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Abstract: Mg-(Al-)Ti laminated sheets with large bonding interfaces were prepared by a differential
temperature hot-rolling process, in which the preheating treatment of Ti was 25-100 °C higher than
that of Mg. The rolled sheets contained different Al layer thicknesses (<0.05 mm), and the thickness
of the diffused region at the interface of 3-7 um was formed by rolling at 175 °C. The interfaces were
the solid-solution regions of Mg(Al) and Ti(Al), and no intermetallic compounds were generated
during both the rolling process and annealing treatment. The hardness of the interfaces was 16-30%
greater than that of the Mg matrix and Ti matrix. The results of mechanical tests displayed that the
Mg-(Al-)Ti sheets exhibited higher strength and elastic modulus compared to those of the rolled
AZ31B sheet. Their UTS and YTS were about 223-460 MPa and 303—442 MPa, respectively, with
an elongation of 0.04-0.17 and high elastic modulus of 52-68 GPa. The Mg-Ti (containing about
62 at.% Mg) rolled sheet exhibited the most excellent strength. The UTS and YTS were about 460 MPa
and 442 MPa, with an elongation of 0.04 and elastic modulus of 61.5 GPa. Additionally, Mg-Ti sheets
with thin Ti thickness possessed a higher work-hardening rate (1), as well as hardening rate, than the
rolled Mg-Al-Ti sheets. This is because fractured Ti pieces around the interfaces have a significant
strengthening effect. This study provides a simple method for fabricating Mg-(Al-)Ti sheets with
high elastic modulus.

Keywords: Mg-Ti alloy; hot-rolling; bonding interfaces; mechanical property; composite sheets

1. Introduction

With the development of modern industries such as transportation and aerospace, it is
difficult for conventional metals to achieve comprehensive performance in the mechanical
and functional aspects of state-of-the-art applications. This drives the pursuit of advanced
metals such as laminated metal composites (LMCs) consisting of dissimilar alloys, especially
in terms of low manufacturing costs. Magnesium alloys have been used as the lightest metals
due to their high specific strength and excellent damping capacity [1]; however, their poor
ductility, low strength, and relatively small elastic modulus (E) restrict their wide application.

It is well known that the specific stiffness of Mg alloys is close to that of Al alloys and
steel, while their absolute elastic modulus is still low, only about 44 GPa, which is much less
than that of Al alloys and high-strength steel [2,3]. Regulating endogenetic high-modulus
second phases or particles is an effective method to enhance the elastic modulus of Mg
alloys, where the values of E can reach up to 49-53 GP [4-8]. For example, (RE-Si)-rich
particles were added to Mg-Gd-Y-Zn-Mn alloy, and the E value reached approximately
49 GPa [7]. MgAg and GdsGe3 phases were added to Mg-10Gd-1.5Ag-0.2Mn-3.5Ge alloy,
and the modulus increased to about 53 GPa [8]. In addition, foreign high-modulus phases,
such as SiC, Y03, SiO,, graphene, and even carbon nanotube (CNTs), were added to Mg
alloy to form reinforced Mg matrix composites, as CNTs have perfect elastic modulus and
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strength, excellent thermal conductivity, and good electrical properties, and their elastic
modulus reached up to about 200-950 Gpa [9-15]. For example, when 0.5-5 wt.% CNTs
were added to AZ91D alloy, the elastic modulus increased from about 40 Gpa to about
43-51 GPa. Both the strength and elongation were significantly improved [14], while
the elongation dramatically decreased with an increase in CNT content. However, the
dispersibility of CNTs in the Mg matrix is a non-negligible challenge for industrial applica-
tions. Adopting Ni nanoparticles coated with graphene nanosheet (GNS) is an interesting
strengthening method [13], but the interfacial bonding between Mg matrix and exogenous
phases is still difficult to control [16,17].

Mg-based LMCs are usually prepared by severe plastic deformation (SPD), providing
a simple method to prepare Mg alloys of high properties with high elastic moduli [13-18].
Different types of LMCs have been reported, including Mg-Al, Mg-Ti, Mg-Fe and other
metals with high melting temperature [19-22]. For example, Liang et al., successfully pre-
pared AZ31-5052Al and Ti-Al-Mg-Al-Ti sheets by adopting the hot-rolling process [20,23,24].
Ma et al., used the friction stir welding (FSW) process to obtain Mg-Al-Fe bonded sheets.
It is well known that titanium (Ti) is an excellent lightweight metal with extraordinary
mechanical properties and an elastic modulus that can reach up to 100 GPa. When Ti is
added to Mg alloy, it can significantly enhance the high elastic modulus of the Mg matrix.
However, when adopting metallurgic alloying methods, it is difficult to achieve direct
bonding between Mg and Ti, as the melting point of Ti is approximately 1680 °C, which is
significantly higher than the boiling point of Mg, which is 1090 °C. In addition, the solid
solubility of Ti in the Mg matrix is nearly zero, and Mg alloys contain Ti in limited solid
solutions or chemical reactions, resulting in no formation of Mg-Ti IMCs. Although some
methods have been investigated to achieve good bonding between Mg and Ti, such as
adopting the mechanical alloying method, bulk and stable nanocrystalline Mg-1.5 at.% Ti
alloy was successfully prepared with ultimate compression stress of only 202 MPa [1].
When adopting the mechanical milling method, a very high Ti content of 3.18 at.% in the
Mg matrix was obtained [25]. In contrast, the mechanical alloying process makes it diffi-
cult to obtain bulk, even large-sized, materials. Furthermore, Mg-Ti intermetallic phases
were prepared using the severe plastic deformation method. Mg-Ti alloy contains four
metastable Mg-Ti phases designed by high-pressure torsion (HPT) [3,26]. In addition to
rolling AZ31/6061Al1/TC4 metals, which exhibit high mechanical properties, the UTS and
YTS are approximately 420 MPa and 380 MPa, respectively, with an elongation of 10% [27].

Owing to its large deformation resistance gap, an Allayer is usually used to support the
bonding between Mg and Ti; however, Mg-Al IMCs can easily form around the bimetallic
Mg-Al interface [25,28-30]. The effect of both the preheating treatment temperature and
interdiffusion Al layer on the bonding interfaces and mechanical properties is unclear.
In this work, we used Al layers of different thicknesses and adopted the rolling process
with differential preheating treatment temperature to study their effect on bonding. We
then successfully prepared the rolled Mg-(Al-)Ti sheets with interdiffusion interfaces. The
bonding interfaces and mechanical properties were systematically studied. This study will
provide a simple method to achieve the bonding of dissimilar alloys and even to obtain the
heterogeneous structure of large-sized alloys for multifunction applications.

2. Materials and Methods

The raw materials of the laminated sheets were 1060 Al (0.2, 0.05, 0.01 mm,
100 mm x 200 mm), AZ31 (1.3 x 100 x 200 mm), and TA1 (0.01, 1 mm, 100 x 200 mm),
and their chemical compositions are listed in Tables 1 and 2. The AZ31B sheets were first
annealed at 180 °C for 4 h. The TA1 sheets were then annealed at 500 °C for 4 h. The
surfaces of these sheets were brushed using a grinding machine and degreased using
ethyl alcohol.
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Table 1. Chemical compositions of AZ31B and 1060 Al (wt.%).

Alloy Al Si Ca Zn Fe Be Mn Cu Ti v Mg
AZ31B 3.190 0.020 0.040 0.810 0.005 0.100 0.330 0.050 - - Bal.
1060 Al Bal. 0.250 - 0.050 0.350 - 0.030 0.050 0.030 0.050 0.03

Table 2. Chemical compositions of TA1.
Alloy Si (0] H N C Fe Ti
TA1 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 Bal.

Before the hot-rolling process, the AZ31B sheets were heat treated for about 30 min at
a temperature of 200 °C, and the TA1 sheets were kept for 30 min at 225, 250 and 300 °C
(preheating treatment). After that, the three sheets were stacked layer by layer, in a sequence
of Mg/Al/Ti/Al/Mg (5 layers) with a thickness of 3.62—4.00 mm, Mg/Al/Ti/ Mg (4 layers)
with a thickness of 2.62-3.61 mm, or Mg/ Ti/Mg (3 layers) with a thickness of 2.61-3.60 mm,
as shown in Figure 1. The stacked sheets were subjected to hot-rolling for 3 passes at RT
and 175 °C, with a rolling rate of 0.17 m/s, resulting in a total thickness reduction of about
75%. The thickness reduction of the first-pass was about 45%. The rolled samples are listed
in detail in Table 3. Then, the stress-relief annealing of the rolled sheets was conducted at
200 °C, kept for 4 h, and cooled in air. Figure 1 shows a schematic diagram of the rolling
and heat treatment process.

Rolling
Pre-heat treatment Annealing treatment
AZ31B
= ==
1060A.I = % / X e <
TAITE 1
P

Figure 1. Schematic of differential temperature rolling process of Mg-(Al-)Ti laminate.

The samples for microstructural investigation were cut to the dimensions of
8 mm x 10 mm in the TD plane (cross-section, along the transversal direction, TD). They
were then mechanically polished to a mirror-like surface using abrasive paper and diamond
polishing paste. The microstructure was characterized by the Tescan Mira 3 field emission
scanning electron microscope (SEM) equipped with an Oxford Instruments EDS system
(Oxford Instruments, Oxford, Britain) and electron backscatter diffraction system. The
phases were identified using X-ray diffraction (XRD) (Rigaku Ultima IV 3 KW, Rigaku
Corporation, Tokyo, Japan, Cu-K« radiation, at 40 kV and 300 mA) with 26 ranging from
20° to 80° at a scanning rate of 0.02° s~!. The samples for the XRD analysis were from
the normal and transversal direction planes (ND x TD). To explore the effect of rolling
reduction on mechanical properties, dog-bone-style tensile specimens were cut along the
rolling direction (RD) with a gauge length of 60 mm.

Tensile tests were performed using an MTS Criterion42 (MTS Systems, Eden Prairie,
MN, USA) equipped with an extensometer. The strain rate was about 1073 s—1!, and
each test was repeated three times at room temperature. The tests were based on the
ASTM-B557-2015 standard, and the elastic modulus tests and analyses were based on
ASTM-E111-2004(2010). Nanoindentation tests were performed using a Hysitron TI 980
TriboIndenter manufactured by Bruker (Bruker Corporation, Billerica, MA, USA) with
a high load resolution (50 nN) and a high displacement resolution (0.01 nm). The hard-
ness and Young’s elastic modulus were recorded to determine the bonding of the Mg-Al
and Al-Ti interfaces. The measurements parameters were as follows: maximum load



Materials 2022, 15, 2805

40f 15

Pmax = 3000 uN, and the depth in the range of 100-1000 nm under different zones:
~300 points (containing about 120 points for the matrix, at least 2 times for different
places, and 30 points for line scanning around the interfaces each test, at least 2 times for
different places) were impressed and analyzed around the Mg-Al and Al-Ti interfaces.

Table 3. Samples of rolling process.

No. Samples The Stacking Layers Mg/at%  Preheating Temperature

1 0.2Al Mg-0.2 mmAIl-1 mmTi-0.2 mmAIl-Mg 53.9 -

2 225Ti Mg-0.05 mmAIl-1 mmTi-0.05 mmAIl-Mg 61.5 225 °C for Ti, 200 °C for Mg
3 250Ti  Mg-0.05 mmAl-1 mmTi-0.05 mmAI-Mg 61.5 250 °C for Ti, 200 °C for Mg
4 300Ti Mg-0.05 mmAI-1 mmTi-0.05 mmAIl-Mg 61.5 300 °C for Ti, 200 °C for Mg
5 0.05A1  Mg-0.05 mmAI-1 mmTi-0.05 mmAI-Mg 61.5 250 °C for Ti, 200 °C for Mg
6 0.01A1 Mg-0.01 mmAIl-1 mmTi-0.01 mmAIl-Mg 63.3 250 °C for Ti, 200 °C for Mg
7 0Al Mg-1 mmTi-Mg 63.7 250 °C for Ti, 200 °C for Mg
8 0.01Ti Mg-0.01 mmTi-Mg 95.5 250 °C for Ti, 200 °C for Mg
9 881111- Mg-0.01 mmAI-0.01 mmTi-Mg 95.0 250 °C for Ti, 200 °C for Mg

3. Results and Discussion
3.1. Interface Morphology of the Rolled Mg-(Al-)Ti Sheets

Figure 2 shows the X-ray diffraction (XRD) patterns of the rolled Mg-Al-Ti sheets at
high temperature. The thickness of Al was 0.05 mm, 0.01 mm and 0 mm. It contained three
phases: x-Mg, Al and «-Ti, and no IMCs observed. The main peaks of these phases were
(10-11)mg, (10-11)1; and (111) 4.

(10-11)ve 0Al
—0.01Al
—0.05Al

(1000)Mmg
(0002)Ti /(111)Al (11-22)mg

(10-11)Ti (20-21)ve
(10-12)Ti
200)Al
-2 '3 b
f\ (11-30)vg 1:001).\' (10-13)

v (10-12)Mg (10-13)vg J

(0002)mg (311)Al
— 21

Intensity (a.u.)

(1000)Ti

200 25 30 35 40 45 50 55 60 65 70 75 80
2 Theta
Figure 2. XRD pattern of rolled Mg-(Al-)Ti sheets with different thicknesses of Al layer, and corre-
sponding standard powder diffraction file (PDF) card peaks of «-Ti, Al, and Mg are also marked at
the bottom.

Figure 3 shows the SEM morphology of the interfaces of Mg-Al and Al-Ti at different
temperatures (RT, 300 °C) in the rolled Mg-(Al-)Ti sheets. No apparent voids, discernible
defects, and IMCs were observed in the interfacial regions. Figure 3a,b shows the mi-
crostructure of the interfaces at RT. Owing to the severe plastic deformation effect, a wavy
surface was formed on the Ti side, which indicates good bonding of the Ti layer with the
Al layer; however, the sheets encountered a macroscopical fracture along the transversal
direction (TD), as shown in the inset of Figure 3a. Upon increasing the preheating temper-
ature of the Ti sheet (before the rolling process), the deformation of Ti was more severe
with an increased number of serrated zones around the Al-Ti interfaces. The wavy serrated
interfaces indicated the fresh metal (Ti) would squeeze into bonding with the opposite
metal (Al), as shown in Figure 3c-h. The reduction of the Al layer was about 80%, and the
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significant rolling reduction decreased the middle plastic asymmetry during the rolling
process [29] to assist the bonding between different metals.

Figure 3. Microstructure and EDS line scanning of Mg-(Al-)Ti sheet rolled at various temperatures:
(a,b) room temperature (RT); inset shows SEM investigation location, section of (ND-TD) plane, ND,
TD and RD, meaning normal direction, transversal direction, and rolling direction (c,d) at 200 °C,
(e,f) 250 °C, and (g,h) 300 °C. EDS points are indicated by A-F (d,e,h) at a distance of about 1 um
from the interface, the blue line was the EDS scanning location, and the blue dots and orange dots
means the EDS point location.

Table 4 shows the EDS results for the Mg-Al and Al-Ti interfaces shown in Figure 3,
which contained about 4.2-8.6 at.% (Al + Ti) around the Mg side (Mg matrix) and about
4.8-9.5 at.% (Al + Mg) in the Ti matrix around the Al-Ti interface. This indicates that it
encountered interdiffusion in the interfacial regions, thereby forming a Mg and Ti matrix
solid solution.

Table 4. Point EDS results around the interfaces (at.%).

Points Mg Al Ti
A 96.2 (£2) 29 (£1) 0.9 (£0.6)
B 3.7 (£1) 5.8 (1) 90.5 (£2)
C 91.4 (£2) 8(£1) 0.5 (+0.3)
D 2.4 (£1) 24 (£1) 95.2 (£2)
E 95.8 (£2) 3(£1) 1.2 (£0.5)
F 29 (£1) 2.7 (£1) 94.4 (£1)
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To investigate the diffusion behavior around the interfaces, EDS line scanning analysis
was conducted to determine the diffusion thickness, as shown in Figure 4. The widths of
Mg-Al and Ti-Al were approximately 3 um and 2.5 um (rolling at RT), respectively. With
an increase in temperature, the interface thickness of Mg-Al increased to 5.2, 5.5 and 5 um.
The thickness of Ti-Al increased slightly to 3 um at 225 °C, and it did not change with an
increase in the Ti sheet temperature. This is because the high temperature promoted the
diffusion of Al and had little effect on Ti. When the heating temperature was increased
to 300 °C, the surface of Ti alloy was slightly oxidized, hindering the interdiffusion of Ti
and Al atoms. A similar diffusion layer was observed in the Mg-Al bonded joint with a
Ni layer, which was welded at 430440 °C for 90 min; its diffusion thickness was in the
range of 2.2-10.6 um [30]. Generally, the width of the diffusion interface changed slightly
with an increase in the preheating treatment in this study. This is because the temperature
(including rolling temperature) had a slight effect on the atom interdiffusion, and the
diffusion occurred for a short time in the rolling process. This could be verified in other
Mg-Al-Ti rolling sheets; for example, the Ti/ Al/Mg laminated composites, in which the
interdiffusion thicknesses, including the Mg-Al and Al-Ti interfaces, rarely changed, even
with rolling at higher temperature, i.e., 400 °C [31].

3500
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3000 - 52 pum 3 pm

2500 F s We )
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Figure 4. EDS line scanning of Mg-(Al-)Ti sheet rolled with different heat-treated Ti: (a) RT; (b) 200 °C;
(c) 225 °C; (d) 300 °C.

Figure 5 shows the microstructure and EDS mapping for different Al layer thicknesses
(0.05 mm, 0.01 mm and 0 mm). It can be seen that the diffusion of the Al atom into the Mg side
was more significant than the Ti side with decreasing Al layer thickness. The Mg-Ti interface
also encountered diffusion without the Al layer. The corresponding EDS line analysis
results are shown in Figure 5j-1. The width of the Mg-Al interface was about 5.2 um in the
Mg-0.05 mm Al-Ti (0.05Al) sheet, and it increased slightly in the Mg-0.01 mm Al-Ti sheet
(0.01Al) by about 6 pm. Meanwhile, for the Ti-Al interfaces, the width was approximately 3
um in both the 0.05Al sheet and the 0.01Al sheet. This implies that the decreased Al layer
has a slight effect on atom diffusion around the Mg-Al and Al-Ti interfacial regions. For the
Mg-Ti sheets without the Al layer, there is only one type of interface, Mg-Ti, which forms the
interdiffusion of Mg-Ti interfacial regions with a width of 4 pm.
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Figure 5. Microstructure and EDS scanning results of the interfaces for Mg-(Al-)Ti sheets with
different Al layer thicknesses: (a—c) 0.05 mm Al layer, (d—f) 0.01 mm Al layer, and (g—i) Al layer
without interdiffusion. (j-1) EDS line scanning of Mg-(Al-)Ti sheet rolled with different thicknesses of
Al layer: (j) 0.05 mm, (k) 0.01 mm, and (1) for 0 mm.

Based on the solid-state diffusion theory of metals, the following factors are necessary
for the diffusion of different metal atoms: the potential chemical gradient, solid solution,
temperature, and diffusion time. It is well known that there is rarely a negligible solid
solubility of Ti in Mg alloys. For the Mg-Al-Ti sheets, the Al layer with interdiffusion was
the key for the interfacial bonding, especially for the Mg-Al and Al-Ti interfaces; Al could
dissolve into both the Mg and Ti matrices, which is the driving force for the formation of
the transitional interfacial region. Additionally, the deformational temperature has a vital
effect on the interface between the Mg and Ti alloys. The higher preheating temperature
of the Ti alloy weakens its deformational resistance during the rolling process, and the
deformed resistances of the different layers of metals are significantly reduced. Fresh metal
was then squeezed out of the oxide layer and contacted the interfaces [31]. With rolling
for multiple passes, interfacial microvoids were gradually formed, in which the thin oxide
fragments were scattered, the exposed fresh metals constantly contacted, and the atomic
bonding interface gradually formed.

3.2. Mechanical Behavior of the Rolled Mg-(Al-)Ti Sheets
3.2.1. Nanoindentation Tests on the Mg-Al and Al-Ti Bonding Interfaces

Nanoindentation was used to determine the interface bonding. The indentation matrix
was about 25 um x 60 um around the Mg-(Al-)Ti interfaces containing the Mg, Al and Ti
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matrix, containing about 120 nanoindentation points each test, and 2 tests were conducted
in this study, the whole test data was povided in Table S1 and Table S2 (Supplementary
Materials). Figure 6a shows the hardness in the Mg side was about 0.6 £ 0.3 GPa, and the
hardness significantly increased to 0.8 £ 0.3 GPa in the Mg-Al interfaces and 2.5 & 0.3 GPa
in the Al-Ti interface. Similarly, the elastic modulus gradually increased from about 45 GPa
in the Mg matrix to about 69 GPa at the Mg-Al interface and 100 &= 10 GPa around the Al-Ti
interface, as shown in Figure 6b. It is well known that the elastic modulus is not structurally
sensitive like strength [31-33]. The gradual change of both hardness and elastic modulus
around the two interfaces shows the bonding of dissimilar metals; therefore, the significant
bonding of the interfaces between Al, Ti and Mg is vital for the rolled Mg-(Al-)Ti sheets.

aZS
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230
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0.80
0.30
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c 5
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Figure 6. Indentation matrix of Mg-(Al-)Ti interfaces: (a) mapping of hardness; (b) mapping of
elastic modulus, where the triangle denotes the related impresses; (c) hardness around the interfaces;
(d) elastic modulus around the interfaces.

The nanoindentation continued to conduct around the Mg-Al and Al-Ti interfaces,
and both the hardness and elastic modulus results are shown in Figure 6¢c,d. At the Mg-Al
and Al-Ti interfaces, the hardnesses were about 1.3 GPa and 4 GPa, which were about 30%
higher than those of the Ti matrix and the Mg matrix, i.e., 1 GPa and 3 GPa. Additionally,
the values were about 140 GPa and 60 GPa at the Al-Ti interface and Mg-Al interface,
respectively, as shown in Figure 6d, which were significantly greater than those of the
elastic modulus of the Ti matrix and the Mg matrix, i.e., about 120 GPa and 50 GPa.

3.2.2. Tensile Mechanical Behavior of the Rolled Mg-(Al-)Ti Sheets

Figure 7a shows the true tensile stress—strain curves of the as-rolled Mg-(Al-)Ti sheets.
The ultimate tensile strength (UTS), yielding tensile strength (YTS), and elongation to
break (EL) values are also listed in Table 5. The thickness of the Mg-(Al-)Ti sheets with
different Al layers had a certain effect on the stress and strain. A thicker Al layer positively
promotes elongation at the expense of stress. With Al layer thickness decreasing from
0.05 mm, 0.01 mm, to 0 mm, the values of UTS were about 399, 387 and 424 MPa, and
the corresponding YTS values were 358, 354 and 408 MPa, respectively. The EL values
were reduced from 0.05 to 0.03 and 0.01. For the Mg-Ti sheet, especially the Mg-0.01Ti-Mg
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(0.01Ti) and Mg-0.01Ti-0.01Al-Mg (0.01Ti-0.01Al) sheets, the strengths were relatively small,
approximately 329-349 MPa.

a 500 0.01A1 bSO0
—a— .01/
450 [ As-rolled sheets —e—o0sai225mi) 450 - Heat-treatment sheets
= —a—0Al

400 t 1 —¥—0.01Ti 400 - I
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Figure 7. True stress—strain curves of (a) as-rolled sheets and (b) heat-treated sheets.

Table 5. Mechanical properties of Mg-(Al-)Ti rolling sheets before heat treatment.

Samples UTS/MPa YTS/MPa Elongation to Break

0.05Al 399 358 0.05
0.01Al1 387 354 0.03
0Al 424 408 0.01
0.01Ti 331 329 0.06
0.01Ti-0.01Al 349 342 0.01
225Ti 399 358 0.05
250Ti 460 442 0.04
300Ti 424 401 0.01

The preheating temperature of Ti has a significant effect on its mechanical properties.
When the temperature increased from 225 °C to 250 °C, the strength of both increased
significantly. The UTS was 399 and 460 MPa, and the YTS was about 358 and 442 MPa,
respectively, with elongation of 0.05 and 0.04. As the temperature increased to 300 °C, both
the strength and elongation decreased, and the UTS and YTS were about 424 MPa and
401 MPa, with a low elongation of 0.01.

Figure 7b shows the mechanical curves of the rolled sheets after annealing at 200 °C.
The corresponding values of the UTS, YTS, and EI are listed in Table 6. The strengths of the
annealing rolled sheets were all reduced, and at the same time, the elongation increased
significantly. The UTS slightly decreased by about 1-14% (361 MPa) to 303-418 MPa,
while the decrease in UTS was very small for the 0.01Al and 0Al sheets. The 0.05Al sheets
(Mg-0.05A1-Ti) had a relatively large UTS drop no matter the heat treatment of raw sheets
(about 10%). All the YTS exhibited a significant reduction after the heat treatment, decreas-
ing by about 23-35% to the range of 223-339 MPa. The elongation of all the annealing
samples increased substantially by more than 80%. Their values were located in the range of
0.09-0.18, especially for the 0.01Ti (Mg-0.01Ti) and 0.01Ti-0.01Al sheets, whose elongations
were significantly increased.

Higher UTS and elongation, 373-408 MPa and 0.09-0.15, were achieved in the
Mg-0.01AI-Ti (0.01Al) and Mg-1Ti (OAI) sheets than that of the Mg-0.05Al-Ti (0.05Al) sheet
with a thicker Al layer of 363 MPa and 0.09, indicating suitable bonding interfaces between
Mg and Ti/ Al. Both strength and elongation decreased after the preheating treatment at
300 °C before the rolling process. This is mainly because of the formation of the oxide
layer at higher temperature, and the bonding of the Al-Ti interfaces is relatively weak.
Compared to the other reported Mg-based dissimilar sheets, Mg-steel and Ti-Al-Mg, rolled
Mg-(Al-)Ti sheets show excellent compressive mechanical properties in this work under
the high Mg content condition (>60 at.%). The reported Mg-based LMCs were mainly
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Mg-steel, Mg-Al-TC4 and Mg-Al-TA2, and their strengths and elongations show large
differences. The mechanical properties were higher with a decrease in Mg content, as
indicated in Table 6. The TYS of the studied Mg-Al-Ti rolling sheets (250Ti) is significantly
higher 50 MPa than that of Mg-steel and Mg-Al-TA2 alloy, and the elongation is also larger
than that Mg-steel. The compressive mechanical properties were similar to those of the
Mg-Al-TC4 rolling sheets. The UTS and TYS were about 459 MPa and 380 MPa, with an
elongation of 0.08; however, the Mg content of the latter alloy was so low, about 22 at.%,
which is not a Mg-based alloy.

Table 6. Mechanical properties of Mg-(Al-)Ti rolled sheets after heat treatment and other reported
Mg-based composite rolled sheets.

Samples Mg Content/at.% E/GPa UTS/MPa YTS/MPa Elongation to Break Ref.
0.05Al 61.5 68 363 267 0.09
0.01A1 63.3 62 373 271 0.09
0Al 63.7 56 408 275 0.15
0.01Ti 95.5 50 328 288 0.18 .
0.01Ti-0.01A1 95.0 52 303 223 01 In this work
225Ti 61.5 68 363 267 0.09
250Ti 61.5 67 418 339 0.09
300Ti 61.5 65 363 288 0.08
AZ31B 9% ~44 ¢ 322 180 0.17 [34]
Mg-Steel ~60 * - 265 260 0.048 [17]
Mg-Al-TC4 ~22* - 459 380 0.08 [27]
TA2/5052A1/AZ31/5052A1/ TA2 ~58 - 429 <200 0.37 [16]

* strength obtained from the engineered stress—strain curves; ¢ estimated value.

The elastic modulus of these alloys is also analyzed in this section. High elastic
modulus was successfully achieved by bonding Mg with Ti and Al alloys. A high E
was achieved in the rolled Mg-0.01Ti, Mg-0.01Al-0.01Ti and Mg-1Ti sheets; its values
were approximately 50-56 GPa, which were higher than those of Mg alloys containing
a high content of RE elements [35,36]. A higher E was obtained for the 0.01Al-1Ti and
0.05Al sheets, about 62-68 GPa. The elastic modulus of the rolled sheets was slightly
higher than those of the calculated values based on a mixture of rules, mainly because
the rolled sheets formed highly diffusing bonding interfaces, and the interfaces showed
superior mechanical properties compared to the Mg matrix and Ti matrix.

Figure 8a shows the fracture morphologies of the Mg-(Al-)Ti rolled sheet; the fracture
is approximately flat, rather than the AZ31-Al-TC4 rolled sheet, in which the fracture is a
classic shear feature with an angle of 45°. Cracks between Mg, Ti, and Al were observed in
the rolled sheets. Many dimples were also found on the fracture surfaces of AZ31B and the
Ti sheets, and the depths of these dimples on the Ti sheets were more significant than those
on the AZ31B sheets, as shown in Figure 8b.

Figure 8. Fracture morphology of the rolled Mg-(Al-)Ti sheets after heat treatment: (a) Mg-Al-Ti
sheet; (b) Mg-Ti sheet, the red boxes were the related Mg, Ti and Al layer.

The fracture morphologies of the Mg-Ti sheets without Al layers were also investigated,
as shown in Figure 8b. The two interfaces of the Mg and Ti alloys also completely cracked.
Many dimples were also found on both the Mg and Ti surfaces, while the size of the dimples
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on the Ti surfaces was slightly larger than those on the Mg surfaces, which indicates better
flexibility in the plastic deformation. In addition, Ti alloy exhibited significant necking
after the heat treatment. Some strong bonding points were found around the interfaces
between Mg and Ti alloys, which indicates that more stability and bonding were achieved
by conducting heat treatment at a lower temperature.

3.2.3. Hardening Effect of the Rolled Mg-(Al-)Ti Sheets

Figure 9 shows the strain-hardening rate of the rolled sheets used to determine the
strengthening effect during the plastic deformation stage. The strain-hardening rate shows
typical decreasing hardening with an increase in strain, and its values are mostly in the
range of 500-2000 MPa. The annealed Mg-(Al-)Ti sheets showed a slightly higher strain-
hardening rate than the others. The differential preheating temperature had a significant
effect on the strain-hardening rate of the 300Ti and 250Ti samples, showing a higher
strain-hardening rate at the beginning of the plastic deformation stage than that of 200Ti.
Interestingly, the Mg-Ti sheets containing Mg-1Ti (0Al) and Mg-0.01Ti (0.01Ti) showed
a higher hardening effect than rolled sheets containing Al layers. Additionally, the Mg-
0.01Ti-0.01Al rolled sheets showed distinct hardening behaviors; their hardening rate had a
significantly larger increment and decrement, as indicated in Figure 9b. This indicates that
the dissimilar metals, Al and Ti, enhanced the Mg matrix.

10,000 g 10,000
a ' g <+ -+ 0.01A1 (Annealing) 0.01Al b L7 e «00ITi
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Figure 9. Curves of strain-hardening rate and true strain of the rolled sheets: (a) different Mg-(Al-)Ti
rolled sheets and their annealing sheets; (b) Mg-0.01Ti-0.01Al (0.01Ti-0.01Al) and Mg-0.01Ti- (0.01Ti)
rolled sheets.

During the deformation process, they abruptly crack down with an increase in strain.
Figure 10 shows the SEM images of the 0.01Ti and 0.01Ti-0.01Al sheets, and it can be seen
that the interlayers fractured to pieces with a width of about 2-6 um. The deformational
discontinuous Ti pieces were still regarded as the strengthening phase. The strong bonding
zones in the Mg-Ti interfaces provided a high hardening effect, and the strain-hardening
rate subsequently increased with an increase in strain.

The work-hardening rate (1) of the rolled sheets was also investigated according to
the Hollomon relationship, as shown in Equation (1):

o =k-¢" (1)

where ¢ denotes the true stress, ¢ is the true strain, k is the coefficient, and 7 is the
work-hardening rate. Thus, n can be calculated via a differential calculation method for
Equation (1). The results are displayed in Figure 11. It can be seen that n was lower
than 0.1 for the samples of the as-rolled Mg-(Al-)Ti sheets, and those of the sheets before
heat treatment were only about 0.02-0.04, as shown in Figure 11a. The Mg-Ti (Imm Ti)
sheet showed a slightly higher work-hardening rate of 0.12. At the same time, the Mg-
(Al-)Ti sheets containing thinner Al and Ti (0.01 mm), and their work-hardening rates
were significantly larger than those of the sheets containing thick Al or Ti sheets, i.e.,
about 0.21 before heat treatment and 0.15 after heat treatment. This indicates that the
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Mg-(Al-)Ti sheets containing thinner Ti/ Al sheets or layers (0.01 mm) showed excellent
forming performance.

Figure 10. SEM images of cross-section of 0.01Ti and 0.01Ti-0.01Al sheets: (a,b) SEM image of 0.01Ti
sheet; (c,d) SEM image of 0.01Ti-0.01Al sheet.
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Figure 11. Simulation of true strain and strain to determine the work-hardening rate, (a) the samples
for different heat treatments of Ti, and (b) the sample for different Al layer thicknesses.

4. Conclusions

Dissimilar laminated Mg-(Al-)Ti alloys were successfully prepared by a differential
temperature hot-rolling process, and the preheating temperature of Ti was higher 25-100 °C
than Mg alloy. The effective interface bonding between Mg/Ti and Al was subsequently
achieved when the preheating treatment of Ti alloy was 50 °C higher than that of Mg alloy
before rolling at 175 °C.

Well-bonded Mg-Al and Ti-Al interfaces were formed with a thickness of approxi-
mately 2-7 um and 3-5 pm under different rolling processes, respectively, and even formed
Mg-Ti interfaces, which was the Mg(Al) and Ti(Al) solid-solution zone, with a thickness of
about 5 pm. No intermetallic compounds were generated during the rolling process and
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the annealing treatment. The bonding interfaces showed 16-30% higher hardness than that
of the Ti and Mg matrix.

The Mg-(Al-)Ti rolled sheets showed outstanding mechanical properties. The com-
pressive mechanical properties of the rolled sheets were still better than those of AZ31
and other Mg-based LMCs. The UTS and YTS were about 223-460 MPa and 303—442 MPa,
respectively, with an elongation of 0.04-0.17 and high elastic modulus of 52-68 Gpa. The
elongation was significantly enhanced when adding an Al interface layer and conduction
annealing treatment. The Al layer significantly enhanced the elongation of the Mg-Al-Ti
sheets when increasing the thickness from 0.01 mm to 0.05 mm, and the annealing treatment
further promoted the elongation at least 80%.

Mg-Ti sheets and Mg-(Al-)Ti with a thin Al layer show an excellent work-hardening
rate (n) than that of other rolled sheets with a thick Al layer due to the high bonding
interfaces and strengthening effect of the Ti or Al pieces around the interfaces.

The differential temperature hot-rolling process provides a simple method to achieve
the bonding of dissimilar alloys; however, owing to the unstable thermodynamics Mg-Ti
alloy, the rolled Mg-Ti sheets show severe anisotropy with the rolling direction (RD) and
normal direction (ND), which restrict its wide application. Nevertheless, the following
two issues need to be further studied: the interfacial structure between Mg/Ti and Al, and
even between Mg and Ti, which is vital to reveal the bonding mechanism of Mg and Ti.
Additionally, the effect of the thickness annealing treatment regime of interdiffusion layers
on the mechanical properties needs to be studied in detail.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/10
.3390/ma15082805/s1, Table S1: The original nanoindentation data for matrix scanning,
Table S2: The original nanoindentation data for line scanning.

Author Contributions: W.L.: conceptualization, methodology, data curation, formal analysis, inves-
tigation, writing—final version, funding acquisition; Y.F.: data curation, writing—first draft; X.H.:
conceptualization, writing—review & editing, funding acquisition; Q.K.: investigation, writing—
review and editing; Z.X.: data curation, writing—review and editing, validation. All authors have
read and agreed to the published version of the manuscript.

Funding: This work was supported by the Fundamental Research Funds for the Central Universities,
Grant Number 2021MS048, 2020MS058, and 2019MS012. And the Fund for Distinguished Young
Scholars of the China Academy of Space Technology.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data used to support the findings of this study are included within
the article.

Acknowledgments: We also gratefully acknowledge Weihua Wang from the Institute of Physics,
Chinese Academy of Sciences, for providing the laboratory facilities.

Conflicts of Interest: The authors declare no conflict of interest.

1.  Cai, X.C,;Song, J.; Yang, T.T.; Peng, Q.M.; Huang, ].Y.; Shen, T.D. A Bulk Nanocrystalline Mg-Ti Alloy with High Thermal Stability
and Strength. Mater. Lett. 2018, 210, 121-123. [CrossRef]

2. Dieringa, H. Properties of Magnesium Alloys Reinforced with Nanoparticles and Carbon Nanotubes: A Review. |. Mater. Sci.
2011, 46, 289-306. [CrossRef]

3. Edalati, K.; Emami, H.; Staykov, A.; Smith, D.].; Akiba, E.; Horita, Z. Formation of Metastable Phases in Magnesium-Titanium
System by High-Pressure Torsion and their Hydrogen Storage Performance. Acta Mater. 2015, 99, 150-156. [CrossRef]

4. Feng, B.; Xin, Y.; Guo, F; Yu, H,; Wu, Y,; Liu, Q. Compressive Mechanical Behavior of Al/Mg Composite Rods with Different
Types of Al Sleeve. Acta Mater. 2016, 120, 379-390. [CrossRef]

5. Ganeshan, S.; Shang, S.L.; Wang, Y.; Liu, Z.K. Effect of Alloying Elements on the Elastic Properties of Mg From First-Principles
Calculations. Acta Mater. 2009, 57, 3876-3884. [CrossRef]


https://www.mdpi.com/article/10.3390/ma15082805/s1
https://www.mdpi.com/article/10.3390/ma15082805/s1
http://doi.org/10.1016/j.matlet.2017.09.021
http://doi.org/10.1007/s10853-010-5010-6
http://doi.org/10.1016/j.actamat.2015.07.060
http://doi.org/10.1016/j.actamat.2016.08.079
http://doi.org/10.1016/j.actamat.2009.04.038

Materials 2022, 15, 2805 14 of 15

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Subramani, M.; Huang, S.; Borodianskiy, K. Effect of SiC Nanoparticles on AZ31 Magnesium Alloy. Materials 2022, 15, 1004.
[CrossRef]

Du, A; Lattanzi, L.; Jarfors, A.W.E.; Zheng, ].; Wang, K.; Yu, G. On the Hardness and Elastic Modulus of Phases in SiC-Reinforced
Al Composite: Role of La and Ce Addition. Materials 2021, 14, 6287. [CrossRef] [PubMed]

Hou, J.; Du, W,; Parande, G.; Gupta, M,; Li, S. Significantly Enhancing the Strength + Ductility Combination of Mg-9Al Alloy
Using Multi-Walled Carbon Nanotubes. . Alloy. Compd. 2019, 790, 974-982. [CrossRef]

Li, S.; Luo, C.; Bashir, M; Jia, Y.; Han, J.; Wang, T. Interface Structures and Mechanical Properties of Corrugated + Flat Rolled and
Traditional Rolled Mg/ Al Clad Plates. Rare Metals 2021, 40, 2947-2955. [CrossRef]

Li, W.; Kou, H.; Zhang, X.; Ma, J.; Li, Y,; Geng, P.; Wu, X,; Chen, L.; Fang, D. Temperature-Dependent Elastic Modulus Model for
Metallic Bulk Materials. Mech. Mater. 2019, 139, 103194. [CrossRef]

Liu, M.; Zhang, C.; Meng, Z.; Zhao, G.; Chen, L. Atomic Diffusion Mechanism and Interface Nanomechanics in the Al/Ti
Composite Structures. Compos. Part B Eng. 2022, 230, 109507. [CrossRef]

Zhang, W.; Zhang, W.; Zhao, H.; Hu, X.; Chen, M.; Ju, D. Microstructures and Electromagnetic Interference Shielding Effectiveness
of ME21/Mg Laminated Materials by Accumulative Roll Bonding. Mater. Res. Express 2021, 8, 126529. [CrossRef]

Song, Z.; Hu, X,; Xiang, Y.; Wu, K,; Wang, X. Enhanced Mechanical Properties of CNTs/Mg Biomimetic Laminated Composites.
Mater. Sci. Eng. A 2021, 802, 140632. [CrossRef]

Lu, Y.Y;; Kotoka, R.; Ligda, J.P.; Cao, B.B.; Yarmolenko, S.N.; Schuster, B.E.; Wei, Q. The Microstructure and Mechanical Behavior
of Mg/Ti Multilayers as a Function of Individual Layer Thickness. Acta Mater. 2014, 63, 216-231. [CrossRef]

Zhang, W.; Zhao, H.; Hu, X;; Ju, D. A Novel Processing for CNT-Reinforced Mg-Matrix Laminated Composites to Enhance the
Electromagnetic Shielding Property. Coatings 2021, 11, 1030. [CrossRef]

Mi, Y,; Nie, H.; Wang, T.; Li, X,; Hao, X.; Liang, W. Effect of Anisotropy on Microstructures and Mechanical Properties of Rolled
Ti/Al/Mg/Al/Ti Laminates. |. Mater. Eng. Perform. 2019, 28, 4143-4151. [CrossRef]

Nguyen, J.; Douville, E; Bouaziz, O.; Sauvage, X. Low Weight Steel-Magnesium Composites Achieved by Powder Compaction.
Mater. Sci. Eng. A 2016, 660, 77-83. [CrossRef]

Nie, H.; Liang, W.; Chen, H.; Zheng, L.; Chi, C.; Li, X. Effect of Annealing on the Microstructures and Mechanical Properties of
Al/Mg/Al Laminates. Mater. Sci. Eng. A 2018, 732, 6-13. [CrossRef]

Pan, H.; Qin, G.; Huang, Y;; Ren, Y.; Sha, X.; Han, X,; Liu, Z.; Li, C.; Wu, X.; Chen, H.; et al. Development of Low-Alloyed and
Rare-Earth-Free Magnesium Alloys Having Ultra-High Strength. Acta Mater. 2018, 149, 350-363. [CrossRef]

Paramsothy, M.; Tan, X.H.; Chan, J.; Kwok, R.; Gupta, M. Carbon Nanotube Addition to Concentrated Magnesium Alloy AZ81:
Enhanced Ductility with Occasional Significant Increase in Strength. Mater. Des. 2013, 45, 15-23. [CrossRef]

Say, Y.; Guler, O.; Dikici, B. Carbon Nanotube (CNT) Reinforced Magnesium Matrix Composites: The Effect of CNT Ratio On
their Mechanical Properties and Corrosion Resistance. Mater. Sci. Eng. A 2020, 798, 139636. [CrossRef]

Sumit, S.; Pramod, K.; Chandra, R. Carbon Nanotube Reinforced Metallic Glass Composites-A Molecular Dynamics Study. Int. J.
Multiscale Com. 2016, 14, 555-584.

Tu, T,; Chen, X.; Chen, T,; Yuan, Y.; Pan, F. New High-Modulus and High-Strength Mg-Gd-Ag-Mn-Ge Alloys. Mater. Sci. Eng. A
2021, 805, 140559. [CrossRef]

Wang, X.; Xue, Z.; Yu, X.; Youze, Y. Numerical Simulation and Experimental Research of Magnesium Alloy Plate Asymmetrical
Rolling. Rare Met. Mater. Eng. 2020, 49, 3724-3733.

Yu, H.; Sun, Y,; Hu, L.; Zhou, H.; Wan, Z. Microstructural Evolution of AZ61-10at.%Ti Composite Powders During Mechanical
Milling. Mater. Des. 2016, 104, 265-275. [CrossRef]

Wang, T.; Nie, H.; Mi, Y.; Hao, X,; Yang, E; Chi, C.; Liang, W. Microstructures and Mechanical Properties of Ti/Al/Mg/Al/Ti
Laminates with Various Rolling Reductions. |. Mater. Res. 2019, 34, 344-353. [CrossRef]

Wang, P.; Zejun, C.; Huang, H.; Lin, J.; Li, B.; Liu, Q. Fabrication of Ti/Al/Mg Laminated Composites by Hot Roll Bonding and
their Microstructures and Mechanical Properties. Chin. . Aeronaut. 2021, 34, 192-201. [CrossRef]

Ye, ].; Chen, X,; Li, J.; Liu, C.; Wu, B.; Pan, F. Microstructure and Compressive Properties of Mg-9Al Composite Reinforced with
Ni-coated Graphene Nanosheets. Vacuum 2020, 181, 109629. [CrossRef]

Nie, H.; Zheng, L.; Kang, X.; Hao, X.; Li, X.; Liang, W. In-Situ Investigation of Deformation Behavior and Fracture Forms of
Ti/Al/Mg/Al/Ti Laminates. T. Nonferr. Metal. Soc. 2021, 31, 1656-1664. [CrossRef]

Zhu, Z.; Shi, R.; Klarner, A.D.; Luo, A.A,; Chen, Y. Predicting and Controlling Interfacial Microstructure of Magnesium/Aluminum
Bimetallic Structures for Improved Interfacial Bonding. J. Magnes. Alloy. 2020, 8, 578-586. [CrossRef]

Yuan, Q.; Zeng, X,; Liu, Y.; Zhou, G.; Luo, L.; Wang, J. Research Progress of Elastic Modulus of Magnesium Matrix Composite
Reinforced by Carbon Nanotubes. Chin. |. Nonferrous Met. 2015, 25, 86-97.

Zhang, J.; Luo, G.; Shen, Q.; Zhang, L.; Huang, Z. Characterization of Diffusion-Bonded Joint Between Al and Mg Using a Ni
Interlayer. Rare Metals 2016, 35, 537-542. [CrossRef]

Zakarian, D.; Khachatrian, A.; Firstov, S. Universal Temperature Dependence of Young’S Modulus. Met. Powder Rep. 2019, 74,
204-206. [CrossRef]

Zhang, H.; Huang, G; Li, J.; Wang, L.; Roven, H.J. Influence of Warm Pre-Stretching on Microstructure and Properties of AZ31
Magnesium Alloy. J. Alloy. Compd. 2013, 563, 150-154. [CrossRef]


http://doi.org/10.3390/ma15031004
http://doi.org/10.3390/ma14216287
http://www.ncbi.nlm.nih.gov/pubmed/34771812
http://doi.org/10.1016/j.jallcom.2019.03.243
http://doi.org/10.1007/s12598-020-01646-4
http://doi.org/10.1016/j.mechmat.2019.103194
http://doi.org/10.1016/j.compositesb.2021.109507
http://doi.org/10.1088/2053-1591/ac44d7
http://doi.org/10.1016/j.msea.2020.140632
http://doi.org/10.1016/j.actamat.2013.10.032
http://doi.org/10.3390/coatings11091030
http://doi.org/10.1007/s11665-019-04172-2
http://doi.org/10.1016/j.msea.2016.02.083
http://doi.org/10.1016/j.msea.2018.06.065
http://doi.org/10.1016/j.actamat.2018.03.002
http://doi.org/10.1016/j.matdes.2012.09.001
http://doi.org/10.1016/j.msea.2020.139636
http://doi.org/10.1016/j.msea.2020.140559
http://doi.org/10.1016/j.matdes.2016.05.014
http://doi.org/10.1557/jmr.2018.428
http://doi.org/10.1016/j.cja.2020.08.044
http://doi.org/10.1016/j.vacuum.2020.109629
http://doi.org/10.1016/S1003-6326(21)65605-4
http://doi.org/10.1016/j.jma.2020.03.004
http://doi.org/10.1007/s12598-014-0394-0
http://doi.org/10.1016/j.mprp.2018.12.079
http://doi.org/10.1016/j.jallcom.2013.02.097

Materials 2022, 15, 2805 15 of 15

35. Zhao, D.; Chen, X;; Ye, J.; Chen, T.; Dai, Y.; Liu, C.; Luo, Z.; Gao, S.; Zhang, ].; Yao, J.; et al. Simultaneously Improving Elastic
Modulus and Damping Capacity of Extruded Mg-Gd-Y-Zn-Mn Alloy Via Alloying with Si. J. Alloy. Compd. 2019, 810, 151857.
[CrossRef]

36. Zhao, D.; Chen, X; Yuan, Y,; Pan, F. Development of a Novel Mg-Y-Zn-Al-Li Alloy with High Elastic Modulus and Damping
Capacity. Mater. Sci. Eng. A 2020, 790, 139744. [CrossRef]


http://doi.org/10.1016/j.jallcom.2019.151857
http://doi.org/10.1016/j.msea.2020.139744

	Introduction 
	Materials and Methods 
	Results and Discussion 
	Interface Morphology of the Rolled Mg-(Al-)Ti Sheets 
	Mechanical Behavior of the Rolled Mg-(Al-)Ti Sheets 
	Nanoindentation Tests on the Mg-Al and Al-Ti Bonding Interfaces 
	Tensile Mechanical Behavior of the Rolled Mg-(Al-)Ti Sheets 
	Hardening Effect of the Rolled Mg-(Al-)Ti Sheets 


	Conclusions 
	References

