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Abstract: In laser powder bed fusion (LPBF) forming multi-material structures, the thermal
stress mismatch caused by the different thermophysical properties of different materials can
cause interface cracking and delamination defects. An in-depth investigation of the complex
interfacial thermomechanical behavior caused by it is of great significance for reducing
stress concentration, suppressing defects, and enhancing interfacial bond strength. In this
study, the effects of scanning strategy and interface shape on the temperature distribution,
thermal cycling, and thermal stress distribution at the interface are analyzed by the IN718-
Ti6 Al4V horizontal multi-material thermally coupled finite element model. The results
show that the 45° scanning strategy is helpful for the uniform distribution of energy and
the reduction of overheating and residual stress concentration. The maximum residual
stress at the interface in the Ti6 Al4V /IN718 structure is more than 700 MPa, which is higher
than that in the IN718/Ti6Al4V structure. The first formation of Ti6Al4V will likely lead to
higher residual stresses at the interface, which are difficult to release in subsequent printing.
The analysis of different interface shapes shows that different interface shapes change the
crack formation and extension paths. This study contributes to an in-depth understanding
of improving the strength of horizontal multi-material interfacial bonding at the LPBF
forming. It provides a reference for optimizing LPBF forming of difficult-to-bond materials.

Keywords: laser powder bed fusion; multi-material structure; interface structure; finite
element model; thermomechanical behavior

1. Introduction

A multi-material structure is a material that varies in three dimensions and consists of
two or more materials with varying compositions [1,2]. Compared with single-material
structures, multi-material structures can use specific materials at specific locations to meet
the physical and chemical performance requirements and are widely used in aerospace,
automotive, and other fields [3,4]. IN718 is a nickel-based high-temperature alloy that
is resistant to high temperatures and corrosion, and has excellent tensile strength, creep
resistance, and antioxidant properties at elevated temperatures [5], and is widely used
in aerospace and aeronautics in high-temperature component manufacturing. Ti6Al4V
has a low density and high specific strength [6,7] and is commonly used in lightweight
aerospace components. Integrating these two materials into a single part can combine
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their advantages. For example, IN718 is used for internal high-temperature resistance for
engine gas generator piping, while Ti6Al4V is used for external low temperature, which
reduces component mass and ensures sufficient strength. However, aerospace components
(such as turbine blades, gas generator pipes, etc.) have complex structures and traditional
manufacturing processes such as welding, powder metallurgy, etc., and it is not easy to
directly manufacture a variety of material layouts and structural complexity of multi-
material parts. Additive manufacturing (AM) technology can directly form multi-material
metal components with complex geometries and multiple material layouts [8-10]. Directed
energy deposition (DED) and laser powder bed fusion (LPBF) technologies are typical for
the additive forming of metallic multi-material structures.

When forming multi-material structures, the difference in thermophysical properties
between two materials at the interface is a key factor leading to interfacial defects. During
the additive manufacturing process of multi-material structures, the significant differences
in thermophysical properties (e.g., thermal conductivity, melting point, thermal expansion
coefficient) between different materials make the complex thermomechanical behavior at
the interface prone to stress concentration and interfacial defects [11]. Repeated fast heating
and cooling during forming produces significant residual stresses, leading to interface
cracking and deformation [12]. The literature studies the additive manufacturing process,
microstructure, and mechanical properties of multi-material structures of nickel-based
high-temperature alloy/titanium alloy. Shah [13] et al. used the DED process to deposit a
nickel alloy on Ti6Al4V, which resulted in high interfacial stresses and cracking due to the
generation of TiNi brittle-phase compounds at the interface as well as the difference in the
coefficients of thermal expansion of the two materials and other properties. However, the
existing literature focuses on the interface microstructure and properties of Ni-based high-
temperature alloy/titanium alloy multi-material structures formed by DED or welding,
and there are few reports on such structures formed by LPBF, especially for horizontal
multi-material studies. It should be noted that the smaller melt pool and higher cooling
rate during LPBF forming can exacerbate the elemental diffusion inhomogeneity and the
formation of defects (e.g., cracks). In addition, the current literature on multi-material LPBF
is mainly concerned with the microstructure and bonding properties of the interfaces. In
contrast, the thermomechanical behavior at the interfaces of different materials during the
LPBF process is understudied.

An in-depth investigation of the interfacial thermomechanical behavior is crucial for
revealing the interfacial bonding mechanism and controlling the interfacial deformation
or stress concentration. In the process of laser powder bed fusion (LPBF) forming of
multi-material structures, the existence time of the melt pool is extremely short [14], during
which complex physicochemical reactions occur rapidly, which makes it extremely difficult
to obtain key information such as temperature, stress, and strain during the forming
process by traditional experimental means. Moreover, experimental methods are often
time-consuming and costly. In contrast, numerical simulation using finite elements has
become an efficient way to study the interfacial thermomechanical behavior during LPBF
forming of multi-material structures. Numerical simulation can more efficiently study and
analyze the interface temperature distribution and stress evolution law than experiments.
Chen [15] et al. constructed a thermomechanical coupling model of TiB2/Ti6 Al4V multi-
material and analyzed the temperature of the Ti6Al4V layer, the temperature gradient,
and other parameters in the LPBF process in depth. The simulation results show that
the temperature of the molten pool and the liquid lifetime significantly affect the melt
wetting, which in turn further plays a role in the wetting of the molten pool. This further
acts on the metallurgical bonding effect at the interface, and good interfacial bonding
between TiB2 and Ti6Al4V has been successfully achieved. Huang [16] et al., on the other
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hand, established a thermomechanical coupling model of Ti6Al4V / AIMgScZr. Through
numerical simulations, it was found that the elemental diffusion was alleviated with the
improvement of the scanning speed of AIMgScZr. Thus, the formation of metal compounds
and stress concentration phenomena were reduced, effectively avoiding cracks. Mao [17]
et al. constructed a thermomechanical coupling model for CuCrZr/316L. She thoroughly
investigated the influence of process parameters on the thermal distribution and residual
stress at the interface of multi-materials. The results showed that the faster the scanning
speed, the greater the residual stress, and the maximum residual stress appeared at the
interface of CuCrZr/316L, resulting in many cracks at the interface. However, the current
numerical simulation studies of multi-materials mainly focus on the thermomechanical
behavior of vertical multi-material interfaces, and the influence of the thermomechanical
behavior of horizontal interfaces has not been reported.

This paper establishes a finite element model for thermomechanical coupling of hor-
izontally oriented non-homogeneous materials. The effects of scanning strategy and in-
terface shape on the temperature distribution, temperature gradient, and residual stress
evolution at the interface during the process of LPBF forming of Ti6Al4V /IN718 heteroge-
neous materials are studied through numerical simulation to deeply explore the effects of
different scanning strategies and interface shapes on the thermo-physical and mechanical
behavior mechanisms of the interface of multi-material. The aim is to profoundly investi-
gate the effects of different scanning strategies and interface shapes on the thermophysical
and mechanical behavior of multi-material interfaces and to reveal the thermomechan-
ical behavior of heterogeneous material interfaces to provide a theoretical basis for the
formation of well-bonded and high-performance IN718/Ti6Al4V horizontal multi-material.

2. Finite Element Model
2.1. Establishment of Finite Element Model and Assumptions

In this paper, the finite element simulation model is built using the ANSYS Parameter
Design Language (APDL) with the ANSYS software (2022R1, ANSYS, Pittsburgh, PA,
USA). The geometric model is divided into two parts from bottom to top: the substrate
and the powder layer. The dimensions of the substrate are 1.6 x 1.6 x 0.3 mm? and those
of the powder layer are 1.2 x 1.2 x 0.03 mm?. The scanning area is 0.9 x 0.9 mm?, and
the thickness of each powder bed layer is 0.03 mm thick. In previous laboratory studies,
IN718 formed on Ti6Al4V was more prone to cracking, so the substrate in this study
was made of IN718. To improve the calculation efficiency, the mesh size of the powder
layer is 0.015 x 0.015 x 0.015 mm?3. In our study, the substrate’s grid division adopts the
mapping grid division method, and the mesh size increases from top to bottom, with an
increase coefficient of 1.5. This method can improve computation efficiency and ensure
computation accuracy. The model mesh is shown in Figure 1. The multi-material structures
in this work mainly include two types: (i) IN718/Ti6 Al4V multi-material structure with
direct bonding of IN718 and Ti6Al4V, as shown in Figure 1a; (ii) Multi-material structure
of IN718/Ti6Al4V with different interface structures, as shown in Figure 1b. Different
materials are connected in joint element mode, and the continuity of displacement and
strain is ensured by sharing nodes, thus improving the calculation accuracy and efficiency
of the model. In the numerical simulation, the layer-by-layer build-up process during LBPF
is simulated using the life-death element technique [18]. The powder layers that are not
included in the calculation are in a ‘dead” state and do not affect the calculation results
during the calculation. In the simulation laser scanning, each calculation step will load
the corresponding heat flow according to the material type of different units to ensure the
accuracy of heat source loading. The following assumptions are made for the model to
simplify the calculation while ensuring calculation accuracy appropriately.
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Figure 1. (a) IN718/Ti6Al4V structure finite element model; (b) Rectangular interface IN718/Ti6 Al4V
structure finite element model.

The entire powder bed is assumed to be a continuous homogeneous medium. How-
ever, this simplification may underestimate changes in heat transfer because the actual
powder bed is composed of discrete powder particles, whose heat conduction properties
may vary depending on the contacts and voids between the particles. We minimize the
impact by separately defining material parameters for powder and solid states.

Materials” thermal and mechanical properties change with temperature, while the
convective heat transfer and thermal radiation coefficients are considered fixed values [19]
and do not change with temperature.

The laser beam’s energy input to the powder bed assumes a Gaussian heat flow
distribution, with intensity decreasing with depth.

Evaporation during the powder melting process and melt pool flow are neglected, and
the change in thermal conductivity and enthalpy represents the change in the material’s
phase state.

2.2. Temperature Field Control Equations

The LPBF forming process is typically a nonlinear transient heat transfer process,
where the laser energy is applied instantaneously to the surface of the powder bed to form
a high-temperature melt pool. The heat in the molten pool is transferred to the cured area
and the underlying powder mainly through heat conduction. At the same time, some of
the heat is also dissipated to the surrounding environment through thermal radiation. The
nonlinear transient heat transfer equation can describe this process [20]:

aT d (., dT d (. dT d (. dT

where p is the density of the material (kg/m?); C, is the specific heat capacity of the material
(J/kg-K); T is the temperature of the material (K); f is the time (s); Q is the strength of the
heat source in the unit; k is the thermal conductivity of the material (W /(m-K)).

The initial condition is the initial temperature in the computational domain at ¢ = 0.
The initial temperature Ty = 293 K in this calculation:

T(xy,zt) |t:0 =T )

The thermal boundary conditions are as follows:
The heat input to the powder bed is loaded in the form of a heat flux density:

k= =qs(x,y,2) (3)

oT
on
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where n is the direction of the normal outside the boundary. Boundary conditions for
convective heat transfer and heat radiation between the model and the outside:

T
kot 0c=0 (4)

where g, is thermal convection:
qe = He(T —To) (5)

where H, is the composite heat transfer coefficient, which considers both heat radiation
and heat convection to simplify the model and reduce the amount of calculation:

He = he +ospe (T2 + T3) (T + To) (6)

where g is the Stefan-Boltzman constant, which has a value of 5.67 x 1078 W/(m?-k*);
and ¢ is the emissivity of the powder. In numerical simulations, convective heat transfer is
loaded on all nodes of the entire surface of the model (except the bottom surface).

In the LPBF process, the latent heat of the material’s phase change cannot be neglected,
and its influence on the temperature field is significant. In ANSYS, the latent heat of phase
change is handled by defining the enthalpy of the material, the enthalpy [21]:

H= / pCodT @)

2.3. Heat Source Modelling

The laser acts on the powder bed, and its laser intensity distribution is approximated
as a Gaussian distribution. The Gaussian body heat source model is used in this paper to
describe this process. The model takes into account the reflection of the laser inside the
powder bed and assumes that the laser intensity decreases with increasing depth, which is
more in line with the laser energy distribution in the actual forming process [22]. The heat
source model is expressed as:

_ 2AP B (x —xp — Vscant)z + (]/ - yO)Z ,B
T = oy P72 72 TP ©

where g; is the laser energy density; A is the absorption rate of the material to the laser; P
is the laser power (W); r is the spot radius of the laser (mm); # is the action depth of the
laser (mm), in this paper, we take the thickness of the single-layer powder bed; xo, yo are
the coordinates of the center point of the laser in the moving heat source at time t, and the
heat flux of the point with coordinates (x, y) is calculated by the distance from it; Ve is
the laser scanning speed.

2.4. Stress Field Governing Equations

In the finite element model, we used the thermal-mechanical indirect coupling method.
Specifically, we first calculate the temperature field through thermal analysis and then
input the temperature field into the stress field as a load for stress calculation, and all nodes
on the bottom surface of the substrate are fixed with six degrees of freedom as constraints.
The stresses are following Equation (9) [23]:

{o} = [DHe} ©)
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where {0} is the stress tensors; [D] is the elastic matrix; and {¢°} is the elastic strain tensors,
which can be expressed as:

{e) = {ey - {e"} (10)

where {¢} is the total strain; {¢/"} is the thermal strain, which can be expressed as:
— AT = / (11)
rc f

where . is the coefficient of thermal expansion; T, is the reference temperature, the
temperature in the initial conditions. It can be obtained from Equations (9) and (10):

{e} = [D] o} x {e"} (12)

For isotropic materials, the stress-strain relationship is:

Exx = 1 [0x X u(oyy + 022) ] + aeAT

eyy = £ [oyy X u(0xx + 022) ] + 2eAT 13
€22 = 3 [02z X p(0xx + 0yy) ] + @eAT

ey = Fr0xy En = Flen, &= Fep

where E is the modulus of elasticity of the material; y is the Poisson’s ratio of the material;
and AT denotes the temperature rise at a point (x, y, z) at time f concerning time ¢ = 0.

During the LPBF process, the material receives the heat source to expand and shrink
sharply when it cools down. The materials are internally constrained to each other, thus
generating thermal stresses, and plastic deformation usually occurs at high temperatures.
Specifically, when a material is stressed at high temperatures, its yield strength is signifi-
cantly reduced, making it more prone to plastic deformation. This plastic deformation is
critical to understanding how the material behaves during the LPBF process, as it can affect
the final part’s mechanical properties and dimensional stability. In the finite element simu-
lation, the plastic deformation of the material follows three main criteria: yield criterion,
flow criterion, and reinforcement criterion [24].

Where the yield criterion is used as a criterion for determining whether a material has
reached its yield limit and thus entered plasticity, in the stress field calculations, the Von
Mises yield criterion, i.e., the equivalent stress yield criterion, is used, and its expression is:

Oequv = \/; [(0'1 - 0'2)2 + (02 — 0'3)2 + (03 — 0'1)2} (14)

where 01, 0, 03 are the first, second, and third principal stresses. This paper’s material
yield deformation process obeys the Von Mises yield criterion.
The flow criterion describes the direction of strain when the material yields and can

be expressed as:
00equ

{de}, = {dA} o) (15)

o, equ

where {de}, is the plasticity increment; {d\} is the plasticity factor; 3ot is the bias of e on {0}.
The strengthening criterion describes how the yield surface changes with plastic

deformation and is divided into isotropic hardening and kinematic hardening. Isotropic
hardening means that the center of the yield surface remains unchanged when the material
yields but expands uniformly in all directions, while kinematic hardening implies that the
size and shape of the yield surface remain unchanged, but its center is displaced. In this
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paper, a bilinear kinematic hardening model is used to simulate the yielding behavior of
the material more accurately.

2.5. Material Properties

The thermophysical parameters of powders are very different from those of solids,
especially the thermal conductivity, which significantly affects the numerical simulation results.
During the simulation process, the material is in the powder state when the temperature of
the element is below the melting point. At the same time, it transforms into a solid when the
temperature is above the melting point and remains solid thereafter. The thermal conductivity
of the powder material is closely related to the porosity of the powder bed [25]:

kpowder = ksolid(1 - Qb) (16)

where kpowder, kso1i4 are the thermal conductivity in powder and solid state, respectively, and
¢ is the porosity of the powder bed, which is calculated by Equation (17):

_ Psolid — Ppowder
Psolid

¢ (17)
where pg1ig and ppowder are the densities of the material in powder and solid state, respec-
tively, in this paper. The material properties in the numerical simulation were calculated
using JMatPro software (Version 7.0, Sente Software, Guildford, UK) and corresponding
references. The material parameters of IN718 [26] and Ti6Al4V [27] are shown in Figure 2,
where Figure 2a—d shows the thermophysical parameters of the material, and Figure 2e,f
shows the mechanical parameters of the material, and other parameters in the numerical
simulation in this paper are shown in Table 1.

[A—IN7I8 gmo b [A—IN7I8
(a) FE—INTISE) | = ( ) - IN718(P)
80001 +T|6A]4\{ el 804 {—&— Ti6AI4V
p [~ Ti6AI14V(P) 3 [—8— Ti6AI4V(P)
E ~—
= =
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5 4000+ S
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Figure 2. Thermophysical and mechanical properties of materials: (a) density; (b) thermal con-

ductivity; (c) specific heat capacity; (d) modulus of elasticity; (e) coefficient of thermal expansion;
(f) Poisson’s ratio.
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Table 1. Numerical simulation of LPBF powder property parameters and laser parameters.

Parametric IN718 Ti6Al4V
Absorption rate 0.3 [26] 0.4 [27]
Porosity 0.5 0.5
Thermal conductivity (W/m-°C) 100 100
Melting point (°C) 1260 1680
Scanning speed (mm/s) 900 900
Laser power (W) 160 190
Layer thickness (pm) 30
Scanning pitch (um) 80
Spot diameter (pm) 80

3. Experimental

The materials used in this experiment include gas atomized spherical IN718 (Avimetal
powder metallurgy technology Co., Ltd., Beijing, China), Ti6Al4V (APC Powder Metallurgy,
Montreal, Quebec, Canada) alloy powders. In Figure 3a,b, the SEM images of the two powders
are shown, respectively, and the particle sizes distribution of the powders are all 15-53 pm.
The tests in this paper were conducted using a DiMetal-100H model LPBF forming machine
(laseradd, Zhuhai, China) with a modified powder laying cart to form horizontal multi-
material, which was equipped with a powder cylinder and a drop hopper, respectively, for
supplying different kinds of powders (Figure 3c). The building platform can be raised and
lowered. We need to fix the substrate (IN718) on it by bolts and then shape it. For supplying
different kinds of powders, IN718 powder is stored in the powder cylinder, and Ti6Al4V
powder is stored in the powder drop hopper on the powder laying car (the powder drop can
be controlled by controlling the switch of the powder drop hopper). By alternating the powder
laying of the two kinds of materials, a multi-material structure in which the material varies in
a horizontal direction can be formed by the direct LPBE. In the process of LPBF forming, argon
is used as a protective gas in the forming chamber. In addition, the surface morphology was
observed using a VHX-5000 super depth-of-field microscope (keyence, Guangzhou, China)
after the forming process was completed. Then, the parts were separated from the substrate
using a wire-cutting machine, embedded and polished, and the interfaces of the formed parts
were observed using a LEICA DMIRM metallurgical microscope (Leica, Guangzhou, China)
to analyze the interfacial defects and features.

(¢)Thermal imager Scanner ’Ei6Al4V Powder

| —7 Building Chamb
o e

IN718 Powder

Substfate]

Building Platform

Figure 3. SEM morphology of different powders: (a) IN718 powder; (b) Ti6Al4V powder;
(c) Schematic diagram of multi-material LPBF forming principle.
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4. Results and Discussion
4.1. Effect of Scanning Strategy on Thermomechanical Behavior

In horizontal multi-material structures, a suitable scanning path can optimize the
cooling rate and reduce the temperature gradient at the interface, thus improving the bond
strength of the interface. This paper investigates the effects of three different scanning
strategies on the thermomechanical behavior near the interface, according to the angles
of 0°, 45°, and 90° between the scan line and the horizontal interface, as shown schemati-
cally in Figure 4b—d. In order to better investigate the thermomechanical behavior, three
characteristic point A, B, and C, are extracted for different materials and near the inter-
face, respectively, as shown in Figure 4a. The coordinates are (0.3 mm, 0.6 mm), (0.6, 0.6),
(0.9, 0.6), respectively, and the coordinates of the scanning starting points of different
scanning strategies are (0.15 mm, 0.19 mm), (0.2, 0.15), (0.19, 0.15), respectively. They are all
located above the powder bed, i.e., the z coordinate is 0.03 mm. The three feature points
are located on one side of the IN718 material, the interface, and the symmetric position on
the Ti6Al4V material. The study of the thermal stress cycle by extracting nodes near feature
points is to capture the key behavior of materials under cyclic load more comprehensively.
In addition, the feature points can help us better understand the residual stress distribution
and stress concentration of materials under cyclic load.

(@)

X

N

Figure 4. (a) Schematic of feature points; (b) 0° scanning strategy; (c) 45° scanning strategy; (d) 90°
scanning strategy.

Numerical simulations of horizontal IN718/Ti6Al4V multi-material under different
scanning strategies are carried out. The resultant data for extracting the characteristic
points in the temperature and stress fields are shown in Figure 5. Figure 5a—c shows the
temperature cycling diagrams of the characteristic points, the peak temperature occurs
when the laser reaches the change point. At this time, the peak temperature is higher than
the material’s melting point, which is due to the simplified treatment of evaporation and
molten pool flow during the powder melting process in the numerical simulation. These
processes take away heat in practice, but due to the simplification of the model, the heat
dissipation is not timely, resulting in simulated temperatures higher than the melting point.
It can be found that the peak temperature is the lowest at 45° angle when scanning IN718,
and the highest at 90°, which is caused by the shorter scanning line at this time, and the
more significant thermal cumulative effect. A similar pattern can also be found in the
scanning process of Ti6Al4V. However, the peak temperature is about 35% higher than that
of other materials, mainly due to the different material properties and process parameters
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of Ti6Al4V. Ti6Al4V has lower thermal conductivity and higher specific heat capacity, and
the energy density of the laser is higher, which makes the temperature rise of Ti6Al4V
more significant. The low thermal conductivity limits the rapid diffusion of heat, so the
temperature is greatly affected by adjacent scanning channels [28]. At the interface, the
temperature cycle shows that the second peak temperature is higher than the first peak
temperature. This is due to the low thermal conductivity of Ti6Al4V, which limits the rapid
diffusion of heat, and the high energy density of the laser. This point is more affected by
thermal accumulation, so the peak temperature has increased. It should be noted that in
the laser melting process, the cumulative effect of heat is indeed a key factor. When the
deposition thickness increases, the heat diffusion path becomes longer, and the heat is more
easily distributed evenly inside the material, thus making the heat accumulation effect
stable. In our study, because the model is small and the heat diffusion path is limited, the
heat accumulation effect is obvious. This phenomenon is particularly significant in Ti6Al4V.
The peak temperatures at the interface are above the melting points of the two materials,
where remelting of the materials occurs, which facilitates interfacial bonding.

—1 o) — O — —
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Figure 5. Temperature cycling diagram: (a) Characteristic point; (b) Characteristic point B;
(c) Characteristic point C; Stress cycling diagram: (d) Characteristic point A; (e) Characteristic
point B; (f) Characteristic point C.

In LPBEF, local areas of the material heat up rapidly due to the absorption of laser
energy, resulting in thermal expansion. As the laser moves, the melting area cools rapidly,
and the material contracts, resulting in thermal stress, and temperature gradient is one of
the key factors in the generation of thermal stress. The temperature difference between the
center of the molten pool and the surrounding area can cause uneven thermal expansion
and contraction, resulting in thermal stress [29]. When a temperature gradient is inside the
object, the high-temperature part expands more, and the low-temperature part expands
less. This difference leads to the formation of stress inside the material. If the temperature
gradient is large and the stress exceeds the yield strength of the material, cracks may
occur [30]. For example, in Ti6Al4V, the heat accumulation effect is more obvious. Although
the heat accumulation will lead to an increase in the average temperature, the rapid
accumulation of heat in the local area may lead to the formation of local high-temperature
areas, thus aggravating the temperature gradient. This results in higher thermal stress.
Residual stress is the specific state that remains inside the material after the action of these
stresses. Therefore, the study of residual stress contributes to the in-depth understanding
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of the long-term effects of thermal behavior and provides an important reference for
optimizing material properties in practical engineering applications.

Figure 5d—f shows the stress cycle diagrams of the characteristic points when scanning
IN718 and Ti6Al4V, respectively; when the laser does not reach the change point, the
material state is a powder state, so there is no thermal stress; the beginning of the curve is
when the laser reaches the change point. The smaller the angle of the scanning strategy,
the greater the residual stress. Long scan lines cause heat to be input for a longer time in a
local area, which exacerbates the heat accumulation effect. This cumulative effect causes
the material to experience greater temperature changes and temperature gradients during
the laser scanning process, which in turn generates greater residual stress. The largest
residual stress exceeds 500 MPa, then the stress decreases under the thermal influence of
Ti6Al4V, and finally, the residual stress decreases with the increase in angle. Combined
with the temperature cycle, analysis can be found at 90°, the peak temperature is higher,
and the stress drop is the most obvious; however, the Ti6Al4V layer subsequently cools.
The scanning strategy is perpendicular to the interface, and the thermal expansion and
contraction along the scanning line and the high residual stress at the interface cause the
change point stress to increase, reaching a maximum of 343.1 MPa. The Ti6Al4V layer
maximum residual stress at 0° reached 518.1 MPa, much higher than the 45° and 90°,
and the residual stress is also slightly higher than when the IN718 layer is cooled due
to the influence of the mechanical properties of the material. It is true that in the LPBF
process, due to the material’s anisotropy effect, columnar grains may be formed, and the
orientation of these grains will affect the material’s elastic modulus and stress state. The
residual stress at point B, i.e., the interface, is slightly lower than at point A. The maximum
stress at point B, i.e., the interface, reaches about 400 MPa at 90° during the scanning
of the IN718 layer because the other side is a powder, less constrained by the molded
material. In addition, point B is now at the tail of the scan line, so the residual stress is
slightly higher than with the other strategies. In the subsequent Ti6Al4V scan, the residual
stress at the interface increased, reaching a maximum of 498.9 MPa between IN718 and
Ti6Al4V. When the scanning strategy is 45°, the lowest residual stress at the interface is
403.7 MPa. By comparing the different scanning strategies, in the 45° scanning strategy, the
peak temperature is lower, effectively reducing the accumulation of local heat, resulting in
a lower temperature gradient and less thermal stress experienced by the material during
the cooling process, thereby reducing residual stress [30,31], which is conducive to the
bonding of the interface of the material.

Figure 6 shows residual stress distribution in X and Y directions under different
scanning strategies. It can be seen from the figure that the residual stress along the scanning
direction is mainly tensile stress, and through the analysis of scan lines, the residual tensile
stress in the transition area of adjacent scan lines is higher, which may be due to the longer
residence time of the laser in the transition area and the concentration of heat, resulting in a
higher temperature gradient. The heat input distribution is uneven in the non-scanning
direction, and the residual stress has no obvious rule. However, under the 90° strategy, the
residual stress in the y direction shows a trend of smaller in the middle and larger in the two
sides. Since the scanning direction is perpendicular to the interface at this time, the scanning
of Ti6Al4V material will compress IN718 material, so the tensile stress in the middle region
will decrease. At the same time, under different scanning strategies, there is a high tensile
stress near the interface. Under the 45° scanning strategy, the stress is more uniform, and
the peak stress is lower. We investigate the stress distribution in the x and y directions, and
these analyses provide an important basis for our understanding of the mechanical behavior
of materials in different directions. However, we further employed Von Mises’s equivalent
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stress analysis to assess the material’s stress state more comprehensively, particularly to
identify possible failure area.

-0.285x10°
B 176x10°

Figure 6. X-direction stress: (a) 0° scan strategy; (b) 45° scan strategy; (c) 90° scan strategy; Y-direction
stress: (d) 0° scan strategy; (e) 45° scan strategy; (f) 90° scan strategy.

The final residual cloud maps under different scanning strategies are extracted in the
stress field numerical simulation results, as shown in Figure 7a—c. It can be found that
the residual stresses are distributed along the scanning line direction, which are mainly
tensile stresses. The residual stresses tend to be larger the closer they are to the interface
and smaller in the region away from the interface. This is because the material is less
constrained in areas away from the interface, which allows the material to adjust more
freely as it expands or contracts, thus reducing the accumulation of residual stress. In
contrast, materials at the interface are more constrained by neighboring materials, resulting
in stress concentration. As shown in the previous stress cycle, during the Ti6Al4V scan,
where the thermal influence partially stresses the IN718 material, the mismatch between
the two material properties in the subsequent cooling contraction leads to an increase again
near the interface, resulting in such a trend in the residual stresses. In the 0° scanning
strategy, the extended scanning line causes the Ti6Al4V residual stress to exceed 600 MPa,
which generates a residual stress of more than 700 MPa at the interface, which is not
favorable for the bonding of the material interface. In the 45° and 90° scanning strategies,
the residual stresses in Ti6Al4V are significantly reduced, and the residual stresses near the
interface are only around 400 MPa, so the shorter scanning line is beneficial to reduce the
residual stresses and stress concentration at the interface.

In order to further understand the residual stress distribution on the surface, the
residual stress distribution of the finished scanning of the IN718 layer and the overall
residual stress distribution of the finished scanning of Ti6Al4V were extracted, which are
shown in Figure 7d e, respectively. After scanning IN718, the peak residual stress under the
0° scanning strategy exceeds 500 MPa, and the average residual stress reaches 414.8 MPa,
which is about 15% higher compared to that under 45°, and the path of the extracted
residual stress is perpendicular to the scan line, so the curve shows large fluctuations,
that is, regular peaks and troughs. After Ti6Al4V scanning, as shown in Figure 7e, some
residual stresses in the IN718 material were released at this time, which decreased by about
25%, and the lowest average residual stress was only 273.8 MPa. At the same time, there
was an increase in the vicinity of the interface, which exceeded the previous one. Under
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Von-Mises Stress(Mpa)

the 45° scanning strategy, the lowest residual stress at the interface is around 400 MPa.
The highest residual stress is found at the surface of Ti6Al4V, with a peak residual stress
of more than 600 MPa at 0°. It can be observed from the study of the thermomechanical
behavior under different scanning strategies that the longer the scanning line is, the higher
the residual stress is, which is not conducive to the bonding between the materials. At
45° and 90°, the residual stress on the surface of the formed material is lower, and there is
no apparent stress concentration, especially in the 45° scanning strategy; the temperature
distribution is more uniform, and the residual stress at the interface is lower, whereas, at
90°, the directional path of the scanning line is the same on both sides. The interface is
subjected to more considerable tensile stress on both sides of the material during the cooling
contraction. Therefore, the 45° scanning strategy was used in the subsequent multi-material
study in the horizontal direction.
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Figure 7. (a) Residual stress cloud for 0° scanning strategy; (b) Residual stress cloud for 45° scanning
strategy; (c) Residual stress cloud for 90° scanning strategy; (d) IN718 residual stress distribution;
(e) Surface residual stress distribution.

4.2. Effect of Forming Sequence on Thermomechanical Behavior

The forming sequence of different materials also affects the horizontal multi-material
structure, so the thermomechanical behavior of Ti6Al4V /IN718 horizontal multi-material
is investigated by numerical simulation. In the numerical simulation, Ti6Al4V is formed
prior to IN718, in which the scanning strategy is 45° and other process parameters are
consistent with the previous ones. The stress cycles at the characteristic points A, B, and
C were extracted, as shown in Figure 8a, compared to the IN718/Ti6Al4V structure; at
point A, the residual stress of Ti6Al4V is higher, and the stresses only decreased by 11% to
as high as 409.5 MPa after the subsequent IN718 scanning. The residual stresses near the
interface, i.e., at point B, were 446.8 MPa, compared to the IN718/Ti6Al4V structure, which
is about 10% higher. It can be found that under this forming sequence, the high residual
stresses are difficult to release due to the high thermal stresses generated by scanning
the Ti6Al4V material first and then further increased in the subsequent cooling [32]. The
characteristic points exceeded 400 MPa, i.e., high residual stresses on the material surface
and near the interface. The residual stress maps of the surface after forming were extracted,
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as shown in Figure 8b. It can be found that there is a stress concentration along the interface
of the material, and the peak residual stress exceeds 700 MPa, which may lead to cracks
or even cracks at the interface, which is not conducive to the bonding between the two
materials. Moreover, the high residual stresses on the material surface (dark-colored area)
are more widely distributed, and the stresses along the scanning line direction on the
surface of the IN718 material are also higher than those of the IN718/Ti6Al4V structure.
Therefore, the horizontal multi-material structure using IN718/Ti6Al4V forming sequence
is more favorable.
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Figure 8. (a) Stress cycle at characteristic points of Ti6Al4V /IN718 structure; (b) Residual stress cloud
of Ti6Al4V /IN718 structure.

4.3. Effect of Interfacial Structure on Thermomechanical Behavior

Horizontal multi-material structures can define different interfacial shapes compared
to a single multi-material interfacial shape in the vertical direction. For example, a wavy
or serrated interface may increase the contact area between different materials, thereby
increasing the bond strength of the interface and forming a stronger metallurgical bond.
Different interface shapes may affect heat flow distribution during the forming process,
which in turn affects the thermal stress distribution. Triangular waveform suture interfaces,
commonly found in nature, exhibit specific mechanical behavior. Their geometric parame-
ters, such as amplitude, frequency, and hierarchy, can be utilized for non-linear tailoring to
enhance mechanical properties [33]. In order to investigate the effect of different interface
shapes on the thermomechanical behavior during the forming process, a periodic single
wave with a general trapezoidal shape [34] is used in this paper as the interface shape of a
horizontal multi-material. As shown in Figure 9a, the single-wave trapezoidal interface
can be described by the wavelength A, the amplitude A, and the interface length g, where
the cusp angle of the waveform is 6 and S is the shape factor, and the relationship between
them satisfies the following equation:

A

tanf = A (18)
Therefore, it can be found that the general trapezoidal single wave is determined by
the above-mentioned parameters, which in turn determines the cusp angle 8, and finally
the shape of the general trapezoid is determined according to different shape factors 5. As
shown in Figure 9b, the single-wave trapezoidal shape is rectangular at § = 0, trapezoidal
at 0< § < 0, and triangular at g = 6. In this study, considering the resolution of the finite
element model, i.e., the mesh size, the difference between rectangle and trapezoid is not
significant, so the rectangle and triangle are used as the shapes of the horizontal multi-

material interface for the study.
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Figure 9. (a) Schematic of the general trapezoidal interface geometry with the same parameters;
(b) Schematic of the interface shape with different shape factors .

Numerical simulations of temperature and stress fields are performed for the fi-
nite element model with different interface shapes (rectangular, linear, and triangular).
For the convenience of the study, the characteristic points of IN718, Ti6Al4V, and the
vicinity of the interface in the model are extracted, as shown in Figure 10a—c, and the
temperature cycles of the characteristic points under different interface shapes are shown
in Figure 10d—f. When scanning the IN718 material, the peak temperature of 1 is mainly
affected by the length of the scanning line, which is the highest in the straight-line shape,
due to the longer scanning line and more molded area, which makes the temperature
accumulate higher. While scanning the Ti6Al4V material. As in the previous study, the
higher laser energy and the effect of material properties resulted in the highest peak near
Ti6Al4V (P3) at 2500 °C, which would lead to higher residual stresses. By analyzing the
temperature cycling of the characteristic points near the interface, it can be found that the
points near the interface (P2, P4, and P5) exceed the melting point of the material under
two heating cycles, and their peak temperatures reach about 2000 °C when scanning
the Ti6Al4V. The two cycles of heating, as well as the higher peak temperatures, lead to
higher residual stresses near the interface. In addition, under different interface shapes,
the scanning vector’s length and the scanning line’s distance from the interface also
affect the temperature cycling. It can be found in Figure 10c,f that the points near the
interface are at lower temperatures because they are farther away from the scanning line
at this time and are less affected by the thermal influence of the subsequent scanning line.
In Figure 10b,e, on the other hand, the points near the interface have higher peak temper-
atures due to the longer scan lines at this point. They are closer to the feature points near
the interface and are more thermally influenced by the other scan lanes, resulting in more
significant temperature fluctuations. In the rectangular interface, shown in Figure 10a,d,
the remelting temperature near the interface is the highest and longest. The higher peak
temperature near the interface and the more considerable thermal influence will result
in a higher temperature gradient and cooling rate, which will be unfavorable for the
bonding between the two materials.
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Figure 10. Schematic diagram of feature points of the finite element model: (a) rectangular in-
terface; (b) linear interface; (c) triangular interface; Temperature cycle diagram of feature points:
(d) rectangular interface; (e) linear interface; (f) triangular interface.

The numerical simulation results of the extracted stress field are shown in Figure 11a—c
for the multi-material residual stress distribution at the IN718/Ti6Al4V under different
interface shapes and Figure 11d—f for the stress cycling at the characteristic points. It can
be found in both plots that the residual stress (P1) of the IN718 material is affected by the
scanning vector length, which is the highest under the linear interface, with the residual
stress exceeding 300 MPa. Comparatively speaking, the residual stress is higher in Ti6Al4V
material portion, and the high-temperature gradient in the temperature field leads to the
peak residual stress at the point 3 close to 550 MPa. For both IN718 and Ti6Al4V materials,
the high stress at the interface results in higher residual stress in the region near the interface,
as in the previous study. The analysis of the characteristic points near the interface (P2,
P4, and P5) shows that the stresses at P2 are elevated during the Ti6Al4V scanning for
different interface shapes, with the highest elevation of about 60% in the rectangular shape,
which may be due to the direction of the interface shape and the scanning line at this point,
and the lowest elevation of about 18% in the triangular interface, where the direction of
scanning is parallel to the direction of the interface shape. In the rectangular and triangular
interface, the residual stress at P4 is also elevated in the subsequent scans, and the residual
stress is also more significant, close to 400 MPa. However, P5 is the opposite, and the
residual stress decreases. Moreover, a comparison of the two-point locations reveals that
for the two materials, IN718, Ti6bAl4V, and, as in our previous study of IN718/CuCrZr [35],
located at the tooth valley (P5) is lower than that at the tip (p4), because IN718 better
accommodates the stress at the tip of the Ti6Al4V material. In addition, since P4 and
P5 are located at the tip under the triangular interface, their residual stresses are higher
than those of the rectangular ones. By analyzing the stress field under different interface
shapes, it can be obtained that compared with the straight-line interface, the rectangular
and triangular interfaces reduce the residual stress near the interface in a particular area,
but the stress concentration occurs at certain sharp corners. The residual stresses in the
straight line interface are concentrated near the interface, and if the force perpendicular to
the interface is applied, the material separation at the interface may quickly occur, which
makes the multi-material performance decrease, and by changing the shape of the interface,
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the distribution of the residual stresses at the interface can be changed, which is conducive
to the reduction of the concentration of the stresses near the interface.
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Figure 11. Residual stress distribution diagrams: (a) rectangular interface; (b) linear interface;
(c) triangular interface; Characteristic point stress cycle diagrams: (d) rectangular interface; (e) linear
interface; (f) triangular interface.

5. Experimental Results
5.1. Experimental Process

The IN718/Ti6Al4V and Ti6Al4V /IN718 horizontal multi-materials with differ-
ent scanning strategies as described above, as well as the IN718/Ti6Al4V horizontal
multi-material with different interfacial shapes in the 45° scanning strategy, are ex-
perimentally shaped accordingly. The laser scanning parameters in the experiments
are kept consistent with those in the numerical simulations. The size of the sample
model is 8 x 8 x 0.5 mm?3. In order to facilitate the separation of the sample from the
substrate, a base of 8 x 8 x 2 mm? is first formed on the substrate, on which the horizon-
tal multi-material is subsequently formed. Using a laboratory DiMetal-100H machine
(laseradd, Zhuhai, China), the powder lay-up carriage was fed into the improvement
for horizontal multi-material forming, as shown in Figure 12a. The specific forming
steps are shown in Figure 12b. With the powder drop device and the powder suction
tube, three powder spreading and two powder suction are required to form one layer
of horizontal multi-material. The cycle of multi-layer printing is carried out so that all
the horizontal multi-material prototypes can be printed in one experiment. Figure 12c—e
shows the photographs of the upper surface of the forming cylinder during the form-
ing process, and Figure 12f shows the final printed samples, in which rows 1 and
2 show the IN718/Ti6Al4V horizontal multi-material samples, rows 3 and 4 show
the Ti6Al4V /IN718 horizontal multi-material samples, and rows 5 and 6 show the
IN718/Ti6Al4V horizontal multi-material samples with different interface shapes.



Metals 2025, 15, 454

18 of 24

(@) /

Galvanometer

Ti6Al4V
Powder i

Suction
hose. 4l
A

samp

Figure 12. (a) Improved powder spreading car; (b) Flow chart of forming experiment; Experimental
process diagram: (c) Scanned Ti6Al4V material; (d) Powder suction completed; (e) Scanned IN718
material; (f) Final samples.

5.2. Analysis of Experimental Results

Experimental printing of the IN718/Ti6Al4V horizontal multi-material structure under
different scanning strategies, super depth of field observation near the interface of the
sample as well as metallographic observation after polishing, resulted in the pictures
shown in Figure 13. Figure 13a—c shows the ultra-depth-of-field pictures of the sample
surface, and macroscopically, no cracking occurs between the two materials. It can be found
that the interface bulge is most profound under the 0° scanning strategy. The scanning line
is parallel to the interface, and then the interface material undergoes thermal expansion
along the scanning line to both sides, which squeezes the interface. In addition, from the
temperature field, it can be found that the longer scanning line at 0° results in a higher peak
temperature of the molten pool, and the concentration of heat input causes the material
at the interface to undergo a more significant thermal expansion, which also leads to
spheroidization of the surface of the samples. Since the peak temperature of the molten
pool is higher, the tension on the surface of the material will increase significantly. This
surface tension causes the surface of the material to become spherical in order to minimize
the surface energy. Thus, the quality of the surfaces is poorer with this scanning strategy.
The interfacial bulge is reduced in the 45° and 90° strategies and the surface quality is
improved. Figure 13d—f shows the metallographs of the samples near the interface, where
strong convection occurs inside the melt pool, and the mixing of materials occurs during the
scanning process due to the combination of the Marangoni effect [36] and surface tension.
Compared to the vertical multi-material structure, the material mixing zone is not apparent
at this point, especially in the 0° sweep strategy; the material interface segmentation is
pronounced, while it can be observed partially in the 45° and the 90° strategy. It indicates
that the scanning strategy also affects the material mixing near the interface, and mixing
the materials when they are parallel to the interface is challenging. In order to evaluate
defects more systematically, we define the classification of crack length for <50 pm as
a short crack, >50 pm and <100 pm as a medium crack, for >100 um as a long crack.
Some cracks are present at both interfaces, and the cracks are also towards the Ti6Al4V
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material side, similar to those in the numerical simulations of the stress field, where the
cracks extend in the direction of the high residual stresses. In the 90° strategy, the longest
cracks were observed to exceed 50 um, at which time the main cracks were medium, and
the cracks spread, resulting in apparent cracks at the interface. Since the melt pool is
orientated perpendicular to the interface, the contraction force pulls on the interface after
the melt pool cools down, causing the cracks to extend along the interface. Under the
45° strategy, due to the appearance of some unfused holes, small cracks spread from the
interface to the hole, reaching 100 pum, but the overall interface was well combined with no
apparent defects. In the 0° scanning strategy, the crack length of the Ti6Al4V side along
the scanning direction exceeded 100 pm, and a small degree of cracking occurred at the
interface. There are mainly small cracks and a few long cracks. In summary, the horizontal
multi-material samples analyzed under different scanning strategies show that different
scanning strategies have an effect on the surface quality, interface bonding, and defects of
the samples, and the results correspond to those in the numerical simulation, where the
scanning strategy directly influences the action of the laser on the material.

Ti6Al4Y IN718  Ti6Al4 ey

Figure 13. (a—c) Superfields near the IN718/Ti6Al4V structural interface under different scan-
ning strategies; (d—f) metallographs near the IN718/Ti6Al4V structural interface under different

scanning strategies.

The metallographs near the interface of the Ti6Al4V /IN718 structure under different
scanning strategies are shown in Figure 14. Compared with the IN718/Ti6Al4V structure,
the interfaces are cracked to different degrees at this time, and the cracks occur near the
Ti6 Al4V material side, which is the same as the stress concentration area in the numerical
simulation. Moreover, the strategy is most severe at 90° scanning with the most profound
crack extension. Similar to the vertical multi-materials, it can be found from the numerical
simulation that forming Ti6Al4V first leads to the generation of higher residual stress
(460 MPa), which makes it challenging to release the residual stress (409.5 MPa) during
the subsequent forming of IN718. Moreover, the two materials are directly prone to
brittle phases, which leads to crack formation and further expansion under residual stress.
In addition, it can be found that the crack length near the interface is more than the
IN718/Ti6Al4V structure, and the crack is more than 100 pum, that is, all are long cracks.
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Therefore, forming the Ti6 Al4V material first is not favorable to the direct combination of
the two materials, resulting in lower overall properties of the formed parts.

Ti6AI4V Sy Ti6AI4V A6 S SINTAS rrrmm

Figure 14. Metallographic images near the interface of Ti6Al4V /IN718 structure under different
scanning strategies: (a) 0°; (b) 45°; (c) 90°.

Experimental forming of IN718/Ti6Al4V horizontal multi-material with different
interfacial shapes, in which a 45° scanning strategy was used, is shown in Figure 15, along
with the surface super depth-of-field morphology and the 3D images. It can be noticed in
the figure that the interfaces of all three shapes have a certain amount of bumps, which are
in the range of 100-200 um in height. With the significance of the previous study, when
the scanning line is parallel to the interface, the bulge of the interface will be more serious;
for example, as shown in Figure 15¢,f, the bulge of the interface in the triangular interface
which is parallel to the scanning line is higher. From the temperature field in the numerical
simulation, it can be found that when scanning Ti6 Al4V, the melt pool’s peak temperature
is high, making some spheroidization on the Ti6Al4V material side. Moreover, the bumps
are also higher inside the rectangular and triangular shapes of the interface shape due to
the more severe heat accumulation during laser scanning at the sharp corners. In the figure,
it can be found that the height of the lower left part of the sample is also higher, which may
be due to the influence of the wind field when the scanning line is scanning from the lower
left to the upper right, which makes part of the spatter blowing downward to stay on the
sample. Different interfaces lead to different convex behavior on the interface.

o opm 1000 2000 i opm 1000 2000

2000

Figure 15. (a—c) Surface topography with different interface shapes; (d—f) 3D view of the
surface topography.

The IN718/Ti6Al4V multi-material under different interface shapes are subjected to
metallographic observation near the interface, as shown in Figure 16, where the material on
the left is IN718 and the right is Ti6Al4V. A more precise outline can be seen in the figure,
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and it is found that cracks are generated near the interface under different interface shapes
and extended along the interface, mainly medium cracks. The defects are most prevalent
in rectangular-shaped structures. In the rectangular shape, the laser scans back and forth
at right angles, which tends to produce a large temperature gradient; as in the previous
temperature numerical simulation, the temperature fluctuation at the characteristic points
near the interface is more significant, and thus, more cracks are produced. In the stress
field, the residual stress is lower in the rectangular concave surface, yielding fewer defects
and no cracking at that location. In the rectilinear shape, the cracks started from the mixing
zone of the material until they extended along the interface, leading to cracking on the
Ti6Al4V material side. In the triangular shapes, there are fewer interfacial cracks in the
direction parallel to the scanning direction. In contrast, the shape perpendicular to the
scanning direction has vertical cracks, as shown in Figure 16f. It significantly influences
the Marangoni effect of the molten pool and the surface tension in this direction, which
produces a broader material mixing zone, which is in line with the pattern seen in the
previous samples of the scanning strategy. In addition, near the rectangular and triangular
sharp corners, the cracking is more severe, and hole defects are present. From the numerical
simulations, it can also be found that the abrupt change in geometry at the sharp corners of
the interface leads to stress concentration, which becomes a preferred location for crack
initiation and extension. At the sharp corners, the formation and flow of the melt pool
may be affected, resulting in hole defects. In summary, the different shapes of the interface
make different printing characteristics in the forming process, which makes the different
effects of laser scanning, and the laser scanning will change the local energy input and
heat distribution, resulting in the shape of the interface affecting the defect formation
and distribution.

Triangle

Ti6Al4V
|_200um |

(e)

Figure 16. Metallography near the IN718/Ti6Al4V multi-material interface with different interface
shapes: (a,d) Rectangle; (b,e) Line; (c,f) Triangle.

6. Conclusions

In this study, the thermomechanical behavior of the IN718/Ti6Al4V horizontal multi-
material structure under scanning strategy is simulated and analyzed by establishing a hor-
izontal multi-material finite element model. Numerical simulations of the Ti6Al4V /IN718
structure were also carried out to investigate the effects of the scanning strategy and the
forming sequence on the temperature distribution, thermal cycling behavior, and stress
field at the interface between the materials. Then, based on the above simulation results and
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relevant theoretical analyses, different interface shapes were designed to investigate further
the influence of interface shape on the thermomechanical behavior of IN718/Ti6Al4V
horizontal multi-material. Finally, the IN718/Ti6Al4V horizontal multi-material structure
was shaped experimentally, and the metallurgical bonding and defects at the interface
were analyzed by super depth-of-field microscope and metallurgical microscope to observe
the surface morphology of the samples, as well as the microscopic morphology and the
distribution of defects at the interface. The main conclusions are as follows:

The scanning strategy has a significant impact on the thermomechanical behavior
near the horizontal IN718/Ti6Al4V interface, and the scanning strategy at 45° helps to
distribute the energy more uniformly and reduces the local overheating and residual stress
concentration, thus reducing the risk of crack and defect formation.

The horizontal multi-material forming order also affects the interface bonding by
numerically simulating IN718/Ti6Al4V horizontal multi-material under different forming
orders. The results show that forming Ti6Al4V first leads to higher residual stresses at the
interface and is difficult to release in subsequent printing, which is not favorable for direct
material bonding. Therefore, the IN718/Ti6Al4V structure is more favorable.

The influence of the interface shape on the thermal behavior near the interface of
IN718/Ti6Al4V horizontal multi-material was explored. Numerical simulations and ex-
perimental samples were analyzed to show that the interface shape not only affects the
crack formation and extension paths leading to cracking at the interface, but additionally, in
rectangular and triangular shapes, the vicinity of the sharp corners leads to severe cracking
and pore defects.

In LPBF forming horizontal heterogeneous materials, we can avoid a too-large angle
between scan line and interface by selecting a suitable scanning strategy. In addition, sharp
corners and mutations are avoided through good interface shape design. For example,
using rounded corners or streamlined designs can reduce stress concentration and improve
the bonding strength of the interface.
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