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Preface

The global manufacturing sector is undergoing a significant transformation driven by
technological advancements and evolving market demands, with the rapid shift towards electric
vehicles (EVs) being a prime example. Laser-based material processing has become a cornerstone
technology in this transition, providing the precision, efficiency, and versatility necessary for
next-generation automotive production. This special issue focuses on the critical role of laser
technologies in advancing automotive manufacturing, emphasizing sustainability, performance, and
cost-effectiveness.

Laser processes such as welding, cutting, additive manufacturing, ablation, texturing, and
marking enable the design and fabrication of lightweight, high-strength, and complex components
for both EVs and conventional vehicles. Their ability to process a wide array of materials—metals,
ceramics, polymers, and composites—establishes laser technology as a key enabler of innovation
throughout the automotive value chain. The growth of EV manufacturing specifically highlights the
demand for advanced joining techniques, efficient battery production methods, and lightweighting
strategies, areas where laser systems offer significant advantages.

This collection features cutting-edge original research and comprehensive review articles covering
theoretical advances and practical applications of laser processing in the automotive sector. Topics
include laser welding of recycled materials and lightweight structures, novel applications in lithium-ion
battery manufacturing, and recent developments in laser additive manufacturing and cutting. Lifecycle
assessment and sustainability studies further provide valuable insights into the environmental impact
and long-term benefits of laser-based production routes.

We sincerely thank the authors, reviewers, and editors for their contributions. We hope this
volume serves as a valuable resource for researchers, engineers, and industry professionals in
developing and implementing laser-based manufacturing solutions, inspiring continued innovation

for smarter, greener, and more efficient automotive production.

Peilei Zhang, Mingwen Bai, and Yingtao Tian
Guest Editors

vii
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3 Shenzhen Han'’s Lithium Battery Smart Equipment Co., Ltd., Shenzhen 518000, China
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Abstract: This study investigates the spatter suppression mechanism in aluminum alloy
welding using a hybrid fiber—semiconductor laser system. By integrating high-speed
photography and three-dimensional thermal-fluid coupling numerical simulations, the
spatter formation process and its suppression mechanisms were systematically analyzed.
The results indicate that spatter formation is primarily governed by surface tension and
recoil pressure. In single fiber laser welding, concentrated laser energy induces a steep
temperature gradient on the molten pool surface, triggering a strong Marangoni effect and
subsequent spatter generation. In contrast, the hybrid laser system optimizes energy distri-
bution, reducing the temperature gradient and weakening the Marangoni effect, thereby
suppressing spatter. Additionally, the hybrid laser stabilizes molten pool flow through uni-
form recoil pressure distribution, further inhibiting spatter formation. Experimental results
demonstrate that the hybrid fiber-semiconductor laser system significantly reduces spatter,
improving welding quality and stability. This study provides theoretical and technical
support for optimizing aluminum alloy laser welding.

Keywords: aluminum alloy; hybrid fiber-semiconductor laser; spatter; temperature gradi-
ent; molten pool dynamics; numerical simulation

1. Introduction

Aluminum alloys are widely utilized in the manufacturing of critical components in
aerospace and new energy vehicles due to their high strength-to-weight ratio [1]. Laser
welding has become a predominant method for joining aluminum alloys owing to its
high energy density, rapid processing speed, and operational flexibility [2]. However, the
inherent low viscosity and surface tension of aluminum alloys at elevated temperatures
frequently cause process instability. Specifically, the evaporation of low-boiling-point
alloying elements (e.g., Mg and Li) induces vigorous solid-liquid—gas phase transitions,
increasing the propensity for welding defects such as porosity and spatter. Among these,
spatter poses unique challenges due to its direct impact on weld morphology, surface
quality, and downstream reliability. Despite decades of advancement in laser welding
technology, significant challenges remain in the welding of aluminum alloys containing
volatile elements.

Coatings 2025, 15, 691 1 https://doi.org/10.3390/ coatings15060691
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Conventional single-mode Gaussian laser beams, with their concentrated energy
distribution, frequently induce unstable keyhole dynamics, resulting in defects including
spatter, incomplete fusion, and porosity. Of particular concern is the fact that excessive
metal spatter not only compromises mechanical performance but also poses safety hazards.
Moreover, compared with steel and other structural alloys, aluminum alloys are more
susceptible to spatter due to their lower viscosity, higher thermal conductivity, and rapid
melt pool response under laser irradiation. These physical characteristics amplify interfacial
instabilities, making it more difficult to suppress spatter through empirical parameter
adjustment alone. Therefore, a deeper physical understanding of spatter initiation and
evolution is essential.

To mitigate these limitations, dual-beam hybrid laser systems have emerged as a viable
solution [3]. Notably, the hybrid fiber-semiconductor laser system leverages unique energy
distribution characteristics to address aluminum alloy welding challenges. Compared
to single laser sources, this system—configured with coaxial or dual-beam fiber—diode
arrangements—modifies laser energy distribution, attenuates molten pool temperature
gradients, and enhances process stability, thereby improving weld quality.

Beginning in 2000, researchers initiated investigations into dual-beam hybrid laser
welding for aluminum alloys to optimize process efficiency. Widespread industrial adop-
tion commenced in 2011, following successful applications in copper alloy welding before
being extended to aluminum alloys [4-6]. Glumann et al. [7] pioneered the implementation
of dual 5 kW CO;, lasers for hybrid welding, demonstrating stabilized process conditions
and effective porosity suppression. Dual-beam systems enhance laser absorption and
penetration depth, minimize porosity and spatter formation, and produce smoother weld
surfaces with negligible porosity in full-penetration mode [8,9]. Furthermore, the strategic
combination of wavelengths and spot diameters significantly affects workpiece absorption
efficiency and weld morphology [10,11].

With advancements in fiber laser technology, Ishige et al. [12] conducted comparative
studies of molten pool behaviors between semiconductor and fiber lasers, revealing that
semiconductor lasers generate deeper, more stable molten pools. Maina et al. [13] employed
a hybrid fiber-semiconductor laser system (1064 nm + 532 nm) for copper welding, with
simulation results confirming increased penetration depth and processing efficiency. Zhu
and Zhao [14,15] established that hybrid laser welding of aluminum alloys optimizes
molten pool flow through coordinated heat conduction and convection, thereby enhancing
process stability and weld quality. Zhao et al. [16] reported that coaxial hybrid wavelength
laser beams (HW-HLB) exhibit superior power density compared to single fiber lasers
(FLB), leading to plasma plume intensification and deeper keyhole formation.

Despite these advancements, current studies on hybrid laser welding remain largely
concentrated on process optimization, with a notable lack of systematic research into the
mechanisms of spatter suppression. In particular, limited attention has been paid to the
interplay between thermal-fluid dynamics and spatter behavior in aluminum alloys, despite
the fact that melt pool instabilities and interfacial force imbalances are key contributors
to spatter formation. This study integrates high-fidelity multiphysics simulations with
high-speed imaging to elucidate the influence of hybrid fiber-semiconductor laser systems
on molten pool dynamics and spatter formation. Through parameter optimization, we
aim to establish theoretical frameworks and technical guidelines for improving aluminum
alloy welding quality, ultimately facilitating the intelligent development of laser welding
technology.
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2. Experiments and Methods

2.1. Hybrid Fiber-Semiconductor Laser Welding Experiments

The experimental investigation utilized 3003 aluminum-manganese alloy as the sub-
strate material, with its detailed chemical composition presented in Table 1.

Table 1. The chemical composition of the 3003 Al-Mn alloy (wt %).

Element Mn

Cu Fe

Si

Zn Al

3003 1.3

0.13 0.7

0.6

0.1 Bal.

This non-heat-treatable alloy is widely used in battery cases, vehicle bodies, and
structural panels due to its excellent corrosion resistance, moderate strength, and good
weldability. In particular, its relatively low melting point and high surface energy make it
highly suitable for thermal processing using hybrid laser sources, as they promote stable

melt pool formation under du

al-beam irradiation.

The laser systems employed in this study consisted of two distinct laser sources
manufactured by Han’s Laser Technology Co., Ltd., Shenzhen, China: a single-mode fiber
laser (Model: HL-WS-1000-G2) and a semiconductor laser (Model: HWD-2000), as shown
in Figure 1a. These laser systems were integrated with a high-precision motion control
platform, also produced by Han’s Laser, which achieved exceptional positioning accuracy
with a motion precision of <0.1 mm. This experimental setup provided precise control and

reproducibility of the welding process parameters.
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Figure 1. (a) Schematic of hybrid fiber-semiconductor laser welding system; (b) wavelength-
dependent absorption characteristics of 3003 aluminum alloy [17]; (c) longitudinal cross-section

of welding process.

Figure 1a shows the experimental setup for hybrid fiber-semiconductor laser welding.
The integration of the two laser systems is achieved through a specialized pivoting dual-
beam hybrid laser welding head (Model: HW-C-PT-1125001, Han’s Laser Technology Co.,




Coatings 2025, 15, 691

Ltd., Shenzhen, China). In this configuration, both laser beams are collimated before being
combined into a single coaxial output beam at the welding head. The optical system
parameters are specified as follows: the semiconductor laser collimator has a focal length
of 100 mm, while the fiber laser collimator has a 150 mm focal length, with both systems
utilizing a common focusing lens having a 250 mm focal length. This optical arrangement
produces a final output spot diameter of 0.3 mm for the fiber laser and 0.8 mm for the
semiconductor laser. Figure 1b shows the wavelength-dependent absorption characteristics
of 3003 aluminum alloy, while Figure 1c displays the longitudinal cross-sectional schematic
of the welding process. The welding operation is performed under a high-purity argon
(99.99%) shielding atmosphere, with a flow rate maintained at 20 L-min~! to ensure optimal
protection of the molten pool.

The welding parameters used in this study, including beam power, focal positioning,
and scanning speed, were selected based on preliminary experiments designed to balance
keyhole stability and spatter suppression under hybrid laser excitation. These param-
eter settings were consistently maintained throughout all trials to ensure experimental
repeatability and comparability.

2.2. Energy Characteristics of the Hybrid Laser Beam

The optical architecture within the hybrid fiber-semiconductor laser welding head
consists of two distinct subsystems, as shown in Figure 2a: the fiber laser beam transmission
module and the semiconductor laser beam reflection module. In the semiconductor laser
pathway, a 400 um diameter beam is first collimated by lens A, then sequentially reflected
by a mirror and beam splitter before reaching the final focusing lens. In contrast, the
20 um single-mode fiber laser beam is collimated by lens B and transmitted through the
beam splitter to the shared focusing lens. This configuration ensures both laser beams are
coaxially aligned through the same optical element, achieving sub-micron focal alignment
on the workpiece surface.

Fiber laser Gaussian rotating body heat sourceé Flat-topped Gaussian heat source

=2
Semiconductor laser Dc=20pum

Dedo0m l - > <
‘ Collimating
—

U Dual beam coupling process u
Collimating lens B
lensA —
-—

Spectroscope

Reflecting N ’

lens

<« Focusing lens

? Molten pool

Semiconductor laser
irradiation zone

Hybrid fiber-semiconductor
laser irradiation zone

(a) (c)

Figure 2. (a) Schematic of coaxial beam superposition in hybrid fiber-semiconductor laser system;
(b) energy distribution profiles: single-mode fiber laser, semiconductor laser, and hybrid laser beams;
(c) irradiation zone geometry of hybrid fiber-semiconductor laser.
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Figure 2b shows the measured energy distribution profiles for three operational
modes: the single fiber laser beam, the semiconductor laser beam, and the hybrid fiber—
semiconductor laser beam. The irradiation characteristics are quantified in Figure 2c,
demonstrating the spatially modulated laser energy distribution on the workpiece sur-
face. The central high-intensity zone represents the combined fiber-semiconductor laser
irradiation, while the concentric annular region corresponds to the peripheral 915 nm semi-
conductor laser irradiation. This engineered dual-zone energy distribution enables precise
thermal management through controlled heat flux gradients and molten pool dynamics.

Based on the principle of coaxial laser beam superposition, a superposition model
for multiple laser beams was established. Figure 3a shows the simulation results for
the 1070 nm single-mode fiber laser beam, employing a Gaussian rotational heat source
model. The key beam parameters—including divergence angle, Rayleigh range, and beam
radius—were calculated using Equations (1)—(3):

_AM?
- mw?

M

2

Tt
Zg = 2
7 m2 @)

2
Z
1+(zR>

®)

w(z) = @

s —

HAN'S LASER l N
® ©

Semiconductor laser Fiber laser

L, | L,

(b)

L,, Collimating lens A
L,, Collimating lens B
S, Spectroscope
L5, Reflector lens
L,, Focusing lens

Figure 3. Simulation results of hybrid fiber—-semiconductor laser beam: (a) 1070 nm single-mode fiber
laser beam profile; (b) 915 nm semiconductor laser beam profile.
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In the equations, 0 represents the divergence angle of the fiber laser beam, A denotes
the wavelength, M? is the beam quality factor, wg indicates the beam waist radius, Zg
corresponds to the Rayleigh range, w(z) represents the beam radius at propagation distance
z, and z is the axial distance from the beam waist.

Figure 3b shows the simulation results for the 915 nm semiconductor laser beam,
employing a top-hat modified Gaussian heat source model. Building upon the standard
three-dimensional Gaussian heat source formulation, we introduced a super-Gaussian
coefficient N and divergence angle parameter 0. The super-Gaussian coefficient is calculated
using Equation (4):

2 N 2\ Kk
f(x):exp(—x>zlil((:02> ,N=0,1,2... 4)

wo® /{5

In Equation (4), N represents the super-Gaussian order coefficient, where k! denotes
the factorial of the mode order k, used to control the beam profile sharpness in super-
Gaussian formulations.

The simulation models for the fiber laser beam and semiconductor laser beam are
coupled through non-sequential ray tracing. The focal length of the semiconductor laser
beam was optically matched to the fiber laser beam’s focal plane. Figure 3 presents the
simulation results for the hybrid fiber-semiconductor laser beam system. Key parameter
comparisons between the fiber laser and semiconductor laser are summarized in Table 2.

Table 2. Fiber laser and semiconductor laser excitation parameters comparison.

Parameter Fiber Laser Semiconductor Laser
Maximum power W 1000 2000
Wavelength A/nm 1070 915
Fiber core diameter d¢/pum 20 400
Focal distance f/mm 200 200

2.3. Multiphysics Modeling of Hybrid Laser Welding

The hybrid fiber-semiconductor laser welding process involves complex multiphase
interactions and material state transformations. To investigate the molten pool dynamics,
we established a comprehensive three-dimensional thermal-fluid coupling model that
explicitly accounts for the synergistic effects between the dual laser systems.

This numerical model incorporates three critical physical phenomena: gas-liquid-
solid phase transitions, coupled heat and mass transfer mechanisms, and laser-matter
interaction physics. The computational domain, illustrated in Figure 4a, encompasses both
metallic and gaseous phases. Considering the symmetrical energy distribution characteris-
tic of the hybrid laser system along the welding direction, we implemented half-symmetry
boundary conditions to optimize computational efficiency.

The meshing strategy employs adaptive refinement to balance accuracy and com-
putational cost. Near the laser interaction zone, we applied high-resolution hexahedral
elements (0.02 mm x 0.02 mm x 0.02 mm), while peripheral regions utilize coarser grids
(0.02mm x 0.1 mm x 0.02 mm). Figure 4b presents this multi-scale mesh configuration,
with Figure 4c providing a detailed view of the transition region between refinement levels.
This approach maintains solution accuracy while significantly reducing computational
requirements compared to uniform meshing.
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In modeling fluid motion, the governing equations of mass, momentum, and energy
conservation must be simultaneously satisfied [12]. The mass conservation (continuity)

equation is expressed as
dp -
il . =0 5
2 15 () 0
In the continuity equation, p represents the fluid density, and d denotes the velocity

vector field.

(a) z
Fiber laser beam
Semiconductor X
/ laser beam Y
Airspace Air phase

P Ve

Welding direction

(b

0.02*0.02*0.02 cube

Figure 4. Thermo-fluid coupling model for 3003 aluminum-manganese alloy hybrid laser welding:
(a) computational domain schematic; (b) mesh configuration results; (c) transition zone detail between
refined and coarse mesh regions.

The momentum conservation equation is expressed as

a(pﬁ)

5 —|—V-(pu_<)8>1_1>):V-(HV‘TO—VP+P§"‘E ©)

In the equation, u is the dynamic viscosity coefficient, Vu is the velocity gradient,
VP represents the influence of pressure variations in the fluid on its motion, g is the
=

gravitational acceleration, and F is the external force term, representing external forces
acting on the fluid (such as recoil pressure, thermal buoyancy, electromagnetic force, etc.).
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The energy conservation equation is

a(gtH) +V- (pHH) —v. (éVH) +S @)

In the equation, H represents the enthalpy, K is the thermal conductivity, C,, is the spe-
cific heat capacity at constant pressure, and S is the energy source term, which corresponds
to the laser heat source.

The VOF (volume of fluid) method is selected as the free surface tracking technique
for welding pores. By solving the independent momentum equations and determining the
volume fraction of each fluid within the control volume, the issue of tracking the gas-liquid
interface during the transient melting process is effectively addressed.

The VOF equation is

%—TJFV-(“G):O ®)

In the equation, « represents the volume fraction, which indicates the volume ratio of
a phase (such as liquid or gas) in a multiphase flow, where « € [0, 1]. In the computational
model, the first phase is set as the 3003 manganese—aluminum alloy, and the second phase
is set as the gas phase. When the liquid phase volume fraction of a cell is between 0 < x < 1,
it indicates that the cell is in the gas-liquid mixing zone. Typically, cells with « > 0.5 are
considered to be in the liquid region, and cells with 0 < « < 0.5 are considered to be in the
gas region. Therefore, in the entire computational domain, the fluid fraction of each grid
cell will approach either 0 or 1, and the interface between the gas and liquid phases forms
the gas-liquid free surface. Figure 5 illustrates this relationship.

Cell Keyhole free interface
7

Figure 5. Definition of free surface in VOF.

At the free surface of the keyhole, the forces acting on it include the following: surface
tension Py, recoil pressure P;, Marangoni shear stress, static pressure, and other external
forces. The keyhole wall maintains dynamic equilibrium under the combined effects of
these forces [13]. The molten pool is governed by three dominant forces: thermal capillary
convection, buoyancy force, and gravitational effects. The pressure balance in the normal
direction of the free surface must satisfy the Young-Laplace condition:

P =Ps;+P: )

In the equation, P is the normal pressure at the free surface, P is the surface tension,
and P is the recoil pressure.
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The surface tension is calculated using the following equation:

PG:Y'(I;_I_;Q) (10)
In the equation, v is the surface tension coefficient, and R; and R, are the princi-

pal radii of curvature of the free surface. The recoil pressure P; is calculated using the

following formula:

_ v

T2

In the equation, p is the fluid density, and v is the fluid velocity.

P, (11)

The surface tension coefficient of the 3003 aluminum-manganese alloy studied in
this paper decreases as the temperature increases. The surface tension coefficient can be
expressed as

¥(T) = vo[l = B(T - To)] (12)

In the equation, v is the surface tension coefficient at room temperature, 3 is the
rate at which the surface tension coefficient changes with temperature, T is the current
temperature, and Ty is the room temperature.

At the keyhole wall, the vapor recoil pressure serves as the exclusive driving force for
keyhole expansion and plays a pivotal role in pore formation during welding, substantially
governing its morphological characteristics. Based on established research, the vapor recoil
pressure acting on the keyhole during laser welding can be expressed as

Ly (T — Tb) ]
Py(T) = 0.54Ps4¢(T) = 0.54Ppexp | —=——= 13
{(T) 2 0540, (T) = 054Ppenp | L 13
In the equation, Ps.¢(T) is the saturation vapor pressure, Py is the atmospheric pressure,
Ty, is the boiling temperature, and R is the universal gas constant.
In the melt pool, the metal density varies with temperature. The buoyancy term is
expressed using the Boussinesq approximation formula as

Fp = pgBo(T —T1) (14)

In the equation, g is the gravitational acceleration, (3 is the thermal expansion coeffi-
cient, and T; is the melting point of 3003 aluminum alloy.

Moreover, the choice of the heat source model will directly affect the consistency
between the simulation results and the experimental results. According to previous work,
due to the differences in energy density and power between fiber lasers and semiconductor
lasers, there are significant differences in heat input, heat transfer modes, and energy
distribution, which in turn affect the melt pool characteristics of the weld joint. The
Gaussian distribution characteristics of the single-mode fiber laser lead to the formation
of a narrow and deep keyhole in deep penetration welding modes. The temperature
gradient on the surface of the melt pool is large, and under the influence of the Marangoni
effect, natural convection of liquid molecules occurs, resulting in fluctuating flow and a
tendency for keyhole collapse, thus forming a deep “V”-shaped weld seam. In contrast, the
large-spot semiconductor laser primarily uses conduction welding, with energy distributed
in a flat-top pattern. The liquid flow is more lateral, forming a bowl-shaped melt pool.
In hybrid laser welding, the semiconductor laser promotes lateral flow in the melt pool,
reduces the cooling rate, increases the overall temperature, and enhances the stability of the
keyhole, ultimately forming an ideal Y-shaped weld seam and reducing the occurrence of
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spatter and porosity. Considering the energy characteristics of the two heat sources and the
forming characteristics of the weld joint, a hybrid heat source model combining a Gaussian
rotating body heat source and a flat-top Gaussian body heat source is established.

The described Gaussian rotating body heat source includes both surface and volume
heat sources. The distribution function of the heat flux density of this heat source is
described as follows:

2 2
_ Mg, | (< 4y
QAboy) =T expl - (15)
9 9(x? +v2
Qu(xy,2) = 7122qv 3P| T ( hy ) (16)
ﬂhlaserrs (1 —€ ) I'5211’1< laZser>

In the equation, Qs and Q, represent the heat flux density of the Gaussian surface heat
source and the volume heat source, respectively. 11 and 1, represent the efficiencies of the
surface and volume heat sources, respectively, and qs and qy represent the laser power
of the surface and volume heat sources, respectively. rs is the radius of the heat source
influence area, «; is the parameter that controls the rate of heat flux decay, and hyse, is the
depth to which the laser penetrates into the material.

The distribution function of the heat flux density for a conical Gaussian heat source is
described as follows:

_.ma [ ¥+Z
Qo y.2) = ﬂ[rg(y)}zexp{ r0(y) } 47
roly) = re + S (y —y,) (18)

M| + Ye
In the equation, n is the efficiency coefficient of the conical Gaussian heat source, q is
the laser heat source power, and ry(y) is the radius of the heat source influence area. The

thermophysical properties of the 3003 aluminum-manganese alloy used in this study are
listed in Table 3.

Table 3. Comparison between experimental and numerical simulation of molten pool size.

Physical Property Symbol Value
Density (solid) Ps 2.73 g/em3
Density (liquid) P1 237 g/cm3
Latent heat of fusion AH; 3.97 x 10°J/ Kg
Latent heat of vaporization AHyap 1.04 x 107 J/Kg
Surface tension at room temperature Yo 0.87 N/m
Surface tension gradient 8 —1.6 x 1073 N/m-K
Solidus temperature Ts 916 K
Liquidus temperature T; 927 K
Boiling point Ty 2743 K
Ambient temperature To 300 K

The accuracy of this multiphysics model was confirmed through experimental valida-
tion. As shown in the Section 3, the simulated weld cross-sections demonstrated excellent
agreement with experimental measurements, with all dimensional deviations controlled
within 5%. Detailed validation data including weld width and penetration depth compar-
isons are provided in Figure 6 and Table 4.

10
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Figure 6. Comparative analysis of experimental and simulation results: (a) fiber laser power = 0.8 kW;
(b) semiconductor laser power = 1.6 kW; (c) hybrid configuration: fiber laser = 0.6 kW + semiconductor
laser = 0.8 kW.

Table 4. Comparison between experimental and numerical simulation of molten pool size.

Weld Width ~ Weld Depth

Experimental data (um) 239 1910

Fiber laser power 0.8 KW Simulation data (um) 247 1987
Errors (%) +3.35 +4.03

Semiconductor laser Ex.perlme.ntal data (um) 1280 297

ower 1.6 KW Simulation data (pm) 1340 295
P : Errors (%) +4.69 —0.67
Fiber laser power 0.6 KW,  Experimental data (um) 504 1088
Semiconductor laser Simulation data (um) 528 1074
power 0.8 KW Errors (%) +4.76 -1.29

3. Results and Discussion

To systematically investigate the spatter suppression effect of the hybrid fiber—
semiconductor laser system, the heat source models for single-mode fiber laser, semi-
conductor laser, and hybrid fiber-semiconductor laser were validated through weld cross-
section comparisons. Three representative parameter sets were selected for validation:
Figure 6a presents the comparison between experimental and simulated cross-sections for
800 W fiber laser welding at 70 mm/s with 0 mm defocus; Figure 6b shows the validation
results for a 1600 W semiconductor laser; Figure 6c illustrates the hybrid laser welding
case combining 600 W fiber laser and 800 W semiconductor laser. The simulation domain
was selected at the position of maximum weld width. The results demonstrate excellent
agreement between simulation and experiment, with weld penetration depth deviations
within £5% (Table 4), confirming the accuracy of the proposed heat source model. This
rigorous validation establishes a reliable foundation for subsequent investigation of spatter
formation mechanisms and the development of effective suppression strategies in hybrid
laser welding of aluminum alloys.

3.1. Analysis of Spatter Formation Mechanism

Under single-fiber laser welding conditions, spatter-induced pit defects frequently
compromise weld bead surface quality, ultimately resulting in product rejection. Conse-
quently, investigating spatter formation mechanisms becomes essential for developing
effective suppression strategies. Figure 7 captures the spatter formation sequence through
high-speed imaging. The process initiates when laser energy melts and vaporizes the
metal surface, creating downward recoil pressure that establishes the keyhole (Figure 7a).
Subsequently, ascending liquid metal droplets interact with cooler, turbulent molten pool
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fluid, constricting the keyhole aperture (Figure 7b). This interaction simultaneously reduces
thermal energy at the keyhole apex. The inherent energy density gradient between the
keyhole center and periphery establishes a temperature gradient that drives upward fluid
transport along the keyhole walls through Marangoni convection. Protective gas shear
forces deform the droplets while intensifying temperature gradients [18] impart higher ejec-
tion velocities (Figure 7c). At the keyhole exit, competing forces including inertia, surface
tension, gravity, and recoil pressure collectively determine droplet trajectory (Figure 7d).
The irregular molten mass eventually fragments under multidirectional stress (Figure 7e),
with portions reintegrating into the weld pool while others solidify as discrete spatter
particles (Figure 7f).

e, LT . .
| Liquid metal lifting

o o . > o

(b) t,+0.34

- Small

" initial kinetic en

(d) to+ 1.02 (e) ty+1.36 (f) t,+ 1.70

Figure 7. Formation process of spatter defect under high speed photography.

From the high-speed photography data in Figure 7, spatter formation is observed
to initiate predominantly at the keyhole periphery. Thermocapillary instability may also
contribute to spatter initiation by inducing wave-like deformation along the melt pool
boundary under steep temperature gradients. These instabilities arise from non-uniform
surface tension distribution and interact with vapor recoil and shear forces to disturb
the molten interface. Related studies on aluminum alloy welding have reported similar
unstable behaviors at the keyhole wall and melt pool surface under laser irradiation [19,20].

Figure 8 illustrates the vertical force balance acting on molten metal droplets near the
keyhole, where the driving forces (recoil pressure and vapor shear stress) compete against
restraining forces (gravity and surface tension). When the resultant upward forces exceed
the downward restraints, droplet separation occurs: the upper portion ejects as spatter
while surface tension draws the lower portion back into the weld pool.
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Figure 8. Force balance diagram of metal droplet in vertical direction around keyhole.

Figure 9 presents the formation process of spatter defects through numerical simula-
tion. As shown in the figure, at the initial stage (t = ty), laser irradiation rapidly establishes
a high-temperature zone on the material surface, inducing melting and vaporization that
forms a stable keyhole structure in the weld pool (Figure 9a). With continued laser interac-
tion, the keyhole region temperature rises further. Metal vaporization within the keyhole
generates downward recoil pressure, destabilizing the molten pool and driving upward
fluid flow along the keyhole walls (Figure 9b,c).

931
(b) 868
805
742
679

616

Temperature [K]

552

489

426

363

300

Figure 9. Formation process of splash defect under numerical simulation: (a) t = to;
(b)t=ty+0.34ms; (c) t =ty + 0.68 ms; (d) t =ty + 1.02 ms; (e) t = tg + 1.36 ms; (f) t =ty + 1.70
ms.

At t = tg + 0.68 ms, sustained recoil pressure and vapor shear forces promote liquid
metal accumulation at the keyhole apex, where upward motion is counteracted by grav-
ity and surface tension (Figure 9c). When the driving forces overcome these restraints,
partial liquid ejection occurs, resulting in droplet fragmentation and spatter formation
(Figure 9d—f). These simulation results exhibit strong correlation with high-speed photo-
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graphic observations, explicitly capturing the fluid dynamics under competing influences
of recoil pressure, gravitational force, and surface tension.

Comparative analysis with experimental data reveals the complex force equilibrium
governing molten metal behavior at the keyhole boundary. The numerical model confirms
that spatter generation stems from time-dependent interactions between four principal
forces: recoil pressure, vapor shear stress, surface tension, and gravity. Particularly, recoil
pressure and Marangoni convection dominate the droplet ascent and rupture process,
enabling liquid transfer from the keyhole interior to the workpiece surface where final
spatter detachment occurs. The potential contribution of thermocapillary instability to
interface fluctuation further supports this mechanism [20]. The consistency between
simulation and experiment validates the model’s capability to reproduce the essential
physics of spatter defect formation.

3.2. Study on the Spatter Suppression Mechanism

Previous research has demonstrated that hybrid fiber-semiconductor laser welding
exhibits significantly superior spatter suppression compared to conventional single-mode
fiber laser welding. Spatter formation represents a prevalent defect in welding processes,
particularly in high-energy-density laser welding applications. The occurrence of spatter
adversely impacts both weld quality and subsequent manufacturing operations. Conse-
quently, the implementation of hybrid laser welding technology offers an effective solution
for enhancing process stability and final product quality.

3.2.1. Surface Tension Effect

Energy distribution uniformity and effective regulation of molten pool surface tension.
Studies have shown that hybrid laser welding optimizes the laser beam’s energy distribu-
tion, significantly reducing the temperature difference between the laser interaction zone
and the molten pool surface. This thermal control substantially decreases the intensity of
the Marangoni effect—the surface tension variation caused by temperature gradients in
liquid metals that typically drives localized convective flows and spatter formation [21].

In single-mode fiber laser welding, the concentrated energy density creates substantial
temperature differences between the center and edges of the molten pool, leading to strong
surface tension variations that induce vigorous fluid flow and spatter generation. The
hybrid laser system, combining semiconductor and fiber laser sources, achieves more
uniform energy distribution during welding. This optimized thermal profile reduces
surface temperature gradients, thereby suppressing Marangoni-driven surface flows.

The temperature gradient comparison between (a) fiber laser and (b) hybrid laser
welding in Figure 10 clearly demonstrates this mechanism. The fiber laser welding shows
steep thermal gradients with a distinct high-temperature core and cooler periphery, while
the hybrid laser welding exhibits more uniform temperature distribution with reduced
thermal gradients. This direct visualization confirms that the temperature homogenization
in hybrid laser welding weakens Marangoni-induced surface flows, leading to effective
spatter reduction.
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Figure 10. Comparative analysis of temperature gradients: (a) single-mode fiber laser welding profile;
(b) hybrid fiber—semiconductor laser welding profile.

Experimental results demonstrate that hybrid laser welding significantly decreases
molten pool surface flow velocities and reduces spatter generation compared to single-laser
operations. This improvement stems from the hybrid system’s ability to prevent localized
high-temperature zones and subsequent surface tension imbalances. These findings provide
fundamental theoretical support for enhancing welding quality while improving process
stability in industrial laser welding applications.

As demonstrated in Figure 10, the hybrid laser system’s ability to reduce tempera-
ture gradients serves as the first key factor for spatter suppression. This thermal control
mechanism weakens Marangoni-driven convection, thereby decreasing the kinetic energy
available for droplet ejection.

3.2.2. Recoil Pressure Effect

Beyond thermal gradient control, the hybrid laser system achieves spatter reduction
through a second key factor: molten pool flow stabilization. Figure 11 directly compares
the flow patterns under single laser and hybrid laser conditions, demonstrating how energy
distribution uniformity prevents droplet detachment.

(b)) t,+1.7

(by) t,+3.4

(a) Single-mode fiber laser welding (b) Hybrid fiber-semiconductor laser welding

Figure 11. High-speed imaging comparison of molten pool: (a) single-mode fiber laser welding;
(b) hybrid fiber-semiconductor laser welding.
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In addition to surface tension optimization, recoil pressure plays a critical role in
hybrid laser welding. This pressure originates from laser-material interactions, particularly
the rapid vaporization induced by concentrated laser energy at the material surface. The
resulting gas pressure increase drives molten metal flow within the weld pool.

Compared to single fiber laser welding, the hybrid system provides superior energy
density distribution and broader power modulation capability. These advantages yield
more uniform temperature and pressure profiles throughout the molten pool. The expanded
pool volume and increased surface area help dissipate excessive recoil pressure, stabilizing
metal flow while minimizing bubble formation and spatter generation.

The balanced energy distribution in hybrid laser welding enables gradual establish-
ment of thermal and pressure equilibrium within the molten pool, preventing localized
overheating and unstable flow patterns. This equilibrium enhances pool stability and
reduces flow-induced spatter. Experimental evidence confirms that larger molten pool
volumes promote smoother metal flow and decreased spatter formation.

The comparative high-speed imaging results in Figure 11 clearly demonstrate the
process characteristics: (a) fiber laser welding exhibits pool instability with constricted
keyhole dimensions, turbulent flow, and frequent spatter ejection, while (b) hybrid laser
welding shows stable pool geometry with uniform keyhole expansion, laminar flow, and
minimal spatter generation. These visual comparisons confirm that the hybrid laser’s
energy distribution achieves superior process stability through reduced thermal gradients
and moderated surface tension effects.

Further refinements in power distribution and travel speed control can optimize gas
pressure management, providing additional spatter reduction. These findings establish
a theoretical framework for spatter control in hybrid laser welding and guide practical
process optimization.

Spatter reduction results from two complementary mechanisms: temperature gradient
minimization in Figure 10 suppresses Marangoni effects, while molten pool flow stabi-
lization in Figure 11 inhibits droplet ejection. The hybrid system’s energy optimization
concurrently controls both aspects.

4. Conclusions

This study systematically investigates the spatter formation mechanisms and suppres-
sion strategies in hybrid fiber-semiconductor laser welding of aluminum alloys. Through
the integration of high-speed imaging technology and a comprehensive three-dimensional
thermal-fluid coupling numerical model, we have successfully captured and analyzed the
spatter formation processes. The following conclusions were drawn from both numerical
simulations and experimental observations:

e  Spatter Formation Mechanism: High-speed imaging reveals that laser-induced metal
vaporization forms a keyhole, where recoil pressure causes molten pool fluctuations.
Droplet collisions reduce the keyhole volume, while temperature gradients trigger
Marangoni convection, elevating droplets that subsequently rupture into spatter
particles. Simulations confirm experimental observations of liquid metal dynamics
under competing forces (recoil pressure, gravity, and surface tension), demonstrating
that spatter generation results from complex multi-force interactions. These findings
provide fundamental insights for welding process optimization.

e Surface Tension-Mediated Spatter Suppression: Hybrid laser welding effectively
reduces spatter through optimized energy distribution and molten pool surface tension
regulation. The process minimizes thermal gradients, thereby weakening Marangoni-
driven flows. Experimental results demonstrate reduced molten pool flow velocities
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and significant spatter suppression, ultimately enhancing welding quality and process
stability. This approach combines semiconductor and fiber lasers to achieve superior
energy distribution uniformity.

e  Recoil Pressure-Mediated Spatter Suppression: The hybrid system suppresses spatter
by controlling recoil pressure generated through laser-induced vaporization, promot-
ing stable molten metal flow. Compared to single fiber lasers, the hybrid configuration
provides enhanced energy density distribution and broader power modulation capa-
bility, enabling more uniform temperature and pressure profiles. High-speed imaging
confirms improved process stability, showing well-developed molten pools with
smooth flow characteristics and minimal spatter generation. Further optimization of
laser parameters can enhance spatter control capabilities.

e  Future Research Directions: Subsequent studies will integrate optical coherence tomog-
raphy (OCT) for real-time spatter monitoring and employ machine learning techniques
to analyze multi-sensor datasets for quantitative spatter prediction and classification.
In addition, the effects of thermocapillary instability under evaporative recoil pressure
on melt pool boundary fluctuations and spatter formation will be systematically in-
vestigated. This will provide deeper insight into the coupled fluid-thermal dynamics
influencing spatter generation.

This study primarily focused on numerical modeling and qualitative analysis of dual-
laser welding. Future experimental work should include quantitative measurements, such
as melt pool dimensions and spatter counts, to further validate the simulation results. Such
data would help establish clearer correlations between process parameters and weld quality.
This integrated approach will advance understanding of spatter suppression mechanisms
and facilitate welding parameter optimization.
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Abstract: In this paper, 4 mm thick 7075 aluminum alloy was utilized for conducting laser-MIG
hybrid welding tests to investigate the correlation between the dynamic behavior of keyholes and
process-induced porosity. Additionally, the generation and inhibition mechanisms of process porosity
were elucidated. Utilizing a high-speed camera test system of our own design, the formation position
and movement characteristics of keyholes in the molten pool under different welding parameters
were captured using a “sandwich” method. The dynamic behavior of keyholes during the hybrid
welding process was analyzed, and the porosity of each welded joint was quantified, revealing an
intrinsic relationship between keyhole dynamics and aluminum alloy laser-MIG hybrid welding
porosity. The findings indicate that variations in the defocusing amount can influence both the
morphology and stability of keyholes in the molten pool, consequently impacting welding porosity.
The dynamic behavior of keyholes under different defocusing amounts can be categorized into
five types: no keyhole formation, collapse of the keyhole root, complete instability of the keyhole,
instability of the keyhole root, and stability of the keyhole. At a defocus of +12 mm, stable keyholes
were observed, and no defects in the welded joints were identified.

Keywords: 7075 aluminum alloy; laser-MIG hybrid welding; porosity; defocusing amount;
keyhole morphology

1. Introduction

Aluminum alloys, with their low melting point, low density, easy processing, high
specific strength, and excellent corrosion resistance, have become the preferred material
for the development of lightweight products. They are widely used in automobiles, rail
transit, aerospace, and other fields. laser-MIG hybrid welding technology combines laser
and arc heat sources, offering advantages such as high welding speed, high efficiency, low
heat input, and minimal workpiece deformation after welding. However, the complex
welding parameters and high sensitivity to welding porosity in aluminum alloy laser-MIG
hybrid welding limit its widespread application. In the 1980s, British scholar M. Teen first
proposed laser-arc hybrid welding technology [1]. Since then, as an emerging material
joining technology, it has been widely utilized in high-end manufacturing industries such
as automobiles, aircraft, and rail transit due to its advantages of high welding adaptability
and efficiency [2—4]. laser-MIG hybrid welding integrates laser welding and MIG welding,
with the two heat sources superimposed and mutually influencing each other, resulting
in a complex coupling effect. This approach not only leverages the advantages of both
laser welding and MIG welding but also effectively compensates for their respective
shortcomings. Reputable researchers all over the world have conducted extensive studies
on laser-MIG hybrid welding technology since its inception. P. Leo et al. [5] investigated
the impact of the proportions of laser and arc heat sources on the microstructural properties
of laser-MIG-welded aluminum alloy joints. The findings indicate that the ratio of the
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laser heat source to the arc heat source significantly influences the macroscopic formation
of welds, grain size, porosity, and magnesium burning loss in joints. In addition, it was
found [6] that post-welding heat treatment can reduce the segregation of the element Mg,
and the microhardness and tensile strength of the fusion zone can be increased when the
heat treatment temperature is 350 °C. Aluminum alloys have physical properties such as high
reflectivity and large linear expansion coefficients, which have a great impact on the formation
of welds, the generation of welding defects, and the mechanical properties of joints [7,8].

Porosity is the predominant welding defect in laser-MIG hybrid welding of aluminum
alloys and represents a critical challenge in the welding process. Its presence leads to
a reduction in the effective cross-sectional area of welded joints, induces stress concentra-
tion, and has an impact on the mechanical properties and service performance of welded
joints [9]. The formation of porosity is mainly affected by three factors: the solidification
rate of liquid metal in the molten pool, the presence of hydrogen, and the stability of the
keyhole. Domestic and foreign scholars have classified aluminum alloy welding porosity
into “metallurgical” and “process” porosity [10]. The main reason for the formation of
“metallurgical” porosity is that during the solidification process of hydrogen in the molten
pool, its solubility decreases sharply with the decrease in temperature, forming pores with
sizes of 50-200 um, also known as hydrogen pores. Such pores are spherical, with small
pore size and smooth inner walls, and can be eliminated by cleaning before welding and
adjusting the protective atmosphere [11].

The main reason for “process” porosity is the instability of the keyhole during the
welding process, also known as “keyhole” porosity. The shape of such pores is irregular, the
apertures are large, and the inner walls are rough, which seriously affects the mechanical
properties of the joint [12-14]. Huang et al. [15] conducted laser-MIG hybrid welding of
5083 aluminum alloy with the laser in front and the arc in front, respectively, and studied
the influence of the sequence of laser and arc on the stability of the welding process and
the mechanical properties of the joint. The results showed that the laser-arc hybrid welding
(LAHW) mode had a more diffuse arc and a more stable keyhole, which was conducive to
the escape of bubbles from the molten pool. Compared with the arc-laser hybrid welding
(ALHW) mode, the porosity in the joint was reduced. The mechanical properties of the
welded joints obtained from LAHW were also better, and the tensile strength could reach
90.3% of that of the base material.

Xu Guoxiang et al. [16,17] of Jiangsu University of Science and Technology established
a three-dimensional model that can directly calculate the dynamic behavior of keyholes and
the formation of process porosity after considering many factors such as joint geometric
characteristics, droplet transition, molten pool flow, and heat source mode, and they studied
the formation process of keyhole porosity in laser-MIG hybrid welding of aluminum alloy
material. The results showed that the laser beam dissolved the liquid metal in the molten
pool on the surface of the test plate to form a keyhole, and the stable keyhole could provide
a “channel” for the bubble to escape, which was conducive to the escape of the bubble
from the molten pool. The root of the unstable keyhole was stressed unevenly, the wall of
the keyhole was easy to collapse, and the liquid metal of the molten pool was backfilled,
preventing the escape of bubbles at the bottom of the keyhole. However, the molten pool
created during welding flowed clockwise under the action of the MIG arc’s force, and the
unescaped bubbles at the bottom of the molten pool were carried by the fluid to the rear of
the molten pool to form pores.

Simulation technology must also be based on the actual motion of the keyhole in the
molten pool to establish a correct three-dimensional model. In addition, due to many factors
such as changes in temperature and humidity during welding and the actual power of laser
irradiation on the workpiece surface, the results obtained through simulation technology
also have certain deviations from the actual results [18,19]. To accurately observe the
dynamic behavior of keyholes in the molten pool, Matsunawa and Miyagi et al. [20-22]
of Osaka University successfully obtained dynamic images of keyholes in the molten
pool during laser welding of an aluminum alloy through X-Ray synchrotron radiation
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technology. However, the application of X-Ray synchrotron radiation technology is limited
by its high cost, complex operation, and unclear image acquisition. Researchers from
Hunan University [23-26] designed a “sandwich” welding specimen based on high-speed
camera technology to observe the dynamic behavior of keyholes in the molten pool. The
specimen is composed of 304 stainless steel and GG17 quartz glass. The laser beam welds
the metal along the bonding line, and the dynamic behavior of the keyhole in the welding
process is captured by a high-speed camera through the quartz glass.

Therefore, in order to analyze the porosity suppression mechanism of the laser-MIG
hybrid welding process for an aluminum alloy, a laser-MIG hybrid welding test of 7075 alu-
minum alloy was carried out under different defocus quantities, and the porosity of each
welded joint was calculated. A high-speed camera test system was designed and built, and
the formation position and movement characteristics of keyholes in the molten pool under
different defocusing amounts were captured by the “sandwich” method. The dynamic
behavior of keyholes in the hybrid welding process was analyzed, and the interrelation
between the dynamic behavior of keyholes and stomata in an aluminum alloy during the
laser-MIG hybrid welding process was expounded upon.

2. Experimental Procedure
2.1. Hybrid Welding System

The laser-MIG hybrid welding test equipment used in this paper is shown in Figure 1.
The fiber laser is a YLS-10000-S54 laser produced by IPG Company in the United States
(New York, NY, USA); it is paired with the corresponding water-cooling device to stably
emit a laser with the set power level. The MIG welding machine is the TPS500i-PLUSE
welding machine produced by Fronius Company in Wels, Austria, with the corresponding
wire-feeding mechanism and a special graphite wire-feeding tube for the aluminum alloy,
which can achieve stable MIG welding. An integrated KUKA six-axis robot and three-axis
gantry were used to build the laser-MIG hybrid welding test system, which enables precise
welding of complex welding paths and allows the integrated equipment to control the laser
power, welding current, welding voltage, and welding speed.

Figure 1. Hybrid welding system: (a) fiber laser; (b) Fronius welding machine.

The base material for the test was a 7075-T6 aluminum alloy sheet with a thickness
of 6 mm, and the welding wire was ER5356. The chemical composition of each material
is shown in Table 1. The test employed the butt-welding method, and the test plate
specification was 150 x 100 x 6 mm?.

Table 1. Chemical composition of the 7075 base material and ER5356 welding wire (wt.%).

Element Cu Mn Mg Zn Cr Ti Si Fe Al

7075 1.2~2.0 0.3 21~29 51~6.1 0.18~0.28 0.2 0.4 0.5 Balance
ER5356 0.10 0.4~1.0 4.0~49 0.25 <0.25 0.15 <0.4 0.40  Balance
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Aluminum alloys exposed to the air are prone to an oxidation reaction to produce a
dense oxide film; due to the high melting point of the Al,Os film, the weld will develop
a large oxide inclusion and non-fusion deficiency. In this experiment, the pretreatment
method of mechanical cleaning was adopted. The specific scheme was as follows: First,
the edge of the test plate was machined and cleaned with acetone solution to remove the
oil on the surface of the test plate. Then, the area to be welded was carefully polished
with sandpaper. Finally, the test board was wiped with silk and anhydrous ethanol before
welding to remove dust from the surface of the test board. Welding was performed after
the anhydrous ethanol was completely volatilized.

A schematic diagram of laser-MIG hybrid welding is shown in Figure 2. In this process,
the keyhole shape is greatly affected by the amount of laser defocus. Therefore, the fixed
laser power (P) was set to 3.2 kW, the welding speed (v) was 17 mm/s, the welding current ()
was 120 A, and the distance between the laser and the arc (Dy 4) was 2 mm. The keyhole shape
during the welding process was studied by changing the defocusing amount (Af).

Control
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Figure 2. Schematic diagram of laser-MIG hybrid welding. (a) Welding system diagram; (b) Welding
schematic diagram.

2.2. High-Speed Camera System

To observe the change in keyholes” dynamic behavior in the laser-MIG hybrid welding
process for an aluminum alloy and study the influence of keyhole shape change on the
porosity in the weld, a high-speed camera test system was established as shown in Figure 3.
The Acuteye high-speed camera system consists of a camera lens, a CoaXPress high-
speed camera, a CoaXPress coaxial cable, PC memory, and a laser-assisted background
light source. Because high-speed photography can only capture the opening and closing
behavior of the keyhole in the molten pool formed on the workpiece surface in the welding
process, the dynamic change in the keyhole’s shape inside the weld is unknown, and so
this approach provides very limited information on the dynamic behavior of the keyhole
and the relationship between the keyhole and the porosity of the weld. Therefore, a new
“sandwich” method developed by scholars from Hunan University was selected to observe
the dynamic changes in the complete shape of keyholes in the welding process with high-
speed camera equipment. The so-called “sandwich” method is to use a piece of quartz glass
that has a high light transmission rate and can withstand the action of welding heat instead
of the 7075 aluminum alloy base material on one side; the two are closely bonded to form a
“sandwich” structure from the aluminum alloy and glass sheet, and the light transmission
of quartz glass is used to observe the dynamic behavior of the keyhole inside the weld. The
quartz glass selected in this paper is 6 mm thick JGS1, and its physical properties are shown
in Table 2. Two-thirds of the laser beam focus was preset on the 7075-aluminum alloy test
plate, and the other 1/3 was preset on the JGS1 quartz glass, as shown in Figure 4.
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Figure 3. Experimental system: (a) system platform; (b) local magnification.
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Figure 4. Diagram of the “sandwich” method. (a) “Sandwich” method for shooting keyholes;
(b) preset position of the laser beam focus point.

Table 2. Physical properties of JGS1 quartz glass.

. Softening Point 1 Elastic Modulus
Type No.  Transmittance €0 RI CLTE (K1) (KN/mm?)
JGS1 92% 1730 1.46 55 x 1077 48

2.3. Detection and Analysis Equipment
The tensile performance of welded joints was tested using an electronic universal
testing machine, as shown in Figure 5a, and the tensile performance test was conducted at
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room temperature in accordance with GB/T228-2002 “Metallic materials—Tensile testing
at ambient temperature” [27]. As shown in Figure 5b, a field emission scanning electron
microscope was used to capture the microstructure of various areas in the welded joint,
observe the distribution and morphological characteristics of the tensile fracture pores, and
determine the types of pores. An XT-3005D X-Ray detector was used for X-Ray detection
of weld seams to observe the internal pore distribution of weld seams. The device uses
AGFA-C7 film and Lucaid G-39P as the developer.

Figure 5. Detection and analysis equipment. (a) Electronic universal testing machine; (b) field
emission scanning electron microscope.

3. Results and Discussion
3.1. Influence of Defocusing Amount on Porosity of Weld

In this paper, a laser power of 3.2 kW, welding speed of 17 mm/s, welding current
of 120 A, distance between laser and arc of 2 mm, and defocus of 0 mm were used as
the process parameters. X-Ray inspection was performed on the weld made with these
parameters, and a large number of pores were found, as shown in Figure 6. To further
observe the pore morphology and identify pore types, a tensile sample was taken on the
weld, and the position of the tensile fracture was in the center of the weld. There were
numerous pores in the fracture, and the porosity was concentrated in the lower part of
the weld. The fracture was observed by scanning electron microscopy, and the porosity
distribution and morphology of the fracture are shown in Figure 7.

As can be seen from Figure 7, the pore inside the laser-MIG hybrid-welded joint of
the aluminum alloy is large in size and irregular in shape; the pores inside are full of folds
and not smooth, and there are traces of liquid metal flow. Therefore, it was determined
that the porosity is process porosity caused by the instability of keyholes formed by laser
beam irradiation in the molten pool. The existence of pore defects will cause the hardness,
tensile strength, and corrosion resistance of welded joints to decrease and will seriously
affect the service performance of welded joints. The porosity defects formed during laser
welding of aluminum alloys have always been an important research topic for domestic
and foreign scholars [28,29].

As a high-energy, high-density, and highly penetrating heat source, the laser produces
a typical keyhole effect during the welding process. Only a stable keyhole can provide an
effective escape channel for bubbles. The pressure from the laser beam irradiation causes
the molten pool of metal to arrange itself into a keyhole shape; the keyhole remains stable
by balancing the force of gravity on the liquid metal with the force of its surface tension.
For the keyhole to maintain a stable state, it must achieve force equilibrium. In laser-MIG
hybrid welding, the addition of the MIG arc facilitates the disruption of stress equilibrium
in the keyhole, leading to keyhole collapse and the formation of process porosity. Through
the literature published by other researchers and our own preliminary tests, we found that
the porosity of aluminum alloy laser-MIG composite welding is affected by the influence of
welding parameters such as laser power, welding current, and defocusing amount. The
main reason for the formation of stomata is the unstable state of keyholes. The change in
defocus will affect the shape and stability of the keyhole in the weld pool and thus affect
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the porosity of the weld. No porosity defect can be found in the weld after welding if the
defocusing amount is adjusted appropriately. Therefore, ensuring the stability of keyholes
is the key to avoiding the formation of process porosity in aluminum alloy laser-MIG
hybrid welding. In this study, the defocusing amount was varied while keeping the laser
power, welding speed, welding current, and distance between laser and arc constant. Nine
sets of laser-MIG hybrid welding tests were conducted on 7075 aluminum alloy butt plates
with different defocusing amounts to investigate the impact of the defocusing amount on
welding pores. The test process parameters for the influence of the defocusing amount
on the porosity and keyhole morphology of welding seam are shown in Table 3. After
welding, X-Ray flaw detection was carried out on the weld corresponding to each defocus
quantity, and the distribution of porosity in the weld was observed. After the X-Ray film
photography, the local threshold method was adopted to clearly observe the location of
porosity distribution in the weld and accurately calculate the proportion of porosity in the
weld. After the local threshold method, the film was white as a whole, and the pores were
black. For different defocus quantities, the X-Ray films and their processing results are
shown in Table 4.

Figure 6. X-Ray film.

Figure 7. Porosity distribution and morphology on the fracture surface: (a,b) distribution of pores;
(c,d) morphological characteristics of pores.
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Table 3. The defocusing amount affects the tested technological parameters of porosity and

keyhole morphology.

No. Af (mm) P (kW) v (mm/s) I1(A) D4 (mm)
f-1 +12

-2 +9

£-3 +6

f-4 +3

-5 0 3.2 17 120 2
-6 -3

£-7 —6

-8 -9

-9 —-12

Table 4. Porosity detection results in welds under different defocus conditions.

No Af (mm) X-Ray Film Detection and Processing Results
-1 +12
-2 +9
-3 +6
f-4 +3
. . e
- ¢ L] *
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Table 4. Cont.

No. Af (mm) X-Ray Film Detection and Processing Results

-5 0
-6 -3
-7 —6
- e . .., . .
-8 -9
£-9 —12

Table 4 illustrates that at a defocus of —3 mm, a high density of porosity can be
observed in the weld, with both the number and size reaching their maximum. As the
defocus shifts from —3 mm towards positive values, there is a noticeable decrease in both
the quantity and dimensions of pores within the weld. Notably, at a defocus of +12 mm, no
pores are detected in the weld. During testing, when the defocus value exceeds +12 or falls
below —12, the quality of weld formation is compromised, resulting in the re-emergence
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of pores within the welded joint. This occurs because non-optimal defocus—whether too
large or too small—leads to a reduction in laser energy density, causing the keyhole to lose
its stable state without collapsing and consequently generating a limited number of pores.
To accurately quantify porosity within the weld, this study utilizes software to measure
pore area on the welded plate and subsequently calculates porosity under varying defocus
conditions using Equation (1).

_YSp
n= W 1

In Equation (1), where n represents porosity, Sp denotes the area of a single pore, and
Sw stands for weld area. Due to the presence of both the weld and a portion of the base
material in the X-Ray test negative image, the value of Syy in this study is defined as half of
the area covered by the X-Ray test negative.

The statistical observations on weld porosity under varying defocus conditions are
depicted in Figure 8. At a defocus of —3 mm, the weld exhibits maximum porosity at 5.9%.
Conversely, at a defocus of +12 mm, no discernible porosity is evident in the weld. As the
defocus decreases from —3 mm to —6 mm and then increases to 0 mm, there is a notable
reduction in weld porosity to 60% and 45%, respectively; however, it remains relatively
high. Furthermore, across nine preset groups of different defocus tests, when the defocus is
either —12 mm or +12 mm, resulting in scattered laser beam focus, the porosity in the weld
measures less than 1%.

6+ [—0— Porosity pcrccntagcl

Porosity percentage/%
]
T

Defocusing amount/mm

Figure 8. Influence of defocusing amount on porosity.

3.2. Influence of Defocusing Amount on Keyhole Morphology

The dynamic changes in keyhole morphology in nine groups of “sandwich”-structured
laser-MIG hybrid welds under varying defocusing amounts as listed in Table 3 were
captured using high-speed camera equipment. The keyholes” dynamic behavior was
categorized into five types: no keyhole formation, collapse of the keyhole root, complete
instability of the keyhole, instability of the keyhole root, and stability of the keyhole.

3.2.1. No Keyhole Formed

When the defocus is —3 mm, no discernible keyhole can be observed in the high-speed
camera-captured image, as depicted in Figure 9. Among these images, those taken at
t+ 6 ms, t + 8 ms, and t + 10 ms exhibit slight keyhole formation; however, it is notably
unstable. The keyhole collapses at t + 12 ms and does not provide sufficient support for

bubble release within its brief duration of existence, leading to the detection of numerous
pores in the butt joint.
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Figure 9. No keyhole is formed when the defocusing amount is —3 mm.

3.2.2. Collapse of Keyhole Root

When the defocus is 0 mm, +3 mm, or —6 mm, the dynamic behavior changes of the
keyholes captured by high-speed photography are similar. During the whole welding
process, the root keyhole cannot take shape and is always in a collapsing state, while
the upper keyhole is always in a stable open state; this situation is called collapse of the
keyhole root, as shown in Figure 10. The morphology of the keyhole at a defocus of 0 mm
is depicted in Figure 10a. The laser beam is precisely focused on the surface of the test
plate, resulting in minimal width and depth of the keyhole. When the defocus is increased
to +3 mm, the depth of the keyhole becomes significantly greater, as shown in Figure 10b.
When the defocus is reduced to —6 mm, the width of the keyhole becomes significantly
greater, as shown in Figure 10c. The collapse of the keyhole at its base can serve as an
effective escape pathway for bubbles in the upper region of the molten pool while impeding
the release of bubbles in the lower region, thereby accounting for the elevated porosity in
welds made under these defocusing conditions.

3.2.3. Complete Instability of the Keyhole

When the defocus increased to +6 mm or decreased to —9 mm, the keyhole shape
inside the weld was completely unstable under high-speed photography, as shown in
Figure 11. Complete instability of the keyhole means that the keyhole can hardly maintain
a stable state during the welding process, and with the movement of the laser beam, the
keyhole may completely collapse at any time. When the defocus is +6 mm, as depicted
in Figure 11a, the keyhole begins to collapse at t + 4 ms due to sidewall folding, and by
t + 10 ms, it has fully collapsed. The condensed metal vapor and protective gas rapidly
cool, trapping weld bubbles within the channel and forming a small air mass at the base of
the molten pool. The collapsed keyhole begins to be rebuilt until t + 22 ms, during which
the small air mass at the bottom of the molten pool is driven by the force of the metal
vapor towards the rear of the molten pool to form pores. As shown in Figure 11b, at a
defocus of —9 mm, the keyhole collapse process exhibits complete instability; however,
the resulting keyhole width and depth are greater, rendering the keyhole relatively more
stable. The time of complete keyhole collapse is earlier, ranging from t + 12 ms to t + 16 ms.
This observation suggests that the residence time of the keyhole before collapse decreases
with an increase in the diameter of the spot illuminated by the laser beam on the test plate
surface. Furthermore, it elucidates that the porosity in the weld is lower at a defocus of
—9 mm than at —6 mm, as illustrated in Figure 8.
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Figure 10. Collapse of the keyhole root. (a) The defocus is 0 mm. (b) The defocus is +3 mm. (c) The
defocus is —6 mm.
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Figure 11. Complete instability of the keyhole. (a) The defocus is +6 mm. (b) The defocus is —9 mm.

3.2.4. Instability of the Keyhole Root

With a further increase or decrease in defocus, when the defocus is +9 mm or —12 mm,
the keyhole morphology is unstable at the root, as shown in Figure 12. In contrast to
complete instability of the keyhole, the upper part of the keyhole with the root instability
remains in a stable open state; only the lower part of the keyhole collapses with the
movement of the laser beam. In contrast to collapse of the keyhole root, the lower part of
the unstable keyhole is no longer closed, thus providing a channel for the escape of bubbles
at the bottom of the molten pool. Keyholes with root instability neck in the middle, the
volumes of trapped metal vapor and protective gas decrease, and the size of the air mass
formed at the bottom of the molten pool decreases. With the reconstruction of the keyhole,
the number and size of air masses formed by the violent rushing of metal vapor to the
rear of the molten pool decreased. The number of pores formed in the weld due to the
instability of the keyhole root is small, and the porosity is usually less than 1%.

3.2.5. Stability of the Keyhole

When the defocus is +12 mm, the keyhole is in a stable open state during the entire
welding process, as shown in Figure 13. The stable keyhole can provide an escape channel
for the bubbles, which is conducive to the escape of the bubbles behind the molten pool.
Under this condition, the joint has a good macroscopic shape, and no porosity defects are
detected in the weld.
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Figure 13. Stability of the keyhole when the defocusing amount is +12 mm.

3.3. Mechanism Whereby the Defocusing Quantity Affects Keyhole Shape

Through the above tests, it is found that the change of the keyhole shape in the weld
under different defocusing quantities has a direct effect on the porosity of the weld. During
the process of laser-MIG hybrid welding of aluminum alloys, the formation of process
porosity is a common occurrence. This can be attributed to the high energy, density, and
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penetration of the laser as a heat source, which creates stable keyholes in the molten pool.
These keyholes play a crucial role in providing effective escape channels for bubbles, as
illustrated in Figure 14. From a mechanical point of view, a keyhole comes from the pressure
of the laser beam shining on the molten pool to push the molten pool metal to all four
sides, but the liquid metal tends to close the keyhole under the action of its own weight,
and in order for the keyhole to maintain a stable state, its forces must maintain balance. In
laser-MIG hybrid welding, the addition of the MIG arc makes it easier to break the stress
balance of the keyhole, and the root of the keyhole or the entire keyhole is unstable, leading
to its collapse [30], preventing the escape of bubbles from the molten pool and thus forming
pores in the weld.

e —l

Laser beam ——» Welding direction

ER5356
4/

Weld seam/ 7075 aluminum alloy

Molten pool

/"i(eyhole collapsed

Figure 14. Schematic diagram of the principle of “process porosity” formation.

The main factors affecting the shape of the keyhole are the metal vapor pressure on
the inner wall of the keyhole and the pressure of the liquid metal on the outer wall of the
keyhole under gravity [31]. To maintain the keyhole in a stable open state and provide an
escape channel for bubbles during welding, the metal vapor pressure on the keyhole and
the pressure applied by the liquid molten pool under gravity must be balanced [32]. These
two forces are only related to the thermal action of the complex heat source, i.e., the laser
and the MIG arc, on the molten pool. The thermal action of the keyhole in the molten pool
is modeled and analyzed as follows.

The keyhole is placed in a three-dimensional coordinate system represented by
(r, ¢, z), where r represents the radial coordinate centered on the laser beam, ¢ repre-
sents the azimuth angle, and z represents the axial coordinate. Assuming that there is
no heat loss before the laser beam illuminates the molten pool and that all the energy
of the laser beam acts on the molten pool formed by the MIG arc, the temperature field
distribution in the keyhole of the molten pool formed by laser-MIG hybrid welding can be
expressed by Equation (2) [33].

p/(r.e)

T(r, ) = Tp + Ko(Perr)e=Perreos e )

Zn)\th

In the equation, T} represents the metal melting point, Ay, denotes the thermal con-
ductivity of the material, P/ stands for laser power absorbed per unit depth, Ky refers to
the second class of zero-order Bessel functions, and Pe’ signifies the Peclet number.

The Peclet number is a dimensionless parameter associated with welding speed and
the thermal physical properties of materials; it can be expressed by Equation (3) [33].

(%

P = —
¢ 2K

®)

In the equation, x represents the thermal diffusion coefficient of the material.
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Because the inner wall of the keyhole is subjected to the heat action of metal vapor and
the outer wall is subjected to the heat action of liquid metal, the temperature of the keyhole
wall should be between the metal’s melting point, T}, and the metal’s boiling, point Tg.
Assuming that the temperature of the keyhole wall is raised from the metal melting point
to the metal boiling point, P'("?) in Equation (2) can be expressed as follows:

When the laser beam irradiates to the surface of the molten pool, part of the heat is lost
due to the reflection of the light, and part of the heat is lost due to the refraction of the light;
only the remaining heat will be absorbed by the molten pool. This part of the heat absorbed
by the molten pool can be described by the Fresnel absorption power [34,35], and the Fresnel
absorption power (Qr) of the keyhole wall per unit depth can be expressed by Equation (5).

Qr = I2TWR(§0)£ ©)

dz
In Equation (5), I represents the power density of the laser beam, and R(¢) denotes
the reflectivity of the liquid metal surface in the molten pool to the thermal energy of the
laser beam. If the laser power absorbed by the molten pool per unit depth is equivalent to
the Fresnel power absorbed by the keyhole wall per unit depth, Equations (4) and (5) can
be combined to derive the following:

IrR((p)Z—; = (Tg — TL)AMKO(;W)ePe reosg (6)

In Equation (6), the variable r represents the radius of the keyhole at depth z. When
z = 0, the value of r denotes the focusing radius of the laser beam. Conversely, when r = 0,
the variable z signifies the maximum depth of the keyhole. Since the base material used in
this test is 7075 aluminum alloy and the welding material is ER5356 aluminum alloy, the
parameters representing the thermal physical properties of the materials mentioned above
should be constant. In this test, the laser power, welding speed, and laser incidence angle
did not change, and the welding process parameters in the above tables should also be
constant except for the defocusing amount. By combining all the constants into a single
constant C, Equation (6) can be simplified to the following:

dr Ce"

&~ Ko(r) @

According to Equation (7), if the above conditions remain unchanged, the shape of
the keyhole is only related to the radius r of the spot where the laser beam reaches the
workpiece surface, and the parameter that affects the size of the spot where the laser beam
illuminates the workpiece surface is the defocusing amount. The equation explains that
the change in the defocusing amount is the fundamental reason for the changes in keyhole
shape and porosity in a weld.

4. Conclusions

In this paper, the “sandwich” technique was employed, utilizing quartz glass for lat-
eral observation of the formation position and movement characteristics of the keyhole in
the molten pool. The dynamic behavior of the keyhole under nine different defocusing con-
ditions was captured through high-resolution photography, and an analysis was conducted
on how varying degrees of defocusing influence keyhole morphology. Furthermore, the
porosity of welded joints under varying defocusing levels was quantified and computed to
elucidate the intrinsic relationship between keyholes” dynamic behavior and joint porosity.
The following conclusions were drawn:
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1. The keyhole is formed in the liquid molten pool formed by the laser beam, and
the stability of the keyhole directly affects the porosity of the weld. A stable keyhole can
provide a “channel” for bubbles to escape, which is conducive to the escape of bubbles
from the molten pool. The side wall of an unstable keyhole is stressed unevenly; the root
of the keyhole or even the whole keyhole is prone to collapse, and the liquid metal of the
molten pool is backfilled, preventing the escape of bubbles from the bottom of the keyhole.

2. With an increase in the positive or negative defocusing amount, the dynamic
behavior of the keyhole in the molten pool changes, and the porosity of the weld decreases.
When the defocus is —3 mm, no keyhole is formed in the molten pool, and the porosity of
the weld is the highest, at 5.9%. When the defocus is 0 mm, +3 mm, or —6 mm, the keyhole
root collapses. When the defocus is +6 mm or —9 mm, the keyhole is completely unstable.
When the defocus is +9 mm or —12 mm, the keyhole root is unstable. When the defocus is
+12 mm, the keyhole is in a stable open state, and the porosity of the weld is 0%.
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Abstract: The tailored thermal heat-treatment process for Ti-6Al-4V alloy manufactured by laser—
arc hybrid additive manufacturing can achieve desired microstructures and excellent mechanical
properties for components. The effects of different heat treatment regimens on the microstructure and
mechanical properties of Ti-6Al-4V alloy manufactured by laser—arc hybrid additive manufacturing
are investigated in this study. Utilizing optical microscopy and scanning electron microscopy, we
analyze the variations in microstructure with changes in heat-treatment parameters and explore the
reasons for the changes in mechanical properties under different solutions’ treatment temperatures
and cooling rates. The microstructure of Ti-6Al-4V alloy fabricated via laser-arc hybrid additive
manufacturing was primarily composed of Widmanstitten « plate structures and a small amount
of acicular martensite «’ within columnar  grains that grew outward from the substrate along the
deposition direction. Following solution treatment and aging heat treatment, the microstructure
transitioned to a typical high-performance net basket structure with significantly reduced « plate
thickness, leading to noticeable enhancements in sample ductility and toughness. Specifically, when
the solution treatment and aging treatment regimen was set at 950 °C for 1 h, followed by air cooling,
and then aging at 540 °C for 6 h with subsequent air cooling, the average grain size decreased by a
factor of two compared to the as-deposited samples, while the impact toughness increased by 66.7%.

Keywords: laser-arc hybrid additive manufacturing; Ti-6Al-4V alloy; heat treatment; microstructure;
mechanical properties

1. Introduction

Ti-6Al-4V alloy, which is known for its excellent performance as a dual-phase titanium
alloy, has found widespread applications in a diverse range of fields, including marine
vessels, aerospace, and biological research [1]. With the rapid development of manufac-
turing industries, traditional forming processes struggle to meet the demand for rapid
one-time shaping of large structural components [2]. Wire arc additive manufacturing
(WAAM) processes provide significant advantages for large component production due to
their efficiency, cost-effectiveness, and flexibility [3]. However, WAAM processes suffer
from issues such as low forming accuracy and poor material utilization. Laser—arc hybrid
additive manufacturing (LAHAM) has garnered considerable attention due to its ability
to improve both forming accuracy and production efficiency [4]. Compared to WAAM,
LAHAM processes exhibit smaller melt pool sizes and lower temperature gradients at
the same scanning speeds, resulting in higher forming accuracy and substantial potential
applications [5]

Coatings 2024, 14, 614. https:/ /doi.org/10.3390/ coatings14050614 37 https://www.mdpi.com/journal/coatings



Coatings 2024, 14, 614

The microstructure of components fabricated using LAHAM is relatively fine, leading
to enhanced mechanical properties [6]. In the welding domain, the coupling effect of laser
and arc has been shown to stabilize arc behavior while improving the microstructural
properties of weld seams. Scholars have begun applying this technique in additive man-
ufacturing. Liu et al. reported that compared to WAAM, LAHAM reduces Zn element
vaporization by 5.8%, refines grain size by approximately twofold, and achieves a more
uniform distribution of related elements. These improvements resulted in an 11.4% in-
crease in ultimate tensile strength and a 29.9% increase in yield strength [7]. Gao et al.
demonstrated that, under the same maximum wall thickness conditions, LAHAM reduces
surface roughness by 34.7% compared to WAAM samples, increases effective wall thickness
by 20%, and exhibits lower anisotropy [8]. Gong et al. observed that increasing the laser
power enhanced the stability of the melt pool during the additive process, but this stability
subsequently decreased. Similarly, the surface accuracy of the melt pool initially improved
but later deteriorated [9].

It should be noted that the rapid solidification and multiple rapid annealing cycles
inherent to the LAHAM process and the microstructure and residual stress distribution
of LAHAM Ti-6Al-4V alloy differ significantly from those of forged or cast Ti-6Al-4V
alloys [10]. However, there is limited research on the microstructural changes that occur in
titanium alloy after additive manufacturing heat treatment [11-15], and our understanding
of the microstructural evolution and mechanical properties of LAHAM Ti-6Al-4V alloy,
particularly after heat treatment, remains limited, which hinders the development and
application of this material. Therefore, this paper primarily investigates the influence of
solution treatment parameters such as solution temperature and cooling methods, on the
microstructure and mechanical properties of LAHAM Ti-6Al-4V alloy.

2. Materials and Experimental Methods

As illustrated in Figure 1, the LAHAM experimental system was utilized to prepare
samples using a LAHAM process. The system comprises an IPG 10kW fiber laser (IPG
Photonics Corporation, Newton, Massachusetts, USA), a KUKA six-axis robotic arm, and
a Fronius TPS500i single-wire welding machine (Wels, Austria). The arc heat source in
this experiment was mainly provided by a TPS500i welding machine manufactured by
Fronius. The diameter of the Ti-6Al-4V metal wire (FuShiTe, Baoji, China) was 1.2 mm.
During additive manufacturing, the arc current was 178 A, the arc voltage was 21.02 V, the
wire feed speed was 6.0 m/min, and the scanning speed was 0.6 m/min. The laser beam
was perpendicular to the scanning direction, the included angle between the MIG welding
gun and the laser head was 45°, the spot size of the laser at a defocus of 0 was 2 mm, and
the distance from the laser to the arc was 2 mm. The experiments were conducted within
a controlled atmosphere chamber filled with argon gas. To ensure precision in sample
formation due to differences in arc ignition and extinguishing phases, a reciprocating
scanning deposition method was employed.

A 12 mm thick Ti-6Al-4V alloy plate was selected as the substrate. Prior to LAHAM
processing, the substrate surface was prepared by grinding off the oxide layer using hard
alloy files, followed by polishing with sandpaper and cleaning with acetone before LAHAM
processing. The LAHAM process parameters were set as follows: laser power, 1500 W, wire
feed rate, 6.0 m/min, scanning speed, 0.6 m/min, and argon gas flow rate, 100 L/min. The
fabricated LAHAM Ti-6Al-4V alloy samples measured 350 mm x 100 mm X 7 mm.

Microscopic observations of the microstructure were conducted using a ZEISS Axio
Observer optical microscope (Oberkochen, Germany), while sample microstructural char-
acterization was performed using a Regulus-8100 scanning electron microscope (ZEISS,
Oberkochen, Germany). Tensile tests were conducted at room temperature using a CMT5205
electronic universal tensile (Jinan Precision Testing Equipment Co. Ltd., Jinan, China) test-
ing at a loading rate of 2 mm/min. Two tensile tests were performed under each test
condition, and the average value of the test results was taken to ensure the accuracy of
the test, while impact tests were carried out using a SANS pendulum impact tester (Jinan,
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China). The impact test specimens were prepared in accordance with the standard method
of the metal Charpy v-notch impact test. The dimensions of the impact test specimens
are shown in the figure. At room temperature, an impact test was performed using a
ZBC-2302-D pendulum impact tester (SANS, Jinan, China). The impact energy of the
pendulum was 150 J. Three impact tests were performed under each test condition, and the
average value of the three tests was taken as the experimental result to ensure the accuracy
of the test results.
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Figure 1. Schematic diagram of LAHAM system.

Additionally, microscopic hardness tests were conducted on thin-walled specimens
that had undergone rough grinding, fine grinding, and fine polishing using a German
KB fully automatic Vickers hardness tester (KB Priiftechnik Gmb, Liigde, Germany). Mi-
croscopic hardness tests were performed at room temperature in the stable region of the
additive specimen’s cross-section in the vertical direction of the additive. The number of
indents for the microscopic hardness test was 50, the spacing between indents was 1 mm,
the applied load was 5 N, and the holding time was 10 s. A schematic diagram showing
the sampling positions for the tensile specimen, impact specimen, and metallographic
specimen are shown in Figure 2. The geometric dimensions of the tensile and impact
specimens are shown in Figure 3.

——— B
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—1 gl 1

Tensile specimen SEM Impact specimen

Figure 2. Schematic diagram of the sampling positions for the tensile specimen, impact specimen,
and metallographic specimen.
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Figure 3. Schematic diagram: (a) tensile test specimen; (b) impact test specimen dimensions.

The heat treatment regimens and parameters employed for the LAHAM Ti-6Al-4V
alloy samples are detailed in Figure 4 and Table 1. During the heat treatment of « + 3
titanium alloy, the size, shape, and distribution of the « phase will affect the 3 phase.
Therefore, the solid solution temperature is generally selected to be within 100 °C below
the 3 phase transition temperature (998 °C % 100 °C). Based on this, for this experiment,
we set the solid solution temperatures to 900 °C, 950 °C, and 1000 °C, and the solid solution
time to 1 h. The solid solution process of 950 °C/1 h with relatively good observation
and performance was selected to study and discuss the differences in the microstructure
and performance of LAHAM Ti-6Al-4V alloy under different cooling methods after “solid
solution + aging”. Aging treatment can release the lattice strain energy generated after
the solid solution, promote the precipitation of the second phase, and decompose the
unstable phase. The selection of aging temperature is generally above 500 °C and below
the 3 phase transition point (1000 °C), which can effectively prevent the appearance of
the w phase. As a transition phase between the « phase and 3 phase, the w phase has
high hardness and brittleness, which will shorten the service life of the workpiece. Based
on this, this experiment selected an aging temperature of 540 °C and a holding time of
6h and finally determined the heat treatment process of solid solution + aging at 900 °C,
950 °C, and 1000 °C. To investigate the effects of solution temperatures on microstructure
and mechanical properties, the samples were subjected to 1 h solution treatment at 900 °C,
950 °C, and 1000 °C, followed by air cooling. Subsequently, they were maintained at a
temperature of 540 °C for 6 h prior to air cooling. To study the influence of the cooling
rate on microstructure and mechanical properties, another set of samples underwent 1 h
solution treatment at 950 °C followed by furnace cooling, air cooling, and water quenching,
These samples were then held at 540 °C for 6 h before air cooling. This experimental design
allowed for the elucidation of the interrelationships between the solution temperature,
cooling rate, microstructure, and mechanical properties.

Table 1. Heat-treatment parameters for LAHAM of Ti-6Al-4V alloy.

Sample Heat Treatments *
1 900 °C/1h, AC+540°C/6h, AC
2 950 °C/1h, AC +540°C/6h, AC
3 1000 °C/1h, AC +540 °C/6 h, AC
4 950 °C/1h, FC + 540 °C/6 h, AC
5 950 °C/1h, WQ +540 °C/6 h, AC

* WQ—Water quenching; FC—furnace cooled; AC—air cooled.
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Figure 4. Heat-treatment regimens for solution treatment and aging treatment of LAHAM Ti-6Al-4V
alloy samples.

3. Results and Discussion
3.1. As-Deposited Microstructures

Figure 5 shows the surface formation of an as-deposited thin-walled wall. Figure 6a
presents the typical macroscopic morphology of LAHAM Ti-6Al-4V alloy, exhibiting con-
tinuous extrusion growth of 3 columnar crystals traversing multiple deposition layers [16].
The average width of the columnar crystals is approximately 350 um, with « lamellae
averaging 2.9 pm in thickness. Due to differing crystal orientations, the macroscopic struc-
ture of the deposited walls presents distinct bright and dark banding features. During the
LAHAM process, significant temperature gradients develop within the melt pool, perpen-
dicular to the scanning direction. Solidification commences at the bottom of the melt pool,
and due to the narrow solidification interval characteristic of Ti-6Al-4V alloy, equiaxed
crystal structures struggle to form within the deposition walls. The microstructure within 3
grains mainly comprises fine Widmanstitten structures, as illustrated in Figure 6b. Bright
layering between deposition layers is observed, and this attributed to the reheating effect
from subsequent deposition layers, resulting in thermal coarsening of « grains within the
heat-affected zone [17].

Figure 5. Surface formation of as-deposited wall.
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Figure 6. Microscopic structure of as-deposited wall: (a) optical microstructure: (b) SEM microstruc-
ture.

3.2. Role of Heat Treatment in Sample

Solution treatment followed by an aging heat treatment strategy is currently the
most commonly used heat treatment strategy for additively manufactured Ti-6Al-4V alloy
structural components. Figure 7 illustrates the growth process of the « phase in LAHAM
Ti-6Al-4V alloy during the solution treatment process. During this process, the a phase
undergoes continuous growth and intersection, causing fragmentation of the primary and
secondary « grain and the formation of a denser basket-weave microstructure. The aspect
ratio of the o phase significantly influences the mechanical properties of titanium alloys.
Complete fragmentation of large primary « grains is crucial for optimizing the mechanical
properties of LAHAM Ti-6Al-4V alloy samples. Smaller « grains result in a more uniform
microstructure distribution, leading to enhanced overall mechanical properties, particularly
in terms of plasticity and toughness.

Figure 7. Schematic diagram of the growth process of the & phase in LAHAM Ti-6Al1-4V alloy under
heat treatment.

Given the similarities in the phases and grain sizes of LAHAM Ti-6Al-4V alloy under
different heat-treatment conditions, this study conducted XRD analysis to characterize the
samples in the 950 °C/1 h, AC + 540 °C/6 h, AC, and as-deposited states. Figure 8 presents
the results of the XRD analysis, revealing significant peak broadening and the presence
of the 3 phase in the LAHAM Ti-6Al-4V alloy samples under the as-deposited state and
the 950 °C/1 h, AC + 540 °C/6 h, AC heat-treatment conditions. In combination with the
microstructure shown in Figure 6b, it is evident that for the as-deposited components, the
quantity and size of the 3 phase can be considered negligible. After solution treatment at
950 °C, a majority of the o martensite in the components decomposes, forming an « + 3
structure. In Figure 8, the 3 peak (110) of the samples under heat-treatment conditions
appears at 20 = 38°, with the § peak under 950 °C/1 h, AC + 540 °C/6 h, AC heat-treatment
conditions, the width of 3 peak under heat-treatment conditions is slightly wider than that
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of 3 phase peak under as-deposited conditions. The presence of the 3 phase in titanium
alloys significantly enhances their plasticity, improving their deformability and ductility.
Therefore, the plasticity of the LAHAM Ti-6Al-4V alloy components under heat-treatment
conditions is notably higher than that of the components in the as-deposited state.
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Figure 8. XRD analysis of LAHAM Ti-6Al-4V alloy under heat-treatment conditions.

3.3. After Heat Treatment Microstructures
3.3.1. Influence of Solution Temperature

Figure 9a—c present the optical microstructures of LAHAM Ti-6Al-4V alloy after 1 h
solution treatment at 900 °C, 950 °C, and 1000 °C, followed by air cooling and 6 h of aging
heat treatment at 540 °C. After solution treatment, the microstructure transitions from
the typical Widmanstétten structure of the as-deposited state to a basket-weave structure,
which consists predominantly of the primary « phase and transformation 3 phase, wherein
the transformation (3 phase primarily comprises the secondary « phase and 3 phase [18].
The SEM micrographs of LAHAM Ti-6Al-4V alloy at different solution temperatures are
illustrated in Figure 10a—c. From Figure 5, it is observed that as the solution treatment
temperature increases from 900 °C, 950 °C to 1000 °C, the thickness of « lamellae increases,
while the aspect ratio decreases.
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Figure 9. Optical microstructure under different solution treatment temperature conditions:
(@) 900 °C/1 h, AC + 540 °C/6 h, AC; (b) 950 °C/1 h, AC + 540 °C/6 h, AC; (¢)1000 °C/1 h,
AC +540°C/6h, AC.
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Figure 10. SEM microstructure under different solution treatment temperature conditions:
(a) 900 °C/1 h, AC + 540 °C/6 h, AC; (b) 950 °C/1 h, AC + 540 °C/6 h, AC; (c) 1000 °C/1 h,
AC +540°C/6h, AC.

At 1000 °C, significant recrystallization occurs within 3 grains, and due to the precipi-
tation of o phase at 3 grain boundaries, the previous 3 grains are no longer continuous.
Additionally, Figure 9c presents the (3 grains; after solution treatment, these transform
from columnar to equiaxed form. Figure 11 presents the distribution of o« lamellar thick-
nesses under different heat treatments. The « lath thickness was quantified using Im-
age ] software (x64), indicating an increase in « lamellar thickness with the rise in the
solution temperature.

0.6 - 900°C/1h,AC+540°C/6h,AC
——— 950°C/1h, AC+540°C/6h,AC

0.5k —— 1000°C/1h,AC+540°C/6h,AC
- 950°C/1h,FC+540°C/6h,AC
—— 950°C/1h, WQ+540°C/6h,AC

Relative Frequency

o lath thickness(pm)

Figure 11. Distribution of alpha lamellar thickness under different heat treatment regimes.

3.3.2. Influence of Cooling Methods

Figure 12a—c display the optical microstructures of LAHAM Ti-6Al-4V alloy after
furnace cooling, air cooling, and water quenching to room temperature following 1 h
solution treatment at 950 °C, then aging at 540 °C for 6 h before air cooling. SEM mi-
crostructures under similar conditions are presented in Figure 13a—c. It is evident from
Figures 11 and 12 that as the cooling rates increase, significant changes occur in the mi-
crostructure. The thickness of the original « lamellae gradually decreases, while the aspect
ratio increases. As depicted in Figure 12a, the slower cooling rate during furnace cooling
allows sufficient time for atomic diffusion, providing favorable conditions for the nucle-
ation, growth, and coalescence of the secondary « phase. Consequently, the grain size
under furnace-cooling conditions is notably larger than that under air and water-quenching
conditions, with partial « lamellae exhibiting spheroidization under slower cooling rates,
as shown in Figure 12b. Under air-cooling conditions, a typical basket-weave structure
is obtained, wherein the high-temperature 3 phase transforms into secondary o phase
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and P phase at an appropriate cooling rate, resulting in reduced o« lamellae width com-
pared to furnace-cooling conditions, with adjacent « lamellae oriented differently and
interlaced, as illustrated in Figure 13b. Under water-quenching conditions, as observed
in Figures 12c and 13c, the « lamellae thickness is significantly smaller than that obtained
under the furnace and air-cooling conditions. Moreover, the presence of acicular martensite
o phase with a large aspect ratio in Figure 12¢ indicates martensitic transformation post-
solution treatment, as the rapid cooling rate prevents sufficient atomic diffusion, resulting
in the generation of martensite &’ phase from high-temperature 3 phase under faster cool-
ing conditions [19]. The reduction in o« lamellae thickness with the increase in the cooling
rate observed in the figures will impact the mechanical properties of the samples.
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Figure 13. SEM microstructure under different cooling rate conditions: (a) FC; (b) AC; (c) WQ.

3.4. Mechanical Properties
3.4.1. As-Deposited Mechanical Properties

The performance of dual-phase titanium alloys is closely related to their chemical
composition, phase chemistry, volume fraction, stability, strength, and microstructure [20].
The lower layers of the LAHAM Ti-6Al-4V alloy in the as-deposited state experience
multiple thermal cycles, resulting in coarser grains and a quenched microstructure. The
average tensile strength is 1100 MPa, the average impact toughness is 15.48 J/cm?, and the
average hardness is 360 + 25.3 HV.

3.4.2. Different Solution Treatment Temperatures

Figure 14 presents the tensile properties of the LAHAM Ti-6Al-4V alloy after it has
been exposed to different solution treatment temperatures. The as-deposited LAHAM
Ti-6Al-4V alloy exhibits higher ultimate tensile strength and lower ductility. Upon solution
treatment, the specimens exhibit improved ductility, with their strength increasing as the
solution treatment temperature rises from 900 °C to 950 °C. However, when the solution
treatment temperature increases from 950 °C to 1000 °C, the strength decreases while the
ductility continues to decline. Previous studies have shown that the aspect ratio of « laths
significantly influences the variations in the tensile strength of Ti-6Al-4V alloys [21]. As
the solution treatment temperature rises to below the {3 transit temperature, the aspect
ratio of « laths decreases. Consequently, as more numerous and smaller secondary «
phases form, the hindrance to crack propagation increases, leading to improvements in the
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tensile strength [22]. However, at 1000 °C, the growth of « phases at 3 grain boundaries
disrupts the continuity of the 3 grain boundaries, reducing their effectiveness in resisting
deformation and resulting in decreased tensile strength and elongation. The plasticity of the
material is limited by crack nucleation resistance and crack propagation resistance. Larger
o laths, which are characteristic of o/ martensite, negatively impact plasticity. Therefore, at
a solution treatment temperature of 950 °C, the specimen exhibits a balanced combination
of tensile strength and elongation.

30
|:| Tensile strength
1400 [ |Elongation
425
1200
@ X
=% =)
z :
£ 1000 | — 420 §
o0 =
= =]
@ o
= =
2] =
800
415
600
10
850 900 950 1000 1050

Solution Temperature/ °C

Figure 14. Tensile properties of LAHAM Ti-6Al1-4V alloy after solution treatment at 900 °C, 950 °C,
and 1000 °C.

In impact experiments, the energy absorbed during sample fracture includes both
crack initiation and propagation energies, reflecting the material’s ability to resist crack
generation and extension [23]. Figure 15 illustrates the impact toughness of LAHAM
Ti-6Al-4V alloy at different solution treatment temperatures, and also represents the energy
absorbed by the specimen at the fracture points. Corresponding SEM images of impact
fracture surfaces are depicted in Figure 16a—c. It is evident that the impact toughness
of LAHAM Ti-6Al-4V alloy significantly improves after the solution treatment. This
improvement is attributed to the transformation of coarse Widmanstatten structures into
interlocking basket-weave structures, where larger orientation differences between adjacent
« grains lead to increased resistance to crack propagation [24]. With increasing solution
treatment temperature, impact toughness initially rises before declining. At 950 °C, the
proliferation of small secondary o phases impedes crack propagation, enhancing impact
toughness. However, at 1000 °C, the significant coarsening of the microstructure leads to
reduced impact toughness.
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Figure 15. Impact toughness of LAHAM Ti-6Al-4V alloy after solution treatment at 900 °C, 950 °C,
and 1000 °C.

Figure 16. SEM morphology of impact fracture surfaces of LAHAM Ti-6Al-4V alloy at different
solution treatment temperatures: (a) 900 °C; (b) 950 °C; (c) 1000 °C.

Figure 17 illustrates the hardness of LAHAM Ti-6Al-4V alloy specimens at different
solution heat treatment temperatures. As the temperature of the solid solution increases,
the hardness of the sample increases and its distribution becomes more uniform. This
is attributed to the predominantly interlocked basket-weave structure of the specimens
after solution treatment, which is more uniform and less quenched compared to that of
the as-deposited Widmanstétten structures. Furthermore, the microhardness of LAHAM
Ti-6Al-4V alloy decreases with the increase in the solution heat treatment temperature. At
950 °C, the complete decomposition of o’ martensite results in reduced hardness, while at
1000 °C, the coarser o laths and increased grain boundary spacing lead to reduced hardness.
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Figure 17. Microhardness measurement: (a) schematic diagram of microhardness position of sample;
(b) microhardness of LAHAM Ti-6Al-4V alloy after solution treatment at 900 °C, 950 °C, and 1000 °C.
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3.4.3. Different Solution Cooling Methods

Figure 18 presents the room temperature tensile properties of LAHAM Ti-6Al-4V
alloy under different cooling rates. It is observed that the ultimate tensile strength of the
specimens increases continuously with cooling rates, while the ductility initially increases
before decreasing. The specimens subjected to air cooling after solution treatment at 950 °C
for 1 h exhibit the best ductility. The grains obtained under furnace-cooling conditions
are the coarsest. Larger grain sizes provide more active slip systems, thereby enhancing
the ductility [25]. However, excessive grain size reduces the material’s ability to deform
coherently, leading to reduced ductility [26]. Consequently, the ductility of the specimens
under furnace-cooling conditions is superior to that of those under water-cooling conditions
but inferior to those under air-cooling conditions. When the grain size is larger, fewer
grain boundaries are present to hinder slip. Thus, larger grains have a detrimental effect
on strength. The presence of martensite in the water-cooled specimens, with numerous
dislocations and twin boundaries, enhances strength but reduces ductility after aging [27].
The o laths in the air-cooled specimens are significantly smaller than those in the furnace-
cooled specimens. A smaller grain size enhances the material’s ability to resist deformation,
resulting in a superior strength—ductility balance in the air-cooled specimens.
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Figure 18. Tensile properties of LAHAM Ti-6Al-4V alloy under FC, AC, and WQ conditions.

Figure 19 presents the impact toughness of LAHAM Ti-6Al-4V alloy subjected to
different cooling methods at room temperature. SEM fracture morphology of specimens
under different cooling rates is presented in Figure 20a—c. As the cooling rate increases, the
impact toughness of the specimens initially increases before decreasing, with the poorest
impact toughness observed under water-cooling conditions. Fractures under water-cooling
conditions exhibit numerous brittle fracture edges and cleavage steps, indicating poor
impact toughness. In contrast, fractures under furnace and air-cooling conditions exhibit
numerous irregular dimples, consistent with better toughness of these specimens. From
a microstructural perspective, it is reported that during fracture, the « phase serves as
the channel for crack generation and propagation in dual-phase titanium alloys, with
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toughness increasing as the average free path length within the « phase [25,28-31]. The
formula for calculating the average free path length within the « phase is provided in
Equation (1). Microstructural analysis reveals that the « lath thickness is minimal under
water-cooling conditions, with a significant presence of «’ martensite, resulting in the
lowest impact toughness. The impact toughness of specimens obtained under furnace-
cooling conditions is higher than those obtained under water-cooling conditions but lower
than those obtained under air-cooling conditions. This is primarily due to the larger grain
size obtained under furnace-cooling conditions, which, according to Equation (1), favors
increased impact toughness due to thicker lamellar layers.
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Figure 19. Impact toughness of LAHAM Ti-6Al-4V alloy under FC, AC, and WQ conditions.

Figure 20. SEM morphology of impact fracture surfaces of LAHAM Ti-6Al-4V alloy under different
cooling rates (a) FC; (b) AC; (c) WQ.

However, a larger grain size also reduces the material’s ability to deform coherently,
resulting in intermediate impact toughness [32]. Under air-cooling conditions, the smaller
size of @ and (3 phases results in their interlocking arrangement, with 3 grain boundaries
hindering crack propagation.

Figure 21 depicts microhardness of LAHAM Ti-6Al-4V alloy after different cooling
rates. It is observed that the hardness increases with faster cooling rates. The grains
obtained under furnace-cooling conditions are coarser, with larger intergranular gaps and
greater grain slip freedom, resulting in lower hardness. In contrast, the grains obtained
under air-cooling conditions are smaller than those under furnace cooling. Conversely, the
microstructure obtained under air-cooling conditions has a smaller grain size compared to
the furnace-cooling conditions, with a higher number of grains per unit volume leading to
reduced sliding freedom and increased hardness. The highest hardness is achieved under
water-quenching conditions due to the martensitic transformation during the solid solution
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water-quenching process. Martensite contains numerous dislocations that strongly pin the
grain boundaries, resulting in the highest hardness being observed in the microstructure
under water-quenching conditions.
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Figure 21. Hardness of LAHAM Ti-6Al-4V alloy under FC, AC, and WQ conditions.

4. Conclusions

This study focused on investigating the microstructural characteristics of LAHAM
Ti-6Al-4V alloy after heat treatment. The effects of solution treatment temperature and
cooling methods on the microstructure and mechanical properties of the LAHAM Ti-6Al-4V
alloy were systematically analyzed.

(1) The microstructural characteristics of LAHAM Ti-6Al-4V alloy consist of columnar
3 grains with an average grain thickness of 300 pm, which grow epitaxially along the
deposition direction. These grains primarily comprise Widmanstatten « laths and a small
amount of acicular martensite «’.

(2) As the solution treatment temperature increases, the thickness of primary « laths
increases, the aspect ratio of « laths decreases, and the volume fraction of secondary o
phases increases. These changes lead to increased strength, decreased ductility, improved
impact toughness, and decreased microhardness of the specimens. However, when the so-
lution treatment temperature reaches 1000 °C, severe coarsening of « laths occurs, resulting
in simultaneous decreases in strength and ductility. The impact fracture at this temperature
exhibits brittle characteristics. The specimens exhibit favorable comprehensive mechanical
properties at a solution treatment temperature of 950 °C.

(3) Upon cooling at a sufficiently slow rate, the high-temperature 3 phase transforms
into the low-temperature o phase. At a moderate cooling rate, the high-temperature 3
phase transforms into plate-like « and 3 phases. With excessively rapid cooling, the high-
temperature 3 phase undergoes a martensitic transformation, generating martensitic o’
phases. As the cooling rate increases, the strength and microhardness of the specimens
continuously increase before decreasing. Under water quench conditions, the impact
fracture exhibits brittle characteristics. The specimens demonstrate optimal mechanical
properties under air-cooling conditions after solution treatment.

(4) During the solution treatment process, o grains grow, intersect with each other, and
undergo significant fragmentation, resulting in a noticeable size reduction. Furthermore,
the 3 phase in the LAHAM Ti-6Al-4V alloy increases significantly after solution treatment
followed by aging, leading to a notable enhancement in the comprehensive mechanical
properties of the samples after heat treatment compared to the components in the as-
deposited state. To achieve optimal comprehensive mechanical properties for LAHAM Ti-
6Al-4V alloy, a heat-treatment scheme of 950 °C/1 h, AC + 540 °C/6 h, AC is recommended.
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Abstract: Improving the high-temperature stress rupture properties of Inconel 718 (IN718) alloys
is crucial for enhancing aircraft engine performance. By using the laser powder bed fusion (LPBF)
technique, IN718 alloys were crafted at varying volumetric energy densities (VED) in this study. The
dendrite growth mode, reinforcing phase distribution and high temperature stress rupture properties
of various VED samples were investigated. The results showed that the stress rupture life and the
uniform elongation of the samples both first increased and then decreased with the increase in VED.
When the VED was 60 J/mm3, the maximum rupture life and elongation of the sample were 43 h and
3.8%, respectively. As the VED increased, the angle of dislocation in the dendrite decreased while the
spacing between primary dendrite arms increased, resulting in an increase in the size and volume
fraction of the Laves phase. Following a heat treatment, the 6 phase would nucleate preferentially
around the dissolved Laves phase causing an increase in the volume fraction of the § phase with
the increase in VED. The creep voids readily formed around the 5 phase are distributed along the
grain boundaries, while the inhomogeneous 6 phase and fine grains facilitated crack initiation and
propagation. Furthermore, a significant quantity of the 5 phase consumed the Nb element, thereby
hindering adequate precipitation in the y” phase and causing cracks.

Keywords: volume energy density; laser powder bed fusion; Inconel 718 alloy; precipitates; stress
rupture properties

1. Introduction

Nickel-based superalloys are gaining popularity owing to their exceptional mechanical
properties at high temperatures [1]. Inconel 718 (IN718) is a nickel-based superalloy which
finds extensive application in the aviation, aerospace, chemical and energy sectors [2,3].
The alloy exhibits exceptional mechanical properties up to 650 °C, making it well-suited
for producing sophisticated components with a high worth and effectiveness, including
combustion chamber casings, compressor disks, and turbines [4-6]. Incorporating struc-
tural and functional elements into complex components is becoming a crucial means of
enhancing performance and innovation for aero-engines and gas turbines [7,8]. However,
traditional material processing cannot meet the requirements of integrating lightweight and
complex components. Thus, there is a pressing need for a technology that can successfully
fulfil the geometric and mechanical requirements of the products.

The integration of structural and functional properties into complex components has
gradually become an important approach for innovating and enhancing the performance
of aero-engines and gas turbines. However, traditional material processing cannot meet
the requirements of integrating lightweight and complex components. Thus, it is imper-
ative to develop a technology that can fulfil the geometric and mechanical specifications
of products.
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Laser powder bed fusion (LPBF) was developed from the basic principle of prototype
manufacturing technology. A three-dimensional digital model of the part was sliced and
layered with special software, and the high-energy laser beam was used to selectively melt
the metal powder to manufacture 3D solid parts [9-11]. LPBF becomes a key candidate
for manufacturing complex IN718 alloy parts due to its cost-effective and time-saving
processing features [12].

Many authors have studied the effects of process parameters on the mechanical
properties of LPBF IN718 [13-15]. Yang et al. [16] observed that an extension of laser
energy resulted in a decrease in tensile power due to the enlargement of the Laves phase.
Du et al. [17] studied the effects of build direction on the microstructure and tensile sections
of LPBF IN718. It was once found that the fraction of Laves segment and the strength of
samples extended with a growing incline angle in the construct direction. The process
parameters affected the microstructure and mechanical properties of LPBF IN718 alloy
mainly by controlling the Laves phase. However, the Laves phase would be converted to the
5 phase after heat treatment, and the 6 phase has a greater impact on the high-temperature
mechanical properties of the material [18-20].

The presence of the 6 phase has been shown, in multiple studies, to alter the microstruc-
ture and enhance the mechanical properties of the LPBF IN718 alloy. Zhang et al. [21]
studied its high-temperature stress rupture properties and found that samples without an 5
phase at grain boundaries had the best stress rupture properties. Shi et al. [22] demonstrated
that the heat-treated samples were prone to forming creep voids and microcracks around
the 6 phase at the grain boundaries during the creep rupture test, thereby accelerating
the occurrence of fracture behavior. Gao et al. [20] discovered that an appropriate heat
treatment can regulate the morphology and distribution of the 6-phase, leading to an en-
hancement in the high-temperature mechanical properties of the IN718 alloy. Nonetheless,
the latest research has solely examined the impact of different heat treatment methods on
the 6 phase and mechanical characteristics. The effect of different VEDs on the precipi-
tation behavior in the Laves phase, and the effect of the Laves phase in the as-deposited
sample on volume fraction and the distribution of the 4 phase after heat treatment deserve
further investigation.

The study aims to examine how the Laves phase affects precipitation in the & phase in
samples with varying VED and its impact on stress rupture properties. Additionally, the
research aims to establish the relationship between process parameters, precipitates and
high-temperature mechanical properties.

2. Materials and Methods

The experiment was conducted using an EOS M290 machine which was fitted with
a Yb-fiber laser with a maximum capacity of 400 W. The stainless substrate underwent
preheating to reach a temperature of 80 °C. During the printing process, the oxygen
content was kept below 100 ppm, and argon was utilized as a protective gas. The chemical
composition of the gas atomized IN718 powder is shown in Table 1. The particle size of the
IN718 powder ranged from 15 um to 53 um, and the scanning electron microscope (SEM)
images of the powder are shown in Figure 1. The main parameters are shown in Table 2.
The formula for calculating the VED is shown in Equation (1):

P

VED = ——
v-h-t

1)
where P is the power of the laser, v is the scanning speed, & is the distance between the
hatches and ¢ is the thickness of the layer. The scanning strategy was striped, and the layers
were rotated by 67°. The as-deposited samples with different VED were named S1, S2
and S3, respectively. The as-deposited samples were heat treated in accordance with the
industry standard heat treatment for wrought IN718 alloy [23].
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Table 1. The chemical composition of IN718 powder.

Element Ni Cr Nb Mo Al Mn Si C S Fe
Wt% 52.53 20.19 4.85 3.10 0.5 0.055 0.041 0.025 0.001 Bal.
Figure 1. SEM images characterizing particle size in IN718 powder: (a) 1000, (b) 5000 x.
Table 2. The parameters of the LPBF process.
Designation Laser Power (W) Scanning Velocity Hatch Thickness (mm) Volume Energgf Density
(mm/s) (mm) (J/mm?)
S1 210 52.5
S2 240 1000 0.1 0.04 60
S3 300 75

The specific heat treatment was as follows: solution heat treated at 980 °C for 1 h
followed by compressed argon cooling to room temperature and 2-stage ageing: 720 °C for
8 h followed by furnace cooling to 620 °C at a cooling rate of 50 °C/h; then the samples
were held at 620 °C for 8 h before air cooling to room temperature. After heat treatment,
the samples were designated as H-51, H-52 and H-S3, respectively.

The metallographic samples prepared by LPBF were initially ground and subsequently
polished. When grinding, sandpaper is used in this order (120 mesh, 400 mesh, 800 mesh,
1200 mesh, 2000 mesh, 2500 mesh). After we finished polishing, polishing pastes of W5,
W2.5 and W.5 were used for polishing. Afterwards, the polished samples were subjected to
etching in a solution containing (5 g CuCl, + 7 g FeCls + 100 mL HCI + 20 mL HNO;5 + 100
of H,O) for a duration of 20 s. Microstructure investigations were conducted utilizing an
optical microscope (OM) and SEM equipment. The Tecnai G2 F30 S-TWIN (FEI Nano Ports
Co., Ltd., Waltham, MA, USA) transmission electron microscope (TEM) was employed to
identify the distribution of the strengthening phases. TEM samples were prepared using
the focused ion beam (FIB) method, and the thickness of the samples was about 100 nm.
The Image ] software (v1.53) was used to measure strengthening phases size.

Rupture tests were conducted to evaluate the high-temperature mechanical properties
of the IN718 alloy. Test samples for the rupture tests were prepared following the ASTM
E139 standard [24], as shown in Figure 2. The rupture test was conducted at a temperature
of 650 °C and a pressure of 690 MPa on a rupture testing machine RDL100 (Jiangsu Wallong-
Hsin Machinery Engineering Corporation Co., Ltd., Wuxi, China). Three samples were
tested in each set of experiments.
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Figure 2. (a) Samples of LPBF process, (b) Dimensions of stress rupture samples (unit: mm).

3. Results and Discussion
3.1. Microstructure Evolution of LPBF IN718

The microstructure of the as-deposited sample, in the direction of building, is provided
in Figure 3. The microstructure of all samples exhibited a characteristic fish-scale appear-
ance along the X-Z direction, which is represented in Figure 3a—c. The columnar grains
grew mainly due to the heat flow direction during the solidification of the molten pool
being nearly parallel to the deposition direction, and the competitive growth of grains [25].
In as-deposited LPBF IN718 alloy samples, the depth and width of the molten pool in-
creased with greater VED. The length and width of the molten pool were greater for high
power laser samples than for low power ones. A higher laser power resulted in grains that
were prone to epitaxial growth. Overlapping areas could re-melt and re-solidify during the
melting of adjacent tracks or layers due to the high laser power [16,26].

£
2001 molten pool 200um molten peol 200um

Figure 3. OM images on build direction of the as-deposited IN718 samples: (a) S1, (b) S2, (c) S3.

molten-pool

The segregation of elements (Nb, Mo, Ti) in IN718 alloy leads to the formation of a large
number of Laves phases between the molten layers of the alloy [7,27]. The interdendritic
region was particularly susceptible to the formation of the Laves phase, as shown in
Figure 4a—c. The Laves phase typically measured 1-2 um in length, and its chemical
formula was (Ni, Fe, Cr)2(Nb, Mo, Ti) [28]. The Laves phase would dissolve and transform
into the § phase after heat treatment. The microstructures of the samples post heat treatment
are presented in Figure 4d—f. The § phase was visible in both needle-like and short rod-like
shapes. Moreover, the 6 phase generally had a size of 0.5-1 um and a chemical formula
of NizNb in the IN718 alloy [29]. Using Image ] software (v1.53), the volume fraction of
the Laves and 0 phase was determined through statistical analysis (Figure 5). The volume
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fractions of the Laves phase in different VED samples were calculated to be 6.35%, 7.75%
and 9.86%, respectively. After undergoing heat treatment, the respective volume fractions
in the 6 phase in the three samples were 4.74%, 5.54%, and 7.83%, respectively. The volume
fractions of both Laves and 6 phases increased with an increase in VED.

dendritic: . -

/

o H
N\

Laves pl_'iase -

Laves phase

Laves phase

Figure 4. SEM images on build direction of the as-deposited and heat-treated IN718 samples: (a) S1,
(b) S2, (c) S3, (d) H-S1, (e) H-S2, (f) H-S3.

»
o
>
@

< .
s [ as-fabricated -
o~
§ 105} [l heat-treated hios™
P B
o ©
@ 90} {o0 §
> 7.83 10
3 s
o 75} {75 6
° c
£ S
-
L 6.0 160 ©
4 ©
— “—
o 2
[}
E 3
= o
o >
>

52

5 60 75
VED (J/mmd)
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To compare element distribution and precipitate morphologies in the as-deposited
and heat-treated samples, we selected S2 and H-S2 for TEM observation. High-angle
annular dark field (HAADF) TEM micrographs for the Laves and o phases appear in
Figure 6a,c, respectively. High-density entangled dislocations were found in the intergranu-
lar boundaries and matrix regions of S2, in addition to precipitates. The distribution of the
main elements can be observed in Figure 6b,d using X-ray energy dispersive spectroscope
(XEDS) elemental mapping from the white dotted square. Continual segregation of Nb,
Mo and Ti and numerous precipitates along the cellular boundary were observed in the as-
deposited sample. However, in H-S2, partial dissolution of the Nb, Mo, and Ti segregation
occurred after solution treatment, and the v’ /" phases were precipitated during the aging
stage. The entangled dislocations of high density vanished, resulting in a more uniform
microstructure.

. T
(@)

<

- jLaves phase

Figure 6. HAADF STEM micrographs and XEDS elemental mapping from the white square:
(a,b) as-deposited sample, (c,d) heat-treated sample.

3.2. Stress Rupture Properties of LPBF IN718

The stress rupture characteristics of the three sample groups following heat treatment
at high temperatures are depicted in Figure 7. The average rupture life of the three
samples were 19.5 h, 43.0 h and 32.1 h, respectively. The three samples displayed similar,
unsatisfactory elongation rates of only 2.3%, 3.8% and 2.8%, respectively. The average
rupture life and elongation of the three samples initially rose before decreasing alongside
the increment of VED.
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Figure 7. Stress rupture properties of IN 718 at different VEDs.

The fracture surfaces of three samples, as depicted in Figure 8, exhibited intergranular
fracture. The mode of fracture was primarily brittle, and the fracture surface was plain,
with small and shallow dimples observed in all three samples. As a result, the elongation
of the three samples was limited. Micro-voids developed at the interface between the
strengthening phase particles and the matrix, facilitating the generation of dimples.

dimples 7
a dimples

1
cracks

a7

voids

Figure 8. Fractured surface of the samples after creep: (a) H-S1, (b) H-S2, (c) H-S3.

3.3. Analysis of Precipitates in Samples with Different VEDs

To better depict the progression of the Laves phases in the three sample types, the
Image J software (v1.53) was employed to tally the lengths, widths and aspect ratios of
the Laves phases. Figure 9 demonstrated the statistical findings, whereby the size of
the Laves phase grew with increasing VED. The length increased at a slower rate than
the average width of the Laves phase, resulting in the aspect ratio of the Laves phase
being the smallest in S3 (Figure 9d). The formation of the Laves phase occurred within the
interdendritic region during solidification. The morphologies and distributions of the phase
were determined primarily by the behavior of dendrite growth [30]. The conventional
model for columnar dendrite grain growth suggests that dendrite orientation primarily
depends on undercooling differences [31]. For the IN718 alloy, this direction was along
its <001> crystallographic orientation, which formed the smallest angle with the local
temperature gradient. Each dendrite arm had a misalignment angle 6 relative to the
temperature gradient (—45° < 0 < 45° for the 2-D case), as presented in Figure 10a. The
Vg denoted the growth rate of the dendrite arm and was calculated by dividing VL (the
velocity of the liquidus isotherm) by the cosine of 6. The cooling rate of molten materials
was negatively correlated with the VED, thus a decreasing trend for the misalignment angle
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0 was shown in 51-53. In addition, Equation (2) [32] was commonly used to determine the
primary dendrite arm spacing (PDAS, measured in mm).

PDAS = 80¢ 03 (2)

where PDAS is the primary dendrite arm spacing of laves phase. ¢ is cooling rate of molten
pool. From the formula, it can be found that PDAS was inversely proportional to the cooling
rate (¢, K/s). As the VED increased, the samples exhibited a larger PDAS and a smaller
misalignment angle 6, as shown in Figure 10b. A small PDAS and a large misalignment
angle 0 easily caused a dense distribution in the Laves phase, as shown in Figure 10c. In
contrast, the slower cooling rate at a high VED allowed enough time for Nb, Mo and Ti
atoms to diffuse into the interdimer region. This led to the enrichment of abundant atomic
groups which served as nucleation sites for the Laves phase. Therefore, more Laves phases
were formed at higher VED samples, as shown in Figures 5 and 9.
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Figure 9. The statistical findings regarding Laves phases in the varied VED samples. (a) L (Length),
(b) W (width), (c) aspect ratio, (d) the average length, width and aspect ratio of Laves phases, (e) the
schematic parameter diagram of Laves phase.

The gradual dissolution of the Laves phase consists of three main stages: Laves phase
decomposition, solute atom transfer to the y matrix through boundary and solute atom
diffusion [33]. At the beginning of the Laves phase dissolution, three-dimensional diffusion
predominantly controlled the process. During the later stage of the dissolution of the Laves
phase, the interfacial reaction prevails due to the chemical potential gradient at the interface
and the decrease in concentration difference between the Laves phase and the y matrix,
as specified in reference [34]. The  phase was mainly nucleated at the early stage of heat
treatment, so the three-dimensional diffusion mechanism also affected nucleation in the &
phase. The role of Nb in three-dimensional diffusion was significant, and its distribution
and diffusion had a considerable impact on the size, morphology and distribution of the
5 phase. However, heat treatment of the solution at 980 °C was insufficient to achieve
the complete diffusion of Nb. Atoms close to the dissolved Laves phase form diffusion
migration first. Therefore, 6 phases preferentially produce critical nuclei around the Laves
phase [35]. The presence of the Laves phase in the solid solution affected the size and
distribution of 6 phase in heat treated samples. The contents of Laves phase and 6 phase
increased with the increase in VED.
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Figure 10. Solidification of columnar dendrites under different VEDs: (a) schematic diagram of the
competitive grain growth model; (b) the relationship between VED and PDAS and misalignment
angle 0; (c) schematic of solute redistribution under different VED.

3.4. The Influence of Precipitates on Stress Rupture Properties

The longitudinal sections in the rupture fractures were characterized to explain the
fracture mechanism, as shown in Figure 11a—c. The plastic deformation ability and stress
rupture life of the sample can be indicated by the distribution and length of cracks. The
crack length was noticeably shorter in H-51 than in H-52 and H-S3. Although the crack
distribution in H-S3 was similar to H-S2, the length of cracks was shorter in H-S3 than
in H-S2. The cracks primarily occurred at grain boundaries or at the triple point of grain
boundaries. The crack number density at approximately 3 mm from the fracture surface
of the three sample groups was depicted in Figure 11d. Initially, the samples exhibited a
decrease in their crack density as the VED increased. It was found that the crack density
is inversely proportional to the durability and elongation of the samples in line with the
results of the stress rupture test presented above.

In general, we thought that the long strip of black cracking defects connected together,
as shown in Figure 11, and were called micro cracks. Its span size was generally in the
range of 1-2 um. In the creep process, the circular defects that were not connected with the
other crack defects were called creep voids. Their sizes were mostly less than 1 um. Some
creep voids would grow up due to tensile stress, as shown in Figure 12b.
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Figure 11. The longitudinal sections of the rupture fractures: (a) H-S1, (b) H-S2, () H-S3, (d) crack
densities of three samples.
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Figure 12. The LPBF IN718 sample after creep: (a) H-S1, (b) H-S2, and (c) H-S3, (d) sketch of the
creep void and micro-crack formation during creep.
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The samples with different VED had an 6 phase with different morphologies and sizes
after heat treatment. The stress rupture properties were significantly affected by the volume
fraction, distribution, and morphologies of the 6 phase. As can be seen from Figure 12,
the influence of d-relative durability can be divided into three situations: (1) the 6 phase
acted as the source of the crack, (2) the crack propagated along the accumulated 4 phase,
(3) the & phase affected the precipitation in the y” phase, causing cracks. In this investiga-
tion, the ratio of the creep temperature (T) to the melting point (T,) of the IN718 alloy was
roughly 0.5. Creep voids had the ability to form and develop at grain boundaries when
the T/Tm ratio ranged from 0.3 to 0.6 [19]. Creep voids were found surrounding the 5
phase, which was distributed along the grain boundaries, as illustrated in Figure 12a—c.
The growth, connection and coalescence of these creep voids resulted in the development
of microcracks along the grain boundaries. Furthermore, crack extension could occur at the
junction of different grain boundaries due to a disordered atomic arrangement, as shown
in Figure 12d.

The S1 had the smallest grain size, and due to the fine-grained material’s large grain
boundary area per unit volume, there was potential for the nucleation and growth of creep
voids at the grain boundaries. The flatter grain boundaries in fine-grained materials made
it easier for cracks to propagate. In summary, the H-S1 exhibited the worst stress rupture
properties. The uniformly distributed 6 phase and suitable grain size in the H-S52 enable it
to exhibit optimal stress rupture properties. Groups of 4 phases that were aligned parallel
to the creep tensile axis were observed in H-S3. These types of 6 phases showed minimal
impact on the stress rupture properties. However, the 6 phase consumed a large amount
of the Nb element, so that the v” phase could not be sufficiently precipitated in H-S3.
Therefore, cracks tended to initiate around a large number of 6 phases in the region.

4. Conclusions

In this study, the microstructure evolution and high temperature stress rupture prop-
erties of IN718 alloy prepared by LPBF under different VED were analyzed. The following
conclusions can be drawn:

1. The existence of the Laves phase in the IN718 alloy was related to the solidification
conditions during LPBF process. With an increase in VED, the size and content of
Laves phase increased proportionally.

2. After heat treatment, the Laves phase dissolved, resulting in the preferential nucle-
ation of the § phase in the region where the Laves phase had dissolved in the form of
short rods. The volume fraction of 6 phase also increased with the increase in VED.

3. Creep voids were easily formed around the 6 phase and were distributed along the
grain boundary. The inhomogeneous 6 phase and fine grains were beneficial to the
initiation and propagation of cracks.

4. The & phase group parallel to the creep tensile axis has little effect on the stress rupture
properties. Cracks were more likely to initiate in regions lacking a y” phase.
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Abstract: In this study, an alternating magnetic field is applied in the narrow-gap laser-MIG hybrid
welding of 2205 duplex stainless steel with a thickness of 25 mm to achieve the purpose of balancing
the ration of the two phases, refining the grains and improving the corrosion resistance. With the
help of OM, EBSD, TEM, and other microstructural analysis methods, the organization evolution of a
2205 duplex stainless steel narrow-gap laser arc hybrid weld under the effect of alternating magnetic
field is revealed. The corrosion resistance of the welded joints is investigated by electrochemical tests.
The results show that the use of a 40 mT applied alternating magnetic field can not only effectively
inhibit the generation of porosity and unfused defects in the weld, but also that the addition of an
alternating magnetic field improves the ratio of austenite to ferrite in the weld, and the ratio of the
two phases is increased from 0.657 without a magnetic field to 0.850. The weld grain preferential
orientation is affected by the magnetic field, and the weld austenite grains are shifted from the Goss
texture to the Copper texture. Under the electromagnetic stirring effect of the applied magnetic field,
the average austenite grain size decreased from 4.15 um to 3.82 um, and the average ferrite grain size
decreased from 4.99 um to 4.08 um. In addition, the effect of the alternating magnetic field increases
the density of twins in the organization. Electrochemical test results show that the addition of an
alternating magnetic field increases the corrosion potential by 75.2 mV and the pitting potential by
134.5 mV, which indicates that the corrosion resistance of the cover-welded specimens is improved by
the effect of an alternating magnetic field. The improvement in corrosion resistance mainly depends

on the austenite grain refinement and the increase in the austenite content.

Keywords: duplex stainless steel; alternating magnetic field; laser-MIG hybrid welding; microstructure

evolution; corrosion

1. Introduction

Duplex stainless steel fully combines the advantages of austenitic and ferritic stainless
steels due to the similar ratio of austenitic (y) phase and ferrite () in its microstructure [1,2].
As an iron-based alloy with both austenitic and ferritic organizations, it has both excellent
mechanical properties and corrosion resistance. Therefore, it is widely used in production
conditions such as oil storage and transportation, natural gas plants, and desalination
plants [3,4]. Fusion welding is one of the commonly used traditional welding processes.
However, due to the high heat input and fast cooling rate of the welding process, two-phase
organization imbalance and joint property deterioration are prone to occur after the welding
of duplex stainless steel [5,6]. High-energy density welding processes, such as narrow-gap
laser-MIG hybrid welding, have received widespread attention due to the advantages of a
small bevel size, less filler metal, a high welding efficiency, etc [7,8].
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However, during the solidification process of the weld pool in narrow-gap laser-
MIG hybrid welding, the laser energy mainly gathers at the bottom of the weld, and
defects such as porosity and unfused welds often appear in the weld [9,10]. Therefore, it
is necessary to adopt a practical and effective welding method to inhibit the generation
of defects. Wang et al. [11] utilize a magnetic field to rotate the arc within a narrow-gap
bevel, avoiding unfused defects through changes in energy distribution. Similarly, the
magnetic field-assisted welding method also has an obvious inhibiting effect on porosity
defects [12-15]. According to previous studies, the addition of a magnetic field to optimize
the molten pool fluidity during the welding process is considered to be an effective way to
improve the quality of welded joints [16-18]. Fu et al. [19] used laser arc hybrid welding
of an 532101 duplex stainless steel plate under the magnetic field generated by Nd-Fe-B
permanent magnets. The welding process is analyzed by high-speed imaging and spectral
analysis. The results show that not only can the plasma temperature be increased under
the effect of the magnetic field, but also that the melt pool flow is more uniform under
a certain magnetic field strength. Applying the magnetic field assistance in the welding
process and utilizing the electromagnetic stirring (EMS) effect generated by the magnetic
field can achieve the purpose of refining the grain [20,21] and balancing the ratio of the two
phases [22-24]. Zhu et al. [25] applied a perpendicular magnetic field in 316 L narrow-gap
laser-MIG hybrid welding. The magnetic field ampere force was utilized to change the
convection flow in the molten pool, causing the ferrite to remelt by dendrite fracture. In
addition, the corrosion resistance of the metal is also very important [26]. Magnetic fields
are used in the fusion welding of duplex stainless steel to improve the resistance to localized
corrosion by using a low-intensity magnetic field assist [27]. Zhong et al. [28] utilized a
novel in-situ transverse magnetic field acting on a cold metal transfer in a directional
energy deposition arc of 316 L stainless steel. Under the action of the magnetic field, the Cr
and Ni metal oxides in the passivation film increased significantly, and the stability of the
passivation film was improved.

The addition of a magnetic field changes the distribution of the weld heat source, which
affects the organization and properties [29]. Studies related to alternating magnetic fields are
rare, and the use of magnetic field effects to improve organization and properties is valuable.
In this study, 25 mm thick 2205 duplex stainless steel is selected as the base material, and
an alternating magnetic field parallel to the weld is applied to narrow-gap laser-MIG hybrid
welding. The effects of the alternating magnetic field on the two-phase equilibrium of the weld
tissue, the distribution of the texture, the grain orientation, and the grain size are discussed via
OM, EBSD, and TEM [30]. To elucidate the mechanism of the tissue structure transformation
under the effect of alternating magnetic fields [31], we analyze the effect of an alternating
magnetic field on the corrosion resistance of 2205 duplex stainless steel welded joints with
narrow-gap laser arc hybrid welding through electrochemical tests. The effect of the alternating
magnetic field on the organization characteristics and corrosion resistance of laser-MIG hybrid
welded joints of duplex stainless steel is illustrated according to the test results. The roadmap
for the paper is shown in Figure 1.

Effect of alternating magnetic field on the organization and
cotrosion resistance of 2205 duplex stainless steel narrow gap
laser-MIG hybrid weld head

2205 Duplex stainless steel narrow
gap laser-MIG hybrid welding
[

Magnetic Field Assisted Narrow Gap Laser-MIG hybrid
Welding of 2205 Duplex Stainless Steel
J

|

Corrosion Resistance of
Covered Welded specimens

Macroscopic shape of
joint

Microstructure and
morphology of joints

Ratio of the two
phases

Grain otientation Grain

distribution density

size

4( Effect of magnetic field on microstructure I
Figure 1. The roadmap for the paper.
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2. Experimental Procedure
2.1. Base Material and Welding Procedure

In this study, a 25 mm thick 2205 duplex stainless steel plate is used as the base material,
and the filler wire is selected as an ER2209 stainless steel solid wire with a diameter of 1.2
mm. The chemical composition of DS52205 and ER2209 is shown in Table 1.

Table 1. Main chemical composition of DSS2205 and ER2209 (wt.%).

Material C S P Ni Cr Mo N Mn Si Fe
2205 0.024 0.001 0.023 5.68 22.39 3.13 0.17 1.38 0.39 Bal.
ER2209 0.019 0.0008 0.016 9.41 22.59 3.1 0.16 1.66 0.17 Bal.

In this study, the welding system consists of a YLS-6000 fiber laser generator (wave-
length 1065-1080 nm), a Kuka robot, and a Fronius TPS500i PLUSE-type intelligent arc
welding power system (Fronius welding Tech., Ltd., Zhuhai, China). Multi-position weld-
ing can be realized by a KUKA 6-axis robot. A fiber optic transmission system delivers
the laser to the laser head and the welding is carried out using a KUKA industrial robot
equipped with a laser head, wire feed mechanism, and protective gas unit. The alternat-
ing magnetic field generating equipment is an 8080 magnetic field controller from Jetline
Engineering (Irvine, CA, USA) with a 4604 head. The alternating magnetic field assisted
25 mm thick 2205 duplex stainless steel narrow-gap laser-MIG hybrid welding equipment
and groove size schematic are shown in Figure 2.

| (b) MIG torch  Laser beam

N I
%

=

N Baggn?

SRt

Base metal | | A =
Weldlng direction ._“’: Base metal «—k

Welding direction

Figure 2. Schematic representation of the test setup and welding process: (a) Alternating magnetic
field assisted narrow-gap laser arc hybrid welding test platform; (b) Schematic diagram of the test
process and groove dimensions.

The size of the magnetic field strength and frequency can be changed by adjusting
the magnetic field frequency and magnetic field amplitude knobs on the magnetic field
controller, and by acting on the arc through the magnetic head, the regulation of the
transition of the molten droplet and the flow of the molten pool can be realized. In the
welding process, the magnetic field equipment can provide the highest alternating magnetic
field frequency of 50 Hz, and the maximum alternating magnetic induction strength of
60 mT. The laser-MIG hybrid welding parameters are shown in Table 2. A magnetic field
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strength of 40 mT is chosen, which is measured by means of a Gauss meter. The magnetic
field frequency is 15 Hz.

Table 2. Welding parameters of 25 mm DSS narrow-gap laser arc hybrid welding.

No P (kW) I1(A) V (m/min) Af (mm) Dy A (mm) B (mT) f (Hz)
1 2.3 220
2 2.0 220
3~4 2.0 240 0.8 +5 2 40 15
5~6 2.0 260
7 1.7 240

2.2. Microstructure Characterization

In this paper, the macroscopic morphology and microstructure of the welds are ob-
served and analyzed by a 3D macroscope and metallurgical microscope, and Image Pro
6.0 image processing software is applied to statistically calculate the ratio of ferrite and
austenite phases in different regions. The specimens are corroded with Beraha’s reagent
(0.5 g K»5,05 + 20 mL HCl + 80 mL of deionized water) after abrasive polishing and the
duration of the corrosion is 5 to 10 s. The EBSD specimens are coarsely polished and then
finely polished with a 50 nm SiO, suspension until there are no scratches under a 500
microscope, and vibratory polishing is used to remove the small amount of deformation
and residual stresses left behind by the mechanical polishing. A Merlin Compact scanning
electron microscope (Carl ZEISS Microscopy GmbH, Oberkochen, Germany) is used for the
EBSD test with a test scan step of 1 um, and the characteristics of the specimens’ texture
and grain orientation are comparatively analyzed by using Channel 5 software with and
without the effect of an alternating magnetic field. A JEM-2100F field emission transmis-
sion electron microscope (TEM, JEOL, Tokyo, Japan) is used to analyze the two-phase
deformation mechanism and interface morphology within the weld.

2.3. Corrosion Testing

Electrochemical tests are conducted using a three-electrode system, and the CS-2350H
electrochemical workstation is used for electrochemical testing. A weld specimen of size
10 x 10 x 5 mm is prepared, and the copper conductor is fixed with the specimen using
double-sided conductive copper foil tape and cold set with epoxy resin and then polished.
The corrosion medium is artificial seawater (26.5 g/L NaCl, 24 g/L MgCl,, 0.73 g/L KCl,
3.3 g/L MgSQOy, 0.2 g/L NaHCO3, 1.1 g/L CaCl, and 0.28 g/L NaBr.). Before testing,
to ensure the stability of the specimens in the medium, the specimens are placed in a
simulated seawater medium for 0.5 h to ensure that there are no abnormal fluctuations in
the open-circuit potential. The dynamic potential scanning range is —0.2 V~1.5'V, the rate
is 0.333 mV /s, and the test temperature is 20 °C.

3. Results and Discussion
3.1. Weld Shaping and Microstructure Morphology

The shape of the narrow-gap laser-MIG hybrid weld seam assisted by an alternating
magnetic field is shown in Figure 3. Under the effect of no magnetic field, the weld bead
appears as a biting edge phenomenon, while the weld seam is smooth and beautiful
in the case of an assisted magnetic field. Referring to the standard NB/T47013, X-ray
nondestructive testing of the weld was performed. There are many pores and unfused
defects inside the weld without a magnetic field. In contrast, there are no obvious defects
inside the weld under a certain intensity and frequency. This is because the addition of
the magnetic field produces an electromagnetic stirring effect on the molten pool, which
increases the molten pool fluidity and is conducive to the overflow of porosity. At the same
time, the magnetic field increases the plasma temperature, which effectively reduces the
generation of unfused defects. This has been pointed out in the study of Cai et al. [32].
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Figure 3. Welded joint forming and macroscopic morphology: (a,a;) without alternating magnetic
field; (b,b1) with alternating magnetic field.

Narrow-gap laser arc hybrid welded joints for thick plates can be divided into four
areas: the cosmetic bead, the filling bead, the overlapping bead, and the heat-affected zone.
The organization and two-phase ratios of the four zones are analyzed. For the selected
specimens, 10 collection locations are randomly selected to ensure that the collection area
would cover most of the microstructure metallograph. The relative content of austenite and
ferrite is measured using Image Pro Plus 6.0 software. The relative contents of austenite
and ferrite are averaged over the 10 acquisition locations as shown in Table 3.

Table 3. Statistical table of two-phase organization score measurements.

Magnetic Field P(l},/a;e CB FB OB HAZ
, ¥ 36,5 401 46.1 35.7
Without AMF 5 635 59.9 53.9 64.3
, v 39.9 434 53.6 402
With AMF 5 60.1 56.6 46.4 59.8

In this paper, for illustrative purposes, the ratio of the relative austenite content to
relative ferrite content is denoted as Y. The closer Y is to 1, the more balanced is the ratio of
the two phases. The microstructure is shown in Figure 4.

cosmetic bead filling bead overlapping bead HAZ

Figure 4. Microstructure and morphology: (a,c,e,g) without alternating magnetic field; (b,d,f h) with
alternating magnetic field.

Figure 4a shows the microstructure of the cosmetic bead without magnetic field
assistance. Under the magnetic field, as in Figure 4b, the two-phase homogeneity is
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improved from 0.575 to 0.664. Higher homogeneity occurs in filler weld passes, as in
Figure 4c,d, which is attributed to the combined effect of the magnetic field and preheating
of the previous weld beads, which retards the solid-state phase transformation. The
continuous nucleation of austenite increases the Y from 0.669 to 0.767 in the organization of
the filling beads under a magnetic field. In multi-layer multi-pass welding, the overlap zone
is affected by in-heating tempering, and there will be secondary austenite (y;) produced,
which is distributed in the y; primary austenite grain boundaries, with y; expanding into
the ferrite grains; v, is finer in size, and the adjacent 'y, shows a twin-crystal organization.

The austenite phase interface is very dense under the effect of an alternating magnetic
field, and the organizational characteristics are dominated by the austenite phase. Figure 4f
shows the organization and morphology under the alternating magnetic field, in which
there is grain boundary austenite with continuous nucleation growth along the ferrite
phase interface. There is densely present parallel lath-like Widmanstatten austenite, and
dense intragranular austenite is also present within the grains. In addition, the stirring
effect of the alternating magnetic field exacerbates the energy changes inside the molten
pool, which promotes the precipitation of fine austenite within the ferrite grains in a non-
diffusive transformation. Calculation of the two-phase homogeneity of austenite/ferrite in
overlapping beads showed a two-phase homogeneity Y of 0.855 without the alternating
magnetic field and Y of 1.160 with the applied magnetic field.

The heat-affected zone is not significantly affected by the magnetic field, but the
homogeneity also increases from 0.555 to 0.672. The average two-phase homogeneity of the
combined four zones improves from 0.663 to 0.816, which is closer to 1.0. This indicates that
the effect of the alternating magnetic field leads to a more balanced ratio of the two phases
after welding. Increased homogeneity of the two phases can improve the strength and
plasticity of duplex stainless steel.

3.2. Distribution of Two-Phase Orientation and Texture in Welds

Figure 5 shows the EBSD phase diagram and the IPF of the cosmetic bead in the
presence or absence of an alternating magnetic field. The IPF in the RD direction reflects
the grain orientation distribution, and the EBSD phase diagram gives the distribution and
content of the austenite and ferrite phases, where ferrite is red and austenite is yellow.

IPF Phase map

without

alternating |

magnetic
field

magnetic
field

Figure 5. EBSD phase maps and IPFs in the RD direction of the cosmetic bead: (a,b) without
alternating magnetic field; (c,d) with alternating magnetic field.

In the absence of an alternating magnetic field, the cosmetic bead is mainly a columnar
crystal. It grows from the fusion line to the center of the weld. The weld organization mainly
exhibits coarse ferrite grains and fine strips of GBA (grain boundary austenite) distributed at
the grain boundaries. as shown in Figure 5a. From the grain boundary to the intracrystalline
growth of the side plate stripes of WA (Widmanstitten austenite) and intracrystalline fine
IGA (intragranular austenite), the overall diffuse distribution, when the ferrite grains
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are mainly oriented to (001)//RD. From the IPF of the weld with an applied alternating
magnetic field in Figure 5¢, it can be found that the weld is still dominated by coarse
columnar crystals growing obliquely toward the center of the weld in general. However,
the shape of the columnar crystals is irregular, and there is a transversely distributed
austenite within the crystals, and the austenite is increased. The grain orientation is
also gradually transformed to (101)//RD, and the grain orientation is (001)//RD and
(101)/ /RD.

Comparison of the phase diagrams with and without the effect of an applied alter-
nating magnetic field reveals that in the absence of a magnetic field, elongated GBA is
distributed on the ferrite matrix and lath-like WA nucleates at the grain boundaries, and
that it grows toward the grain interior. At the same time, IGA precipitates inside the ferrite
as shown in Figure 5b. After the application of an alternating magnetic field, part of the
region of the grain boundary characteristics became less obvious, the alternating magnetic
field in the weld introduced dislocations or twins, which divided the original grain, so
that the large-angle grain boundaries were split into a large number of small-angle grain
boundaries and the ferrite grain was refined. The austenite phase in the weld grows, part
of the austenite phase to the grain growth; there is a tendency to cross the ferrite grain, part
of the austenite derived from the secondary austenite; the formation of the austenite phase
is a feathery flocculent, as shown in Figure 5d.

Figure 6 shows the pole figure and the IPF of the austenite and ferrite {100}, {110}, and
{111} within the weld with and without the action of an alternating magnetic field. The RD
surface is usually chosen as the projection surface for the pole figure, and the pole figure is
obtained by the pole density distribution. The distribution of grain surfaces on the rolling
surface is analyzed by {100}, {110}, and {111} pole figures, and grain orientation is analyzed
using the IPF in the RD direction.

(b)

Figure 6. The pole figure and the IPF of austenite and ferrite. (a) without alternating magnetic field;

(b) with alternating magnetic field.

From Figure 6a, it can be seen that in the absence of a magnetic field, there is a partial
texture in the austenite, mainly with the {110} plane parallel to the rolling plane. The IPF
shows that most of the grains are preferentially oriented in the <001> direction, with a
maximum grain orientation distribution density of 5.88. Some dispersed texture also exists
in the ferrite, and the main texture shows that the {100} plane is parallel to the rolling plane.
The antipodal diagram shows that the preferential orientation of the grains is close to the
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<101> direction, and the maximum grain orientation distribution density is 19.82. The pole
figure and the IPF of the weld after the application of the alternating magnetic field are
shown in Figure 6b, where the austenite weave density of the weld is enhanced under the
action of the alternating magnetic field, and the austenite phase exhibits more selective
orientations, close to <001>, <101> and gradually shifting to <111> in the direction along
the rolling direction. The austenite grains may be shifted from Goss texture to Copper
texture, and the grain orientation distribution density increased to 6.46.

After the application of an alternating magnetic field, there is no significant change in
the main ferrite texture. However, as shown in the IPF, the grain orientation shifted from
<101> to <001>, at which time the grain orientation distribution density increased to 21.60.

3.3. Grain Boundary Orientation Difference and Grain Size of the Weld

According to the difference in the angle of the orientation difference between neigh-
boring grains, grain boundaries can be classified into low angle grain boundaries, LABs
(orientation difference <15°) and high angle grain boundaries, HABs (orientation difference
>15°), of which HAGBs include normal large angle grain boundaries and coincident site
lattice grain boundaries; generally, in austenite often appear [111]/60° of £3 coincident
lattice [33,34], and the orientation relationship of the two CSLs is twinning, so in this paper,
the CSL grain boundaries content will be recognized as X3 twinning boundary content.

Figure 7 shows the distribution of the grain boundary orientation difference between
the two phases of the cosmetic bead with and without the effect of an alternating magnetic
field. Without the effect of alternating magnetic fields, the ferrite phase contains 39.4%
LAGBs, 60.6% HAGBs, and the twinned grain boundary is 1.82%. The austenite phase
contains 52.7% HAGBs and 3.0% twin boundaries, at which time the grain orientation is
easily changed in favor of the Goss texture. After the application of an alternating magnetic
field, the HAGBs in the ferrite phase decrease to 44.7%, and the HAGBs in the austenitic
phase increase. The effect of the alternating magnetic field impacts the dislocation climbing
within the ferrite and reduces the laminar dislocation energy. The action on the austenitic
phase favors the formation of twins, increases the grain boundary transition potential,
and raises the possibility of a grain orientation change. As a result of the analysis of the
contrast pole figure, the austenite grains are transferred from the Goss texture to the Copper
texture. The grain size distribution of the two phases of the weld with and without the
assistance of the alternating magnetic field is shown in Figure 8. The average grain size
of the ferrite phase of the weld without an alternating magnetic field is 4.99 um, and the
average grain size of the austenite phase is 4.15 um. After the application of the alternating
magnetic field, the ferrite phase and the austenite phase are affected by electromagnetic
stirring, and the average sizes of the grains of the two phases become smaller, with the
ferrite phase decreasing to 4.08 pm, and the austenite phase decreasing to 3.82 um. It is
worth mentioning that the grain refinement increases the weld toughness. The refinement
of austenite and the increase in austenite content in the cover organization play a very
important role in the improvement of corrosion resistance.

Figure 9 shows the TEM and SEAD with and without a magnetic field. Figure 9a
shows the TEM photographs of the weld with no alternating magnetic field, and the
twinned organization with elongated lamellar structure throughout the grain is observed
within the austenitic organization. Figure 9b shows the TEM pictures of the weld after the
introduction of the magnetic field. After the introduction of an alternating magnetic field,
the twin density is increased to some extent, which leads to a texture transition when the
density reaches a certain level. As a result, twin crystals are more easily formed with the
assistance of the alternating magnetic field, and the possibility of grain orientation change
is increased.
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Figure 7. Misorientation angle distribution of grain boundaries of the cosmetic bead: (a) Ferrite
without alternating magnetic field; (b) Austenite without alternating magnetic field; (c) Ferrite
without alternating magnetic field; (d) Austenite without alternating magnetic field.
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Figure 8. Grain size of the two phases of the weld: (a) without alternating magnetic field; (b) with
alternating magnetic field.

Figure 9. Twin crystal morphology in the weld: (a) without alternating magnetic field; (b) with
alternating magnetic field.

3.4. Potentiodynamic Polarization

Dynamic potential scanning tests are carried out on welds with and without magnetic
fields to study the corrosion resistance of the welds. The polarization curves are shown in
Figure 10. In the dynamic potential polarization curve test, the corrosion potential (Ecorr)
and corrosion current density (Icorr) are commonly used to indicate the dissolution ability
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of the metal, which visually reflects the corrosion resistance of the metal under no applied
conditions. Theoretically, the higher the value of Ey is, the lower is the value of I,
indicating that the metal corrosion resistance is better [35]. Pitting corrosion of stainless
steel requires special attention and generally occurs at inclusions or grain boundaries [36].
The anodic current undergoes an abrupt change when pitting occurs, and the potential
inflection point obtained at this time is the pitting potential (E,). The higher the pitting
potential is, the better is the corrosion resistance of the metal.

0

== without alternating magnetic field
== with alternating magnetic field

log(i/A-cm)
i

-10

-0.5 0.0 0.5 1.0 1.56
Evs,Sce/V

Figure 10. Polarization curve of welded joint in simulated seawater.

Figure 10 shows that the trends of the curves are similar for the welds with and
without magnetic field assistance. With the increase in corrosion potential, both specimens
experience long passivation intervals and then tend to stabilize. As the corrosion potential
continues to rise, the current density of the welded specimen without the effect of an
alternating magnetic field is the first to change and enter the over-passivation zone, and
pitting corrosion occurs on the metal surface. Comparing the current density at the same
corrosion potential, it can be found that the current density of the welded specimen with the
applied alternating magnetic field is significantly lower than that without the alternating
magnetic field, and the lower corrosion current indicates a slower corrosion rate and
better corrosion resistance. Compared with the welded specimens without an alternating
magnetic field, the welded specimens with an alternating magnetic field have higher
corrosion potential; the pitting potential is obviously larger, which indicates that the 2205
duplex stainless steel welded joints with an alternating magnetic field have better corrosion
resistance. The eigenvalue parameters of the dynamic potential polarization curves are
obtained by fitting using the Tafel extrapolation method as shown in Table 4.

Table 4. The polarization curve fitting results and corrosion rate of cover welded specimens.

Magnetic Field Ecorr (V) Icorr (A-cm—2) Epass (V) Ipass (A-cm—2) Epi¢ (V) Corrosion Rate (mm/y)
Without AMF —0.2150 1.82 x 107 0.1439 6.26 x 1077 1.1775 2.14 x 1073
With AMF —0.1398 2.64 x 1078 0.0637 421 x 1077 1.312 0.28 x 1073

In Table 4, the Icorr of the welded specimen with an alternating magnetic field is
2.64 x 1078 A em 2, which is much lower than that of Iorr = 1.82 x 1077 A ecm~2 without
an applied alternating magnetic field, and the Epass is also significantly reduced after
the magnetic field, which indicates that it is easier to form a stable passivation film. The
increase in pitting potential indicates that the pitting resistance of the specimen is improved,
and according to the Iorr calculation, the corrosion rate of the weld without magnetic field
assistance is reduced from 0.00214 mm per year to 0.00028 mm per year. The above data
indicate that the auxiliary effect of the alternating magnetic field not only makes it easier to
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form a stable passivation film but also significantly reduces the corrosion sensitivity of the
welded specimen and improves the pitting resistance of the weld. The improvement in
corrosion resistance is mainly due to the introduction of an alternating magnetic field. The
electromagnetic stirring action increases the proportion of austenite in the weld.

The relevance of the research for practical implementation:

The use of magnetic field-assisted duplex stainless steel narrow-gap laser arc hybrid
welding can not only refine the grain but also improve the uniformity of the organization,
which is very important to solve the real corrosion problems. In addition, the magnetic
field is generated by a simple and portable magnetic field generator, which can be adapted
to a variety of welding environments. It is useful for the generalization of this study
in engineering.

4. Conclusions

This paper mainly investigates the effect of alternating magnetic fields on the organi-
zation and corrosion resistance of a narrow-gap laser arc hybrid weld of duplex stainless
steel and analyzes the weld microstructure, fabrication distribution, grain size, etc. The
main conclusions are as follows:

1.  Welded joints without an applied magnetic field suffer from unfused and porosity
defects and poor weld shaping. The weld is well formed and free of unfused and
porosity defects with the assistance of a 40 mT alternating magnetic field. This is due
to the fact that the presence of the magnetic field changes the heat distribution of the
laser arc hybrid heat source in the narrow-gap space.

2. The two-phase homogeneity obtained by combining the two-phase contents of the
four regions of the weld is 0.850, which is closer to 1.0 than the two-phase homogeneity
of 0.657 in the absence of an alternating magnetic field. This indicates that the overall
ratio of the two phases in the weld with the alternating magnetic field is more balanced
than that without the magnetic field.

3. Under the effect of alternating magnetic fields, the austenite grain orientation distribu-
tion density is enhanced from 5.88 to 6.46 and the ferrite grain orientation distribution
density is enhanced from 19.82 to 21.69. The texture density of austenite is increased,
while the texture density of ferrite does not change significantly.

4. The ferrite and austenite phases are affected by the electromagnetic stirring effect of
the applied magnetic field, and the average grain size of the austenite phase is reduced
from 4.15 um to 3.82 pm. The average grain size of the ferrite phase is reduced from
4.99 um to 4.08 um. The addition of the magnetic field results in the grain refinement
of both phases. In addition, the density of twins in the tissue increases under the effect
of an alternating magnetic field.

5. The electrochemical test results show that the corrosion resistance and passivation
ability of the weld are improved under the magnetic field-assisted action. The Ecorr of
the weld under the magnetic field-assisted condition is 75.2 mV higher than that in the
absence of a magnetic field, and the Epit is 134.5 mV higher than that in the absence of
a magnetic field. The corrosion rate is about 1/7th of that without the magnetic field.
The increase in corrosion resistance depends mainly on austenite changes including
the austenite grain size and content.

6. The quality of the weld is good with no unfused or porosity defects. Under the action
of the magnetic field, the two phases are balanced, the organization is refined, and
the corrosion resistance is improved. This provides support for the application of
magnetic fields in the field of duplex stainless steel.
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Abstract: Compressive deformation was carried out in an Ni-Co-based superalloy with relatively low
stacking fault energy (SFE) at 725 °C and a strain rate of 1072 s~!; the underlying micromechanisms
were investigated under true compression strains varying from 0.1 to 1.0. It was found that dislocation
slipping accompanied by stacking fault (SF) shearing dominated the compressive deformation under
the strain of 0.1 and 0.2. As the strain increased to 0.3 and 0.4, microtwinning was activated and then
interacted with dislocations, leading to the formation of dislocation tangles or blocky distorted region.
When true strain was further increased to 0.6, abundant subgains (SGs) with polygonous shape
appeared and then transformed into nanograins as true strain increased to 1.0. It is demonstrated that
high strain and microtwinning are the prerequisites for the evolution of nanograins in the deformed
Ni-Co-based superalloy. High strain can produce plentiful dislocations and distorted micro-sized SGs;
then the microtwins sheared these distorted regions and refined the micro-sized SGs into nanoscale,
which subsequently transformed into nanograins with further deformation.

Keywords: superalloy; nanograin; microtwin; dislocation; compression

1. Introduction

Ni-Co-based superalloys have been widely used in the discs of industrial gas tur-
bines for their superior combination of service performance that includes excellent high-
temperature strength, oxidation resistance, creep resistance, and fatigue properties [1]. In
view of the unmatched mechanical properties of the present superalloys employed in gas
turbines that demand a higher thrust-weight ratio and thermal efficiency, developing new
superalloys with better service properties and designing advanced coatings with special
protective effects are often seen as feasible approaches [2—4]. In recent years, a novel design-
ing principle that strengthens superalloy at service temperatures and weakens superalloy
at processing temperatures has been developed and applied in the modified Ni-Co-based
superalloy by controlling its alloying element and stacking fault energy (SFE) [5-8]. SFE
has a strong influence on the strengthening mechanisms, mechanical behaviors, and mi-
crostructural evolution of superalloys. Abundant studies have been carried out on the
deformation behaviors of conventional superalloys with higher SFE during tensile or
compressive tests. A consensus has been reached that dislocation motion dominates the
deformation process at different conditions, and the precipitation strengthening of the y’
phase is greatly affected by the mode of dislocation slip [9,10]. The modified Ni-Co-based
superalloys possess low SFE due to their high electron hole concentration adding Co el-
ement [11], which exhibits distinct deformation behaviors with respect to the high-SFE
superalloys. In the low-SFE superalloys, it was proved that microtwins (MTs) could be
introduced during tensile deformation [12]. Furthermore, the ultimate tensile strength and
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uniform elongation were improved synchronously because microtwinning was activated
in superalloys with decreased SFE at 650 and 725 °C [13]. When deformation occurred at
higher strains, nanograins (NGs) were found to be produced in the superalloys deformed at
a high temperature and low strain rate, which resulted in higher flow stress [14]. However,
the underlying mechanisms on the NG formation related to strain variation have not been
clarified in these low-SFE superalloys based on the experimental analysis.

Moreover, grain refinement generally benefits the mechanical properties of bulk metal
via strengthening and toughening the materials based on the Hall-Petch effect. In high-SFE
metallic materials such as pure Ni, pure Fe, Cu, and Cu alloys, deformation at a low temper-
ature and high strain rate can produce numerous NGs due to dislocation-mediated grain
refining [15-18]. However, the nanocrystallization of modified Ni-Co-based superalloys
shows them to be entirely different from these materials either in the deformation mecha-
nisms or deformation conditions. For better understanding the underlying mechanisms of
nanocrystallization with stain variation in Ni-Co-based superalloys, interrupted compres-
sive tests were carried out for a newly developed Ni-Co-based superalloy in order to clarify
the critical procedures for its grain refinement. NGs are beneficial for strengthening the
Ni-Co-based superalloys, which can be utilized in the gradient structure of the superalloys
that require surface strengthening.

2. Experimental

One kind of Ni-Co-based superalloy was selected as experimental materials with the
chemical compositions of 14.6Cr-3.7Mo-20.5Co-1.9A1-5.7Ti-0.26Fe-0.03C-0.051Zr-Ni bal
(wt.%). The master alloy ingots were first smelted in a 20 Kg vacuum arc furnace, and
then homogenized heat treatment was performed to alleviate composition segregation.
Then, round rods were cut from the treated ingots, which were subsequently encased and
extruded into test bars with diameter of 35 mm at 1160 °C. Finally, the test bars were sub-
jected to two-step solution treatments and two-step aging treatments for 1170 °C/4 h/AC
+1080 °C/4h/AC + 845 °C/24 h/AC + 760 °C/16 h/AC (AC is air cooling), resulting in
an average grain size of 124 pm determined by electron back-scattered diffraction analy-
sis. Cylindrical specimens with dimensions of ® 5 x 8 mm were machined by electrical
discharge machining, followed by mechanical polishing to eliminate surface scratch. Com-
pression tests were then carried out for the specimens at 725 °C and under the strain rate of
10~2 s~ ! using a Gleeble 3800 thermal simulation test machine with temperature control
accuracy of £1 °C, displacement measurement sensitivity of 1%, and force measurement
accuracy of +1%, which were interrupted at different true strains (¢) varying from 0.1
to 1.0 in order to study the dependence of deformation microstructures on compression
strains. The microstructure was characterized by an FEI Tecnai F20 transmission electron
microscope (TEM) operated at 200 kV. TEM slices with thickness of 500 um were cut from
the middle part of the compressed samples along cross sections. The slices were further
ground down to 50 um and perforated by a twin-jet electro-polisher in a solution of 10%
perchloric acid and 90% ethanol under conditions of 30~32 V and —22~—20 °C.

3. Results

The original microstructures were composed of coarse primary vy’ precipitates, tiny
secondary y’ precipitates, intergranular carbides, and y matrix (Figure 1). Two kinds of v/
precipitate were coherently embedded in the face-centered cubic y matrix. As compressive
strain increased, phase constituents showed no apparent changes, while the deformed
microstructures evolved continually. The deformation microstructures of the tested sample
at lower strains are depicted in Figure 2. It could be found that deformation was dominated
by dislocation motion since high density of dislocation tangles was introduced at the strain
of 0.1 (Figure 2a); meanwhile, fine SF debris scattered both in the y matrix and primary v’
precipitates. It could be found that SF propagation was inhibited by the phase interface
of the v/ precipitates, leading to the independent growth of SFs, which were restrained
either in the y matrix or primary y’ precipitates (Figure 2b). As the strain increased to 0.2,
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dislocation slip became more prevalent in order to accommodate larger compression strain;
meanwhile, dislocation climb could be activated thermally when the slip of dislocations
was hindered by the v’ precipitates. Dislocation motion that included slip and climb
continued to dominate the compressive deformation since high density of dislocation
tangles also appeared in the y matrix (Figure 2c). The nucleation and propagation of SFs
seemed to be enhanced in that multidirectional growth of SFs could be detected both in the
v matrix and primary vy’ precipitates (Figure 2d). Meanwhile, the length of SFs generated
from different slip systems increased obviously, and the SFs sheared with each other when
they came across one another. The strengthening effect of the primary v’ precipitates
could be reflected by the fact that the v/’ interfaces provided critical sites for hindering
dislocation slip and SF propagation; it was found that scarce dislocations or SFs nucleated
in the interior of the primary y’ precipitates could pass across the y/v’ interfaces into the y
matrix.

[
PrlmaZy,'. ¥ 2 Secondarysy &
* k'

Figure 1. Typical microstructures of the samples observed by optical microscope: (a) original sample
(e = 0); (b) compressed sample (e = 1.0).

The deformation microstructures of the tested sample at medium strains are depicted
in Figure 3, which shows significant differences with respect to prior deformation at lower
strains. When deformed at the strain of 0.3, numerous MT bundles were introduced that
prevailed over the dislocation-controlled deformation and propagated parallelly with
smaller spacing (Figure 3a). Meanwhile, SFs that extended along different directions were
found to intersect with MTs, resulting in the formation of blocky obstacles, which would
hinder dislocation motion and increase the density of dislocation tangle around these MTs.
With the accumulation of dislocations due to the interaction between dislocations, SFs,
and MTs, distorted stripes were introduced which had nearly straight boundaries that ran
parallel to the MT boundaries, indicating the crucial role that MTs played on the formation
of these distorted regions (Figure 3b). When deformed at the strain of 0.4, abundant
distorted blocks emerged from the channels between the primary v’ precipitates, and the
size of the distorted regions grew obviously (Figure 3c). Simultaneously, the density of
dislocation in the y matrix decreased remarkably due to long-term dislocation recovery,
which was much more advantageous at higher strain. Under higher magnification, it could
be found that these distorted blocks were sheared by fine SFs that propagated along two or
more directions (Figure 3d). Furthermore, the interfaces of the primary v’ precipitates and
Y matrix still had an impediment effect for SF shearing.
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Figure 2. Typical microstructures of the compressed specimens at lower strains: (a) dislocation
tangles, ¢ = 0.1; (b) SF nucleation, ¢ = 0.1; (c) SF propagation, ¢ = 0.2; (d) interaction between
dislocations and SFs, € = 0.2.
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Figure 3. Typical microstructures of the compressed specimens at medium strains: (a) MT formation,
¢ = 0.3; (b) strip-like distorted region, ¢ = 0.3; (c) distorted blocks, ¢ = 0.4; (d) the y/y’ interface,
e =04
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The deformation microstructures of the tested sample at higher strains were depicted
in Figure 4. When deformed at the strain of 0.6, the primary ' precipitates were sur-
rounded by numerous intersected SFs/MTs; these SFs/MTs seemed to penetrate the phase
boundaries of primary y’ precipitates on account of the continuous dislocation activities
(Figure 4a). Apart from the numerous distorted regions, some SGs were found in the
localized zone (Figure 4b). These SGs could be classified into two types, which included
polygonal SGs with straight GBs and banded SGs that arranged parallelly. When the com-
pressive test was carried out at the strain of 1.0, abundant SGs with polygonal shape formed
that replaced the original distorted dark regions (Figure 4c). Besides these SGs, numerous
nanograins (NGs) could be detected in the forms of equiaxial or irregular particles, which
was verified by the presence of diffraction rings using selected area electron diffraction
(Figure 4d). It was shown that SFs/MTs and SGs/NGs could hardly coexist since SFs/MTs
were constantly absent from the regions that had plentiful SGs or NGs when deformation
occurred at true strain of 0.6 and 1.0.

L3
n .

Primary Y

50 nm

Figure 4. Typical microstructures of the compressed specimens at higher strains: (a) shearing of
primary v’ precipitates by SFs/MTs, ¢ = 0.6; (b) SG formation, ¢ = 0.6; (c) SG refinement, ¢ = 1.0;
(d) NG formation, ¢ = 1.0.

4. Discussion

It has been well documented that dislocation slipping dominates the high-temperature
deformation for superalloys with higher SFE, while SF shearing or microtwinning can be
motivated in superalloys with lower SFE [19-21]. The tested superalloy has relatively lower
SFE by adding 20% Co element in order to obtain a high concentration of electron hole. By
interrupted compressive deformation investigation, it is interesting to find that the defor-
mation micromechanisms of the tested superalloy underwent continual transformation
with the implied strain level, which was dominated by dislocation slipping at lower strain,
then SF/MT shearing at medium strain, and SG/NG forming at higher strain. It is worth
noting that oxygen atoms have obvious impacts on the deformation behaviors of the tested
samples since the deviation from stoichiometry and appearance of the oxygen anions can
lead to some changes in the charge state of the cations, which in turn will greatly change
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the electronic parameters [22,23]. That will seriously affect the practical application of the
tested materials. It is well known that the complex transition metals and alloys easily allow
the oxygen excess and/or deficit. In order to eliminate the adverse effects of oxygen atoms,
the compression tests were carried out in a vacuum.

In this study, when the samples were deformed at lower strain and 725 °C, {111} <110>
slip system was activated subsequently, then the a/2 <110> full dislocations dissociated into
a/3 <112> Frank partial dislocation and a/6 <112> Shockley partial dislocation to facilitate
the dislocation motion in face-centered cubic (FCC) metals [24]. Though the slipping
dislocations could pass across fine secondary ' precipitates by a shearing mechanism,
they would be impeded and piled up by larger primary y’ precipitates unless dislocation
climbing was activated. With the continuous slipping and climbing, most of the dislocations
tangled around the y/v’ interfaces, which transformed into obstacles for the movement
of other dislocations. Subsequently, slip of paired a/6 <112> Shockley partial dislocations
gradually turned to prevail over the individual dislocation motion, which led to the
initiation of SF debris in the y matrix and primary v’ precipitates. Further deformation led
to the multidirectional initiation and propagation of SFs and accelerated the formation of
dense dislocation tangles.

When compressive deformation occurred at medium strains, microtwinning was
activated that produced numerous MT bundles. MT is a kind of special deformation twin
that has a thickness of 4-50 atom layers, which play an important role in the deformation
mechanisms of low SFE superalloys. It is reported that MTs could synchronously improve
the strength and plasticity by acting both as dislocation blockers and dislocation slip planes
in Ni-Co-based superalloys during tensile tests [13]. It has been well documented that MTs
were generally introduced by severe plastic deformation that applied high strain rate and
deformation amount at a low temperature [25,26]. However, this study shows that MTs
can be introduced in Ni-Co-based superalloy during compressive deformation at a lower
strain rate of 0.01 s~! and a higher temperature of 725 °C, which is in accordance with
other superalloys [27,28].

The underlying mechanisms for MT formation in the precipitation strengthening
superalloys can be rationalized by a diffusion-controlled atom reordering theory [29,30].
This indicates that pseudo twins act as the critical prerequisite for MT formation, and
that these are produced by the pairwise passage of four identical a/6 <112> Shockley
partial dislocations along adjacent {111} slip planes. However, the pseudo twin has high-
energy Al/Al nearest neighbor bonds in its complex stacking structure that are unstable
in thermodynamics due to the relatively high anti-phase boundary (APB) energy in the
LI -structured v’ precipitate. When deformation is carried out at a high temperature
(650-800 °C) and low strain rate, the transformation of pseudo twins into true MTs will
be thermally activated by atom reordering that eliminates the high-energy Al/Al atom
bonds after irreversible atom diffusion and exchange [30]. Once MTs are introduced, MT
boundaries will act as the barriers for dislocation motion and result in dislocation tangle.
Meanwhile, the intersection of MTs and SFs tends to aggravate the impediment effect for
dislocation motion by locking dislocation slip. With the great increase in dislocation density
at MT boundaries, distorted stripes are evolved from the highly tangled dislocations and
detwinned MTs. Then, the distorted stripes will develop into larger distorted regions with
irregular shape during further deformation.

Under higher strain level, polygonal and banded SGs appear initially, and then trans-
form into equiaxial or irregular NGs as the further deformation is applied. When com-
pressive deformation is carried out at the strain of 0.6, the distorted regions are enlarged
to accommodate more dislocations. With the rotation of deformed grains, the orienta-
tion difference between the distorted regions and surrounding matrix increases gradually,
which changes into SGs as a result of severe deformation. Then, microtwinning will be
activated in the newly formed SGs when the orientation difference is high enough to hinder
dislocation motion and MT shearing into the y matrix according to previous results [14].
Subsequently, the SGs are sheared and divided into finer SGs by MT cutting, which results

84



Coatings 2023, 13, 1325

in the formation of polygonal and banded SGs. With the continual refinement effects of MTs
in these SGs, the grain size of SGs decreases extremely and NGs will be introduced finally.
It is shown that MT formation serves as the precursor for nanocrystallization in the tested
superalloys since NGs are absent from the procedure without MTs and are introduced after
the formation of MTs. It can be rationalized that initial deformation is necessary to supply
numerous distorted regions for SGs formation, and microtwinning generally prevails over
dislocation slipping when dislocation motion is impeded in the distorted regions. MTs play
a critical role in subdividing and fragmenting the SGs, which serve as the precursor for NG
generation.

5. Conclusions

In order to understand the nanocrystallization mechanisms of the newly developed
Ni-Co-based superalloys, compressive tests were carried out at 725 °C and 0.01 s~ with
different true strains. Three main conclusions can be drawn as follows:

(1) The deformation mechanisms of the tested superalloy evolve gradually with the
applied compression strain, which in our study was controlled by dislocation slipping
and SF shearing at lower strains, transformed into deformation microtwinning at
medium strains, and then dominated by SG and NG formation at higher strains.

(2) A nanocrystallization approach is found in an Ni-Co-based superalloy with low
SFE via compression deformation at a high temperature and low strain rate, which
exhibits obviously differently from the high-SFE alloys that NG formation creates at a
low temperature and high strain rate, revealing that the NG formation of the tested
superalloy is a thermal activation-assisted process of microstructural evolution.

(3) The NG formation of the tested superalloy can be ascribed to high strain and mi-
crotwinning. High strain applied during compression tests produces plentiful dislo-
cations and distorted micro-sized SGs; then, microtwinning resulting from low SFE
will refine the micro-sized SGs into NGs with further deformation.
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Abstract: Electric vehicle battery systems are made up of a variety of different materials, each
battery system contains hundreds of batteries. There are many parts that need to be connected in
the battery system, and welding is often the most effective and reliable connection method. Laser
welding has the advantages of non-contact, high energy density, accurate heat input control, and
easy automation, which is considered to be the ideal choice for electric vehicle battery manufacturing.
However, the metal materials used for the electrodes of the battery and the connectors used to
connect the battery are not the same, so the different materials need to be welded together effectively.
Welding different materials together is associated with various difficulties and challenges, as more
intermetallic compounds are formed, some of which can affect the microstructure, electrical and
thermal properties of the joint. Because the common material of the battery housing is steel and
aluminum and other refractory metals, it will also face various problems. In this paper reviews, the
challenges and the latest progress of laser welding between different materials of battery busbar and
battery pole and between the same materials of battery housing are reviewed. The microstructure,
metallographic defects and mechanical properties of the joint are discussed.

Keywords: electric vehicle battery; laser welding; welding defects; dissimilar metal; identical metal

1. Introduction

Due to global warming, today’s climate problems are intensifying, and extreme
weather is occurring frequently. The main cause of this problem group is greenhouse
gas emissions, mainly carbon dioxide (90%), and the transport sector is one of the largest
contributors to greenhouse gas emissions, according to the International Energy Agency
(IEA), and in 2015, global CO, emissions reached 323 billion tons, while transport accounted
for 24% of the total emissions. Three quarters of this is contributed by the road compo-
nent [1]. To mitigate climate change, carbon emission laws have been enacted around the
world [2,3]. New energy vehicles (NEV), as an alternative to traditional internal combustion
engine vehicles (ICEV), are rapidly developing in major international automotive markets.
China, the United States, Japan, Germany and other countries have restricted the sales of
traditional internal combustion engine vehicles at the national level and formulated a series
of new policies to encourage the development of new energy vehicles, so as to reduce the
use of o0il and reduce carbon dioxide emissions [4].
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The fastest developing new energy vehicles are electric vehicles (EVs), which are
powered by power batteries. Lithium-ion battery has become the most important power
supply for electric vehicles because of its high energy density, low self-discharge and long
life cycle [5-7]. Batteries used in electric vehicles are mainly small solid cylindrical batteries,
large solid prismatic batteries and large soft bag or polymer batteries [8-10], as shown
in Figure 1. Battery packs for electric vehicles are usually designed and manufactured
in a battery-module-cell structure, as shown in Figure 2. The main difference in practice
is how to achieve the required battery capacity and power. A small number of large
capacity cells can be connected in series, as shown in Figure 2a. Alternatively, multiple
small batteries with small capacity are connected in parallel and then connected in series to
form high-capacity modules, as shown in Figure 2b. These batteries are usually connected
by busbars [11], as shown in Figure 3. Power batteries usually work in harsh driving
environments, such as vibration, high temperature and possible collision. How to securely
connect hundreds of connections in battery modules is related to the new performance
and safety of the entire battery system. Various bonding techniques, such as laser welding,
friction stir welding, tungsten inert gas welding, ultrasonic lead bonding and resistance
spot welding, have been used in battery manufacturing [8,10,12]. Ultrasonic welding
mainly uses high-frequency vibration, usually 20 kHz or above, to connect materials by
forming solid-state bonds under clamping pressure [13]. Ultrasonic welding is suitable for
the welding of multiple thin foils, dissimilar materials or highly conductive materials. It is
mainly used in banded batteries [14], and electric vehicle batteries are usually cylindrical
or prismatic batteries, which may destroy the integrity of the battery structure under the
action of pressure and vibration, so it is not suitable for the welding of electric vehicle
batteries [8]. The working principle of resistance spot welding is mainly to apply pressure
on the contact surface of the workpiece and connect large current to cause partial melting
of the workpiece [12]. However, the commonly used materials in electric vehicle batteries
are aluminum and copper, and aluminum and copper have the characteristics of high
electrical and thermal conductivity, so resistance welding is difficult to weld. Laser welding
is considered to be the most promising connection method because of its easy automation,
high accuracy, small heat-affected zone, non-contact process, high process speed and ease
of welding different metals. Laser welding is an efficient and precise welding method using
high energy density laser beam as heat source. Due to heat concentration, fast welding
speed, small thermal effect, small welding deformation, easy to realize efficient automation
and integration [15-17], it is more and more widely used in power battery manufacturing.

Cylindrical cell Prismatic cell Pouch cell

*  Small size * Hard casing * Soft casing

(e.g. 18650 type (¢ 18 mm, * largesize * Large size

height 650 mm)) * High individual cell capacity * High individual cell capacity
* Hard casing * Geometrical deformation
* Low individual cell capacity during (dis-)charging
+ Build in safety features
* Comparably cheap

Figure 1. Overview of different cell types used in automotive battery applications: (left) cylindrical
cell, (middle) prismatic cell, and (right) pouch cell. Reprinted with permission from Ref. [10].
Copyright 2020, Elsevier.
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(a)

Figure 2. Overview of battery packs indicating two constructions with (a) cylindrical and (b) prismatic
cells. Reprinted with permission from Ref. [10]. Copyright 2020, Elsevier.

Laser welds
Lattice tabs

Tab-to-busbar joint

‘ Busbar
>
=
Busbar || Cylindrical cells
(a) (b)

Figure 3. An illustration of tab-to-busbar joints made during (a) pouch cell-based and (b) cylindrical
cell-based module manufacture [11].

In addition, the battery connection can be mechanically fastened in a variety of ways,
including nut bolts, spring fasteners, screws or fasteners [18]. Nut and bolt joints may
be either physically distinct nut and bolt assemblies or a threaded feature, for example,
electrode and nut. For battery module level connections, nut and bolt joints are mainly
limited to prismatic cells. Some special battery modules are not suitable for permanent
connection (such as welding) due to the need for battery maintenance, so mechanical nuts
and bolts can also be used for connection of special battery systems. At present, battery
casings are mainly produced by welding sheets, so some welding defects, such as pores
and cracks, are inevitable. Niu et al. [19] added high entropy alloy to aluminum powder
during additive manufacturing of aluminum, which inhibited the crack generation and
improved the strength. Therefore, with the development of laser additive, the battery case
may be produced by additive manufacturing in the future.

This paper mainly reviews the laser welding of dissimilar metal joints between battery
and bus in electric vehicle battery system, as well as the packaging of the same metal
between battery pack by laser welding. The difficulties and challenges of laser welding
between homogenous and dissimilar metals are discussed. Especially, the welding defects
caused by the welding between dissimilar metals, the causes of these welding defects and
the possible solutions are put forward.

2. Welding between Batteries and Busbars

In all the production processes of power battery packs, there is a key process, that is,
the welding of a single lithium battery and the connector. This is the key to the quality
of series and parallel lithium-ion battery cells, that is, the welding of the battery pole
and the busbars. The quality of the welding here will directly affect the reliability of the
quality of the lithium-ion battery pack used as a power source for electric vehicles. In
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addition, due to the relative particularity of lithium-ion battery, the welding technology
has also put forward high requirements. If the welding strength is weak, the internal
resistance of the battery string will increase, thus affecting the normal power supply of
the battery string. Excessive welding heat will cause the electrode cover of the battery
core to be penetrated, resulting in electrolyte leakage and battery circuit’s short circuit,
resulting in battery combustion or even explosion, which seriously threatens the safety of
passengers and drivers. It is because of the problems of unreliable welding quality and low
welding efficiency in series and parallel welding of power battery pack that the safety and
production efficiency of power battery pack are very low. Therefore, in order to ensure
the safety of its use and production efficiency, the welding between the battery pole and
the busbars must be reliable, which is an important factor to ensure the product yield and
service life.

2.1. Aluminum and Steel

Battery busbars are made of two common materials: copper and aluminum. The
battery electrode materials are usually steel and aluminum, and the parameters and chal-
lenges of laser welding are different. Aluminum has the advantages of good electrical
conductivity, light weight and good plasticity, so it is very suitable as a busbar material.
The efficient and reliable connection of steel and aluminum can provide huge economic
benefits for battery manufacturing.

However, the connection between the aluminum busbars and the steel poles of the bat-
tery is challenging because iron and aluminum have great differences in thermal physical
properties such as melting point, thermal conductivity and thermal expansion coefficient.
In addition, the low solubility between Fe and Al leads to the formation of brittle intermetal-
lic layers where iron and aluminum are metallurgically incompatible, and the resulting
fusion welding is prone to the formation of harmful intermetallic compounds (IMCs). The
formation of intermetallic compounds (IMCs) has been shown to cause a variety of welding
defects, such as microcracks and pores [20-24]. The chemical composition, crystal structure,
hardness and Gibbs free energy of various IMCs formed in Fe—Al binary system are shown
in Table 1 [25-27]. FepAls, FeyAlj3 andFeAl, are Al-rich phases, and FeAl and Fe;Al are
Fe-rich phases. As can be seen from Table 1, aluminum-rich IMCs have stronger hardness
and brittleness than iron-rich IMCs, so cracks and other defects are more likely to occur
between welded joints. The iron-rich IMCs have better toughness and ductility, which can
reduce the generation of cracks. However, in terms of Gibbs free energy, the formation
of the Al-rich phase is thermodynamically more favorable to the formation of the Fe-rich
phase. Fe;Als is thermodynamically more stable, forming first, followed by FesAlys, FeAly,
FeAl, and FeAls [28]. IMCs are usually resistive, and too much IMCs will increase the
internal resistance of the battery system, resulting in more Joule heat generated during
the charging and discharging process of the battery system, affecting the life of the battery
system. Therefore, the generation of IMC phase in the weld tissue should be controlled as
much as possible during the welding process.

Table 1. Fe-Al IMC properties.

Phases Al at% Hardness, HV Crystal Structure AG (KJ mol—1)
FeyAls 70-73 1000-1100 orthorhombic —19.64
FeyAly3/FeAls 74.5-76.6 820-980 BC monoclinic —22.87
FeAl2 66—66.9 1000-1050 triclinic -17.0
FeAl 23-55 400-520 Simple cubic (B2 type) —11.09
FezAl 23-34 250-350 FCC —4.83

Yang et al. [29] found that when welding aluminum and steel, the penetration depth
should be controlled within a certain range, and Fe—Al IMCs rich in iron are mainly formed
when the penetration depth was low. When the penetration depth was increased, the
aluminum rich Fe-Al IMCs were mainly formed, which would make the mechanical
properties of the joint worse. Chen et al. [30] added magnetic field action perpendicular
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to the welding direction when welding 301 stainless steel and 5754 aluminum alloy. They
found that increasing the magnetic field inhibited the diffusion of C atoms and reduced
the austenite grain size. Increasing the magnetic field could also effectively inhibit the
concentration of Al in the joint, as shown in Figure 4, thus reducing the cracks and thickness
of IMCs at the interface, improving the shear strength of the joint and reducing the hardness
of the joint.
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Figure 4. Morphology of interface of two groups: (a) B =0 and (b) B = 240 mT; Line scanning area
and analysis of the seam—-aluminum interface layer: (c) B = 0 and (d) B = 240 mT. Reprinted with
permission from Ref. [30]. Copyright 2016, Elsevier.

Torkamany et al. [31] welded 0.8 mm thick mild steel (st14) with a 2 mm thick
5754 aluminum alloy. They found that when the power of the pulsed laser was too high,
it was not conducive to the formation of the weld. When the laser power was higher, it
increased the mixing of steel and aluminum, increased the content of aluminum in the
weld and formed more intermetallic compounds. Increasing the duration of the laser pulse
would have a similar effect with the increase in the amount of heat input. These regions
with more intermetallic compounds form cracks under thermal stress, as shown in Figure 5.
On the other hand, reducing the duration of the laser pulse below a critical level led to
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a lack of fusion. Increasing the welding speed would also lead to incomplete interface
fusion and reduce joint strength. They reported optimal values of process parameters for
producing high-strength welds due to low intermetallic compound content, high surface
quality and no obvious defects in the continuous interface layer. The peak power was
1430 W, the pulse duration is 5 ms, and the welding speed was 4 mm/s.

Element Wi % At %

AlK 27.18 43.00
SiK 1.75 2.66
MnK 0.64 0.50
FeK 7043 53.84

Element W1% Al

AIK 7.39 12.14
SiK 347 6.27
MnK 0.62 0.58
FeK 88.51 80.47

100 pm

Figure 5. SEM micrograph around the joint crack. Reprinted with permission from Ref. [31]. Copy-
right 2010, Elsevier.

Chen et al. [32] studied the effect of intermediate nickel foil layer on welding of A5052
aluminum alloy and 201 stainless steel. The images with and without nickel layers are shown
in Figure 6a,b. In the weld with nickel layer, an intermetallic layer could be obviously seen,
which can be divided into FeAl; and Aly.9Nij.q layers, as shown in Figure 6¢, indicating that
nickel foil changed the composition of intermetallic compounds. They believed that because
Al had a certain solubility in o-Fe, when aluminum was mixed into the molten steel as a solute
element, no intermetallic compounds were observed in the fusion zone. The welding depth
had a significant effect on the mechanical properties of the weld. Initially, the tensile strength
increased as the welding depth reaches 300 pm, but as the welding depth further increased,
the tensile strength began to decrease, which was due to the higher aluminum content,
forming a more brittle intermetallic compound. In addition, tensile tests and microhardness
measurements of welded samples showed that Ni foil increased the tensile strength while
reducing the microhardness of the intermetallic layer.

Cao et al. [33] shifted the focus of laser welding to the stainless steel side when welding
aluminum alloy and stainless steel. They found that a certain amount of laser offset could
effectively improve the tensile strength of the weld. When the laser offset was 0.2 mm,
the tensile strength of the welded joint reaches 129.6 MPa. Wei et al. [34] found that when
welding SUS3010S stainless steel and 6061 aluminum alloy, laser cleaning of the stainless
steel layer could effectively enhance the bonding strength of the welded joint. They used
the laser to clean the stainless steel at the same time, so that the stainless steel surface under
the action of the laser to form a fish scale pit. They found that the molten Al could spread
and fill the scale pits on these stainless steel surfaces, resulting in a significant increase in
the mechanical strength and tensile shear resistance of the lap joints, as shown in Figure 7.
After surface cleaning of stainless steel at 5000 mm/s and 1064 W laser power with optimal
parameters, the tensile shear force of the weld after welding was increased by 54%.
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Figure 6. Microstructures of stainless steel /aluminum alloy joint. (a) Cross-section of the joint with
Ni foil, (b) cross-section of the joint without Ni foil, (c) interfacial microstructures and (d) XRD
patterns at the reaction zones. Reprinted with permission from Ref. [32]. Copyright 2012, Elsevier.

Chelladurai et al. [35] studied the welding of 3 mm 1050 aluminum and 0.25 mm
steel sheet. The weld adopted the overlapping structure, the top was thin nickel steel,
and the bottom was thick aluminum. They found that in laser welding, adding a wobble
to the beam could effectively improve the shape of the welded joint. When the wobble
amplitude was 0.2, 0.4 and 0.6 mm, there were visible cracks on the surface; when the
wobble amplitude was 0.8-1.2 mm, there were slight spatters on the weld but almost
no cracks on the weld surface, as shown in Figure 8; when the wobble amplitude was
0.2-0.4 mm, serious cracks appear, while the wobble amplitude of 0.6 and 0.8 mm shows
slight cracks. When the wobble amplitude was 1 and 1.2 mm, there was no crack in the
weld, as shown in Figure 9. A small wobble weld (<0.4 mm) showed a high degree of
mixing of iron and aluminum, resulting in a large IMC phase forming in the top and middle
regions. The FeAl phase mainly existed in the top, steel side and some rich Al Fe;Al;3 on
the weld /Al side. When the wobble amplitude was greater than 0.6 mm, the top of the
weld is mainly Fe solid solution structure, and there was a small amount of Al, Fe;Aj3 and
Fep Als5 phase IMC at the bottom of the weld. When the wobble amplitude was greater than
0.8 mm, the melting area was larger and the formed weld had fewer IMC phases, so there
was lower resistance. On the contrary, small wobble welds exhibited higher resistance
because of more IMC phases, less contact area and more cracks.
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Figure 7. (a—d) Interface morphology at scanning speeds of 3000 mm/s, 5000 mm/s, 7000 mm/s
and 0, respectively during laser cleaning. (e) Length of bonding area in the welded joint at different
scanning speeds. Reprinted with permission from Ref. [34]. Copyright 2021, Elsevier.
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Figure 8. Surface images of welds of wobble amplitudes 0.2 to 1.2 mm [35].
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Figure 9. Weld macrostructures in different wobble amplitudes of 0.2 mm to 1.2 mm [35].

In order to improve the mechanical properties of aluminum and steel joints during
welding, Sierra et al. [36] added Al-125i for laser wire filling welding when welding AA6016
and DC04 steel, and they found that Si had a certain effect on the growth of Fe-Al inter-
metallic compounds. Fe-Al-Si intermetallic compounds with better mechanical properties
were formed in the weld. Zhang et al. [37] also found that when laser welding H220YD steel
and AA6016 aluminum used Al-55i containing Si as interlayer, AlgFe;Si, 6-Alj3Fes and
&-AlyFe intermetallic compounds of a certain thickness could be formed. When the thick-
ness is greater than 10 pum, the joint strength decreases. Xia et al. [38] found that when
welding 6061-T6 aluminum and DP590 steel, adding a sandwich containing Si could ef-
fectively reduce the laser power required for laser welding, and the formed intermetallic
compounds containing Si had higher strength and shape, which could effectively improve
the weld performance.

Reviewing the research in recent years, the laser welding of aluminum and steel has
made great technical progress, but there is still a distance from the actual large-scale wide
application, mainly because the mechanical properties of the joint are still insufficient.
Progress has been made in process parameters and welding methods, but the formation
of intermetallic compounds still needs to be solved, and there are other welding defects
that need to be solved, such as pores and cracks. Table 2 summarizes the research on laser
welding of aluminum and steel dissimilar metals.

2.2. Copper and Aluminum

Due to the differences in the melting point, thermal conductivity and thermal ex-
pansion of the two metals, the welding of copper-aluminum joints poses a major chal-
lenge [39-43]. Table 3 shows the main intermetallic compounds that can be formed between
Cu and Al. Cu and Al in the welding process can form CupAl, CugAl;, CuAl, CugAly
and other intermetallic compounds [44]. The formation of these intermetallic compounds
will greatly affect the microstructure and mechanical properties of the weld between Cu
and Al [40,45-48]. Heideman et Al. [45] found that Cu and AL were welded with friction
stir welding. With friction stir welding, which had the characteristics of low heat input,
various intermetallic compounds would be produced in the welded joints. Abbasiet al. [47]
found when welding Cu and Al using cold roll welding that although various intermetallic
compounds such as CuzAl, CugAls, CuAl and CuAl, existed in the welded joints, the
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growth rate of these intermetallic compounds was lower than that of friction stir welding.
Laser welding has the characteristics of high energy density, fast welding speed and narrow
heat-affected zone, which can further reduce the generation of intermetallic compounds.

Moreover, when welding Cu and Al, filling silver, nickel, tin and other filler materials
between the joints can also effectively reduce the formation of brittle phases [40-42].

Table 2. Summary of research conducted on laser beam welding of steel and aluminum.

No. Materials Optimum Laser Main Outcomes Intermetallics Ref.
Parameters (year)
1 1060 Al 316L stainless Power: 285 W The mechanical properties of the joint Not reported [29]
steel Speed: 4 mm-s~! are related to the penetration depth P (2016)
2 5754 Al301 Power: 2 kW Applying magnetic field can reduce Fe,Als [30]
stainless steel Speed: 1.4 m-min grain size and stabilize weld quality FeAl3 (2016)
. Increasing pulse time, pulse peak
Low carbon steel st14 Power: 200 W power and overlapping factor will Ees Als [31]
3 Peak power: 1.43 . . FeAl3
5754 Al KWSpeed: 5 mm/s result in the formation of more FeAl (2010)
peed: intermetallic compounds in the weld 2
The addition of nickel interlayer helps
. to improve the metallurgical reaction Fe,Als
4 201 Sg;)l;lzlezsl steel Not reported of aluminum and iron, forming FeAl; (2[8%%
Aly.9Nij.; to improve the mechanical Alp.9Nij.q
properties of the weld
5 Press-hardened steel Power: 1.2 kW imUig;l/% ltisee:n(;fé;?n‘izilldl?og Ceir;ies Fer Als [33]
5052 Al Speed: 12 mm/s p prop FesAljs (2020)
of weld
6 310S stainless steel Power: 2.4 kW 'Stamless st;egl surlfice hig)ls to Not ted [34]
6061 Al Speed: 1.5 m/min 1mprove weid quatity wih aser otreporte (2021)
cleaning before welding
With the increase in laser swing Fe, Al
7 Hilumin steel Power: 600 W amplitude, the depth of weld F:Z Al 5 [35]
1050 Al Speed: 60 mm/s decreases linearly, and the severity of R (2022)
. . ape FeAlz
weld cracking decreases significantly
The strength of the assemblies is
DC04 steel Power: 2 kW . ) . [36]
8 6016-T4 Al Speed: 1 m/min shown to increase hnearly with the Not reported (2008)
reaction layer width
o H220YD Power: 2600 W Byllase.r fillinfilwire vselﬁlir;%i.the ft%sed AAligF;ZSi 137]
6061 Al Speed: 1 m/min aluminum alloy and the filling wire 131€4 (2013)
can be brazed to galvanized solid steel Al Fe
The joint produced with the AlSi5 FeyAls
10 DP590 Power: 2 kW filler metal had the highest tensile FeAl; [38]
6061-T6 Al Speed: 0.5 m/min strength and largest Fe, AlgSi (2018)
fracture displacement. Fe(Al,Si)s

Table 3. Properties of important intermetallics between Al and Cu.

Ph Cu Content Struct Microhardness Density Specific Resistance
ase (at.%) ructure (HV) (g/cm®) (1O cm)
CuAl, 33 Body-centered 630 434 8
tetragonal
CuAl 51 Body centered 905 5.13 114
CugAls 55.5 Monoclinic 930 NA 12.2
CuyAl, 66 BOdy‘;ﬁEIi‘Ctered 770 6.43 142

Ali et al. [49] used 1050Al 0.75 mm thick and coated 70 pum nickel (Ni) thin layer of
99.5 mm thick and 1.5 mm thick AA40 aluminum alloy copper for lap welding. They
found that the weld width increased with the increase in laser power and decreased with
the increase in welding speed. With the increase in heat input, the depth of the weld
deepened continuously towards the same side, and there were defects such as cracks and
pores in the weld. Under high temperature conditions, a large number of Al-Cu eutectic
alloys (x-Al + Al,Cu) existed in the form of dendrites in the fusion zone of the weld, as
shown in Figure 10. The high temperature also made the highly brittle Al4Cuy phase
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distributed in the weld, making the brittleness of the weld become higher. The heat input
also significantly affected the contact resistance of the weld.

Figure 10. SEM images (power = 1500 W, welding speed = 30 mm/s); (a—c) are the magnified SEM
images of microstructures at location a, b and ¢ in weld fusion zone, respectively [49].

Lee et al. [50] used Al and Cu with purity of 99.99% as electrode samples. Al and Cu
were used as the upper part of the lap joint for comparative test. A large amount of CuAl,
was formed in the weld, and obvious x(Cu) « phase, CuAl, phase and Al + CuAl, phase
could be seen, as shown in Figure 11b,c. When welding with Al as the upper material, Cu
was evenly distributed throughout the area except for the area where molten Cu penetrates
the Al melt. When Cu was used as the upper material, the Cu mixing zone was distributed
along the lower Al layer, because Cu mixing was heavier than molten Al, so it diffuses
downward, as shown in Figure 11a. Further analyzing the effect of welding speed on
welding quality, they found that CuAly, CugAly and CuAl intermetallic compounds could
be observed in the weld at a welding speed of 10 m/min. At a higher welding speed of
50 m/min, the formation of intermetallic compounds was inhibited. In addition, with the
increase in welding speed, the tensile strength was increased, when the welding speed
was 50 m/min, the tensile strength of the top aluminum reached 160 MPa, and the tensile
strength of the bottom aluminum reached 205 MPa.

Hailat et al. [51] studied the continuous laser welding of 3003 aluminum and
110 copper. They welded two sets, one with tin as a sandwich and the other without
tin. In welds with Sn interlayers, large pores could be seen in aluminum. However, the
breaks occur far away from these pores, so they did not appear to affect joint strength,
and the welds of tin-filled metals exhibit better bond shear strength, possibly due to the
formation of CugSns and CusSn.
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(@)

Figure 11. (a) Scanning electron microscopy images of the welded specimens. (b,c) EDS mapping
images showing the distribution of Al and Cu to observe phase formation at a welding speed of
400 mm/s with: (b) Al as the upper layer and (c) Cu as the upper layer [50].

Xue et al. [52] observed the microstructure of the intermediate layer in laser welded
copper aluminum lap joints. Tensile shear tests were conducted, and the fracture morphol-
ogy was analyzed using SEM and EDS. The results indicate that there are several different
regions in the interlayer of the weld seam, with different morphological and compositional
characteristics, as shown in Figure 12. Banded and cellular structures were observed in the
hypereutectic zone. The eutectic zone had a layered structure, the narrowest and thinnest.
The thickest and widest dendritic structure was obtained in the hypoeutectic region. The
joint fracture developed in the dendritic hypoeutectic zone, and the fracture mode was a
combination of brittleness and shear. The maximum shear load of Cu-Al joints decreases
with the increase in primary dendrite arm spacing and the growth of secondary dendrites in
the hypoeutectic region, which was caused by an increase in laser power. Fusion welding of
aluminum and copper, being dissimilar materials, is difficult, because brittle intermetallic
compounds are formed in the welding zone, the weldability is poor, and the chemical,
mechanical and thermal properties of welded joints are different. Due to the inevitable
formation of brittle intermetallic compounds, the connection of aluminum and copper
plates presents a metallurgical challenge. Therefore, it is necessary to effectively inhibit the
formation and growth of Al-Cu intermetallic compounds. For the welding of dissimilar
aluminum and copper sheets, there is no systematic work to reduce these defects.
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Intermediate layer

Figure 12. Micrograph of Cu-Al joint cross-section. (a) Optical micrograph; (b) SEM image of
intermediate layer marked by the dashed square box in (a). Reprinted with permission from Ref. [52].
Copyright 2013, Elsevier.

Lee et al. [40] focused on the effect of welding speed on the quality of single-mode fiber
laser lap welded joints of aluminum and copper sheets. They found that the intermetallic
compounds are easy to form in a wide area at the welding speed of 1 kW and 10 m min 1,
while the intermetallic compounds were greatly reduced at the higher welding speed of
50 m min~!. The width of the intermetallic compound decreased sharply to about 5 mm.
According to the results of tensile shear test, the different loads and advantages of Al
(upper) copper (lower) and copper (upper) process (lower) welding joints were almost
equal to the welding speed of 50 m min~! in most cases, and the loads of different welded
joints were higher than those of similar devices, which were almost equivalent to the similar
speed of Cu—Cu, and the tensile shear strength of the weld metal increases with the increase
in the welding speed. Therefore, by inhibiting the formation of intermetallic compounds,
solid laser welded joints could be produced at extremely high welding speed.

When welding Cu and AA4047 aluminum, Mai et al. [48] found that a weld without
cracks could be obtained by shifting the laser to the aluminum side by 0.2 mm, and the
weld had a higher hardness than the base material. Weigl et al. [53] used AlSiy; as filler
material for laser welding of pure copper and pure aluminum, respectively. They found
that both AlSij; and CuSijz intermetallic compounds in the weld increased the ductility of
the joint, and AlSij, with a higher Si content was more effective.

At present, the main research direction of welding between aluminum and copper has
been the optimization of process parameters and the use of interlayer, and the subsequent
research can add beam oscillation. Although the optimization of process parameters
has yielded preliminary results, the potential formation of intermetallic compounds still
needs further research. Table 4 summarizes the current research on aluminum and copper
dissimilar laser welding.

2.3. Copper and Steel

In the welding of electric vehicle batteries, there are many types of welding between
copper and steel, and Table 5 shows the room temperature properties of copper and
iron. From the table, it can be seen that there are significant differences in the physical
properties of copper and iron, especially the differences in melting temperature and thermal
conductivity, making welding the two metals challenging [54]. In the Fe and Cu phase
diagrams, there is a wide metastable miscibility gap at high temperatures [55]. In laser
welding of steel and copper, liquid phase separation is a common feature due to the
separation of undercooled Fe-Cu liquid into droplets of iron and copper [56]. Another
major problem is that hot cracks appear in the welding zone or the heat-affected zone
(HAZ) of the steel due to the penetration of Cu into the grain boundary [57].
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Table 4. Summary of research conducted on laser beam welding of steel and aluminum.

Optimum Ref
No. Materials Laser Main Outcomes Intermetallics !
P (Year)
arameters
The greater the heat input, the more
1 Cu99.5% Power: 1600 W intermetallic compounds are AlyCug [49] (2022)
AA 1050 Speed: 30 mm/s generated. The resistance decreases Al,Cu
as the welding speed decreases.
Cu99.9% Power: 2000 W The fracture after welding is mainly
2 A199.9% Speed: 400 mm/s on the copper side. CuAl, [50] (2022)
. . Adding tin alloy foil as interlayer
3 g;'l 3%)10(;.%(;3 Sﬁsgl?ri i?(/)rgn can improvg the mechanical Not reported [51] (2011)
properties of weld.
The microstructure of the
4 1€§OC Xl SP::;rl' Ol(f fx?n‘xs subeutectic zone will greatly affect &1:11 [52] (2014)
peed: the shear resistance of the joint. 2
Increasing the welding speed helps
5 Cu99.57% Power: 1 Kw to reduce the content of CuAl [40] (2013)
A1050 Al Speed: 10 m/min intermetallic compounds in CuAl,
the weld.
Controlling the melting ratio of
Oxygen-free Cu metals is an important factor for [48]
6 4047 Al Not reported defect-free welding of Not reported (2004)
dissimilar metals.
The aluminum filler alloy AlSi12
Pure Cu produces a more uniform elemental [53]
7 Pure Al Not reported mixture and a significantly Not reported (2011)
enhanced ductility.
Table 5. Summary of the room temperature properties of Al, Cu, Fe and Ni.
Melting Boiling Densit Thermal Thermal Expansion
Metal Temperature Temperature K m—Z) Conductivity Coefficient
® (K) & (Wm-1K-1) (10°K-1)
Fe 1809 3133 7870 78 12.1
Al 933 2739 2700 238 23.5
Cu 1356 2833 8930 398 17
Ni 1728 3188 8900 89 13.3

Joshi et al. [58] proposed the idea of using laser offset to weld copper and stainless

steel butt joints. They shifted the laser to the stainless steel side, and there were obvious
stainless steel particles in the weld after welding, and there were obvious solidification
cracks after welding. Meng et al. [59], when using laser-arc composite welding to weld T2
copper/304 stainless steel, found that the welding position tilted to the pure copper side
can effectively improve the welding quality. They found that when the welding position
shifted to the pure copper side, the melting of the stainless steel gradually decreased, and
the weld after welding had obvious depression on the surface and became full on the
surface, as shown in Figure 13. They finally measured the tensile strength of the weld to
215 MPa, which was close to the tensile strength of T2 copper. Chen et al. [60], using laser
welding to weld copper/stainless steel joints, also found that the laser offset to the stainless
steel side could create a brazing effect, and they believed that the copper content in the
joint should be limited to reduce the generation of cracks.
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Figure 13. Surface and cross-sectional morphologies of the Cu/304SS dissimilar joints: AD = 0 mm,
AD =0.5mm and AD =1 mm. (a) Laser power = 3 kW, Arc current = 60 A, Welding speed = 1 m/min,
Laser offset = 0 mm, (b) Laser power = 3 kW, Arc current = 60 A, Welding speed = 1 m/min,
Laser offset = 0.5 mm, (c) Laser power = kW, Arc current = 60 A, Welding speed = 1 m/min,
Laser offset = 1.0 mm. Reprinted with permission from Ref. [59]. Copyright 2019, Elsevier.

Fei et al. [61] conducted laser welding experiments on pure copper and stainless steel
under the condition of annular beam oscillation. It was found that the crack resistance of
weld could be improved effectively by adding oscillation. As could be seen from Figure 14,
after adding oscillation, the microstructure in Figure 14d was significantly finer than that
in Figure 14a, and the grain microstructure at the grain boundaries also presented discrete
distribution, and the grain direction changed from single direction to multi-direction. When
ring oscillating laser welding was used, the structure changed from blocky structure to
spherical structure compared with Figure 14e, and the (x + ¢) structure was also evenly
distributed in the welding area. The addition of beam shaking promotes solute migration
and enhanced the consistency of plastic deformation in grains. Moreover, due to the
larger range of action in the solidification process, the energy input and temperature field
distribution were changed, and the thermal stress in the weld was also reduced. Under the
action of beam vibration oscillation, Fe diffused into the Cu matrix, forming blocky (x + €)
and spherical (x + p) structures, as shown in Figure 14f. In addition, due to the driving
action, the dissolution amount of copper in the weld increased, and the microstructure
gradient of the weld decreased.

The microstructure with the addition of beam oscillation, as shown in Figure 15,
was significantly refined compared with that without beam oscillation, as shown in
Figure 15a. During the solidification process, the increase in the number of grain bound-
aries significantly reduced the stress concentration at the grain boundaries and improved
the deformation. After adding the beam vibration, because the microstructure was more
refined, the composition distribution was more uniform, and the strength and shape of
the joint were effectively improved. The tensile strength and elongation of the joint were
282.82 MPa and 2.68 mm, respectively. Compared with the joint without beam vibration,
the strength was increased by 10.41% and the tensile lift rate was increased by 53.14%, as
shown in Figure 16.
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Figure 14. Microstructure of joints welded in the shortage of beam oscillation (a—c) and with beam

oscillation (0.5 mm, 250 Hz) applied (d—f): (a/d) joint microstructures near the steel matrix; (b/e) joint
microstructures in the middle weld; and (c/f) joint microstructures near the Cu matrix. Reprinted
with permission from Ref. [61]. Copyright 2022, Elsevier.
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Figure 15. SEM micrographs of weld microstructures: (a) weld microstructures without exposure to
beam oscillation and (b) weld microstructures at 0.5 mm, 250 Hz. Reprinted with permission from
Ref. [61]. Copyright 2022, Elsevier.
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Figure 16. Tensile strength of joints welded: (a) with beam oscillation and (b) without beam oscillation.
Reprinted with permission from Ref. [61]. Copyright 2022, Elsevier.

Mannucci et al. [62] welded 316L austenitic stainless steel with copper and found
that the tensile property of the weld was mainly determined by the formation of heat-
affected zone in solid copper. The melting zone of copper and stainless steel had a strongly
asymmetrical shape, as shown in Figure 17, and the stainless part of the weld was much
more developed and had an hourglass shape due to two eddies created by Marangoni
convection. No heat-affected zone (HAZ) was formed in 316L side. The copper side of the
weld was almost straight and bordered by a wide HAZ. Under the laser power, the Cu
content in the melting zone increases with an increase in the laser power but never reached
50%, because Cu has a very high thermal diffusivity compared with 316L. Only the welded
joint produced by the laser offset to the copper side had good performance.

Li et al. [63] found that the defects of laser welding between stainless steel and
copper were mainly due to liquefaction cracking in the heat-affected zone of stainless steel
and porosity in the fusion zone. Due to the presence of Fe-Cu compounds at the grain
boundaries of the heat-affected zone, the bonding force between grains was affected and
the sensitivity of weld cracks was increased. They found that the formation of liquefaction
cracks could be divided into three stages, as shown in Figure 18. In the first stage, copper
atoms permeated continuously along the grain boundaries, and cracks began to spread at
the grain boundaries. In the second stage, Fe-Cu compounds accumulated at the grain
boundaries, which led to the destruction of the bonding strength between grains and the
initiation of cracks. In the third stage, with the increase in heat input in the laser welding
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process, the thermal stress increased significantly, causing the small crack at the grain
boundary to expand into a large crack. The length of the crack increased with the increase
in the heat input, as shown in Figure 19. However, when the heat input reached 125 KJ/m,
the crack length began to decrease. This was because the molten copper present in the
crack has self-healing properties due to a further increase in temperature. Although this
self-healing property exists, the heat input should also be reduced during welding to better
control the welding quality. In addition, they found that the porosity was largely due to
the instability of the keyhole during the welding process, independent of the liquefaction
cracking of the heat-affected zone. The laser focus during welding could be shifted to
the stainless steel side, which could change the flow of the liquid metal and increase the
stirring effect, which could help eliminate pores.

1mm
e ——

Figure 17. Typical weld cross-sections with beam shift: (a) 0.4 mm on steel (b) zero and 0.2 mm on
copper and (c) 0.2 mm on copper [62].
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Figure 18. Liquation cracking model: (a) incubation, (b) initiation and (c) growth. Reprinted with
permission from Ref. [63]. Copyright 2020, Elsevier.

Shen et al. [64] found that during laser welding of 316 stainless steel and oxygen-free
copper, after the laser focus was shifted 0.4 mm to the copper side, no solidification cracks
were detected in the weld after welding, and the copper content in the weld was 80%.
Shaikh et al. [15] found in laser welding of copper and steel containing nickel coatings that
the laser power, pulse opening time and frequency were positively correlated with the
shear strength of the joint. And as the mixing degree of steel and aluminum increased, the
strength of the joint increased.

Welding of butt joints of copper and steel has been studied. However, further studies
of the microstructure of the weld zone and the interaction between the two materials are
needed. Lap joints suitable for battery welding need to be paid more attention, and a
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sandwich can be added when welding. Table 6 summarizes the studies conducted on

different laser welding of steel and copper.

300 5.0

1 | - Total crack length '_4 g

2504 | —=— Liquid film thickness |
F4.0 —~
% 200, N
2 2007 L35 5
- 7]
£ 1 - 2
> 30 22
£ 150- 02
- //./ - E
Sé 1 P 2.5 £
S 100 & S
E * 20 2
S - g
50 + 1.5 -

1 -— . L 1.0

0 T T T T I N T
75 100 125 150
Heat input/(kJ/m)

Figure 19. The correlation between the total crack length and heat input. Reprinted with permission
from Ref. [63]. Copyright 2020, Elsevier.

Table 6. Summary of research conducted on laser beam welding of steel and copper.

Optimum
No. Materials Laser Main Outcomes Intermetallics Ref. (Year)
Parameters
A defect-free bimetallic joint
1 304L stainless steel Power: 1000 W between Cu and SS can be obtained Not reported [58]
ETP Cu Speed: 300 mm/min by laser beam welding technique otreporte (2019)
with fusion welding mode.
Welding of copper/steel when
201 stainless steel welding—brazing and fusion [60]
2 T2 Cu Not reported welding depends on the Not reported (2013)
welding parameters.
Adding beam oscillation in laser
3 304 stainless steel Power: 4 kW welding can refine grain and Not reported [61]
T2 Cu Speed: 3 m/min enhance weld P (2022)
mechanical properties.
316L stainless steel Excessive laser power can lead to [62]
4 CW Cu Not reported the formation of thermal cracks. Not reported (2018
The susceptibility to HAZ liquation
304 stainless steel cracking can be effectively lowered CuyoFego [63]
> T2 Cu Not reported by controlling the heat input during CuyFey.« (2020)
laser welding.
By adjusting welding parameters,
316 stainless steel weld defects such as shrinkage, [64]
6 oxygen-free Cu Not reported porosity, solidification cracks, etc., Not reported (2004)
can be eliminated.
Mechanical strength of the joint is
7 Steel-Hilumin Power: 60 W highly correlated with electrical Not reported [15]
Cu Speed: 500 mm/min resistance and corresponding P (2019)

temperature rise at the joint.

3. Welding of Battery Housing

The sealing of the battery housing, especially for hard cases, requires a high-quality
weld, and since the electrical components in the case are very sensitive to heat input, this
requires a low heat input [65]. Shown in Figure 20 is a Tesla 4680 battery. The top and bottom
of the battery case need to be welded. Welding is required to have a stable weld depth,
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and there can be no molten drop in the tank because the molten drop will destroy the very
sensitive electrolyte. After welding, in addition to assuring that the weld has good mechanical
properties, it is crucial to ensure that the battery shell cannot be deformed. Therefore, laser
welding has the characteristics of fast speed, small heat input and small range of action,
which is an ideal processing mode for this production step in battery production. The battery
housing is mainly made of aluminum alloy and steel, so it is necessary to study the same
metal welding of welding aluminum alloy and stainless steel separately.

(a)
(b)

80 mm

(o)
- ()

46 mm

Figure 20. Tesla 4680 battery: (a) Pole cylinder, (b) front opening, (c) can, (d) positive collector plate,
(e) negative collector plate and (f) cover plate.

3.1. Welding of Aluminum Battery Housing

Aluminum alloy has been widely used in various fields because of its advantages
of light weight, high strength, good corrosion resistance and good formability such as in
automobile manufacturing, aerospace, ship manufacturing, track manufacturing and so
on. However, the welding of aluminum alloy has been facing various challenges because
aluminum alloy has good thermal conductivity and high coefficient of thermal expansion,
making it difficult to weld. Aluminum alloy welding is usually accompanied by cracks
and pores and other welding defects [66-69]. The oxide film (Al,O3) and other organic
impurities on the surface of aluminum alloy are easy to decompose at high temperature,
which improves the porosity sensitivity of the weld. Gas phase components such as
hydrogen are more soluble in the melt pool at high temperatures, and the faster cooling
rate makes it difficult for them to escape and form pores [44].

In order to solve the problems of forming porosity and poor welding stability in the
welding process of aluminum alloy, Wu et al. [70] proposed a new welding method. They
used fiber laser with focused rotation and vertical oscillation to weld 1060 aluminum alloy.
This method combined a vertical oscillation rotation of the focus along the direction of
the beam. They found that when only vertical oscillation laser focusing welding was
added, the width of the weld was relatively small, and with the increase in the oscillation
amplitude, the shape of the weld surface first continuously improved, and when the
oscillation amplitude continued to increase, the surface morphology of the weld began to
gradually deteriorate. When the vertical oscillation amplitude was 2 mm, the weld surface
formation was best, as shown in Figure 21. When the rotation radius was within the range
of 0~0.45 mm, the formation of the weld surface gradually improved with the increase in
the oscillation amplitude, and the surface formed had fish-scale ripples, which were dense,
uniform and smooth. This indicated that focal rotation could improve the quality of weld
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surface formation. Further observation of the depth of the weld showed that, as shown in
Figure 22, when the rotation radius was less than 0.15 mm, it had little influence on the
penetration depth of the welds using vertical oscillation laser welding and has little change
compared with no addition. The morphology of the weld section was thin and long nail
shape. When the rotation radius of the laser was 0.45 mm, the weld section was shallow
but wide nail shape, and the width of the weld and the middle part are relatively large.
The weld morphology of focus rotating laser and vertical oscillation laser was similar to
that of focus rotating laser welding only. It could be said that the depth of the weld was
mainly affected by the amplitude of the vertical oscillation laser, and the weld appearance
was mainly affected by the rotation radius of the laser focus rotation. They also found that
adding the rotation of the focus during the welding process could effectively reduce the
formation of porosity, and the larger the rotation radius, the lower was the porosity. When
the rotation radius was 0~0.45 mm, the porosity decreased with the increase in the rotation
radius. When the rotation radius was 0.45 mm, the porosity of the weld was reduced by
91% compared with the non-focused rotation and non-vertical oscillation, as shown in
Figure 23.
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Figure 21. Surface morphologies of laser beam focus rotation and vertical oscillation welding
(frot = fosc = 100 Hz). Reprinted with permission from Ref. [70]. Copyright 2018, Elsevier.

Mauritz et al. [71] also adjusted the laser. On the basis of adding beam vibration, they
applied the laser spot beam shaping technology to divide individual laser spots into four
single beams with equal power, and then interacted with the material in a processing area,
as shown in Figure 24. The dynamic situation of the molten pool was observed by high-
speed photography, as shown in Figure 25. They found that the keyhole size of the molten
pool significantly increased when the multi-focus technology was adopted. Compared with
the average area of 0.13 mm? during single-beam welding, the average area of the multi-
focus technology increased by 10.6 times, reaching 1.51 mm?. Further dynamic observation
showed that the stability of metal vapor in the molten pool is increased with the increase in
keyhole area. Compared with single point welding, the keyhole of multi-focus method is
constantly opened. Moreover, the standard deviation of keyhole size is effectively reduced
by the multi-focal technique, and the area fluctuation of keyhole is reduced by 7.1% from
54.3% in single point welding. Compared with the single-point process, the multi-focus
method doubles the length of the weld pool, which also allows the energy input to be
more evenly distributed in space, effectively reducing the splash during welding. X-ray
observation was performed on the section after welding, as shown in Figure 26. Compared
with single-point welding, the size of pores in the weld was significantly reduced when the
multi-focus technology was adopted for welding, so the new technology greatly improved
the quality of the weld.
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Figure 22. Effect of rotation radius and vertical oscillation amplitude on weld cross-section morphol-
08y (frot = fosc = 100 Hz). Reprinted with permission from Ref. [70]. Copyright 2018, Elsevier.

Figure 23. Pores in longitudinal section of welds under different rotation radius and vertical am-
plitude: (a) No oscillation, (b) Aysc =2mm, (¢) Ryt = 0.15mm, (d) Ryp¢ = 0.15mm and Apse = 2mm,
(e) Ryot = 0.45mm and (f) R;or = 0.45mm and Apsc = 2mm. Reprinted with permission from Ref. [70].

Copyright 2018, Elsevier.
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Figure 24. (a) Schematic diagram of laser power distribution of four spots formed by multi-focusing.
(b) Schematic diagram of laser spot acting on molten pool [71].

Figure 25. (a) Single spot welding with beam shaping. (b) Multi-focus approach with stabilized
keyhole. [red: current keyhole size; green: current weld pool size] [71].

Rt ¢
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Figure 26. (a) X-ray image of single spot welding with beam shaping shows significant porosity in
the weld seam. (b) X-ray image of multi-focus welding shows substantial reduction of the porosity in
the weld seam [71].

Prieto et al. [72] shaped the laser spot and formed the laser into six shapes as shown
in Figure 27 for welding experiments on AA3003. By comparison, they found that when
the laser power was between 2.4~3.6 kW, the welding speed was 18 m/min, and the shape
frequency was up to 1 MHz, and the best weld formation could be obtained by using spiral
oscillation and infinite oscillation, as shown in Figure 28. Further analysis of the influence
of welding speed on the welding form, they found that when the welding speed of spiral
spot was increased from 6 m/min to 18 m/min, the penetration depth of the weld was
reduced from 730 um to 570 um, and the change remained in the range of 20%. Similar
results were obtained for welding with infinite spot shape. And by changing the graphic
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frequency from 1 kHz to 1 MHz, the weld width was basically constant. At the interface, the
width of the weld began to decrease significantly only when the frequency was increased
to 111 kHz, and the penetration depth began to increase significantly when the frequency
was lower than 11 kHz. Good weld formation could be obtained after welding regardless
of whether spiral or infinite light spots were used.

Infinity Spiral

Figure 27. Diagram of light spot shape [72].

1502.172um

Infinity(15m/min) Infinity(18m/min) Spiral(6m/min)

Figure 28. Weld forming under different spot shape and speed [72].

3.2. Welding of Steel Battery Housing

Stainless steel has been widely used in various applications because of its excel-
lent mechanical properties, corrosion resistance and good welding performance, such as
biomedical equipment, nuclear industry components, precision instruments, aviation, auto-
motive industry, batteries and so on [73-78]. The welding of stainless steel usually does not
require pre-welding or post-welding heat treatment, because unlike low-carbon steel alloy,
there is no Martensite structure in HAZ [79]. Hot cracks are easy to occur during welding
of austenitic stainless steel, especially for stainless steel without ferrite [80]. At present,
it has been found that the hot crack in stainless steel welding is mainly related to the
alloy composition and the content of impurities [81]. Sulfur and phosphorous impurities,
in particular, expand the solidification range by forming eutectic liquids with low melt-
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ing point [80,82,83]. The Hammar-Svensson chrome-nickel equivalent ratio (Creq/Nieq)
during solidification also affects the crack sensitivity [84-86].

Yan et al. [87] used CO; laser to conduct welding experiments on 5 mm thick 304L
stainless steel and successfully obtained good weld joints. They found that no significant
cracks or voids were found in the welded joint. The width of the connector was 3.5 mm,
and the fusion area of the connector was 6.7 mm?. It could be seen from the microstructure
of the joint that the columnar dendrites extended from the fusion boundary to the weld
center line, and there was no obvious transition zone and heat-affected zone near the joint.
The joint is composed of dark §-Fe dendrites in austenite matrix, in which 5-Fe existed in a
network structure in the fusion zone, and the dendrite spacing was 2-5 um.

Danny et al. [88] used lap joint welding for stainless steel foil, and they used 60 um
304 stainless steel foil. They gradually increased the power of the laser from 200 m] to
400 m] and the welding speed increased from 0.5 mm/s to 1.5 mm/s. After welding,
they found that most of the lap welds showed good surface finish, without the common
edge bites and bumps, but with the increase in welding speed and laser pulse energy, the
weld roughness increased, accompanied by porosity and collapse. The optimal weld was
obtained when the laser pulse energy was 250 mJ, the speed was 0.5 mm/s and the laser
pulse frequency was 10 Hz, as shown in Figure 29. Through observation, it could be found
that the secondary dendrite distance was submicron level due to the fast cooling speed
of laser welding. Further observation by electron microscope showed that the austenite
microstructure in the weld had high density dislocation, and there were carbide precipitates
in some areas, as shown in Figure 30.

Figure 29. Macro morphology of weld (a) and microstructure of weld (b) (etchant: 10% oxalic acid).
Reprinted with permission from Ref. [88]. Copyright 2008, Elsevier.

il

Figure 30. Transmission electron micrograph of LBW weld (a). Transmission electron micrograph of
LBW weld showing the carbide preferentially precipitated at the dislocations (b). Reprinted with
permission from Ref. [88]. Copyright 2008, Elsevier.
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Zhang et al. [89] conducted deep penetration laser welding of 10 mm thick plate
stainless steel and studied the influence of welding parameters on weld-formation. When
the welding speed increased, the surface shape of the welds gradually became better, the
width of the weld gradually became narrower from the width, and the weld nodules at the
bottom of the weld also gradually became smaller. Only changing the defocus amount of
laser, when the defocus amount was —10 mm, the weld joint forming best. By changing
the types of protective gases used in welding process, they found that the maximum weld
depth could be obtained by using helium as the protective gas, followed by nitrogen and
argon as the shallowest weld penetration. When the laser power could be completely
penetrated, no matter what kind of shielding gas was used, the appearance of the weld
would not be affected. However, argon gas could be used as shielding gas to protect the
bottom of the molten pool, as shown in Figure 31. And the most continuous smooth weld
with no spatter and no porosity could be obtained. The weld was examined using XRD,
as shown in Figure 32, and it could be seen that the composition of the weld was mainly
composed of y-Fe and 5-Fe, of which y-Fe had a higher content than 6-F. By analyzing the
joint of the weld with the optimal welding parameters, as shown in Figure 33a, it could
be found that there is no obvious transition zone and heat-affected zone (HAZ) in the
weld. The microstructure of the fusion zone was mainly columnar dendrites, which are
symmetrically distributed along the weld center. The microstructure of the fusion zone
center is equiaxed, as shown in Figure 33b,c. In Figure 33d, the dark dendritic structure
was 8-F, where the lighter material was y-Fe.

Surface appearance Cross section

Figure 31. Surface appearance and cross-section of optimal butt joint welded at v = 2.4 m/min,
A = —10 mm, gtop = 30 L/min (N7) and bottom shielding gas flow (qpottom) of 5 L/min (Ar). Reprinted
with permission from Ref. [89]. Copyright 2014, Elsevier.
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Figure 32. XRD patterns of the joint. Reprinted with permission from Ref. [89]. Copyright 2014, Elsevier.
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Figure 33. Microstructure of optimal butt joint: (a) optical micrograph of the entire joint, (b) enlarged
micrograph between the substrate and fusion zone inside dashed rectangle in (a), (c) enlarged
micrograph of the fusion center zone inside solid rectangle in (a), and (d) enlarged micrograph of
the columnar dendrite zone inside solid square in (c). Reprinted with permission from Ref. [89].
Copyright 2014, Elsevier.
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4. Summary and Outlook

Laser welding is a welding method with high energy density and non-contact and
accurate heat input control, which can provide reliable weldability for the welding between
dissimilar materials in the battery system of electric vehicles. The laser welding of dissimilar
materials has made great progress in the past years. However, no matter the different
laser light sources, the optimization of process parameters or the improvement of various
joint structures are studied, and there will still be metallurgical defects such as incomplete
bonding, brittle metal interphase, corrosion, excessive porosity and cracking. These defects
affect the electrical performance and safety of the entire EV battery system. Therefore, if
laser welding technology wants to be widely used in the manufacturing of electric vehicle
batteries, further research is needed. This paper reviews the research progress of laser
welding technology of steel-copper, steel-aluminum, al-copper, Al-aluminum and steel-
steel composites is reviewed. Based on the current research, the following suggestions are
proposed for future research in this field:

(1) Because the material thickness used in electric vehicle batteries is generally low,
it is necessary to optimize the process parameters, accurately control the heat input and
improve the welding quality by controlling the thickness of intermetallic compounds. For
example, the matching of laser power and welding speed as well as the appropriate beam
oscillation frequency.

(2) Appropriate interlayers or coatings are used to change the formation of metal
components during welding, so as to adjust the microstructure, improve mechanical
properties and reduce resistance.

(3) At present, lasers are still mainly at infrared wavelength (1064 nm), and metals
such as copper and aluminum have higher reflectance to the light of the sub-band and
have higher absorption rate for blue light (450 nm) and green light (515 nm). Blue light and
green light laser can be used for welding experiments.

(4) So far, most of the mechanical properties analyses of laser welded dissimilar ma-
terial joints have analyzed the static mechanical properties of the joints and few have
researched the fatigue properties of the joints. Because electric vehicles are often accompa-
nied by bumps on the road, the performance of these joints under cyclic loads is important.
Therefore, it is necessary to carry out more studies on mechanical properties of joints.
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Abstract: Laser cladding, a novel surface treatment technology, utilizes a high-energy laser beam
to melt diverse alloy compositions and form a specialized alloy-cladding layer on the surface of
the substrate to enhance its property. However, it can generate substantial residual stresses during
the rapid cooling and heating stages, due to inadequate selection of cladding process parameters
and disparities in thermophysical properties between the clad layer and substrate material, leading
to the formation of various types of cracks. These cracks can significantly impact the quality and
performance of the coating. This paper presents a comprehensive review of crack types and their
causes in laser cladding coatings, and identifies that three primary sources of residual stresses, thermal
stress, organizational stress, and restraint stress, are the fundamental causes of crack formation. The
study proposes several strategies to control coating cracks, including optimizing the coating layer
material, refining the coating process parameters, incorporating heat treatment, applying auxiliary
fields, and utilizing numerical simulations to predict crack initiation and propagation. Additionally,
the paper summarizes crack control methods for emerging structural materials and novel preparation
processes. Lastly, the paper analyzes the prospects, technical approaches, and key research directions
for effectively controlling cracks in laser cladding coatings.

Keywords: laser cladding coating; cracks; residual stress; causes; control methods

1. Introduction

Laser cladding (LC) is an advanced surface modification technology that utilizes a high-
energy laser beam to melt the clad material, forming a strong metallurgical bond with the
substrate material [1]. This technology offers numerous advantages, including high bond
strength, minimal heat-affected zone, low thermal deformation, and low dilution rate [2—4]. It
has found extensive applications in aerospace, automotive, and chemical industries, among
others [5-7]. The LC system usually consists of a KUKA robot or robot arm, LC head, powder
feeder, protective gas, water cooling system, and workbench [8] (Figure 1).

Despite the excellent performance of laser melting coatings, the rapid melting and
solidification process can give rise to defects such as cracks, porosity, and inclusions within the
coating. Among these defects, cracks are the most common internal issue in the laser cladding
process [9,10]. Microscopic cracks within the coating can propagate into macroscopic cracks
under working loads, significantly compromising the coating’s quality [11]. Consequently,
current research focuses on suppressing or eliminating internal cracks in laser cladding
coatings, which presents a challenging and active area of study [12,13].

In recent years, scholars have conducted extensive experimental research on the
causes and control methods of cracks in laser cladding coatings. Zhang et al. [14] and
Galy et al. [15] reviewed the solidification theory of the selective laser melting (SLM)
process and the formation mechanisms of the hole and crack defects. Quazi et al. [16]
discussed the influence of rare earth additives on the crack sensitivity of coatings. Similarly,
Wang et al. [17] and Hu et al. [18] suggested improvement strategies, including optimizing
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process parameters and employing preheating treatments, to mitigate coating cracks. The
formation of cracks in laser cladding coatings is primarily attributed to residual stresses.
While existing equipment can measure residual stress, the process is intricate, challenging,
and costly. To overcome this limitation, scholars have conducted relevant studies using
numerical simulations. Fang et al. [19] reviewed physical models of residual stresses for
defects in selective laser melting (SLM) and machined parts, analyzed the advantages
and disadvantages of mainstream models, and proposed conceptual methods to enhance
residual stress management. Sanaei et al. [20] discussed characterization methods and
statistical analysis of coating defects in additive manufacturing (AM), summarizing the
effects of process parameters and post-processing on defects. Cheng et al. [21] reviewed the
simulation techniques for grain growth mechanism, temperature, and stress distribution in
the melt pool directly related to defect formation in the laser metal deposition (LMD) tech-
nique. Additionally, the defect suppression methods and the performance improvement
methods of filled layers in LMD technology are presented.
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Laser generator =2 Composite powder
Laser head Laser g

 Powder feeder

Electrical
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Figure 1. Schematic diagram of the laser cladding system.

In summary, while numerous scholars have provided an overview of crack generation
mechanisms and control methods for coatings, there has been limited analysis of the types,
formation mechanisms, and control methods of various internal cracks in laser melting
coatings. This article comprehensively lists the types of internal cracks in laser cladding
coatings from the perspectives of experiments and numerical simulations. The formation
mechanisms of coating cracks are elucidated, and a comparative analysis of different
control methods for coating cracks is provided. Furthermore, future control methods
and new technologies for addressing cracks in laser cladding coatings are discussed,
offering valuable insights for crack control and improvement in coating quality in laser
cladding processes.

2. Types and Causes of Cracks
2.1. Types of Cracks

Laser-clad coatings exhibit various types of cracks, which can be attributed to the
selection of different cladding materials and process parameters. To effectively address the
cracking issue in laser-clad coatings, it is crucial to identify the types of coating cracks and
understand their causes. To address the issue of the types of cracks in laser-clad coatings,
they can be classified as hot and cold cracks according to the time, temperature, and fracture
characteristics of the coating cracks, and most of the coating cracks are cold cracks [22].

Hot cracks mainly occur above the solidification temperature line, and their sections
have a distinct oxidation color and no metallic luster (Figure 2a). For example, most
of the common types of cracks in melt layers, such as austenitic stainless steels, are hot
cracks [23]. Hot cracks sprout from hot tearing and are easily influenced by microstruc-
ture [24]. Partition of low melting point elements such as Si and C in the molten layer [25,26],
inhomogeneous distribution of coarse and brittle phases of compounds and impurities [27],
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and disordered grain growth are the main factors for the formation of hot cracks [28]. This
is due to the fact that the liquid metal in the melt pool has a very high temperature, so the
liquid metal is componentlessly subcooled at the beginning of solidification, and therefore
large tensile stresses are formed at the coarse eutectic tissue at low melting points. The
tensile stress pulls the solidified tissue partially along the grain boundary, resulting in not
enough liquid phase to fill the tissue gap, thus producing cracks. Therefore, thermal-type
cracks mostly show cracking characteristics along the grain [29].

Cold cracks mainly occur below the solidification temperature line, and the fractured
section of cold cracks appears relatively smooth with a metallic luster (Figure 2b). Cold cracks
often involve secondary crack generation, indicating a brittle fracture behavior. For instance,
nickel-based alloy powder coatings commonly exhibit cold cracks [30]. Improper selection of
melting process parameters and excessive thermal gradients in the melt pool are the main
factors contributing to cold crack formation. This is due to the susceptibility of martensitic
phase transformation at the solidification temperature line [31], leading to the hardening of
the coating. The differences in thermal-physical parameters between the cladding material
and the substrate material, coupled with the cooling and solidification process, result in the
generation of large residual thermal stresses. When these residual thermal stresses surpass
the tensile strength limit of the material, cold cracks occur [31-33]. Consequently, cold cracks
typically exhibit crack propagation through the crystal structure [34].

Figure 2. Different types of crack morphology. (a) The hot cracks in HSLA powder samples (the
laser power is 2900 W and the scan speed is 10 mm/s) [25]; (b) the cold cracks in Ni-Cu alloy sample
(the laser power is 5000 W and the scan speed is 30 mm/s) [35]; (c) cladding layer crack in ZhS32
alloy (the laser power is 600 W and the scan speed is 9 mm/s) [36]; (d) interface substrate crack in
nickel-based K477A (the laser power is 576 W and the scan speed is 4 mm/s) [37]; (e) overlap zone
crack in Ni60 (the laser power is 3200 W and the scan speed is 416.7 mm/s) [38].

Depending on their location, coating cracks can be classified as fusion layer cracks,
interface substrate cracks, and overlap zone cracks [37-39].

Cladding layer crack is caused by rapid cooling during the solidification process,
leading to significant thermal stress. Uneven stress distribution resulting from the uneven
mixing of cladding material or the presence of impurities can also contribute to the cracking
of the cladding layer (Figure 2c). When cracks form within the clad layer, they often initiate
near hard-phase particles and propagate vertically through the coating. In some cases,
the cracks even extend into the substrate. When cracks reach the surface, they exhibit a
“herringbone” or lattice-like pattern [34,39].

Interface substrate crack primarily arises from the excessive difference in thermal
expansion coefficient and Young’s modulus between the substrate and the molten cladding
layer. This difference creates thermal stresses under large temperature gradients during
solidification and cooling. Additionally, the molten metal liquid experiences restraint
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stress from the substrate during thermal expansion and cooling contraction. As a result
of the combined effects of thermal and restraint stresses, cracking occurs at the interface
between the clad layer and the substrate, gradually propagating to the surface of the molten
cladding layer (Figure 2d) [37], forming interface substrate cracks.

Overlap zone cracks predominantly occur in the lap zone as a result of an unreasonable
selection of the overlap rate. This leads to the accumulation of heat, an increase in temperature
gradient, and elevated thermal stress. Consequently, the grain growth time is prolonged,
resulting in coarser grains, as well as the formation of pores or impurities. The expansion of
these defects eventually leads to the development of lap zone cracks (Figure 2e). Moreover,
the low yield strength and tensile rate of the clad material make it more susceptible to cracking
and expansion under combined stress. Consequently, overlap zone cracks tend to propagate
throughout the entire fusion cladding layer once they form [40,41].

In summary, hot cracks are mainly caused by hot tearing and are significantly influenced
by the microstructure of the coating. The presence of coarse brittle phases and impurities in
the molten clad layer, along with thermal cycling and stress concentration due to the shaped
orientation of grain boundaries, are the key factors contributing to the formation of hot cracks.
Cold cracks, on the other hand, are mainly a consequence of improper selection of process
parameters and excessive temperature gradients, resulting in brittle fractures due to tensile
stresses exceeding the tensile strength of the molten material. Cracks in the cladding layer
arise from the uneven distribution of coating tissue and a substantial difference in the thermal
expansion coefficient of the cladding layer. Interface substrate cracks primarily occur due
to the excessive temperature gradient between the substrate and the clad layer. Overlap
zone cracks, finally, are predominantly caused by inappropriate overlap rate selection. These
different types of coating cracks can be analyzed based on their causes of formation, with the
strain generated during the melting process being greater than the plastic strain of the molten
layer itself, serving as the fundamental cause of coating cracks.

2.2. Causes of Cracks

The laser cladding process is very complex, and the coating generates significant
stresses during the cladding and cooling process. When the stresses in the coating exceed
the yield limit of the coating material, they can lead to cracking of the coating. The formation
of cracks in laser-clad coatings can be attributed to the presence of residual stresses, which
can be categorized into three primary types: thermal stresses, organizational stresses, and
restraint stresses (Figure 3) [42—44].

Mlcrostructlure Crack
transformation Cladding layer

Crack

Crack

Cladding layer
ETer | ot ¥
Thermal stress || Thermal stress
— —_

Cladding layer

Substrate

Figure 3. Schematic of principle of three different stress: (a) thermal stress; (b) organizational stress;
and (c) restraint stress.

2.2.1. Thermal Stress

The presence of thermal stress in laser-clad coatings can be attributed to the disparate
modulus of elasticity and coefficient of thermal expansion between the substrate and the clad
material. This results in varying rates of thermal expansion and cooling contraction within
the clad layer. When a temperature gradient exists, the clad layer experiences stress, known
as thermal stress (Figure 3a) [45]. If the thermal stress surpasses the material’s yield limit, it
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can give rise to cracks in the coating. The calculation of thermal stress involves determining

the extent of the stress [45].
_ ExAax AT

T )

E is the elastic modulus of the cladding material, Ax is the difference in thermal expansion
coefficient between the cladding layer and substrate material, AT is the difference between
cladding temperature and room temperature, and v is Poisson’s ratio of the cladding layer.

The relationship expressed in Equation (1) reveals that the Poisson’s ratio of the molten
layer decreases as the thermal expansion coefficient difference between the molten layer
and the substrate material increases. Consequently, a larger temperature difference leads
to greater thermal stress, making the coating more susceptible to cracking [46]. Because
the substrate is difficult to replace in the selection process, and the coefficient of thermal
expansion and Young’s modulus of the cladding material also differ greatly, the selection of
cladding material is particularly important. For instance, when the coating material consists
of ceramic particles and the substrate is made of a metal alloy, the distinct thermophysical
properties of these materials can cause cracking if the number of ceramic particles added
is not carefully chosen. To address this issue, the composition of the cladding layer is
commonly adjusted to alleviate the impact of thermal stress [47].

%

2.2.2. Organizational Stress

During the solidification and crystallization process of the liquid metal within the
molten pool, a rearrangement of the physical phase structure takes place, resulting in the
generation of internal stress known as organizational stress (Figure 3b) [48]. As thermal
cycling progresses, the organizational stress accumulates until it reaches the yield strength
of the material. This accumulation of stress can lead to tissue damage, the formation of
microscopic defects, and even the development of microcracks, ultimately resulting in
brittle fractures. Griffith introduced and refined a model that relates brittle fracture strength
to material properties and damage [48], which can be expressed as follows:

E(27+p)

C. ()

o f=

E is the modulus of elasticity, -y is the material surface energy, p is the microcracks or
micro defects expanding the plastic work per unit length, C; is the size of the microcracks
and micro defects.

The fracture surface energy < is about %, a is the lattice distance of the crystal; the
plastic work «yp is 2~3 orders of magnitude larger than .

The fracture strength of a material can be estimated by considering the size of the
microcrack and the average lattice distance, although the specific value varies depending
on the crystallographic system. For instance, in laser-fused coatings containing hard phases
such as CryCz and Cry3Cq, when the size of the microdamage crack within the coating
ranges from 3 to 5 um, the calculated fracture strength (denoted as “0¢”) is approximately
4.4 GPa [49]. When the stress in the coating exceeds this fracture strength, the microcrack
extends and develops into macroscopic cracks. Hard phases are generally added to the
coating to improve its performance, resulting in poor fluidity of the coating and uneven
powder mixing. Therefore, the coating, after melting, is prone to elemental segregation. The
presence of elemental segregation contributes to an inhomogeneous phase transition structure,
resulting in stress concentration and elevated organizational stresses. Ramakrishnan et al. [50]
proposed that Inconel 738 coating cracking occurs due to the micro-segregation of aluminum
(Al) and titanium (Ti) elements, as well as the presence of low melting point crack boundaries.

The concept of micro-bias is directly associated with the diffusion coefficient of liquid
alloying elements in the melt pool. This diffusion coefficient can be determined using
Formula (3) [51].

E

K= A xerr 3)
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K is the rate coefficient, E is the activation energy, T is the absolute temperature, A is
the frequency factor, and R is the ideal gas law constant.

The relationship expressed in Formula (3) reveals that an increase in the cooling rate
leads to a decrease in the diffusion coefficient of elements, resulting in reduced microscopic
segregation and decreased crack sensitivity. To mitigate these effects and minimize or-
ganizational stress caused by uneven phase transformation, various approaches can be
employed. These include implementing auxiliary fields, refining the size of the hard phase,
or selecting appropriate process parameters. These measures help slow down elemental
segregation and promote a more uniform phase distribution within the material.

2.2.3. Constraint Stress

During laser cladding, as the molten cladding layer undergoes heating and expansion
or cooling and contraction, hindering stress arises from the un-melted portion on the
melted part, referred to as restraint stress (Figure 3c) [52]. Two types of restraint stresses
can be identified: the first is compressive stress resulting from the thermal expansion of the
initially melted material in the melt pool, constrained by the colder surrounding substrate;
the second is tensile stress generated as the molten liquid metal is held by other colder
parts of the substrate during condensation and cooling shrinkage.

The constraint stress mainly comes from the constraints of the matrix, so the constraint
stress at the edge of the cladding layer is relatively small and less prone to cracking. Research
indicates that the middle section of the molten cladding layer is particularly susceptible to
cracking due to heat accumulation and limited heat dissipation area, thus requiring additional
constraints [53]. Appropriate heat treatment techniques can help reduce restraint stress [54].
In addition, the use of low transformation temperature (LTT) alloys can effectively reduce
the accumulation of tensile stress. This is because the low transformation temperature alloy
can use the expansion of martensite transformation to offset part or all of the heat shrinkage,
thereby reducing the residual tensile stress [55]. However, it is important to note that the
melting and cooling behavior of the laser cladding pool is highly complex, and residual
stresses are challenging to eliminate entirely. The non-uniform distribution of temperature,
stress, and flow fields within the melt pool exacerbates residual stresses, especially when there
is a significant temperature gradient or a mismatch in the thermal expansion coefficient and
elastic modulus between the molten material and the substrate. Consequently, regulating
thermal stress, organizational stress, and restraint stress during the laser cladding coating
process, minimizing the individual or interactive effects of these stresses, and preventing or
eliminating coating cracking remain significant challenges in current research.

3. Crack Control Method

To address the issue of cracking in laser-clad coatings, this paper provides a compre-
hensive review of several strategies aimed at controlling crack formation. These methods
include the preferential selection of clad layer materials [56-58], optimization of coating
process parameters [59], implementation of increased heat treatment [46], utilization of
auxiliary fields [60,61], and the use of numerical simulations [62]. Furthermore, this re-
view highlights recent advancements and novel approaches in the field, summarizing the
progress made in controlling coating cracking in recent years.

3.1. Preferred Cladding Material
3.1.1. Control of Hard-Phase Content in the Cladding Layer

There are many applications of laser cladding, among which the most prominent
application is the preparation of surface-strengthening coatings to improve the hardness
and wear resistance of parts. It has been demonstrated that the proper addition of hard-
phase particles with high melting points, such as WC, TiC, and ZrO,, can effectively
refine the grains of the coating. This refinement reduces organizational stresses caused
by elemental segregation and lowers the susceptibility of the coating to cracking [63].
For instance, Zhao et al. [64] observed that Ni-based WC-CeO, coatings exhibited smaller
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secondary dendrite spacing and were free from cracks compared to Ni-based CeO, coatings.
This improvement can be attributed to the addition of WC hard-phase particles, which
increase the number of carbides in the eutectic structure and refines the grains, thereby
enhancing the coating’s toughness and reducing its crack susceptibility. However, it is
crucial to control the number of hard-phase particles added, as excessive differences in
thermal expansion coefficient and elastic modulus between the coating and substrate
can lead to coating cracking. Shen et al. [65] investigated the cracking of NiCrSiBC-WC
composite coatings with WC mass ratios of 40%, 50%, and 60% on carbon steel substrates
(Figure 4a). The study revealed that the composite coatings with 40 wt.% WC exhibited no
cracks, while those with 50 and 60 wt.% WC showed cracks, with significant penetration
cracks observed in the middle due to the presence of large grains of WC.

Similar observations have been made regarding the effect of hard-phase particle content on
the surface quality and structure of coatings. Shen et al. [66] studied the cracking of NiCrSiBC-
WC composite coatings and found that coatings with 3040 wt.% WC exhibited no cracking or
fragmentation of WC particles, whereas coatings with 50-60 wt.% WC exhibited significant
deterioration and increased cracking. This can be attributed to the fact that the secondary
precipitation phases of WC, such as bulk carbides and rod carbides (laminated carbides), have
poor wetting properties with nickel and are highly susceptible to stress concentration, leading
to cracking [46]. Similarly, Liu et al. [67] investigated the effect of TiC volume fraction on the
microstructure and tensile properties of TiC/TA15 titanium-based composite coatings. They
discovered that composites with 5 vol.% TiC exhibited improved strength, whereas the tensile
properties deteriorated as the TiC volume fraction increased, resulting in coating cracking.
Similarly, Ignat et al. [47] found that when the volume fraction of ZrO, in the coating exceeded
15%, the surface quality of the coating deteriorated with the appearance of cracks.

0.03% Si

Laser off 50 pm

Figure 4. The effect of cladding materials on the microscopic morphology of coatings. (a) Micromor-
phology of NiCrBSi-WC coatings with different WC contents [65]; (b) microscopic photos of different
types of WC coatings in Ni60-30 wt.% WC composite coatings [68]; and (c) microscopic photos of
coatings with different silicon contents in IN738LC coatings [69].

In summary, when incorporating ceramic hard-phase particles into the coating, it
is important to limit the hard-phase content. The commonly used WC ceramic particle
content should be kept below 50 wt.%, and the content of other less dense hard-phase
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particles should also be controlled. Otherwise, excessive stress may lead to cracking in
the coating.

3.1.2. Preferred Hard-Phase Particle Type

Hard-phase particles can be categorized into microns and nanoparticles based on their
particle size [70]. They can also be classified as spherical, shaped, or flocculent based on their
shape [68]. Furthermore, hard-phase particles can be classified according to their structure
as mechanically mixed or encapsulated [71]. The addition of different types of hard-phase
particles results in variations in coating properties and the occurrence of coating cracks, and
the choice of preferred hard-phase particles can enhance the crack resistance of the coating.

Regarding the impact of hard-phase particle size on coating cracks, researchers have found
that larger particles can impede crack expansion. However, when the particle size is excessively
large, it can lead to stress concentration and subsequent coating cracking [72]. He et al. [73] in-
vestigated the influence of micron and nano-sized TiC particles on the structure and properties
of TiC-TiAl composite coatings. They discovered that the coating containing 20 wt.% micron-
sized TiC had 14 cracks, while the coating with 10 wt.% nano-sized TiC had only 6 cracks,
and the coating with 20 wt.% nano-sized TiC had a mere 3 cracks. Wang et al. [74] observed
the elimination of cracks near the substrate interface upon the addition of 1 wt.% nano-sized
Al,O3 to NiCoCrAlY high-temperature protective coatings. Li et al. [75] further demonstrated
that nanoceramic particles not only eliminated coating cracks but also transformed columnar
crystals into equiaxed crystals with a more uniform and dense structure.

In terms of the influence of hard-phase particle shape on coating cracking, Zhang et al. [68]
investigated the effect of spherical, shaped, and flocculent WC particles (30 wt.%) on Ni60
coatings. They found that spherical WC particles mainly accumulated in the lower-middle part
of the coating, while shaped WC particles showed a similar distribution pattern. In contrast,
smaller flocculent WC particles were uniformly dispersed throughout the coating (Figure 4b),
and coatings prepared with flocculent WC particles exhibited a smaller tendency to crack.

Regarding the impact of hard-phase particle structure on coating cracks, mechanically
mixed WC particle coatings in a Ni-based substrate commonly exhibit cracking, whereas
coatings prepared with overlapping particles such as WC-Co and WC-Ni demonstrate
overall improved performance. Zhang et al. [76] observed that four Ni-Cu/WC-12Co
composite coatings with WC-12Co content ranging from 0 to 30 wt.% showed no cracks.
Similarly, the WC-Ni coating prepared by Tehrani et al. [77] was not only crack-free but
also 1.5 times tougher than the WC-Co thermal spray coating.

In summary, the proper addition of nano-sized hard-phase particles can refine the
grain structure of the coating and enhance its toughness. Flocculent hard-phase particles
can be evenly distributed within the coating, thereby preventing stress concentration caused
by particle aggregation. Encapsulated hard-phase particles possess good mobility and
wettability, improving the coating’s toughness and playing a stronger role in reinforcement
while impeding crack expansion. Therefore, when selecting the type of hard-phase particles,
consideration should be given to their particle size, shape, and structure.

3.1.3. Adding Alloying Elements

Studies have demonstrated that the presence of excessive residual stress in the coating
can lead to brittle cracking. However, the addition of alloying elements such as Co, Cr, Si, and
V,0s to the coating can enhance fracture toughness and reduce its susceptibility to cracking.

In a study conducted by Dai et al. [78] on the effect of Co content on the cracking
susceptibility of WC/Fe laser-clad layers, it was observed that the toughness of the coating
increased with the addition of Co. When 8 wt.% Co was added, the toughness reached
nearly 1100 MPa, which was 1.3 times higher than the coating without Co. Hence, the
addition of the Co element effectively mitigates the tendency of the coating to undergo
brittle fracture and exhibits favorable toughening and plasticizing effects. Qi et al. [79]
investigated the mechanism behind the improvement in coating cracking through the
addition of the Cr element. They found that the presence of Cr gradually refined the
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coating grains (Figure 4d). Moreover, the addition of the Cr element positively influenced
the reduction in the elastic modulus of the clad layer, thereby enhancing the coating’s
toughness and alleviating thermal stress and solidification shrinkage in the clad layer,
ultimately reducing the susceptibility to coating cracking. Sun et al. [69] observed a crack
density of 0.85 mm/mm for an IN738LC high-temperature alloy coating with a 0.11 wt.% Si
content, whereas the sample with 0.03 wt.% Si content exhibited minimal cracking and only
a few pores (Figure 4c), consistent with the findings of Cloots et al. [24]. Wang et al. [23]
noted that high volume fraction and uneven distribution of hard phases such as chromium
boride and carbide in NiCrBSiC coatings resulted in thermal stress concentration. However,
the addition of V,0Os led to grain refinement, improved coating toughness, reduced crack
sensitivity, and the elimination of cracking when added at 5 wt.%.

In summary, the addition of alloying elements aims to enhance the toughness of the
coating, increase its yield limit, and transition it from a brittle to more ductile behavior.
Furthermore, it promotes grain refinement and uniform distribution within the coating to
avoid stress concentration, thereby reducing the coating’s susceptibility to cracking.

3.1.4. Addition of Rare Earth Oxides

Studies have revealed that the incorporation of rare earth elements, such as La, Ce,
and Y, which exhibit surface active properties, can effectively reduce the surface tension
of molten metal during coating formation. This reduction in surface tension improves the
mobility of the melt pool, consequently minimizing defects such as porosity and cracks in
the coating [16]. For instance, Sun et al. [80] synthesized (Ti, Nb) C/Ni coatings through in
situ synthesis and investigated the impact of CeO, additions ranging from 0 % to 9 wt.% on
the coatings’ microstructure and defect formation. It was observed that coatings without
CeO; or with excessive CeO, additions displayed more pores and cracks, whereas the
addition of 5 wt.% CeOQ; significantly improved the microstructure.

Moreover, rare earth elements undergo chemical reactions with impurity elements
(e.g., S, O, 5i, and N) upon thermal decomposition, leading to the formation of stable
high melting point compounds that serve as crystalline nuclei. This process increases the
number of nucleation sites, resulting in a greater number of grains and a refined coating
structure. Consequently, the toughness of the coating is enhanced, and defects within the
coating are reduced [81]. Table 1 presents the impact of different rare earth oxides on the
improvement in coating cracks.

Table 1. Improvement effect of different types of rare earth oxides on coating cracks.

Coating/Substrate Rare Earth Oxide wt.% Improvement Effect

Fe-based /5CrNiMo [82] 1%/2% /3% Y,03 A 2% Y,Oj3 coating was added without cracks or pores

The average fracture toughness was increased from 8.32 MPa
TiB-TiC/Ti6Al4V [83] 2% Y,053 m!/2 t0 17.36 MPa m!/2, and the cracking resistance
was improved

The addition amount was 0.6%; the coating had no cracks, and

Ni-based /45 steel [84] 0.1%-1% La; O3 the microstructure was refined

A 1% LapO3 was added; the coating was tight and defect free
Ni-60%WC/ASTM A36 [85] 0.5%-2% LayO3 When the addition amount was greater than 1.5%, the oxygen
content increased, and defects increased

Refined the coating structure and ensured that the coating had

Ti/Ti6Al4V [86] 1% CeO; and 1% Y,03 o defects
CrTi4-TiCx/Ti6Al4V [87] 1%—-4% CeO, The addition amount is 2%; the coating has no cracks
Ni60A / TC4 [88] 1%-4% CeO, The ﬂu1d1fcy oof the molten pool 1mproved, a1.1d the add¥tlon
amount is 3%; there are no obvious cracks in the coating
Ni60/6063A1 [89] 5% Y503, CeO,, Dense organization, refined grain size, without obvious cracks
and LayO3 and pores
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In summary, the selection and quantity of rare earth oxides added vary depending on
the specific molten coating material, typically within a controlled range of 5 wt.%. Notably,
when the addition of rare earth oxides falls between 0.5 and 2 wt.%, the resulting coating
exhibits a dense structure with small grains and minimal observable defects. Excessive
addition of rare earth oxides leads to increased oxygen content within the coating and
the introduction of impurities at grain boundaries, thereby exacerbating defect formation.
Hence, strict control over the addition of rare earth oxides is crucial.

3.1.5. Adding a Transition Layer

Transition layers in laser cladding coatings can be classified into two categories. The
first category is the buffer layer, which possesses thermophysical properties like the sub-
strate. This buffer layer acts as an intermediary between the cladding layer and the
substrate, reducing the residual stress in the coating and minimizing the dilution effect
caused by the substrate [90]. The second category is step coating. In cases where the melt
layer contains a high concentration of hard-phase particles, a layer-by-layer incremental
approach can be employed to incorporate the hard-phase particles and alleviate the residual
stresses between different layers of the coating [91,92].

In studies focusing on buffer layers for stress reduction in coatings, Cao et al. [93]
successfully prepared Cr3;Cp-reinforced Ni6OA-Ag self-lubricating composite coatings on
a copper alloy substrate using a NiCr buffer layer. This approach effectively addressed
issues related to segregation and cracks caused by coarse CryC3 columnar grains in single-
layer composite coatings. Similarly, through pre-coating a CoCrFeMnNi melt layer on
the substrate, Zhang et al. [94] achieved the successful formation of a 5-20 wt.% TiC
composite-reinforced coating, which reduced stress concentration and enhanced the coat-
ing’s resistance to cracking. Thawari et al. [95] utilized an Inconel 625 buffer layer to deposit
a wear-resistant Stellite 6 coating on an SS316 substrate, resulting in a coating with reduced
defects such as porosity and cracks. The buffer layer prevented direct contact between
Stellite 6 and the substrate, thereby minimizing the temperature gradient (G) and slowing
down heat loss in the molten layer.

Regarding the reduction in stress in step fusion coatings, Paul et al. [71] employed
a pulsed Nd: YAG laser to deposit multilayer heavy gradient fusion layers on a mild
steel substrate. This approach effectively addressed issues such as cracks, porosity, poor
bonding, and partial melting of WC particles in the Co substrate. Wang et al. [96] utilized
a gradient combination design in the preparation of WC-enhanced nickel-based gradient
composite coatings, significantly reducing the susceptibility to cracking in coatings with a
high concentration of hard-phase particles. Similarly, Li et al. [97] successfully prepared
crack-free 50 wt.% TiC-Ti6Al4V composite gradient coatings using a similar approach.

In summary, the buffer layer serves as a buffer to mitigate cracking issues in composite
coatings with a low concentration of hard-phase particles. On the other hand, step coatings
are employed to address cracking problems in composite coatings with a high concentration
of hard-phase particles. For instance, when the ceramic addition exceeds 50 wt.%, a multi-
layer step fusion coating should be selected to alleviate stress between the coatings and
reduce the susceptibility to cracking.

3.2. Optimization of Cladding Process Parameters
3.2.1. Main Process Parameters

The primary process parameters of laser cladding encompass laser power (P), scanning
path, scanning speed (V), powder feed (F), powder thickness (H), spot diameter (D), overlap
rate (O), and more. Among these parameters, laser power, scanning speed, and spot
diameter are interconnected and have a comparable impact on the cracking behavior of
the coating. To explore the relationship between laser power (P), scanning speed (V), spot
diameter (D), and the coating’s cracking behavior, the concept of laser energy density E

was introduced [98]:
P

E=—
DV

4)
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From Formula (4), it can be seen that E is positively correlated with P and E is

negatively correlated with D and V. The process parameters of common cladding material
systems and their effects on the cracking behavior are shown in Table 2.

Table 2. Relationship between process parameters and crack behavior.

Coating/Substrate Process Parameters Influence Law
Ni60/40Cr V:20-25 mm/s Fpsé(i(}?;}:ogv}mm 0:50%, and P: 1000-1800 W, the crack rate decreased from 0.2 to 0.11 N/mm. Defocus:
[99] : 4 cie focus: 0 4’1 n.mm At 0—4 mm, the crack rate increased from 0.1 to 0.23 N/mm.
. 20N . e When the heat input and H increased, the cracking first decreased and then
F%%ZC[EI;]I/ P:800-1050 W, V:8 g ;n rr:rf\ s, H: 0.5-1 mm, and increased. When H was 0.75 mm, the crack rate was the lowest. The influence of

P and V on crack rate was much greater than that of H.

TiC/mild Steel [100]

P: 1000-2800 W, V: 4 mm, and
D: 0.5 mm

Under four laser powers, the coating had no cracks or pores, the heat input was
large enough, and the coating had no cracks.

WC-Co/ N e . When F was higher than 5 g/min, the coating was discontinuous and had
Cr-Mo-V nﬁ;goznlggg Z\i’ 1;14 22 gr/ c:?el?t/ig{ itrrrr:g; a}?ecle defects; under nitrogen protection, all samples had cracks and pores; and under
[101] & gon gasp P argon protection, all samples had no cracks.
7055AA/ . . . . The larger P was, the smaller V was, and the greater residual compressive stress
2024AA P: 1%:) (3;20?1%‘?]’ V't10_30 ;nr?/s, 5 r2nmlm é‘l;ir;ear was; the residual stress in linear mode was minimized, and the optimal solution
[102] pattern, and two types ot arc pattern cia & was obtained when the cladding angle was 0°.
StelliteX-40/ . . . P:1000 W, the coating was not fused; P: 3000 W, reheat cracks appeared;
GH4133 P 10007‘?000 W, V:5-8 mm( s, H:0.6-1.2 mm, H > 1.1 mm, the coating was not melted; and after treatment, only 3000 W
750 °C, and 16 h annealing treatment X .
[103] coating had intergranular reheat cracks.
I?rfé);félz%%/ P:2000-3000 W, V: 12-16 mm/s, D: 5 mm, and P was too small, or F was too large, leading to poor coating quality; increasing P,
[104] 25-300 °C preheating decreasing F, and preheating could reduce defects.

Ni60/45 Steel [105]

P:1600 W, V: 5-11 mm/s,
F:15-21 g/min, O: 45-60%, and defocus: 16 mm

When F increased, the crack rate increased; when overlap rate increased, the
crack rate increased; the larger the V, the greater the crack rate.

Here are the revised and retouched paragraphs regarding the recommendations for
improving coating cracks:

(1) Increase the laser power appropriately, and reduce the spot diameter and scanning
speed. When the laser energy density (E) is low, the molten coating powder may not
melt sufficiently, leading to an increased rate of coating cracking. Increasing the laser
energy density (E) ensures sufficient melting of the metal in the molten pool, reducing the
susceptibility of the coating to cracking [106,107];

(2) Adjust the thickness of powder laying and the amount of powder feeding appropri-
ately. Increasing the thickness of powder laying and the amount of powder feeding results
in a larger amount of metal being melted. If the laser energy is insufficient to melt all the
powder, it can lead to impurities, pores, coarse coating structure, and, ultimately, cracks.
However, reducing the amount of powder feeding or powder thickness too much may result
in overburning, thermal deformation of the substrate, and reduced coating quality [105];

(3) Set the overlap rate reasonably. Excessive overlap can cause heat buildup, leading
to increased thermal stress and higher susceptibility of the coating to cracking. Conversely,
a very low overoverlap rate can result in a discontinuous coating surface and the formation
of defects. To ensure high-quality coating formation, the overoverlap rate is generally
chosen to be within the range of 30% to 60% [108].

Additionally, the scanning path employed can also impact coating stresses, conse-
quently affecting the propensity for coating cracking. Saboori et al. [109] analyzed the effect
of four main scanning strategies (raster, bi-directional, offset, and fractal) on the residual
stresses in the final coating. They observed different residual stresses in coatings produced
with different scanning paths. For instance, the use of the offset-out scanning strategy
reduced the coating residual stresses to one-third of those produced by the bi-directional
scanning strategy [110].

3.2.2. Other Process Parameters

In addition to the primary process parameters such as laser power, scanning speed,
and powder feed, other factors such as laser parameters (pulse frequency and pulse width)
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and the external environment (protective atmosphere and incidence angle) can also impact
the occurrence of coating cracks.

Decreasing the pulse frequency and increasing the pulse width have been found to
reduce coating crack defects. Javid et al. [111] observed a decrease in the number of coating
cracks as the pulse width increased. This is attributed to the fact that a wider pulse width
results in a lower cooling rate, increased dilution rate, decreased residual stresses, en-
hanced coating toughness, and reduced susceptibility to cracking. Ali Khorram et al. [112]
investigated the influence of parameters such as pulse width and laser frequency on the
occurrence of solidification cracking in coatings. They discovered that high dilution rates
and coating thickness cause the formation of longer solidification cracks, while crack-free
coatings can be achieved at lower dilution rates (28%). Furthermore, utilizing a lower laser
frequency can lower the dilution rate, enabling the preparation of crack-free coatings [29].

Although most studies have focused on laser melting coatings on flat surfaces, the
investigation of melting conditions on tilted substrates is still in the exploratory stage.
Bowen Shi et al. [113] examined the effect of substrate tilt angle on the cracking behavior
of high-hardness Ni60A coatings and observed that the cracking rate increased 3.5 times
for up-lap coatings and 4 times for down-lap coatings as the tilt angle increased from 0° to
60°. The cracking mode observed was a quasi-dissociative fracture. Therefore, choosing
an upward lap configuration can minimize the shielding and reflection of the laser by the
molten coating, leading to increased laser utilization, enhanced melt pool mobility, and
reduced coating cracking. Additionally, Yamaguchi et al. [114] discovered that reducing the
oxygen concentration can effectively prevent defects such as porosity and decarburization
resulting from the carbon—oxygen reaction in the coating. Therefore, using an inert gas such
as argon as a protective gas can help reduce coating defects such as porosity and cracks.

3.3. Increasing Heat Treatment

Residual stresses in coatings can be mitigated by employing suitable heat treatment
techniques during the laser fusion coating process. Commonly used heat treatments include
the preheating pretreatment, slow cooling post-treatment, and laser remelting.

Preheating the substrate can reduce the temperature gradient between the coating
and the substrate, thereby lowering thermal stress and decreasing the susceptibility of the
coating to cracking (Figure 5a). However, excessive preheating can lead to increased crack
length, necessitating careful control of the preheating temperature [29]. Ding et al. [115]
conducted experiments using different preheating temperatures on Q460E substrates with
12CrNi2 coatings and developed a finite element residual stress analysis model. Their
findings demonstrated that preheating effectively reduces residual stresses in the coatings.
Bidron et al. [116] conducted repair studies on CM-247LC high-temperature alloy and
determined that using low energy input and an induction preheating temperature close
to 1100 °C was highly effective in preventing specimen cracking. Moreover, to address
various concerns, Zhou et al. [117] proposed the laser induction hybrid rapid cladding
(LIHRC) technique, which solved the problem of substrate damage caused by preheat-
ing. This technique not only improved cladding efficiency but also resulted in crack-free
composite coatings.

Slow cooling post-treatment mainly involves adjusting the microstructure of the
coating and slowly releasing residual stress in the coating (Figure 5b). Li et al. [118] found
that the fracture toughness of coatings increased from 2.77 to 3.80 MPa-m!/2 at 1 and 2 h
of post-treatment with heat retention, thereby reducing the susceptibility to cracking. In
another study, Chen et al. [119] investigated the effect of post-melt stress relief treatment
on residual stresses in laser melting of AISI P20 tool steel on pre-hardened deformed P20
substrates. They observed that slow cooling post-treatment altered the volume fraction of
residual austenite in the coating and significantly reduced residual stresses, consequently
reducing the coating’s susceptibility to cracking. These findings align with the results
reported by Chen et al. [120] and Telasang et al. [121]. Dai et al. [78] found that slow cooling
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post-treatment was not as effective as substrate pre-treatment in eliminating cracks, as
some cracks had already formed during the cooling process and could not be eliminated.

(© =
g
Reduce temperature gradient

\ i Completed
cladding coating
heat . i

heat i o
/ . — a5
Slow down the cooling rate ) Secondary scanning; release stress

Figure 5. Heat treatments: (a) preheating treatment; (b) slow cooling post-treatment; (c) laser remelting.

Laser remelting is a secondary scanning of the laser cladding coating, which forms a
molten pool on the surface of the coating again, thereby releasing coating stress (Figure 5c).
Wang et al. [122] prepared iron-based amorphous coatings on H13 steel and observed a sig-
nificant reduction in coating cracks after laser remelting. Similarly, Lu et al. [123] prepared
Fe375Cry75C12B13Moqg amorphous coatings and found that directly fused coatings exhib-
ited significant cracks, whereas the coatings showed minimal cracks after laser remelting.

In summary, pretreatment is the most effective method for inhibiting coating cracking
as it directly reduces thermal stresses. Slow cooling post-treatment functions as a ther-
mal insulation and gradual cooling process to release residual stresses over time. Laser
remelting creates a new melt pool on the substrate surface, filling some existing cracks and
releasing residual stresses from previous scans. Among the three mentioned techniques, the
preheating pretreatment is the most effective in preventing coating cracking. This is because
the preheating pretreatment directly reduces thermal stresses. In contrast, post-treatment
cannot eliminate existing cracks, and laser remelting may introduce new residual stresses.

3.4. Application of Auxiliary Field

Coating materials and laser coating process parameters have limited direct influence
on changes occurring in the melt pool. They can only be adjusted based on process require-
ments. However, off-field auxiliary technologies have emerged as a popular research topic
in recent years to address the cracking problem in laser-clad coatings. These technologies
directly impact the energy and mass transfer of the melt pool without physically contacting
the coating. They improve the uniformity of the coating structure, reduce elemental segre-
gation, and prevent local stress concentration, thereby slowing down or eliminating defects
such as cracks and holes in the coating [85,124-126]. Some commonly studied auxiliary
fields include friction stirring, electromagnetic fields, mechanical vibration, and compound
fields (Table 3).

Table 3. Effect and mechanism of different auxiliary fields on coating cracks.

Auxiliary Field Coating/Substrate Effect Function Mechanism

Magnetostrictive effect can effectively
reduce the coefficient of thermal
expansion and elastic modulus of
cladding layer, and reduce
element segregation

The cracks and pores are
reduced; the magnetic field
intensity is 20 mT, the
magnetostrictive effect is maximum

Magnetic Field [127] Co-based /42CrMo

Vibration causes tissue fragmentation
and secondary dendrite fracture, and
changes the orientation of the crystal
from (220) to (111), resulting in a
dense structure

Refine the microstructure of the
cladding layer, effectively
reducing micro defects such as
pores and cracks

Ultrasonic Vibrations [128] 316L/ASTM 1045
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Table 3. Cont.

Auxiliary Field Coating/Substrate Effect Function Mechanism
Refines grain size, obtains Rapid stirring increases friction heat
Friction Stir [125] Ni-Cr-Fe /45 steel nanostructured coatings, and and strain rate, which is beneficial for

eliminates coating cracks

toughening and plasticizing

Electromagnetic Field [129] Ni60/pure iron

The toughness of the coating is
improved, and the number of
cracks is reduced

Electromagnetic stirring causes Cr;C3
to fracture into an independent
rod-shaped structure, improving the
nucleation rate

Ultrasonic-Electromagnetic

Field [130] NiCrBSi/42CrMo

Refines organization, reduces
element segregation, and
significantly reduces coating defects

Ultrasonic flow and electromagnetic
force stirring cause the dendrites in
the cladding layer to be shattered

The electromagnetic field, for instance, can alter the trajectory of charged particles
within the melt pool. By using an alternating electromagnetic field, the melt pool can be
agitated, and the grains can be crushed. Studies have demonstrated that the magnetic field
refines the microstructure of the coating, and magnetostriction significantly reduces the
coating’s elastic modulus and enhances its elastic recovery. This improvement in crack
resistance was observed by Wang et al. [131], who utilized a steady-state magnetic field to
assist in melting a nickel-based alloy coating on a pure iron substrate. Without the auxiliary
field, five cracks were found on the coating’s surface, but as the magnetic induction inten-
sity increased, the number of cracks gradually decreased. When the magnetic induction
intensity reached 0.2 T, only two cracks remained.

Ultrasonic vibration-assisted techniques employ ultrasonic cavitation and acoustic
flow reinforcement to generate high-frequency and low-amplitude vibrations. These
vibrations agitate the melt pool, ensuring a more uniform distribution of elements and
stress fields. Zhang et al. [132] prepared a ceramic particle-reinforced iron-based composite
coating using ultrasonic vibration assistance and found that the acoustic flow caused by
ultrasonic vibration accelerated the melt pool flow, improved heat and mass transfer, and
facilitated the formation of nucleation points for ceramic particles. As ultrasonic power
increased, the ceramic particles in the coating became finer and more uniform. However,
further increasing the ultrasonic power resulted in the agglomeration of fine ceramic
particles, increasing the brittleness of the coating and leading to cracking.

Friction stirring involves the application of frictional heat and the coupling effect of
plastic deformation on the molten pool, leading to grain refinement and uniform distribu-
tion of carbides within the coating. This process enhances the toughness of the coating.
Niu et al. [133] employed friction-stirring thermal coupling to eliminate cracks on the top
surface of a Ni-16Cr-8Fe alloy coating. They successfully transformed reticulated carbides
into nanoparticles dispersed throughout the substrate austenite, thereby improving grain
toughness and refinement. Alibadi et al. [134] discovered that the friction stirring-assisted
technique outperformed the furnace remelting technique. It not only eliminated defects
such as cracks and porosity in the coating but also significantly increased the hardness and
wear resistance of the coating.

When it comes to coatings with low ceramic content, a single auxiliary field exhibits a
good crack suppression effect. However, for reinforced coatings with high ceramic content,
the crack improvement effect is limited. Consequently, researchers have explored composite
fields to address this issue. Zhang et al. [135] introduced the ultrasonic—electromagnetic
mixed field (UEM) into laser melting (LC) to prepare Inconel 718 + 60 wt.% WC metal
substrate composite (MMC) coatings on Inconel 718 substrates. Coatings without assistance
exhibited longitudinal and transverse cracks. However, the presence of a single ultrasonic
field caused cavitation and a nonlinear effect of acoustic flow, resulting in a more uniform
temperature distribution in the melt pool and a reduced temperature gradient. The single
UEM field generated two types of Lorentz force in the melt pool, enhancing Marangoni
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convection and reducing the temperature gradient, leading to a uniform temperature
distribution. The combined effect of acoustic and Lorentz forces assisted by mixed UEM
fields reduced the drag force of WC in the melt pool [130,136]. Consequently, a larger
stirring effect occurred in the melt pool, significantly reducing temperature inhomogeneity
and completely suppressing cracks.

In summary, magnetic field assistance exploits magnetostrictive effects, ultrasonic vi-
bration fields utilize acoustic flow reinforcement, electromagnetic fields employ Lorentzian
magnetism for stirring, and friction stirring often involves thermal coupling. While a
single auxiliary field can eliminate defects such as cracks and holes in general ceramic
composite coatings, a composite field is more effective for reinforced coatings with high
ceramic content. Both single-assisted and composite fields primarily aim to stir the melt
pool, achieving homogeneous tissue and refined grains. As a result, the toughness of the
coating improves, thereby reducing its susceptibility to cracks. Off-site auxiliary technology
is of great significance for improving the uniformity of microstructure in coatings, refining
grain size, reducing residual stress in coatings, and suppressing coating cracks and pore
defects in the future.

3.5. Numerical Analysis

Real-time monitoring of the intricate melting, cooling, and solidification processes
within the melt pool during laser cladding coating is challenging through experimental
means. However, numerical simulation offers a viable solution by simulating the coupled
behavior of temperature, stress, and flow fields. This simulation provides valuable insights
for optimizing laser cladding process parameters and predicting the expansion of cracks. By
employing numerical simulations, researchers gain a comprehensive understanding of the
complex phenomena occurring within the melt pool, enabling them to refine and improve
the laser cladding process. Additionally, these simulations aid in predicting and mitigating
crack formation and expansion, leading to more reliable and efficient coating outcomes.

3.5.1. Melt Pool and Physical Field Model

Regarding the melt pool model, Kumar et al. [137] developed a three-dimensional
Marangoni-Rayleigh-Benard convection model to investigate the impact of process param-
eters, such as power and velocity, on various aspects of the melt pool. Their study examined
the geometry of the melt pool, dilution level, melt pool temperature, and the microstructure
formation and scale along the solidification trajectory. The results revealed that enhanced
uniformity in melt pool flow reduced porosity, contributing to improved outcomes. Sim-
ilarly, Chew et al. [138] employed a three-dimensional finite element model to simulate
the residual stresses induced by laser coating AISI 4340 powders on a similar substrate
material. They also proposed a laser power decay model for the laser-powder interaction
zone during coaxial powder feeding. Furthermore, researchers such as Aucott et al. [139],
using high-energy synchrotron micrographs, observed the formation and flow state of the
melt pool during laser cladding, investigating the temperature-dependent alloy surface
tension coefficient to optimize the laser additive manufacturing process.

In terms of the physical field model, Yao et al. [140] confirmed the significant advan-
tages of multi-dimensional high-frequency vibration in laser cladding and provided a basis
for revealing the potential mechanism of multi-dimensional vibration on rapid melting
and solidification. Figure 6a,b in their work displayed the temperature field and flow
field of 2D vibration at 0.45 s. Tian et al. [141] employed the stress-induced solid phase
transformation (SSPT) technique to mitigate residual stresses in coatings. They developed
a three-dimensional thermodynamic finite element model to analyze stress-induced solid
phase transformation and found that SSPT significantly reduced residual stresses in both
the transverse and longitudinal directions (Figure 6¢c). By inducing the transformation of
austenite to martensite through melting, the residual stresses were released, resulting in
low-stress coatings. This approach offered a novel strategy for crack elimination. In another
study, Li et al. [142] established a multi-field coupled three-dimensional numerical model
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of IN625 powder laser disc-clad ductile iron. Their comprehensive model revealed the
transient evolution of temperature, flow, morphology, and stress fields within the clad layer.
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Figure 6. Physical field model and crack prediction. (a—c): physical field model (a) temperature
field with 2D vibration; (b) flow field with 2D vibration [140]; (c) stress field [141]; and (d,e): crack
prediction. (d) Single channel stress distribution; (e) actual distribution of coating cracks.

3.5.2. Process Parameters and Crack Prediction Model

When it comes to simulating laser cladding process parameters, Qiao et al. [143] found
through numerical simulation that as the overlap rate increases, the heat accumulation
and corresponding maximum residual stress tend to be located at the center of the melted
coating, at which point the coating has high crack sensitivity. Yu et al. [105] developed
a neural network prediction model that correlated the overoverlap rate, powder feed,
scanning speed, and coating crack density. They determined that the sensitivity of coating
cracks followed the following order: overoverlap rate > powder feed > scanning speed.
Song et al. [102] introduced a dual ellipsoidal heat source-based and sequential-coupled
thermal force analysis (SCTMA) method to analyze the distribution of temperature and
residual stress fields under different laser power, scanning speed, and laser melting pa-
rameters. Their findings indicated that the specimens exhibited minimal residual stresses
and the best crack resistance when the laser power was set at 1400 W and the scanning
speed was 10 mm/s. The simulated laser melting process parameters can provide the
theoretical optimal parameters, save the experimental time for optimizing the process
parameters, and facilitate the subsequent theoretical support for the crack prediction model.
Regarding the prediction of coating cracks, Li et al. [144] found by ANSYS finite element
simulation that a high stress concentration was generated between the coating and the
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substrate, which increased the susceptibility to crack formation, and the distribution of
transverse residual stress test was basically consistent with the actual crack orientation.
Krzyzanowski et al. [145] conducted numerical simulations to analyze the transient fields of
thermal and strain-stress during the melting process. The predicted results demonstrated
that the equivalent stress in the marked region on the top surface of the single-pass melting
layer exceeded the tensile strength limit of the melted material, resulting in the generation
of cracks in that region. This observation aligned with the location of longitudinal cracks
observed experimentally (Figure 6d,e). Li et al. [146] proposed a method for identifying
the state of the cladding layer and detecting cracks during laser cladding. By monitoring
the acoustic emission signal during the laser melting process, the presence of cracks in
the coating can be determined, along with identifying their location. Cracked clad layers
exhibit high-amplitude and high-energy impact signals, whereas the acoustic emission
signal collected from uncracked clad layers is more moderate. The crack prediction model
is mainly used to obtain the location of cracks by simulating the stress magnitude and
distribution, and to identify the cracks in the coating by detecting the acoustic signal when
cracks are generated to determine whether cracks exist in the coating.

In summary, numerous numerical simulations of the laser cladding process have been
witnessed in recent years. Scholars have analyzed the flow of the melt pool, as well as
the temperature, stress, and flow fields during cladding, while investigating the behavior
of cracking under different process parameters. Additionally, the proposed prediction
models for coating cracks have facilitated the detection and identification of cracks in laser
melting coatings, presenting a significant advancement in crack exploration within laser
melting coatings.

3.6. Other Methods

To address the issue of cracks in laser cladding coatings, researchers have proposed
innovative methods that go beyond numerical simulations and optimization processes.
These approaches mainly involve the development of the exploration of novel preparation
processes and new structural materials.

In terms of novel preparation processes, Cen et al. [147] proposed a method for sup-
pressing solidification cracks in Al-Cu-Mg alloy during laser melting using high-frequency
beam oscillation (Figure 7a). This method effectively reduced solidification cracks, induced
a columnar to equiaxed crystal transformation, and minimized coating cracks without
requiring additional auxiliary measures. Yang et al. [148] investigated the forming proper-
ties and solidification behavior of a high-reflectivity CuCrZr alloy coating on an AlSi7Mg
substrate under infrared (IR), blue, and hybrid lasers. Materials with high crack sensitivity
exhibited severe cracking and spheroidization tendencies when melted with IR and blue
lasers, respectively. However, the use of a hybrid laser source (960 W blue laser + low-
power IR laser of 100 and 200 W) successfully produced crack-free coatings (Figure 7b).
Zhang et al. [149] implemented a superposition method where two uniform rectangular
spots with different sizes and energy densities were used, resulting in the formation of
convex spots (Figure 7c). The thermal-force coupling analysis of the McrAlY coating
melted with uniform rectangular and convex beam spot processes demonstrated that the
convex spot provided preheating and slow cooling effects, reduced the temperature gradi-
ent between the substrate and the melted layer, decreased residual stress, and effectively
mitigated cracking tendencies in the melted layer.

In terms of novel structural materials, Feng et al. [150] successfully prepared a crack-
free Fe-C-B-W-Cr-Nb-V-5i-Mn coating with an ultrafine eutectic structure consisting of
shaped nanostructured dendrites. This coating exhibits the high toughness characteristic
of nanomaterials without agglomeration. The small microstructure length of the eutectic
structure matches the critical crack size, enabling the possibility of crack deflection at
the phase boundary. Another study by Wang et al. [151] involved the preparation of
a core—shell-structured composite powder consisting of 420 stainless steel powder and
nano WC-Co particles using high-energy ball milling. The composite powder exhibited
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excellent sphericity and fluidity, making it highly suitable for laser cladding (Figure 6e).
Consequently, the application of this core-shell composite powder resulted in the formation
of dense coatings with uniform hardness distribution and no cracks.
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Figure 7. New preparation processes. (a) Energy distribution of the circular oscillating laser beam;
(b) the laser power combination mode; and (c) schematic diagram of convex light spots formed by
overlapping rectangular light spots.

In summary, researchers have made significant advancements by exploring innovative
preparation processes and new structural materials to control cracks in laser cladding
coatings. These approaches offer promising strategies for achieving crack-free coatings
with improved properties.

3.7. Cracks Control Methods Comparison and Evaluation

In view of the problem that the variety of coating crack control methods is compli-
cated and the practicality is difficult to evaluate, this paper adds a comparative analysis
of various control methods, evaluating and analyzing them in terms of control effects,
economic benefits, applicability, and other aspects. Table 4 summarizes the practical effects,
advantages, and disadvantages of six crack control methods in order to provide an effective
reference value for laser cladding coating crack control.

As shown in Table 4, among the six coating crack control methods, the addition of
rare earth oxides, the preheating treatment, compound field assistance, new preparation
processes, and new structural materials are the most effective for the control of laser
melting coating cracks, while post-treatment and laser remelting are generally effective.
Numerical analysis can study the melt pool state and thus predict the cracking behavior,
where controlling the hard-phase content and optimizing the process parameters are the
most widely used. Application of auxiliary fields, numerical analysis, and development
of new structural materials and processes are the hotspots of current research with good
development prospects.
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Table 4. Practical effects, advantages, and disadvantages of the six crack control methods.

Control Methods Specific Types Practical Effects Advantages Disadvantages

Difficult to eliminate cracks, not

Control of hard-phase contents in Easy to use, wide range of

2 o applicable without hard
the layer applications phase coating
Prefe;rr&:i]t; atryd —Eshase 2 Better research prospects Nzta?g_l:ﬂ;f:skgigzlttiﬂom
Preferred Cladding P P P 8
Materials Adding alloying elements 1 Easy to use Few types of alloy elements and may
& atoymg Yy affect coating properties
Addine rare earth oxides 0 Wide application range and High cost, fewer types of rare
& improving coating properties earth oxides
Adding transition layer 2 Can reduce coating cracks with Small scope of application

high hard-phase content

Difficult to eliminate cracks in
Main process parameters 1 The widest range of applications coatings with high

Optimization of hard-phase content

Cladding Process
Parameters Other process parameters 2 Better research prospects ngh requirements for
experimental equipment
Preheat treatment 0 Wide application range Longer waiting time
Increasing Heat _ : :
Treatment Post-processing 3 Easy to use The effect is average
Laser remelting 3 Improving coating properties Additional costs required
Magnetic field 1
o Ultrasonic vibrations 1 Highly promising research High requirements for experimental
Application of Friction stirring 1 improving coating properties equipment, still in the
Auxiliary Field experimental stage
Electromagnetic field 1
- e Eliminates cracks in coatings with Complex coupling process,
Ultrasonic-electromagnetic field 0 high hard-phase content extremely demanding equipment

Exploring the melt pool and
providing stress
distribution diagram

Provide stress distri-
bution diagram

Model complexity and accuracy

Melt pool and Physical field model need to be improved

Numerical Analysis

Process Parameters and Crack Predicts optimal Highly promising research, Longer simulation time and more
Prediction Model processes and cracks reducing experiment cost difficult operation
Novel preparation processes 0 i i a1
Other Methods PP P Extremely high research prospect The research is difficult and still in
Novel structural materials 0 the exploration stage

Notes: (0) No cracks, (1) almost no cracks, (2) small amounts of cracks, and (3) some cracks remain.

4. Conclusions and Outlook

This paper provides a comprehensive review of crack types, formation mechanisms,
and control methods in laser cladding coatings. Additionally, it introduces new approaches
involving innovative preparation processes and novel structural materials for crack control
in laser cladding coatings.

Cracks in laser cladding coatings primarily arise from residual stresses. The uneven
distribution of temperature, stress, and flow fields in the melt pool, along with the tem-
perature gradient and the difference in thermal expansion coefficients and elastic moduli
between the molten material and the substrate, make complete elimination of residual
stress challenging. Therefore, current research focuses on regulating thermal stress, organi-
zational stress, and restraint stress, reducing individual or interactive stress effects, and
inhibiting or eliminating coating cracks during the laser melting process.

To mitigate residual stresses, various control methods are employed, including the
selective choice of cladding layer materials, optimization of process parameters, implemen-
tation of heat treatment, and application of auxiliary fields. Optimal selection of cladding
materials involves choosing hard-phase particles with suitable size, shape, and structure,
as well as adding appropriate proportions of alloying elements or rare earth oxides. Pro-
cess parameter optimization, such as selecting suitable laser cladding parameters and
scanning strategies, is crucial. Heat treatment methods such as preheating, slow cooling
post-treatment, and laser remelting are employed. The application of auxiliary fields,
such as magnetic fields, ultrasonic vibration, electromagnetic fields, friction stirring, and
multi-field compounding, is also significant. Furthermore, numerical simulation of the
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laser cladding process and the identification and prediction of coating cracks offer valuable
perspectives for experimental analysis.

New preparation processes and new structural materials have become a new direction
for crack control in laser cladding coatings in recent years. These methods include the use of
high-frequency beam oscillation, hybrid laser sources, spot superposition technology, ultra-
fine eutectic organization, and core—shell-structured composite powders. These techniques
contribute to denser coating structures, reduced residual stresses, and effectively slowing
down crack formation tendencies.

However, the current research is mainly focused on the experiments of material
proportioning and cladding process parameters as well as the establishment of basic
mathematical models. Further control of cracks in laser cladding coatings should be carried
out from the following aspects:

(1) Given that the forming mechanism of the melt pool and stress distribution’s impact
on coating cracks remains unexplored, establishing a comprehensive mathematical model
to simulate the entire laser cladding process is necessary. This would provide a theoretical
foundation for analyzing crack control in the cladding layer and avoid blind trial and error.

(2) The selection of hard-phase particles in laser cladding coatings lacks sufficient
basis, necessitating the development of a standardized table to guide the particle selection
process and prevent cracks caused by the variation in actual stress due to different particles.

(3) While the addition of rare earth oxides greatly enhances coating quality, existing
additives are limited in variety, expensive, and not suitable for large-scale applications.
Thus, new low-cost, high-performance additives need to be developed.

(4) The development of real-time monitoring systems that utilize imaging, temperature
sensing, spectral analysis, and sound detection is essential. This would enable real-time
regulation of the melt pool temperature and power fluctuations, thereby reducing coating
defects and monitoring crack behavior.

(5) As new preparation processes and structural materials significantly improve coat-
ing quality and reduce stress, the further exploration and integration of crack control
technology with composite preparation processes are crucial to driving the industrial
application of laser cladding technology.
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