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Abstract

In this study, five-layer symmetric clad sheets of TC4/6061/AZ31B/6061/TC4 were suc-
cessfully prepared by hot rolling, and then the clad sheets were subjected to annealing treat-
ments with different annealing conditions. The effects of annealing treatments on the me-
chanical properties and microstructure were explored. The results showed that the recovery
and recrystallization process of magnesium alloy were fully strengthened, and the thickness
of the elemental diffusion layer at the Ti/Al and Al/Mg combined interface increased with
the increase in annealing temperature and holding time. When the annealing temperature ex-
ceeded 300◦C, the Al/Mg combined interface generated two intermediate compounds, Al3Mg2
and Mg17Al12. Due to the existence of intermediate compounds, the mechanical properties
of the clad sheets were greatly reduced, but the hardness value of the Al/Mg interface was
higher than that of the center of the aluminum and magnesium layers. When the annealing
temperature is 200◦C for 2 h, the tensile strength and the elongation of the clad sheets reach
the maximum, and the magnesium layer has the most uniform grain organization at the same
time.

K e y w o r d s: Ti/Al/Mg/Al/Ti clad sheets, hot rolling, microstructure, annealing, mecha-
nical property

1. Introduction

With the rapid development of the machinery man-
ufacturing industry, traditional single metal can no
longer meet the needs of advanced manufacturing, so
multi-metal layered composites have emerged [1–3].
At present, the preparation methods of clad sheets
mainly include the explosive composite method [4–
6], a rolling composite method [7–9], the extrusion
composite method [10, 11], and the forging compos-
ite method [12, 13]. The rolling composite method is
widely used because of the advantages of high effi-
ciency and low cost. Magnesium alloy is widely used
in industry, but its low plasticity and poor corrosion
resistance restrict its further development [14, 15].
Therefore, many scholars began to explore a solution
to cover the surface of a magnesium alloy with a metal
layer with good corrosion resistance.
Because aluminum alloy has the characteristics
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of strong corrosion resistance, light weight and good
plasticity, rolling composite of aluminum alloy and
magnesium alloy can not only enhance the corrosion
resistance of the plate, but also improve the overall
formability of the plate. However, the internal disloca-
tion density of each layer is large due to the processing-
hardening effect. Therefore, the clad sheets prepared
by hot rolling have a high residual stress. The reason-
able annealing process benefits the dynamic recrystal-
lization of the metal plate to eliminate the residual
stress inside the clad sheets. Z. Q. Chen et al. found
that the thickness of the diffusion layer at the inter-
face of the explosive Mg/Al clad sheets increased with
annealing temperature and holding time, and the ten-
sile strength and elongation of the clad sheets reached
in these aspects maximum at 200◦C for 2 h [16]. H.
H. Nie found when the annealing temperature ex-
ceeded 300◦C, two metal compounds Mg17Al12 and
Al3Mg2 were generated at the Mg/Al interface [17].
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Ta b l e 1. Chemical composition of 6061 and AZ31B (wt.%)

Element Si Fe Cu Mn Cr Zn Ca Al Mg

AZ31B 0.07 – 0.01 0.70 – 1.4 0.04 3.2 Bal.
6061 0.61 0.40 0.24 0.14 0.10 0.05 – Bal. 1.03

Ta b l e 2. Element composition of TC4 (wt.%)

Element Al V Fe C N H O Ti

TC4 6.8 4.5 0.30 0.10 0.05 0.015 0.20 Bal.

Ta b l e 3. Rolling process parameters

Roll diameter (mm) Rolling speed (m s−1) Rolling temperature (◦C) Relative reduction (%)

320 0.1 450 33

X. P. Zhang found that the grain size and diffusion
layer thickness of Al/Mg/Al alloy laminated compos-
ites prepared by hot rolling highly depended on the re-
duction rate and rolling temperature [18]. J. J. Zhang
analyzed the elastic constants and mechanical prop-
erties of the metal compound layer at the interface of
the Al/Mg/Al laminated plate after annealing [19]. P.
J. Wang studied the microstructure evolution at the
interface during the annealing of Mg/Al clad sheets
[20]. A. X. Zhang et al. studied a method of using
hard-plate bonding to improve the defect of exces-
sive stress in the process of accumulative roll-bonding
(ARB) [21]. However, in harsh environments such as
aerospace, marine, and chemical industry fields, the
requirements for material properties are very high, es-
pecially in the corrosion resistance, strength, stiffness,
and other aspects, and Mg/Al clad sheets have great
disadvantages compared with other materials in these
aspects. Titanium alloy has the advantages of high
strength, good corrosion resistance, and so on. There-
fore, the titanium alloy layer is added to the Mg/Al
clad sheets to obtain the Ti/Mg/Al clad sheets, which
can improve the overall specific stiffness and specific
strength of Mg/Al clad sheets and increase the ser-
vice life of the sheets. Y. J. Mi investigated the mi-
crostructure and mechanical properties in different di-
rections of the Ti/Al/Mg/Al/Ti clad sheets prepared
by hot rolling and explored the anisotropic behavior
of the rolled state [22]. T. L. Wang investigated the
microstructure evolution of the combined interface of
Ti/Al/Mg clad sheets [23]. P. J. Wang discussed the
effect of rolling reduction on the microstructure evo-
lution and mechanical properties of Ti/Mg/Al clad
sheets [24]. H. H. Nei et al. focused on the crack initi-
ation of intermetallic compounds and diffusion layers
in Ti/Mg/Al clad sheets [25].
In this paper, with TC4 titanium alloy plate, 6061

aluminum alloy plate, and AZ31B magnesium alloy
plate as raw materials, Ti/Al/Mg/Al/Ti five layers
symmetrical clad sheets were prepared by hot rolling
and annealed to eliminate the residual stress inside
the clad sheets. In order to effectively improve the
comprehensive performance of the clad sheets, the in-
fluence of the annealing process on the microtissue
performance and mechanical properties of the clad
sheets was studied, and the optimal annealing process
of Ti/Al/Mg/Al/Ti clad sheets was determined.

2. Experimental materials and methods

2.1. Rolling and annealing experiments

Magnesium alloy AZ31B was selected as the base
layer, with a size of 150mm × 80mm × 2mm; alu-
minum alloy 6061 was selected as the transition layer,
with size of 150mm × 80mm × 1mm; titanium
alloy was selected as the cover layer, with size of
150mm × 80mm × 0.5 mm. The chemical compo-
sitions are shown in Tables 1, 2.
The surface of each plate was fully polished and

cleaned with anhydrous ethanol, and the billets were
prepared in the order of Ti/Al/Mg/Al/Ti. To pre-
vent sliding between the plates during hot rolling, the
plates were riveted by using rivets. The fixed plates
were heated to 450◦C in a box-type resistance fur-
nace, held for 12 min, and then taken out rapidly for
hot rolling; the rolling process parameters are shown
in Table 3. After rolling, the clad sheets prepared by
rolling were annealed according to the annealing pro-
cess parameters shown in Table 4 and cooled in air.
The preparation process for the Ti/Al/Mg/Al/Ti clad
sheets and the experimental sample fabrication pro-
cess are shown in Fig. 1.
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Ta b l e 4. Annealing process parameters

No. of clad sheet Annealing temperature (◦C) Holding time (h)

1 – –
2 200 0.5
3 200 1
4 200 2
5 300 2
6 400 2

Fig. 1. The Ti/Al/Mg/Al/Ti clad sheets preparation pro-
cess.

2.2. Microscopic characterization and
mechanical properties test

To perform microscopic characterization and test
mechanical properties of the Ti/Al/Mg/Al/Ti clad
sheets, according to relevant standards, the clad sheets
were cut by using an EDM wire-cutter to produce the
metallographic samples, tensile samples, and hardness
test samples, as shown in Fig. 1.
The tensile samples were subjected to tensile tests

on a WDW-200E universal testing machine at the ten-
sile speed of 0.5mmmin−1. The yield strength (YS),
ultimate tensile strength (UTS), and elongation (EL)
were obtained from the stress-engineering strain curve.
The microscopic samples were mechanically pol-

ished using sandpaper and diamond polishing paste
until they resembled a mirror surface. The microstruc-
ture of the Mg layer was observed by etching with
picric acid. The interface morphology of the metal-
lographic samples and fracture of the tensile sam-
ples were observed by Zeiss Auriga field emission elec-
tron microscope. The energy dispersive spectrometer
(EDS) was used to scan the bonding interface of each
layer of the metallographic sample and confirm the el-
emental composition of the Mg/Al bonding interface.
To observe the hardness change of the Ti layer,

Al layer, Mg layer, and the interface of each layer in
the Ti/Al/Mg/Al/Ti clad sheet under different an-
nealing processes, the hardness test sample was mea-
sured by FM-ARS9000 Vickers hardness tester, with

a measured load of 50 g and a loading time of 10 s.

3. Experimental results and discussion

3.1. Microstructure of Mg layer

Figure 2a shows the metallographic microstructure
of the Mg layer of the clad sheet in a rolled state.
Figures 2b–d show the change in the metallographic
organization of the Mg layer with the annealing time
at 200◦C. Figures 2d–f show the metallographic or-
ganization of the Mg layer under different annealing
temperatures when the annealing time was 2 h. As can
be seen from Fig. 2a, the Mg layer in the rolled state
mainly contained two kinds of grains with obvious dif-
ferences in size: one was the coarse grains produced in
the hot rolling process, and the other was the fine dy-
namic recrystallization (DRX) grains produced in the
hot rolling process. From Figs. 2a–d, the recovery and
recrystallization processes were sufficiently strength-
ened with the extension of the annealing time. The
recrystallized grains continued to generate and grow,
and the dynamically recrystallized grains generated
during hot rolling also began to grow. Figure 2d shows
the Mg layer metallographic microstructure at 200◦C
for 2 h; it can be seen the grains of the Mg layer metal-
lographic microstructure were basically isoaxial, and
the grain size gradually tended to uniform. At this
time, the Mg layer metallographic microstructure had
reached the degree of complete recrystallization, and
the stored energy produced by plastic deformation had
been released. After completing the recrystallization
process, when the temperature continued to rise, it
entered the grain growth stage, as shown in Figs. 2e,f.
With the increase in annealing temperature, the Mg
layer grains gradually increased. When the annealing
temperature reached 400◦C, the fine grains almost dis-
appeared, and there were only uniform large grains.

3.2. Interface morphology and elemental
diffusion analysis

Figure 3 illustrates the interface morphology and
element diffusion distribution of Ti/Al/Mg/Al/Ti
clad sheets under different annealing conditions. As
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Fig. 2. Microstructure of Mg layer of Ti/Al/Mg/Al/Ti clad sheets under different annealing conditions: (a) as-rolled, (b)
200◦C/0.5 h, (c) 200◦C/1 h, (d) 200◦C/2 h, (e) 300◦C/2 h, and (f) 400◦C/2 h.

shown in Fig. 3, the Ti/Al bonding interface showed a
straight line without obvious holes and defects, indi-
cating that the Ti and Al layers were bonded well. The
Al/Mg bonding interface showed an irregular wave
shape because the 6061 and AZ31B have similar me-
chanical properties. Therefore, in the process of hot
rolling, the Al layer and Mg layer in the clad sheets
will undergo a large plastic deformation to achieve the
metallurgical bond.

Figure 4 shows the EDS line scanning across Ti/Al
and Mg/Al bonding interfaces of clad sheets obtained
under different annealing conditions. With the in-
crease of annealing time and annealing temperature,
the thickness of the diffusion layer at the Ti/Al and
the Mg/Al bonding interfaces continued to increase,
and the thicknesses of the diffusion layers are shown in
Table 5. The table shows that under the same anneal-
ing conditions, the thickness of the diffusion layer at
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Fig. 3. Ti/Al/Mg/Al/Ti clad sheets bonding interface morphology and line scan element diffusion distribution of each
layer: (a) as-rolled, (b) 200◦C/0.5 h, (c) 200◦C/1 h, (d) 200◦C/2 h, (e) 300◦C/2 h, and (f) 400◦C/2 h.

the Ti/Al bonding interface was smaller than that at
the Mg/Al bonding interface. In particular, the thick-
ness of the diffusion layer at the Mg/Al interface in-
creases substantially to 69.36 µm at 400◦C, while the
thickness of the diffusion layer at the Ti/Al interface
at this temperature is only 4.61 µm. This is because
diffusion of the Al atoms is more likely to occur in
the Mg alloy than in the Ti alloy under the same an-
nealing conditions. It can also be found that the effect

of temperature on the diffusion rate of atoms is small
at lower temperatures and increases when it exceeds
a certain temperature. When the annealing tempera-
ture exceeded 300◦C, the Mg/Al interface appeared
as a continuous diffusion layer as in the white dashed
box in Figs. 4e,f, and it can be found that the thick-
ness of the diffusion layer at 400◦C was significantly
larger than that at 300◦C.
To further analyze the main compositions of the
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Fig. 4a–g. EDS line scanning across Ti/Al and Mg/Al interfaces of clad sheets obtained with different annealing conditions:
(a) and (g) as-rolled, (b) and (h) 200◦C/0.5 h, (c) and (i) 200◦C/1 h, (d) and (j) 200◦C/2 h, (e) and (k) 300◦C/2 h, (f)

and (l) 400◦C/2 h.
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Fig. 4i–l. EDS line scanning across Ti/Al and Mg/Al interfaces of clad sheets obtained with different annealing conditions:
(a) and (g) as-rolled, (b) and (h) 200◦C/0.5 h, (c) and (i) 200◦C/1 h, (d) and (j) 200 ◦C/2 h, (e) and (k) 300◦C/2 h, (f)

and (l) 400◦C/2 h.

Ta b l e 5. Thickness of the diffusion layer at the bonding interface under different annealing conditions

Annealing condition (◦C h−1) Ti/Al interface (µm) Mg/Al interface (µm)

As-rolled 3.65 5.56
200◦C/0.5 h 3.72 6.35
200◦C/1 h 4.09 7.05
200◦C/2 h 4.26 8.73
300◦C/2 h 4.47 22.8
400◦C/2 h 4.61 69.36

intermediate compounds in the diffusion layer at the
Mg/Al interface, the diffusion layer was subjected to
EDS point scanning, as shown in Fig. 5. The spe-
cific gravities of Mg and Al atoms in the intermedi-
ate compound near the Mg layer were about 57.8 %,
42.2% and 56.9%, 43.0%, respectively, so it was con-
sidered that the generated compound was Mg17Al12.
The specific gravities of Mg and Al atoms in the inter-
mediate compound near the Al layer side were about
39.2%, 60.8% and 41.0 %, 59.0%, respectively, and it
was considered that Al3Mg2 was generated. These two
intermediate compounds, Mg17Al12 and Al3Mg2, are
brittle compounds, and excessive intermediate com-
pounds will seriously reduce the bonding strength of

the clad sheets [26–28]. Therefore, the annealing sys-
tem of the plate should be reasonably controlled to
optimize the overall performance of clad sheets.

3.3. Hardness test

Figure 6 shows the hardness value of each layer re-
gion of the clad sheets under different annealing con-
ditions. It can be seen from Fig. 6a that in the clad
sheet in the rolled state, the hardness from the cen-
ter of the Ti layer to the Al/Mg interface gradually
decreased due to a small amount of Ti element dif-
fused into the Al layer at the Ti/Al interface, so the
hardness value of the Ti/Al interface was higher than
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Fig. 5. Element distribution at the bonding interface: (a) and (b) Mg/Al interface point scanning at 300◦C/2 h, (c) and
(d) Mg/Al interface point scanning at 400◦C/2 h.

Fig. 6 Hardness values of each layer of Ti/Al/Mg/Al/Ti clad sheets: (a) under different annealing times and (b) under
different annealing temperatures.

the center of the Al layer. The hardness value of the
Mg layer center was slightly higher than the Al/Mg
interface because during the rolling process, the dy-
namic recrystallization of the Mg layer made the Mg
layer grains smaller, and the fine crystal strengthen-
ing effect was strengthened. However, after annealing,
a large number of recrystallization occurred in the Mg
layer, and the microstructure was gradually homoge-
neous, which made the hardness value of the Mg layer
lower than the center of the Al layer.

In the annealed state, due to the recrystalliza-
tion occurring in the Mg layer and Al layer, with
the increase of the annealing time, the softening ef-
fect was strengthened. The hardness values of the
Ti/Al/Mg/Al/Ti clad sheets were gradually reduced
and lower than those in the rolled state. However,
the element diffusion phenomenon occurred at the in-
terface with increased annealing time, which differed
from the rolled state. Part of the Al element diffused
to the Mg layer to improve the hardness of the Mg
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Ta b l e 6. YS, YTS, and EL of Ti/Al/Mg/Al/Ti clad sheets at different annealing time

Annealing time (h) YS (MPa) YTS (MPa) EL (%)

0 462.82 485.53 19.58
0.5 465.51 495.76 20.07
1 453.06 486.42 21
2 483.72 511.5 22.03

layer, resulting in the hardness value of the Mg/Al
interface being higher than the center of the Mg layer.
When the annealing time was 2 h, the variation

of each hardness value of the Ti/Al/Mg/Al/Ti clad
sheets with annealing temperature is shown in Fig. 6b.
From Fig. 6b, it can be seen that with the increase of
annealing temperature, the hardness value of each re-
gion of the clad sheets still showed a decreasing trend.
This is because with the increase of the annealing tem-
perature, the activity of the atoms in each layer was
further improved, and the Al layer and Mg layer con-
tinued to recover and recrystallize so that the hard-
ness value of each region was consistent with the trend
when the annealing time increased. However, when the
annealing temperatures were 300 and 400◦C, the hard-
ness value at the Al/Mg interface was higher than the
hardness of the centers of the Al layer and Mg layer.
The reason was that when the temperature exceeded
300◦C, the Al/Mg interface generated two brittle com-
pounds, Al3Mg2 and Mg17Al12, whose hardness was
higher than the hardness of the Al layer and Mg layer.

3.4. Tensile properties test

When the annealing temperature was 200◦C, the
stress-engineering strain curves and the variation of
the YS, the UTS, and the EL at different annealing
times are shown in Fig. 7. It can be seen from Fig. 7
that the EL increased with the increase of annealing
time, and the UTS increased slightly. The UTS de-
creased when the annealing time was 1 hour. Then,
the YS and the UTS reached the maximum values of
483.72 and 511.5MPa, respectively, when the anneal-
ing time was 2 h. According to the Hall-Page formula,
the YS has a linear relationship with the inverse of
the square root of the diameter of the grains in mate-
rials. Therefore, the more fine grains, the higher the
grain boundary number, and the strengthening effect
of the grain boundary was enhanced, which improved
the strength of the clad sheets. However, when the an-
nealing time was 0.5 or 1 h, dynamic recrystallization
grains in rolling deformation and the recrystallization
grains in the annealing process began to grow, and
the number of grain boundaries decreased, so the UTS
of clad sheets reduced. When the annealing time was
2 h, the recrystallization reached the maximum, the
dislocation density of the Mg layer was reduced, and
the storage energy generated in the rolling deforma-

Fig. 7. Tensile properties of Ti/Al/Mg/Al/Ti clad sheets
at different annealing times: (a) stress-strain curve and (b)

mechanical properties.

tion was released to a great extent. At this time, the
Mg layer microstructure was mainly dominated by fine
and relatively uniform isoaxial grains, so the strength
of the clad sheets was improved.
When the annealing time was 2 h, the Mg layer mi-

crostructure was basically fine isoaxial grains, whose
strain degree was not much different from that at the
grain boundary so that the deformation was more uni-
form and the chance of cracking caused by stress con-
centration was greatly reduced. Therefore, the clad
sheets can generate a large amount of deformation be-
fore fracture, the EL was improved to the maximum
value of 21.48%, which indicates that appropriate an-
nealing of the rolled sheets can improve the plasticity
of the clad sheets. Table 6 shows the values of the YS,



262 X. Yang et al. / Kovove Mater. 62 2024 253–266

Ta b l e 7. YS, YTS, and EL of Ti/Al/Mg/Al/Ti clad sheets at different annealing temperatures

Annealing temperature (◦C) YS (MPa) YTS (MPa) EL (%)

0 462.82 501.53 19.58
200 483.72 511.50 22.03
300 425.98 457.56 12.64
400 435.66 473.00 10.92

Fig. 8. Tensile properties of Ti/Al/Mg/Al/Ti clad sheets
at different annealing temperatures: (a) stress-strain curve

and (b) mechanical properties.

UTS, and EL of the clad sheets at different annealing
times.
When the annealing time was 2 h, the stress-

engineering strain curves and the variation of the YS,
UTS, and EL at different annealing temperatures are
shown in Fig. 8. From Fig. 8, it can be seen that
when the annealing temperatures were 300 and 400◦C,
the stress drop occurred twice in the tensile curves.
Figure 5 shows that two brittle compounds, Al3Mg2
and Mg17Al12, were generated at the Mg/Al interface.
During the tensile process, the brittle compounds were
separated first, which led to the fracture of the Mg
layer, and the first stretch platform appeared. Then,
the Al and Ti layers were subjected to the tensile force
together until fracture occurred, and the second ten-

sile platform appeared. The two stress drops caused
a significant reduction in the EL, which reduced the
plastic deformation capacity [29–31]. Table 7 shows
the YS, UTS, and EL of the clad sheets at different
annealing temperatures. From the table, it can be vi-
sualized the mechanical properties of the clad sheets
are optimal at 200◦C for 2 h, and the YS, the UTS,
and the EL reached maximum values of 483.72MPa,
511.5MPa, and 22.03%.

3.5. Tensile fracture analysis

Figure 9 shows the tensile fracture morphology of
the Ti/Al/Mg/Al/Ti clad sheets under different an-
nealing conditions. From Figs. 9a–d, it can be seen
that there were many dimples in the fracture of the
Ti layer, and these dimples deepened gradually with
the increase of the annealing time. Therefore, it is con-
sidered that the Ti layer was a ductile fracture in var-
ious annealing time periods. In the rolling state, there
were many large and deep dimples in the fracture of
the Al layer. When the annealing time was 0.5 h, the
dimples in the fracture of the Al layer were very shal-
low. However, as the annealing time increased to 2 h,
there were large and deep dimples on the fracture sur-
face of the Al layer, which were surrounded by a dense
circle of small and shallow dimples. Therefore, the Al
layer also broke with ductile fracture at different an-
nealing times. The dimples of the Mg layer fracture in
the rolling state were shallow, and the number was
small. When the annealing holding time was 0.5 h,
the fracture morphology was familiar with the rolling
state. When the annealing time was 1 h, the fracture
dimples became deeper, and the number increased.
When the annealing time was 2 h, the number of dim-
ples increased significantly, and the dimples became
deeper. Therefore, the Mg layer also fractured duc-
tilely from the rolling state to the annealing at 200◦C
for 2 h. Although the failure modes of each layer of the
clad sheets under tensile load were ductile fracture at
200◦C annealing temperature, it can be seen that the
plastic effect of each layer of the clad sheets was the
best when the annealing holding time was 2 h, which
was consistent with the results of tensile test.
From Figs. 9d–f, it can be seen that when the an-

nealing temperature was 300◦C, the fracture morphol-
ogy of the Ti layer was similar to that at 200◦C, and
there were still many small dimples, which was a typi-
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Fig. 9a–e. Fracture morphology of each layer in Ti/Al/Mg/Al/Ti clad sheets under different annealing conditions: (a)
as-rolled, (b) 200◦C/0.5 h, (c) 200◦C/1 h, (d) 200◦C/2 h, (e) 300◦C/2 h.
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Fig. 9f. Fracture morphology of each layer in Ti/Al/Mg/Al/Ti clad sheets under different annealing conditions: (f)
400◦C/2 h.

cal ductile fracture. When the annealing temperature
was 400◦C, the dimple size of the fracture of the Al
layer became smaller and shallower than at 200◦C,
and there was an obvious tearing edge. The failure
mode is a ductile fracture. It should be pointed out
that the fracture of the Mg layer changed the most
obviously with the increase in annealing temperature.
Compared with the annealing temperature of 200◦C,
when the temperature rose to 300◦C, the number of
dimples in the fracture decreased greatly, and many
cleavage planes and cleavage steps appeared. At this
time, it was considered that the Mg layer had both
ductile fracture and brittle fracture characteristics,
which belonged to mixed fracture. When the anneal-
ing temperature increased to 400◦C, the dimples in
the fracture of the Ti layer became less and shallower
but still belonged to ductile fracture. With the in-
crease of annealing temperature, the size of dimples
in the fracture of the Al layer became smaller, but
there were still obvious tearing edges, which belonged
to ductile fracture. The dimples in the fracture of the
Mg layer at 400◦C disappeared. Compared with the
200◦C annealing temperature, the cleavage fracture of
the river pattern appears in the magnesium layer, so it
is considered that the mixed fracture of the Mg layer
occurred under this annealing condition. By compar-
ing the fracture morphology of the clad sheets un-
der different annealing conditions, it can be concluded
that the overall plasticity of the Ti/Al/Mg/Al/Ti clad
sheets was the best under the annealing temperature
of 200◦C for 2 h, which was consistent with the re-
sults obtained from the previous tensile test. The clad
sheets under this condition had a maximum elonga-
tion of 21.48%.

4. Conclusions

1. When the annealing time is 2 h, and the anneal-
ing temperature is 200◦C, the grains in the Mg layer
are equiaxed, and the grain size is uniform. When the
annealing temperature exceeds 200◦C, the grains of

the magnesium layer will recrystallize and continue to
grow.
2. When the annealing time is 2 h, and the anneal-

ing temperature reaches above 300◦C, the hardness
value of the Mg/Al interface is greater than that of
the center of the aluminum layer and the center of
the magnesium layer because of the generation of the
intermediate compounds Al3Mg2 and Mg17Al12.
3. With the increase in annealing time and anneal-

ing temperature, the element diffusion layer thickness
at the Ti/Al and Al/Mg interface increases.
4. When the annealing temperature is 200◦C, the

UTS of Ti/Al/Mg/Al/Ti clad sheets increases first,
then decreases, and then increases again, but the UTS
at each annealing time changes little. The elongation
of the clad sheets will gradually increase with the in-
crease of annealing time, reaching a maximum elon-
gation of 21.48% at 2 h annealing time.
5. When the annealing time is 2 h, the UTS of the

clad sheets decreases with the increase of the anneal-
ing temperature, and when the annealing temperature
reaches above 300◦C, the secondary stress drop occurs
during the tensile process. The elongation of the clad
sheets will decrease significantly with the increase in
annealing temperature.
6. Under different annealing times at 200◦C, the

ductile fracture occurs in each layer of the clad
sheets. When the annealing temperature reaches
above 300◦C, the dimples of the aluminum layer de-
crease, and obvious tearing edges appear. At this time,
the number of dimples in the fracture of the magne-
sium layer begins to decrease, and there are many dis-
sociation steps. The failure mode of the magnesium
layer is mixed fracture.
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