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Abstract: Mg/Ti bimetal composites were fabricated by ultrasonic-assisted solid—liquid compound casting with an
additively manufactured Ti-based pyramidal lattice structure at the interface. The Taguchi method was carried out to
optimize the lattice parameters. The optimized geometric parameters include: the strut diameter (d) is 1 mm, the ratio of
strut length to diameter (/d) is 3, and the ratios of the upper and lower node to diameter (di/d and d»/d) are 2.5 and 2.5,
respectively. The ratio of strut length to diameter is the most significant factor affecting failure strength. The failure
strength of the Mg/Ti bimetal joint with the optimized lattice structure is 77.3 MPa. Experimental and simulated results
show that the failure strength increases first and then decreases with the increase of //d, and it reaches the peak value

when //d is 3.
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1 Introduction

The requirement for lightweight structural
materials is becoming increasingly urgent for
energy conservation and emission reduction [1].
Utilizing the complementary properties of Ti (high
temperature, excellent corrosion resistance, and a
high specific strength) and Mg (high specific
strength and specific stiffness), Mg/Ti bimetal
composites have great potential for applications
where mass reduction is important as well as
mechanical property [2—4]. Thus, different joining
techniques have been developed to fabricate Mg/Ti
bimetal composites, i.e., high-pressure sintering [5],
powder metallurgy [6], laser welding-brazing [7],
transient liquid phase bonding [8], friction stir
welding [9], hot roll bonding [10], and so on.

Compared with other methods, solid—-liquid

compound casting (SLCC) has the advantages of
low production cost and a simple processing
procedure [11—13]. The most obvious characteristic
of SLCC is that it can produce bimetallic castings
with complex shapes and internal structures [4].
The interfacial bonding strength determines the
properties  of  composites, and interface
strengthening has always been a hotspot in the
field of SLCC [12-14]. However, the large
incompatibility between Ti and Mg, such as
immiscibility (maximum solid solubility of Ti in
Mg is 0.02 at.% and that of Mg in Ti is 0.9 at.%)
and large discrepancy in the melting point (1678 °C
for Ti and 650 °C for Mg), brings great challenges
to their robust bonding [5]. Existing studies have
fabricated Mg/Ti bimetals with a metallurgical
bonding interface by adding intermediate layer
metals such as Ni [7,8,15], Cu [16—18], Zn [19],
and Al [20,21]. However, the addition of interlayer
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leads to the formation of a thick intermetallic layer,
which not only obstructs atomic diffusion and
decreases the bonding strength of joints [4] but also
deteriorates the physical properties such as heat
resistance, electrical conductivity, and heat
conduction [16]. Therefore, finding a new method
to fabricate Mg/Ti bimetal casting is necessary.

Due to their interior  space,
three-dimensional lattice structures with light-
weight, excellent specific strength and specific

fully-open

stiffness, and high specific surface area have
received extensive attention [22,23]. Moreover, the
advent of additive manufacturing (AM) technology
makes the fabrication of lattice structures with
complex geometries possible [24]. Various lattice
structural and open-cell topological configurations
have been designed [25], in which the pyramidal
lattice structures have a variety of excellent
mechanical characteristics including higher strength
and buckling resistance, lower relative density, and
higher specific strength [26]. Recently, the lattice
materials were applied to improving the interface
bonding of composite. This kind of Ilatticed
composite contains two parts, namely the lattice
and the matrix, in which lattice structures have been
infilled in the matrix to improve the interface
bonding of composite, such as steel/Al [27],
AI/NiTi [28], carbon fiber/steel [29], and
A356/316L interpenetrating phase composites [30].
However, lattice materials have not been applied
to the interface connection of Mg/Ti dissimilar
metals, and the strengthening mechanism is still
unknown.

In this work, Ti-based pyramidal lattice
structures were fabricated by selective laser melting
(SLM), and the lattice structure was applied in the
interface bonding of Mg/Ti bimetal composite. The
direct combination of magnesium and titanium
alloys was realized by making full use of the high
specific area of lattice structures to form a
three-dimensional embedded structure with the
magnesium matrix. The Mg/Ti bimetal composites
formed by TC4 lattice and AZ91D melt were
fabricated by ultrasonic-assisted SLCC. Finite
element (FE) and experimental methods were used
to optimize the lattice structure and investigate the
lattice structure’s strengthening mechanism to the
interface of Mg/Ti bimetal composites.

2 Finite element simulation

2.1 Geometric model

This study is to make full use of the high
specific area of TC4 lattice structure and to form
three-dimensional inter-embedded structures with
magnesium alloys. The pyramidal lattice structure
was chosen since it has the advantages of simple
configuration, low density, high strength, and
anti-buckling performance [26]. Taking the
dimensional accuracy and manufacturability of the
lattice structure fabricated by SLM into account, the
diameter of the lattice structure (d) can be adjusted
in the range of 0.4-1.8 mm [31]. The designed
monolayer lattice structure, as shown in Fig. 1(a),
consists of four inclined cylindrical struts with an
incline angle w of 45° and o of 45°. To ensure the
stability and reliability of the lattice structure, the
spherical joints are used to connect each strut
element. In Fig. 1(a), the geometrical parameters of
the unit cell include the length (a), the width (b),
the strut diameter (d), the strut length (/), and the
upper and lower rod diameter (di, d>). Figure 1(b)
shows the structure of the Mg/Ti bimetal composite,
which is comprised of two parts. The upper
semi-transparency part is the magnesium matrix.
The lower part, constituted by periodically arranged
unit cells, is the designed TC4 lattice structure.

(a)
(b)
Mg
CombineL
+ —_—

I "(A\F\\/
{ ,;/ AV‘V ) Mg/Ti composites
\\j:)\%! Ti

Fig. 1 Illustrations of Mg/Ti bimetal composite: (a) Unit
cell of TC4 lattice structure; (b) Geometry of Mg/Ti
bimetal composite with designed TC4 lattice structure
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2.2 Model simplification and mesh generation

The numerical model of the Mg/Ti bimetal
composites was built by the finite element method,
and the quasi-static tensile process was simulated
by using the dynamic/explicit solver of ABAQUS
software [32]. Researchers, due to the Ilow
computational cost and acceptable results in quasi-
loading conditions, often used the unit cell method
instead of the entire lattice structure [33] and a
quarter of a unit cell lattice model was used as the
calculation object to establish the FE model. This
structure has been meshed using modified
tetrahedral elements with quadratic interpolation.
The diagram of mesh division is shown in Fig. 2(a).
The element size was estimated by performing a
mesh sensitivity analysis, leading to different
models that are composed of different numbers of
elements from 153135 to 537078. To reduce the
influence of stress concentration on the analysis
results caused by sudden changes in local size, as
shown in Fig. 2(b), the joints between the struts and
nodes are transitioned by an arc. According to the
principle of master-slave surface setting [32], the
surface of the lattice structure with greater rigidity
is defined as the master surface, and the inner
surface of the magnesium matrix in contact with the
lattice structure is the slave surface.

2.3 Materials and property parameters

To simulate the mechanical characterization of
Mg-AZ91D/Ti—TC4  bimetal composite, the
constitutive model of AZ91D and TC4 are already
implemented within the software material library
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Fig.2 A quarter of finite element model of Mg/Ti
composite: (a) Schematic diagram of mesh division of
whole structure; (b) Detail of local mesh

and their parameters are identified on tensile
stress—strain curves obtained from full dense stand
specimens. Figure 3(a) shows the geometric
dimensions of samples used for the tensile test. The
tensile rate was set to be 0.5 mm/min. Each type
was tested three times, and the arithmetic mean
value was taken as the representative value. The
stress—strain curves of as-cast AZ91D and AM
Ti—6Al-4V alloy are shown in Fig. 3(b). The
property parameters of Ti—6Al—4V and AZ91D are
shown in Table 1. Besides, several assumptions are
considered during the FE analysis. Firstly, the
lattice material is assumed to be isotropic material,
and the tensile stress—strain relationships are the
same for each other. Secondly, the cross-section of
all struts is assumed to be circular, with a constant
diameter d. Thirdly, the Mg/Ti composite ingot is
also assumed to be an ideal material with an upper
bound of mechanical properties.

Strain

0 0.01 0.020.030.04 0.05 0.06 0.07 0.08 0.09

411200
411000

41600

1
[02]
S
(=}

Stress/MPa

As-cast AZ91D 1400

—— AM Ti-6Al-4V

200

0.008 0.012  0.016

Strain

0.004

Fig. 3 Tensile specimens and tensile stress—strain curves: (a) Geometric dimensions of tensile specimens; (b) Tensile

stress—strain curves of as-cast AZ91D and additive manufactured Ti—6Al-4V



Yuan-bing WU, et al/Trans. Nonferrous Met. Soc. China 34(2024) 846—860 849

Table 1 Property parameters of materials

Material Density/ Young’s modulus/ Poisson ratio Yield Ultimate tensile
(grem™) GPa strength, o/MPa strength, on/MPa
AZ91D 1.82 44.8 0.35 92.7 131.4
Ti—6Al-4V 4.43 118 0.34 944 1058

2.4 Boundary conditions and interface behavior

In the numerical tensile tests, the boundary
conditions, as shown in Fig. 4, were as follows: (1)
the bottom face was completely fixed and the upper
face was pulled by a constant force, and (2)
classical symmetrical boundary conditions were
applied to the four lateral sides.

Constant force

Symmetry Symmetry

Contact

y | TC4
e it ;;f‘ﬁa’{ D

Fig.4 FE model of Mg/Ti bimetals and boundary
conditions

The general contact with hard contact,
frictionless properties, and cohesive behavior was
considered. The interface behavior between AZ91D
and TC4 was simplified to the traction-separation
law. The available traction-separation model in
Abaqus assumes initially linear elastic behavior
followed by the initiation and evolution of
damage [32]. The elastic behavior is written in
terms of an elastic constitutive matrix that relates
the normal and shear stresses to the normal and
shear separations across the interface. Damage
initiation refers to the beginning of degradation of
the cohesive response at a contact point. The onset
of damage was dictated by a maximum stress
criterion, which is expressed mathematically as

max{<tg>,t_;,f_;}=1 (1)

£t

n S

where (t,) represent the Macaulay brackets, which

returns the argument if positive and zero otherwise
to impede the development of damage when the
interface is under compression; tr?, tso , tto represent
the peak values (t, %, #; represent the actual values)
of the contact stress when the separation is either
purely normal to the interface or purely in the first
or the second shear direction, respectively. For
simplicity, tr? , tf , tto were assumed to be equal
( tg =tf =tt0 =0, ) to the interface strength omax
(25 MPa), which was obtained by the shear test of
the TC4/AZ91D bimetals [15]. To simulate the
tensile test, as shown in Fig. 4, uniform surface
pressure was loaded on the upper surface by
defining a loading Time-Amplitude curve with an
inclination angle of 45°. And then, the failure time
was read and the failure load was calculated
according to the loading curve, and the failure load
pressure was defined as the failure strength of the
Mg/Ti bimetal composite. The results of the FE
simulations were analyzed by the S/N and ANOVA.
Finally, optimal geometrical parameters of lattice
structures can be obtained.

3 Experimental

3.1 Manufacturing of lattice structure

For the fabrication of the lattice structures,
ASTM Ti—6Al—-4V spherical powder with a particle
size¢ of 15-53 um was used. The chemical
composition of the TC4 powder is listed in Table 2.

Table 2 Chemical composition of TC4 powder (wt.%)

Al v O Fe C
6.38 3.93 0.17 0.27 0.013
H N Cu Sn Ti

0.003 0.0072 0.091 0.01 Bal

A commercial selective laser melting (SLM)
machine (BLT-S210, Xi’an, China) was used to
fabricate the lattice structures. The key
technological parameters used during the SLM are
listed in Table 3.
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Table 3 SLM process parameters used for manufacturing lattice structure

Laser power/W

diameter/um (mm-s™h

Spot Scanning speed/

Hatch
spacing/pm

Layer

thickness/um Atmosphere

155 60 1200

90 30 Ar

To further improve the dimensional stability
and mechanical properties of the specimen
fabricated by SLM, the heat treatment process of
stress-relieving annealing was performed in a
vacuum at 800 °C for 2 h and hereafter cooled to
300 °C with the furnace slowly at a flowing argon
atmosphere, and then air-cooled to ambient
temperature [34].

3.2 Solid-liquid compound casting process
Before casting, the TC4 lattice specimens were
degreased in an alkali cleaner composed of NaOH
70 g/L, Na2C03 30 g/L, Na3P04 20 g/L, Na2P03
7¢g/L at 80°C for 10 min. And then, the acid
solution containing 30% hydrofluoric, and 70%
nitric acid was used to remove the oxide film on the
surface of the TC4 specimen at room temperature
for 2 min. After that, the pickled TC4 lattice
specimen was pretreated at 350 °C in a heat
treatment furnace with a vacuum degree of
1.33x107° Pa and kept at the temperature for 30 min.
The commercial magnesium alloy AZ91D (Mg—
9%Al—1%Zn) was used as a molten magnesium
bath to fabricate the TC4/AZ91D bimetallic
castings. The AZ91D ingots were melted under the
protection of a mixture of CO and 0.5% SF6 in a
stainless-steel crucible, which was located in an
electrical resistance furnace at an elevated
temperature from ambient temperature to 730 °C.
Figure 5 shows the schematic illustration of the
solid—liquid compound casting process. The
ultrasonic horn was immersed into the melt to
improve the fluidity of AZ91D magnesium alloy

Ultrasonic contral power

supply/generator

Ultrasonic horn

TC4 lattice

Fig. 5 Schematic illustration of solid—liquid compound
casting

melt by the ultrasonic resonant transducer with a
frequency of 30kHz and an input power of
12 kW [35]. The customized mold was also
preheated in a box-type furnace at 350 °C for 2 h.
And then, the AZ91D melts were poured into the
mold with a steady casting speed.

3.3 Tensile test

Tensile tests were performed to study the
failure strength of the Mg/Ti bimetal joints.
Figure 6(a) shows the tensile test sampling
position from the Mg/Ti bimetallic ingot, which is
the region of the TC4 lattice structure and AZ91D
interlocked. Figure 6(b) illustrates the specific
dimensions of the tensile specimen of each
lattice structure. Three tensile specimens were
prepared for each lattice structure to minimize the
experimental error.

Fig. 6 Sampling position and size of composite tensile
specimen: (a) Sampling position of Mg/Ti tensile
specimen; (b) Tensile specimen size for //d of 2, 3, and 5
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4 Results and discussion

4.1 Optimization of lattice structure

As illuminated in Figure 1(a), among the
interrelated geometrical parameters, the strut
diameter (d), the strut length (/), and the upper and
lower rod diameter (di, d>) are paramount to the
mechanical properties. Therefore, it is necessary to
investigate a better combination of those parameters
within the strut diameter range of 0.4—1.8 mm. The
Taguchi orthogonal array (OA) gives unique
combinations between parameters and their levels
to minimize the number of experiments while still
investigating the entire parameter space [36], so it
was used to optimize the geometrical parameters of
the lattice structure. Three levels of these
parameters were designed and listed in Table 4.

Table 4 Designed parameters and levels

Symbol Parameter Level 1 Level 2 Level 3
A Strut diameter, d/mm 0.6 1 1.4
B Ratio of strut length ) 3 4

to diameter, I/d

Ratio of upper node
C diameter to strut 2.5 2.8 3.1
diameter, di/d

Ratio of lower node
D diameter to strut 2.5 2.8 3.1
diameter, d»/d

Since the interaction between the geometrical
parameters was not considered, there are eight
degrees of freedom owing to the four geometrical
parameters with three levels. The Orthogonal
analysis was performed based on the FE
simulations. The failure strength of the composite
was defined as the maximum load that the material
can sustain under uniaxial tensile loading. Table 5
provides the details and FE analysis results of the
L9 scheme (3%), a standard orthogonal plan
proposed by Taguchi [37].

The S/N (signal-to-noise) ratio is used by the
Taguchi method, which measures the quality
characteristic deviating from the desired value [36].
The S/N ratio was calculated from the following
equations:

11
S/N=-10lg| = — 2
g(n;ij (2)

where 7 1s the number of tests, and X; is the value of
failure strength for the ith experiment.

Table 6 shows the S/N ratio of FE analysis
results for failure strength. The mean S/N ratio for
each level of the parameters is calculated and then
the maximum minus minimum value is calculated.

Table 5 Orthogonal plans and FE analysis results for
failure strength

Parameter level

Experimental Failure
No. A/mm B C D  strength/MPa

1 0.6 2 2.5 2.5 46.6
2 0.6 3 2.8 2.8 47.5
3 0.6 4 3.1 3.1 39.2
4 1 2 2.8 3.1 46.9
5 1 3 3.1 2.5 51

6 1 4 2.5 2.8 40.8
7 1.4 2 3.1 2.8 40.1
8 1.4 3 2.5 3.1 49

9 1.4 4 2.8 2.5 38

Table 6 S/N response for failure strength
Mean S/N ratio

Symbol Parameter Level Level Level
1 2

A d 32.922 33.265 32.489 0.776 2
B i/d 32.953 33.832 31.892 1.940 1
C di/d 33.128 32.851 32.697 0.431 4
D do/d 33.040 32.605 33.031 0.435 3

Range Rank

The total mean S/N ratio=32.892 dB.

The strut length to diameter is ranked as 1,
indicating that its effect is the most significant for
increasing (and vice versa) failure strength than
other parameters. Figure 7 shows the S/N response
graph for failure strength. As shown in Eq. (2), the
greater the S/N ratio, the smaller the variance of
failure strength around the desired (the higher-
the-better) value. However, the relative importance
of the geometrical parameters still needs to be
known so that optimal combinations of the
parameter levels can be determined more
accurately.

Nominal control of the final response requires
knowledge of the significant effect of individual
parameters on the quality characteristic, which can
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Fig. 7 S/N graph for failure strength of composite

be estimated using a statistical method, namely
analysis of variance (ANOVA) [38]. Table 7 shows
the results of the ANOVA. It can be found that the
l/d is the most significant parameter for affecting
the failure strength of Mg/Ti composites. Based on
the S/N and AVOVA analysis, the optimal
geometrical parameters of the lattice structure are
the strut diameter at level 2 (d=1 mm), the ratio of
strut length to the diameter at level 2 (//d=3), and
the ratio of the up and lower node to the diameter
at level 1 (di/d=2.5) and level 2 (di/d=2.5),
respectively.

The predicted S/N ratio # for the optimal level
can be calculated by [39]

N=M 2 (7 = 1) 3)
i=1

where #m is the total mean S/N ratio, 77, is the

mean S/N ratio at the optimal level, and » is the

total number of the main design parameters that

affect the quality characteristic.

The estimated S/N ratio using the optimal
parameters can then be obtained and the
corresponding failure strength can also be calculated
by using Eq. (3). Table 8 shows the results of the

Table 7 Results of analysis of variance

calculation and FE analysis, and the error is 4.4%
between the two values. The failure strength
of Mg/Ti composites is 56 MPa obtained by
FE analysis at the optimized lattice structure
parameters.

4.2 Effect of ratio of strut length to diameter (//d)

Based on the optimal combination of
geometrical parameters, six groups of single-factor
experiments were conducted to investigate the
sensitivity of significant parameters (//d). The other
parameters are constants with orthogonal optimal
analysis (d=1, di/d=2.5, d»)/d=2.5). Figure 8 shows
the results of numerical experiments of tensile tests
with varied strut lengths to diameters. The failure
strength of the Mg/Ti bimetallic joints shows a
parabolic trend with the increase of strut length to
diameter (//d) of the TC4 lattice structure. The
failure strength increases nonlinearly with the //d
and reaches a peak value when the //d is equal to 3,
and then decreases with further increase of //d.

Here, the rule-of-mixtures by simply treating
the composite as the sum of Mg and TC4 lattice
structure were presented for comparison, as
indicated by the dash curves in Fig. 8. Specifically,
the ultimate strength of the composite, orom, Was
approximated by summing that of AZ91D, ow,, and
TC4 lattice structure, ori, weighted by its volume
fraction, Vwm, and Vr, following the relation
oroM=0Mg VMmg+0Ti Vi, where the volume fraction of
TC4 lattice structure (V1) in the composite can be
calculated.

In a unit cell, as shown in Fig. 1(a), the relative
volume fraction of lattice structure, Vor, can be
defined as the volume ratio of the lattice to the solid
body of the same thickness, Vsolg, which can be
calculated by the formula of Vor=Viasice/Vsolid.
Viatice 1s equal to the sum of the volume of the
upper node (VUN), the four struts (VS), and half of

Symbol  Parameter Degree of freedom Sum of square Mean square F Contribution/%
A d 2 0.907 0.454 3.153 12.069
B /d 2 5.663 2.832 19.667 75.356
C d/d 2 0.287 0.144 1 3.819
D d)/d 2 0.371 0.186 1.292 4.937
Error 2 0.287 0.144 3.819
Total 10 7.515 100
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Table 8 Results of calculation and FE analysis at
optimized lattice structure parameters

Fail
A2B2C1D1 anure S/N ratio/dB  Error/%
strength/MPa
Prediction 53.64 34.59 44
FE analysis 56 34.96 4.4

Volume fraction of TC4 lattice/%
339 208 120 76 51 3.6

70 T
\ .
\ -@-FE analysis results 1550
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& 60F \ 1500 ~
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= 41300 =
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Fig. 8 Failure strength with ratio of strut length to
diameter and its comparison with that obtained by
rule-of-mixture
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(d)

(b)

the volume of the lower node (Vix), depending on
its architecture. The volume of the lattice, Viatice,
can be expressed approximately as

Viatice=Vunt+4Vs+Vin/2 (4)

where Vun=nd’0;/6, Vs=nd’H/4, Vin=nd’0,’/6,
01=d1/d, 02=d2/d, and H=l/d

The volume of solid body Vslia can be written
as

Vsolia—=abh (5

where a=b=d(0O,+0,+2H) cos w-cos a, h=dsin w-
(O+2H)/2+d O (1+sin w)/2, and w=0=45°.

It can be seen that Vr; decreases with the
increase of I//d, but the failure strength of the
composite is not consistent with the change of
volume fraction of the reinforced body. This is
different from the report in that the mechanical
properties of composites are positively correlated
with the volume fraction of the reinforcement
phase [2,3,6]. This can be ascribed to the
characteristics of the lattice structure and its
interaction with the magnesium matrix.

Figure 9 shows the contour plots of the von-
Mises equivalent stress (MISES). As can be seen,

453
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2

Stress/MPa
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+
=11

R R T
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®

Fig. 9 Contour plot of von-Mises equivalent stress for Mg/Ti bimetal composites with different strut length to diameter:

(a) l/d=1; (b) I/d=2; (c) /d=3; (d) lld=4; (e) I/d=5; (£) l/d=6
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the failure modes of the Mg/Ti bimetal composite
are mainly composed of interface debonding,
magnesium matrix destruction, and fracture of
titanium struts. In this study, interface debonding is
not considered because it occurs before the
destruction of magnesium or titanium in the loading
process once the stress transmitted by the
magnesium matrix is greater than weak interface
bonding strength. The failure mode transformed
from the destruction of the magnesium matrix to the
breakage of titanium struts when the //d is over 3,
and the failure strength of the composite decreases.
It is because the cross-section stress near the lower
node exceeds the strength limit of titanium (ov)
when the //d is larger than 3, which leads to the
fracture of struts.

4.3 Strengthening mechanism of lattice structure

Taking the tensile stress—strain curve of the
lattice structure with the strut length-to-diameter
ratio (//d) is 3 as an example, as shown in Fig. 10,
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the damage process of the Mg/Ti bimetal composite
will be analyzed. Figure 11 displays the contour
plot of the stress corresponding to each stage. The
entire deformation process can be divided into four
stages. In stage I, both magnesium and titanium
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Fig. 10 Variations in tensile stress—strain curve for four
stages of deformation process in composite Ti/Mg
bimetal joint
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Fig. 11 Contour plot of stress during damage process: (a) Elastic deformation stage; (b) Mixed deformation stage and
interface debonding; (c) Plastic deformation and work-hardening stage; (d) Damage continuation stage
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lattices are principally deformed elastically as
shown in Fig. 11(a). The initiation of global plastic
deformation in the magnesium can be determined
from the initial yielding of the composite, which
occurs at ~42 MPa. It should be noted that the stress
in the nodal regions, especially the transition of the
node and strut is greater due to the effects of stress
concentration. An obvious inflection point appears
in the stress—strain curve during the elastic
deformation stage, which is attributed to the
interface debonding. After the plastic deformation
of magnesium, the composite presents a mixed
deformation mode of magnesium plasticity and
titanium lattice elasticity (stage II in Fig. 11(b)). In
stage III as shown in Fig. 11(c), both constituents
are plastically deformed and work-hardened.
During this stage, whether the failure mode is the
fracture of the titanium lattice or damage of the
magnesium matrix depends on whether the stress of
the critical section of the strut exceeds the strength
limit of titanium (1058 MPa). It shows that the
titanium strut does not fracture when the ratio of
strut length to diameter is less than or equal to 3.
After reaching the maximum of stress, the true
stress begins to decrease because of diminished
work hardening and the evolution of irreversible
damage (Stage IV in Fig. 11(d)).

Figure 12(a) presents the geometrical unit
model and parameters of the Mg/Ti bimetal
composite. When the model is subjected to tensile
stress, o, only the upper node is free to move in the
z-direction. Figure 12(b) shows the simplified
mechanical analysis model of a strut. Surface-1 and
surface-2 represent half of the upper and lower
surface of the titanium strut contacted with the

magnesium, respectively. The composite undergoes
elastic deformation before the interface debonding
and the stress applied to the strut is mainly
transmitted by the elastic deformation of the
magnesium, and surface-1 and surface-2 suffer
from tensile and compressive stress, respectively.
When the interface stress exceeds the bonding
strength (25 MPa), the interface stress is
discontinuous and interface cracks start to appear.
However, the stress of the strut suffered is mainly
the compressive stress from surface-2.

The resultant stress applied to the strut is
simplified to the center of the upper node, 4. The
strut is always deformed by a combination of
stretching and bending. As a result of symmetry,
each of the struts can be considered as a cantilever
beam subjected to the same axial strengthening
force Fn, bending moment M, and shear load F
[40]. Based on classical beam theory, the section
near the lower node is the dangerous section, and its
total stress can be written approximately as

Fy M, 4F sinw 32IF cosw
5max =—+—= = 2 + = 3
A W, nd nd

(6)

where W. is the bending section coefficient of a
circle (nd®/32). Under the same lattice structure and
tensile stress (F-, d, and w are constant), the strut
length is proportional to the section stress. In this
study, the dangerous section stress of the strut is
less than its strength limit when the strut length-to-
diameter is less than or equal to 3, and the strut will
not fracture. It is found that when the failure mode
of the Mg/Ti bimetal composite is the fracture of
the strut, the failure strength is smaller than that of
the damage of the magnesium matrix.

F Fy
(b)

Surface-1

Surface-2

=

Fig. 12 Schematic diagram of force analysis of composites: (a) Geometrical parameters of Mg/Ti bimetal composite

unit model; (b) Simplified mechanical analysis model of strut
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4.4 Experimental verification

To verify the above simulation results, the
representative lattice structures with //d of 2, 3, and
5 were selected for experiments. Figure 13 shows
the lattice structure specimen manufactured by
SLM and cut by wire-electrode with the following
dimensions: length is 57 mm, width is 30 mm,
height is 35 mm, and the ratios of length to
diameter (//d) of lattice structure is 2, 3, and 5,
respectively. The other geometrical parameters are
constants with that obtained by orthogonal
optimization (d=1, d\/d=2.5, d»/d=2.5).

Figure 14 shows the SEM images of the
cross-section of as-cast Mg/Ti bimetal joints, in

which the //d of lattice structure is 2, 3, and 5,
corresponding to Figs. 14(a—c), respectively. It can
be seen that there are no obvious pores in the joints,
which indicates that the AZ91D alloy melt
penetrates the lattice structure well by the
ultrasonic-assisted casting method.

Figure 15(a) shows the experimental tensile
specimen obtained by sampling from the bimetallic
composite ingots according to the specimen size
shown in Fig. 7(b), in which the left of the
specimen is TC4 and the right is AZ91D.
Figure 15(b) shows the tensile load—displacement
curves of the Mg/Ti bimetal composites with //d of
2, 3, and 5. The maximum load value is 2425.47 N

®)

1 mm

Fig. 14 Cross-sectional images of Mg/Ti bimetal joints: (a) //d=2; (b) I/d=3; (c) l[/d=5
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Fig. 15 Tensile specimens and load—displacement curves obtained by experiment: (a) Tensile specimen of each lattice

structure (//d=2, 3, 5); (b) Tensile load—displacement curves of Mg/Ti bimetal composites with //d of 2, 3, and 5
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when //d is 3. The load—displacement curve shows
the same variation trend as the simulated stress—
strain curve (Fig. 10). Each curve has an inflection
point corresponding to interface debonding.

To compare the experimental results with the
simulation results, the experimental maximum load
value was divided by the cross-section area of the
composite within the distance of the tensile
specimen, which was defined as the failure strength
of the composite. Figure 16 shows the comparison
results. The failure strength of the Mg/Ti bimetal
composites increases first and then decreases with
the increase of //d, and it reaches a peak value when
l/d is 3. The failure strength of the Mg/Ti bimetal
joint with the optimal lattice structure is 77.34 MPa.
The variation trend of failure strength with //d
obtained by experiments is consistent with that of
FE analysis results. The mechanical properties of
lattice structure and interface adhesion strength are
of crucial importance for the behavior of the Mg/Ti
bimetal composites. When the strut diameter (d) is
constant, the strut length (/) is proportional to the
section stress far from the loading position.
Experimental and simulation results show that
when //d is over 3, the strut fractures under a low
load value. The lattice structure with //d=3 has a
higher surface area than the lattice structure with
//d=2, which indicates that the failure strength
increases with an increased surface area of the
lattice structure.

90
B Simulated result ~ 77.34
80 rmm Experimental result

701 63.3

Failure strength/MPa
— N W A W
oS O O o o O

(=}

2 3 5
Strut length-to-diameter

Fig. 16 Comparison of experimental and simulated
results

Figure 17 shows the comparison of failure
modes. The failure modes obtained by the
experiment are in good agreement with the FE
analysis results. The failure mode is the damage of
magnesium when //d is 2 and 3, while it transforms
to the fracture of TC4-strut when //d is over 3.
As shown in Figs 17(a) and (b), the damage
of magnesium is characterized by cracking and
separating into two parts, respectively. During the
deformation process of the Mg/Ti bimetal
composites, the stress transfer is discontinuous after
the interface debonding, and magnesium and
TC4-strut squeeze each other. At this time, the
incompatibility of deformation between the two

Fig. 17 Comparison of failure modes of Mg/Ti bimetal composites obtained by experiment and FE simulation: (a) //d=2;

(b) 1/d=3; (c) I/d=5
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materials results in increased local stress and
eventually cracks at the grain boundary of the
Mg matrix. In Fig. 17(c), the fracture section
of the TC4-strut is far away from the loading
position because the shear fracture is caused by the
combination of tensile and bending deformation.

Moreover, it can be found from the failed
samples that the lattice structure is filled with
magnesium, so the mechanical interlocking of
magnesium and titanium can be realized by the
ultrasonic vibration-assisted SLCC. The interface
detached completely indicating that there is no
reaction or atomic diffusion between Mg and Ti
during the whole process [15].

5 Conclusions

(1) The optimized geometric parameters of the
lattice structure are the strut diameter (d) of 1 mm,
the ratio of strut length to diameter (//d) of 3, and
the ratios of the upper and lower node to diameter
(di/d and d»/d) of 2.5 and 2.5, respectively. The
failure strength of the Mg/Ti bimetal joint with the
optimal lattice structure is 77.3 MPa.

(2) The ratio of strut length to diameter (/d) is
the significant factor affecting failure strength.
Experimental and FE analysis results have shown
that failure strength increases first and then
decreases with the increase of //d. The failure
strength reaches a peak value when //d is 3.

(3) The failure mode of the Mg/Ti bimetal
composites consists of interface debonding, damage
of magnesium, and fracture of the titanium strut.
Interface debonding occurs before matrix failure,
and the failure mode changes from the damage of
the magnesium matrix to the fracture of the
titanium strut with the increase of //d.
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