistance and
mechanical properties. The tensile test was performed at RT
for as-rolled and annealed clad sheets which reflect the heat
treatment on the changes of the microstructure and texture.
The AZ31 layer controlled the tensile properties of the clad
sheets since it is the major component of the clad sheet. The
clad sheets showed strong basal texture in the AZ31 layer
due to twins and shear bands. The shear bands were caused
by the strain localization which leads to the failure of the
sheets at lower elongation. The texture of the AZ31 layer
was significantly improved after the annealing heat treatment
(i.e., SRX) at 400 °C for 12 h. The clad sheets elongation
was improved by flowing annealing heat treatment which
was explained by the texture evolution in the AZ31 layer
and interfacial bonding strength between the Ti—-AZ31. The
sheet IT showed the best mechanical properties with the YS,
UTS, and elongation reaching 215 MPa, 313 MPa and 35%,
respectively, in the RD and 240 MPa, 306 MPa and 26%,
respectively, in the 26.46 TD.
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Fig. 14 SEM of tensile fracture profile of the Sheet II (a) as-rolled and (b) annealed Ti layer; (c) as-rolled and (d) annealed-AZ31 layer
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