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O I N R e

1. Introduction for Special Issue of Laser additive Manufacturing

Laser-based additive manufacturing (LAM) represents one of the most forward-
thinking transformations in how we conceive, design, and bring to life engineered solutions.
By fusing digital design with material layering processes, LAM transcends the limitations of
traditional subtractive manufacturing and equal material manufacturing, enabling the real-
ization of material-micro/macrostructure-performance integration previously considered
unattainable [1].

The strategic significance of LAM extends beyond mere production. It embodies a
confluence of innovation, sustainability, and efficiency, essential for securing technologi-
cal advancement and maintaining a competitive edge in the global industrial landscape.
With sustainability at its core, LAM minimizes waste through precision use of materials,
contributing to a greener manufacturing paradigm [2].

However, to fully harness the power of LAM, we must delve into the intricacies of its
many facets. This includes mastering the nuances of material behavior under the influence
of laser energy [3,4], optimizing design for additive processes [5,6], understanding the
thermodynamics of the laser-material interaction [7], and refining the reliability of the parts
produced [8]. Qualified LAM parts must meet stringent requirements, often surpassing
those fabricated through traditional means [9].

The pursuit of defect-free, structurally robust parts via LAM is not merely an academic
goal but a practical necessity. As we push the boundaries of what can be created, from novel
functional devices to high-performance components, we must ensure that the principles of
design for additive manufacturing (DfAM) are well integrated with the material science and
laser processing techniques that underpin this technology [10]. It is through this synergy
that LAM will continue to redefine what is possible in manufacturing, offering a pathway
to a new era of industrial capability and innovation.

Building on the work in the first edition [11] and sincere cooperation with the Guest
Editors [12], the second edition will continue to concentrate on laser additive manufac-
turing, including macro- to micro-scale additive manufacturing with lasers, including
structure design/material design [13], fabrication [14], modeling and simulation; in situ
characterization of additive manufacturing processes [15]; and ex situ material characteri-
zation and performances [16], with an overview of various applications [17] in aerospace,
biomedicine, optics, transportation, energy, etc.

As depicted in Figure 1, this Special Issue featured a diverse array of topics, publishing
a total of 11 contributions, comprising 10 original research articles and 1 review paper. After
the high-quality reviewing process, four articles [18-21] were selected as Editor’s Choice.

Micromachines 2024, 15, 787. https:/ /doi.org/10.3390/mil5060787 1
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Each of them is briefly introduced below according to four aspects (i.e., design, materials,
processes, and applications) of the laser additive manufacturing in this Special Issue.
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Figure 1. Topics covered in the Special Issue titled “Laser Additive Manufacturing: Design, Materials,
Processes, and Applications, 2nd Edition”.

2. Design of Laser Additive Manufacturing in Special Issue

The design of laser additive manufacturing covered in this Special Issue includes
the material design (e.g., the high reflectivity and thermal conductivity multi-material
3D printing [22] and the microalloying for LPBF [20]) and the structural design (e.g.,
the triply periodic minimal-surface (TPMS) structure [18], the thin-walled main support
structure [23]).

For the high reflectivity and thermal conductivity multi-material fabrication, Chen
et al. [22] reported that the formation mechanism, interface characteristics, and molten
pool behavior of the Ag7.5Cu/Cul0Sn (A/C) and Cul0Sn/Ag7.5Cu (C/A) interfaces were
printed by laser powder bed fusion (LPBF) for the first time to reveal the influence of
different building strategies. They found that the high thermal conductivity of the substrate

enhanced the Marangoni convection, which strengthened interfacial bonding strength and
reduced the defects.

For the particle-reinforced titanium matrix composites (PRTMCs), Li et al. [20] studied
the impact of LaB6 content on the microstructure, quasi-static characteristics, and dynamic
properties of titanium matrix composites, focusing primarily on the TC4 and TC4/LaB6
composites manufactured using LPBF. The sample with 0.5 wt.% LaB6 was found to have
the best strength—toughness synergy among the three groups of composites due to having
the smallest grain size. This study was able to provide a theoretical basis for an in-depth
understanding of the compressive properties of additive manufacturing of PRTMCs under
high-speed loading conditions.

For the TPMS structure high-precision fabrication, Qu et al. [18] reported the critical
roles of energy density and minimal feature size on superelastic NiTi functional components
by high-precision LPBE. In this work, extensive parameter studies were conducted to reveal
their influences on the microstructure and mechanical properties of as-printed components
with different minimal feature sizes (thin wall structure, bulk samples, TPMS structures,
etc.). TPMS structures were proposed and verified to be a good candidate as the standard
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test for parameter study of printing NiTi intricate components and investigation of NiTi thin
wall structure mechanical property. Furthermore, a robotic cannula tip with fine minimal
feature size and high superelasticity was fabricated using HP-LPBF as a case study.

3. Materials of Laser Additive Manufacturing in Special Issue

This Special Issue covers a wide range of forming materials, including zirconium
alloys [24], titanium alloys [20,23], steel [21,25,26], composites (e.g., electroless copper and
carbon fiber [27]), and in particular, metallic multi-materials (e.g., copper/silver [22]), 4D
printing materials (e.g., NiTi, smart materials for soft interactive hydrogel [19]).

Lei et al. [21] reported that AerMet100 steel was produced using an in situ rolling
hybrid with wire arc additive manufacturing. In their work, the microstructure, tensile
properties, and fracture toughness of as-deposited and heat-treated AerMet100 steel were
evaluated in different directions. The results reveal that the manufacturing process leads to
grain fragmentation and obvious microstructural refinement of the AerMet100 steel and
weakens the anisotropy of the mechanical properties. After heat treatment, the microstruc-
ture of the AerMet100 steel is mainly composed of lath martensite and reversed austenite.
Alloy carbides are precipitated within the martensite matrix, and a high density of disloca-
tions is the primary strengthening mechanism. The existence of film-like austenite among
the martensite matrix enhances the toughness of AerMet100 steel, which coordinates stress
distribution and restrains crack propagation, resulting in an excellent balance between
strength and toughness. The AerMet100 steel with in situ rolling is isotropy and achieves
the following values: an average ultimate strength of 1747.7 & 16.3 MPa, yield strength of
1615 + 40.6 MPa, elongation of 8.3 &= 0.2% in the deposition direction, and corresponding
values in the building direction are 1821.3 & 22.1 MPa, 1624 &+ 84.5 MPa, and 7.6 £ 1.7%.

Wang et al. [27] investigated the effects of building directions on the crystallographic
anisotropy, phase composition, superelastic properties, microhardness, geometrically neces-
sary dislocation (GND) density, and impurity element content of NiTi shape memory alloys
(SMAs) fabricated by LPBE. The main idea of this study was to change the introduction
of impurity elements in NiTi alloys and alter their microstructures by adjusting the LPBF
building direction, which in turn affects their phase transformation temperatures and su-
perelasticity. In conclusion, for engineering applications, the 45° sample had a lower phase
transformation temperature, which was more favorable for superelastic recovery under
certain temperatures (austenite start temperature (As) < testing temperature < austenite
finish temperature (Af)), while the preferred orientation of the 90° sample ensured a greater
superelastic recovery strain when tested at Af + 10 °C.

Wang et al. [28] use a nanosecond ultraviolet laser to study the effects of laser process
parameters on the adhesion strength between electroless copper and CFCs. To achieve
good adhesion strength, four key process parameters, namely, the laser power, scanning
line interval, scanning speed, and pulse frequency, were optimized experimentally using
response surface methodology, and a central composite design was utilized to design the
experiments. The numerical analysis indicated that the optimized laser power, scanning
line interval, scanning speed, and pulse frequency were 5.5 W, 48.2 pm, 834.0 mm/s, and
69.5 kHz, respectively. A validation test confirmed that the predicted results were consistent
with the actual values; thus, the developed mathematical model can adequately predict
responses within the limits of the laser process parameters being used.

4. Processes of Laser Additive Manufacturing in Special Issue

This Special Issue focuses on macro-advanced manufacturing (e.g., laser powder bed
fusion (L-PBF) [18], wire arc additive manufacturing (WAAM) [21]), but also on micro-
advanced manufacturing (e.g., laser photochemical synthesis [19]). Furthermore, the
process optimizations on the adhesion strength [28] and the mechanical properties [24]
(in-process) and the influence of aging treatment regimens on the microstructure and
mechanical properties [25] (post-process) were investigated.
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Song et al. [24] reported the influences of process parameters on the printability,
surface roughness, and mechanical properties of the LPBFed nuclear Zr-4 alloy. The results
showed that the relative density of the Zr-4 alloy samples was greater than 99.3% with the
laser power range of 120-160 W and the scanning speed range of 600-1000 mm/s. Under a
moderate laser power in the range of 120-140 W, the printed Zr-4 alloy possessed excellent
surface molding quality with a surface roughness less than 10 um. The microstructure of
the printed Zr-4 alloy was an acicular « phase with an average grain size of about 1 pm.
The Zr-4 alloy printed with a laser power of 130 W and a scanning speed of 400 mm/s
exhibited the highest compression strength of 1980 MPa and the highest compression strain
of 28%. The findings demonstrate the potential in the fabrication of complex Zr-4 alloy
parts by LPBF for industrial applications.

Liu et al. [26] investigated the surface morphologies and corrosion behaviors of LPBFed
316L stainless steel polished with different laser pulse widths. The experimental results
show that, compared to the nanosecond (NS) and femtosecond (FS) lasers, the surface
material’s sufficient remelting realized by the continuous wave (CW) laser results in a
significant improvement in roughness. The surface hardness is increased, and the corrosion
resistance is the best. The microcracks on the NS laser-polished surface led to a decrease in
the microhardness and corrosion resistance. The FS laser does not significantly improve
surface roughness. The ultrafast laser-induced micro-nanostructures increase the contact
area of the electrochemical reaction, resulting in a decrease in corrosion resistance.

Dong et al. [25] studied the effects of aging temperature and time on the microstructure
and mechanical properties of SLM 17-4 PH steel. They found that the aging treatment
induced the formation of the austenite phase with a face-centered cubic (FCC) structure.
With prolonged aging treatment, the volume fraction of the austenite phase increased,
which agreed with the EBSD phase mappings. The ultimate tensile strength (UTS) and
yield strength gradually increased with increasing aging times at 482 °C. The UTS reached
its peak value after aging for 3 h at 482 °C, which was similar to the trend of microhardness
(i.e.,, UTS = 1353.4 MPa). However, the ductility of the SLM 17-4 PH steel decreased rapidly
after aging treatment. This work reveals the influence of heat treatment on SLM 17-4 steel
and proposes an optimal heat-treatment regime for the SLM high-performance steels.

5. Applications of Laser Additive Manufacturing in Special Issue

The findings of this Special Issue are expected to provide guidance and reference for
scientists and engineers in the fields of aerospace (e.g., space camera and aircraft landing
gear [23]), energy (e.g., fuel envelope positioning lattices of pressurized water reactors,
component boxes, and heat exchangers [24]), and micromachines (e.g., four-dimensional
microrobots/nanorobots [19]).

Tao et al. [19] reviewed the literature on the four-dimensional micro/nanorobots via
laser photochemical synthesis towards the molecular scale. Miniaturized four-dimensional
(4D) micro/nanorobots denote a forerunning technique associated with interdisciplinary
applications, such as in embeddable labs-on-chip, metamaterials, tissue engineering,
cell manipulation, and tiny robotics. With emerging smart interactive materials, static
micro/nanoscale architectures have upgraded to the fourth dimension, evincing time-
dependent shape/property mutation. Molecular-level 4D robotics promises complex
sensing, self-adaptation, transformation, and responsiveness to stimuli for highly valued
functionalities. To precisely control 4D behaviors, current-laser-induced photochemi-
cal additive manufacturing, such as digital light projection, stereolithography, and two-
photon polymerization, is pursuing high-freeform shape-reconfigurable capacities and
high-resolution spatiotemporal programming strategies, which challenge multi-field sci-
ences while offering new opportunities. Herein, this review summarizes the recent de-
velopment of micro/nano 4D laser photochemical manufacturing, incorporating active
materials and shape-programming strategies to provide an envisioning of these miniatur-
ized 4D micro/nanorobots. A comparison with other chemically/physically fabricated
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micro/nanorobots further explains the advantages and potential usage of laser-synthesized
micro/nanorobots.

Peng et al. [23] reported the design and optimization of a thin-walled main support
structure for a space camera based on additive manufacturing. They proposed a solution
for designing and optimizing a large-scale complex thin-walled structure using additive
manufacturing. Firstly, we devise an integrated thin-walled structure and test material for
the main support. Secondly, shape optimization is achieved via the optimization of the
lateral slope angle of the primary support based on Timoshenko cantilever beam theory.
Additionally, an active fitting optimization algorithm is proposed for the purpose of refining
the wall thickness of the thin-walled structure. Then, we determine the structural design
of the main support. This primary support is manufactured via selective laser melting
(SLM). Following processing, the structure size is 538 mm x 400 mm x 384 mm, and the
mass is 7.78 kg. Finally, frequency scanning experiments indicate that, in the horizontal
direction, there is a natural frequency of 105.97 Hz with an error rate of approximately
3% compared to finite element analysis results. This research confirms that our large-scale
complex, thin-walled main support structure design meets all design requirements.

To conclude, we would like to acknowledge all the authors for their contributions to
the success of this Special Issue in Micromachines, as well as the reviewers whose feedback
helped to improve the quality of the published papers.
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Abstract: Additive manufacturing (AM) was recently developed for building intricate devices
in many fields. Especially for laser powder bed fusion (LPBF), its high-precision manufacturing
capability and adjustable process parameters are involved in tailoring the performance of functional
components. NiTi is well-known as smart material utilized widely in biomedical fields thanks to its
unique superelastic and shape-memory performance. However, the properties of NiTi are extremely
sensitive to material microstructure, which is mainly determined by process parameters in LPBFE. In
this work, we choose a unique NiTi intricate component: a robotic cannula tip, in which material
superelasticity is a crucial requirement as the optimal object. First, the process window was confirmed
by printing thin walls and bulk structures. Then, for optimizing parameters precisely, a Gyroid-type
sheet triply periodic minimal-surface (G-TPMS) structure was proposed as the standard test sample.
Finally, we verified that when the wall thickness of the G-TPMS structure is smaller than 130 um, the
optimal energy density changes from 167 J/ m?3 to 140 J/m3 owing to the lower cooling rate of thinner
walls. To sum up, this work puts forward a novel process optimization methodology and provides
the processing guidelines for intricate NiTi components by LPBE.

Keywords: 3D printing; laser powder bed fusion; NiTi alloy; energy density; TPMS lattice; robotic
cannula; mechanical testing

1. Introduction

NiTi, namely Nitinol, is a unique functional alloy known for its superelasticity and
shape-memory property, which result from the reversible phase transformation between
austenitic B2 and martensitic B19" phases [1]. It is widely used in aerospace [2], medical
biology [3-5], and other fields [6-8]. However, owing to the low thermal conductivity and
poor machinability [9], traditional fabrication methods can only manufacture NiTi into
simple geometric shapes [10], which cannot satisfy the requirements of intricate components
with complex geometries.

Additive manufacturing (AM) has recently been employed for NiTi alloy fabrica-
tion [11-14]. Among all the AM methods, laser powder bed fusion (LPBF) is ideal for
achieving intricate components with complex geometry [15,16] and high fidelity [17]. The
process parameters of LPBF can greatly affect the properties of the printed NiTi compo-
nents [15,18]. The scan speed, laser power, and hatch space are often adjusted to control
the composition and microstructures of printed components [15,16,19]. Some researchers
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have also manipulated the energy density to design the phases and performance of NiTi
alloys [20,21]. However, these studies focus on the process parameter optimization for
bulk materials, and the study on the influence of energy density on intricate components
and thin wall structures is lacking. The difficulty is that the different wall thicknesses
and strut diameters of those components result in various thermal histories and cooling
rates [22], which lead to different material microstructures from the bulk material by the
same process parameters. Therefore, conventional test specimens, such as cubes, cylinders
and dog bones, are unable to represent the property of NiTi intricate components with thin
walls and complex structures accurately. The process parameters, geometrical shapes, and
minimal feature sizes should be considered holistically in a comprehensive manner.

Moreover, compared to conventional LPBF, the high-precision laser powder bed fusion
(HP-LPBF) method has been recently proposed to fabricate intricate components [17,23,24].
It combines fine beam size (25 um), fine powders (0-25 um), and thin layer thickness
(10 pm) together and results in different microstructures (e.g., grain sizes, dislocation
densities, and molten pool sizes), the faster cooling rate of the molten pool, lower surface
roughness, higher resolution, and smaller distortion [25]. Researchers have also used
HP-LPBF to achieve high-performance NiTi components. Fu et al. [23] employed HP-LPBF
to fabricate NiTi samples to study their thermal and mechanical behaviors. However, the
microstructural inhomogeneity of as-printed samples resulted in a suppressed martensitic
transformation owing to the unexpected precipitation. It could be found that the NiTi
fabrication is extremely sensitive to the manufacturing process, including raw material [26],
process parameters [27,28], as well as minimal feature size [22]. Xiong et al. [29] used
HP-LPBF to successfully achieve the strut lattices with excellent shape recovery. However,
the optimal process parameters for lattices with inclined structures were acquired by
printing thin wall and grate structures vertically. It is somehow unreasonable because the
thermal diffusion of the molten pool varies with the inclination angles [30], especially for
NiTi alloy.

In general, intricate components often suffer from complicated stress conditions [31],
such as local compression, tension and bending. For example, when the helical robotic
cannula tips bend [31], the outer parts are in tension, and the inner parts are in compression.
In addition, the snake-like NiTi actuator [32] and NiTi spring [33] are compressed and
stretched simultaneously at various locations in the thermal and mechanical responses. The
struts of NiTi stents are also under compression and tension when supporting the bending
deformation [34]. Moreover, NiTi alloys have asymmetric superelastic behavior in tension
and compression modes of deformation [35], which is ascribed to the quicker martensite
evolution rate under tension [36]. Thus, a comprehensive mechanical property evaluation
of NiTi is necessary for intricate component fabrication. However, conducting mechanical
testing (such as compression or bending) on thin wall structures is hard since it will result
in the buckling of structures. Furthermore, it is unrealistic to directly fabricate and test
intricate components for parameter optimization due to the high cost and low efficiency.

Therefore, in order to obtain the optimal process parameters for NiTi intricate com-
ponents, a triply periodic minimal surface (TPMS) sheet structure was proposed in this
work as the standard test geometry. It is a class of periodic open-cell shell lattices with large
specific areas and smooth surfaces. These sheet structures were created by offsetting the
zero-level mid-surface. Thus, the wall thickness could be varied easily by adjusting the
level parameters of the implicit mathematical expressions. In contrast to skeleton-based
TPMS, sheet-based TPMS shows superior mechanical properties for avoiding local failure
and owns smaller minimal feature sizes (such as wall thickness) due to the higher surface-
to-volume ratio [37]. In this case, the local failure of superelastic NiTi intricate components
means not only material fracture but also the generation of irreversible martensite transi-
tion and loss of pseudo-elasticity. Among all sheet TPMS structures, Gyroid-type sheet
TPMS (G-TPMS) is the most isotropic lattice structure in mechanical response [38]. Besides,
G-TPMS has the least stress fluctuations during compression, which means it possesses a
more uniform stress distribution and less chance for local failure among all TPMS lattice
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structures. Therefore, it can be employed as the standard test sample to predict the material
performance in the NiTi intricate components.

In this study, the effects of the process parameters on the printing dimensions, mi-
crostructure, roughness, phase transformation behavior, and mechanical properties of
NiTi by HP-LPBF were studied. Cylinders and G-TPMS structures with different wall
thicknesses (65, 130, and 260 um) were printed with different energy densities. It is demon-
strated that when the components possess small wall thickness, the energy density should
be reduced accordingly to balance the effect of decreasing the cooling rate to achieve good
superelasticity. Finally, robotic cannula tips were fabricated and achieved full recovery
with bends greater than 90 degrees at room temperature, which built the knowledge gained
from the G-type TPMS sample fabrication.

2. Materials and Methods
2.1. Materials and Processes

The AM fabrication was performed using a HP-LPBF machine (Han's Laser, M100y,
Shenzhen, China). The protective atmosphere was argon with an oxygen content of less than
500 ppm. The laser source had a wavelength of 1070 nm. The substrate material was NiTi
in nearly equal proportions. The beam size was 25 um, and the layer thickness was 10 pm.
NiTi powder was provided by the GKN Hoeganaes Corporation, Cinnaminson, NJ, USA.
The particle size of the as-received powder ranged from 5 um to 25 um, and the size distri-
bution of the powder is shown in Table 1. Dy indicates the diameter at 10% cumulative
volume. D5y means the median diameter, and Dgy means the diameter at 90% cumulative
volume. The chemical composition of the powder is listed in Table 2. Thin-walled samples
were printed using a single laser track with a length of 5 mm. Cube samples with dimen-
sions of 5 mm x 5 mm X 5 mm were used to characterize the relative density (RD) and
surface roughness. The size of the tensile samples was described in detail in the previous
study [25]. The compression samples had a diameter of 2.6 mm and a height of 3 mm. The
hatch distance was 50 um, and the angle of rotation between each layer was 67° to reduce
thermal residual stress [23]. Each layer was filled with laser tracks in a zigzag pattern.
Thin-walled samples were fabricated using different powers and scan speeds, as shown in
Table 3. The linear energy density (LED) was calculated as P/V, where P is the laser power,
and V is the scan speed. The bulk samples fabricated using different parameters were
named as shown in Table 4. The volumetric energy density (VED) was calculated as P/Vht,
where h is the hatch distance of 50 pm, and t is the layer thickness of 10 um. The scanning
path was generated by Materialise Magics®, Leuven, Belgium. Figure 1 shows the models
and scanning path of thin wall bulk with a hatch distance of 50 um, which presents the
LED/VED distribution with process parameters. After fabrication, the as-printed samples
were cut from the substrate using wire electrical discharge machining (EDM).

Table 1. Particle size distribution of NiTi powder.

Property Size D10 D50 D90
Value 5-25 um 10.0 pm 19.8 um 28.5 um

Table 2. Chemical composition of NiTi powder.

Element Ni C (0} N Fe H Ti
Value/wt%  55.2 0.01 0.07 0.002 0.01 0.001 Balance
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Table 3. Process parameters for thin-walled sample fabrication.

Sample Name Laser Power (W) Scan Speed (mm/s) Linear Energy Density (J/m)
L50 50 1000 50
L60 60 1000 60
L63 50 800 63
L70 70 1000 70
L75 60 800 75
L83 50 600 83
L88 70 800 88
L100 60 600 100
L117 70 600 117

Table 4. Process parameters for bulk sample fabrication.

Sample Name Laser Power (W) Scan Speed (mm/s) Volumetric Energy Density (J/m?)
P5V6 50 1000 100
P6V6 60 1000 120
P7Vé 50 800 125
P8V6 70 1000 140
PoVé6 60 800 150
P10Ve 50 600 167
P5V8 70 800 175
P6VE8 60 600 200
P7V8 70 600 233
P5V10 80 600 267

P6V10 90 600 300
P7V10 100 600 333
(@) Thin wall structure (b) Bulk structure
‘\\ \\l
‘ }4

Laser track

© LED(J/m) (@ VED(J/Im?)

1000

Scan speed (mm/s)
Scan speed (mm/s)
@

3
3

600

60
Power (W) Power (W)

Figure 1. Designing models and scanning path of (a) thin wall structure, (b) bulk structure, and
(c,d) LED and VED distribution with process parameters.

2.2. Characterization

Scanning electron microscopy (SEM) observations were conducted using a
JCM-6000Plus instrument (JEOL Ltd., Tokyo, Japan). Optical microscopy (OM) obser-
vations and roughness measurements were conducted using an RH-2000 high-resolution
3D microscope (Hirox-USA, Inc., Hackensack, NJ, USA). The RD values of the samples
were measured using the Archimedes method. Three NiTi samples per parameter set were
weighed both in the air and in an ethanol medium using an analytical balance with an

10
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accuracy of 0.01 mg. To observe the morphology of the molten pools, the side surfaces
of the samples were ground, polished, and etched using a solution containing 5% HE,
15% HNOs3, and 80% H,O by volume fraction. X-ray diffraction (XRD) patterns, obtained
using a high-resolution Rigaku SmartLab X-ray diffractometer, were used to determine
the phase compositions of the different samples. The 20 angle range was from 20° to
100°. A Mettler Toledo differential scanning calorimetry (DSC) was used to measure the
phase transformation temperatures (TTs) of the as-printed NiTi samples and powder at
heating and cooling rates of 10 °C/min. Tensile tests were conducted under quasi-static
speed at a strain rate of 1072 s~1. The compression test was conducted at a strain rate of
103 s~! during strain control loading and at a rate of 100 N/s during stress control loading.
Mechanical tests were conducted on the three samples fabricated with each parameter set.

2.3. Geometric Modeling of Component Structures

A robotic cannula designed by Yan et al. [31] for a minimally invasive intracerebral
hemorrhage (ICH) evacuation is the focus of the current study, which includes an actuation
platform, pre-curved cannula body and flexible cannula tip. As one of the design criteria,
the cannula tip, as shown in Figure 2a, requires at least a 90° bending capability in any
direction for aspirating the peripheral ICH for clinical decompression [39], for which good
superelasticity of NiTi material is required.

(a) 1.2 mm _3‘— (b)

A

AN

=
.
&,
=
[
=
-
=
.
]

wuw gl

Rabotic I

Cannula tip Y

Figure 2. Models of NiTi components: (a) robotic cannula tip, (b) assembly of tip FE model,
(c) G-TPMS lattice (unit cell), and (d) assembly of G-TPMS FE model.

The models with the TPMS structure, generated using MATLAB software R2020a,
were subjected to compression testing. The G-TPMS cube was filled with four unit cells of
a G-TPMS, which can be considered as an infinite array in the mechanical behaviors [40,41],
as illustrated in Figure 2c. Three groups of G-TPMS cubes with different relative densities
(10%, 20% and 40%) are presented in Table 5. The shell thickness was set as 65, 130, and
260 pum, respectively, and the unit cell is 2 mm. The G-TPMS lattice was defined by the
following function [42]:

$c(x,y,z) = sin(wx)cos(wy) + sin(wz)cos(wx) + sin(wy)cos(wz) = C 1)

where w = ZT”, L indicates the periodic length of TPMS, and C controls the TPMS interface.
Different thicknesses were obtained by varying C. The geometric model was rescaled for
the fabrication of LPBF into the target unit cell size.

11
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Table 5. Model parameters of TPMS samples.

Sample Name Cell Size (mm) Thickness (um) RD (%)
G10 2 65 10
G20 2 130 20
G40 2 260 40

To reveal local stresses, simulations on the cannula tip and TPMS shell lattices were
performed using finite element (FE) modeling. The mechanical response of G-type TPMS
under compression was analyzed using the finite element package Abaqus/Explicit 2017-1.
Figure 2b,d show the FE model setup of TPMS and tip. TPMS structure is implemented
by modeling and connecting rigid plates to its top and bottom nodes to provide the same
condition of experimental tests. All degrees of freedom of the bottom plate are fixed,
and the strain rate of the top plate is 103 s ~1. An average cell size of 0.2 mm forms
the mesh for TPMS shells made from linear triangular prism elements (C3D6) [38]. The
cannula tip is meshed by an average cell of 0.1 mm with four-node tetrahedral elements
(C3D4). All degrees of freedom of the bottom of the tip are fixed. All points of the tip’s top
surface are coupled on the center point of the bottom surface and rotated at an angle of 90
degrees. Semi-automatic mass scaling is configured as a minimum target time increment
of 5 x 10™* s for providing a low ratio of kinetic energy to internal energy (<10%) during
compression. The tensile property of NiTi produced using P7V6 for FE is shown in Figure
54. The other details can be referred from the previous report [38].

3. Results and Discussion
3.1. Effect of Process Parameters on Thin-Wall Structure Fabrication

The morphology of the powder was observed using SEM (Figure 3a,b). The phase
composition of the powder was determined by XRD, as shown in Figure 3c. The phase-TTs
were measured using DSC, as shown in Figure 3d. The R-phase was detected before the
martensite phase during the heating and cooling process. The R-phase transformation peak
is caused by the thermoelastic transition between the austenite and R-phases. The formation
of the R-phase has been attributed to crystallographic defects. Thin-walled structures were
first printed to evaluate the printing resolution of HP-LPBF and the influence of parameters
on molten pool size and microstructure. Figure 4 shows the characterization of thin-
walled structure (TWS) samples fabricated using different parameters in Table 3. Figure 4a
illustrates the top cross-sectional morphologies of samples. All TWS samples were printed
layer-by-layer using a single laser track. Therefore, the wall thickness was the smallest
printing size for the corresponding process parameter. The wall thickness was measured,
as shown in Figure 4a. The TWS wall thickness results are shown in Figure 4b. The highest
resolution of 62 pm was achieved in L50, using a laser power of 50 W and a scan speed of
1000 mm/s.

Moreover, the wall thickness increased with increasing LED (Table 3). Figure 4c shows
the XRD diffraction patterns of the groups of low- (L83-L117) and high-speed samples
(L50-L70). Similar diffraction patterns are observed for these samples, which indicates that
parameter variation has a limited effect on phase composition. The B19’ NiTi phase was
the dominant phase. The NizTi phase, which consumes the Ni content of the matrix, could
also be discerned. The secondary Ni-rich phase resulted from precipitation during the
layer-by-layer fabrication process. In addition, peaks of a Ti-rich phase (Ti4Ni,Ox/Ti;Ni)
and NisTiz were also detected, which resulted from microstructural inhomogeneity [43].
Figure 4d illustrates the thermally induced phase-transformation behavior of L50-L117,
fabricated with different LEDs, respectively, as analyzed using DSC. The austenitic and
martensitic transformation peak temperatures (Ap, Mp) of samples were increased by the
increase of LED due to the evaporation of Ni element. The TTs of the TWS samples are
similar to those of the original powder shown in Figure 3. Therefore, it can be concluded
that the loss of Ni content is low during TWSs fabrication. Generally, in TWS fabrication, it

12
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is demonstrated that 62 um of resolution and controllable microstructure of TWS can be
realized by HP-LPBFE.

g —_— N!TI' powder M, = 38.5°C NiTi powder
| L3 = NiTi(B19') Y z
= o Rp=5627C
m M, = 23.2°C,
> = R.=70.3°C
@ 5]
E, § cooling +————
= o
- o
————»heating
R, = 55.8°C f
R,=657°C A,=g75c Ar=104IC
T T y
20 40 60 80 100 20 40 60 80 100

Degree( °) Temperature( C)
Figure 3. Characterization of NiTi original powder. (a,b) SEM observations at different magnifications,
(c) XRD patterns, and (d) DSC curves.
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Figure 4. TWS characterizations: (a) Cross-sectional morphologies, (b) wall thicknesses of TWS
samples, (c) XRD patterns, and (d) DSC analyses of phase transformation behaviors.
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3.2. Effect of Process Parameters on Bulk Fabrication

To verify the differences between bulk and thin wall, the cubes were printed to
demonstrate the variety of microstructures and phases by VED. Cubes were fabricated
using different process parameters given in Table 4. The bulk densification optimization
is shown in Figure S1. When the VED is less than 160 J/mm?, the NiTi alloy cube can be
printed with RD > 99.5%, which is considered highly dense [23].

Figure 5 presents the microstructural characterizations of the cube samples. Figure 5a,b
show the depths and half-widths of molten pools in the cubes printed with laser powers
of 50-70 W and scan speeds of 600-1000 mm/s. Obviously, molten pool depth and width
decreased with increasing scan speed and decreasing laser power. The measurement
method is shown in the insets. In Figure 5d,i, the polished and etched side surfaces of
the cubes show the molten pool morphologies. Vertical cracks occurred in the middles
of the molten pools; pores appeared at the bottoms. These pores could be attributed to
the keyhole fluctuation in the fabrication process [44,45]. Figure 5c shows the molten
pool depth-to-width ratio (D/W) obtained by different printing parameters. Based on the
side-surface morphologies, the samples containing pores and cracks were marked with
red circles, while dense samples were marked with blue circles. It can be concluded that
when D/W exceeded 1.8, the melting condition became unstable [44], and pores and cracks
appeared. Figure S2 shows the relationship between D/W and RD. It can be concluded that
the RD decreased sharply when D/W was larger than 1.8. In terms of surface roughness,
Figure S3 displays the results of the top and side surface roughness of the as-printed cubes.
Top surface Ra values were from 0.4 pm to 1.45 um, as presented in Figure S3c. Side surface
Ra values for side roughness were between 6.48 and 10 um, as presented in Figure S3d.
It demonstrated that the process parameter used here can build dense bulk samples with
stable molten pools, and this is because no spatter was observed on the top surface. In
regard to spatters on the side surface, they were formed due to the interaction between
powders and high-temperature metal liquid and thus had an average size of about half of
the powder size [46].
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Figure 5. Microstructural characterization of cubes fabricated with different parameters. (a) Depth of
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surface morphologies of cubes.
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Figure 6a illustrates the XRD patterns of the as-printed NiTi samples obtained using
different parameters. The B2 and B19’ phases were detected in all samples. The main
secondary phases changed with increases in the VED. Ni-rich phases of NisTi3 and Ni3Ti
were observed in cubes fabricated with low energy densities. This is attributed to the
lower temperature of the molten pool and faster cooling rate enabled by energy densities
of <150 J/m?, which lead to less Ni loss [47]. When the VED was greater than 150 J/ mS,
the TigNi,Ox/TioNi phase appeared. When the VED was greater than 200 ] /m?, peaks of
the Ni-rich phases of NisTiz and Ni3Ti could not be detected because of the large loss of Ni
in the high-energy-density LPBF process. Figure 6b illustrates the phase transformation
behaviors of the as-printed NiTi samples fabricated using different parameters. The phase
TTs of all cubes (Ap = 85-95 °C; Mp = 52-60 °C) were higher than those of the TWS
samples and original powder owing to their greater loss of Ni, which resulted from the
overlapped molten pools in the printed bulk, as shown in Figure 5. Moreover, the austenitic
and martensitic peak temperatures increased with increasing VED, as shown in Figure 6c.
The relationship between temperature and VED was determined by linear fitting. The
corresponding equations of linear fit between Ap or Mp and VED are given in Figure 6c.
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Figure 6. Phase compositions and transformation behaviors of as-printed samples using different
parameters: (a) XRD profiles, (b) DSC curves, (¢) Mp and Ap values determined from (b) as functions
of VED.

Overall, phase compositions are varied with energy densities, which do not occur in
TWS. It shows that the overlapping of molten pools in bulk printing and different thermal
field makes the relationship of bulk between parameters and properties different from that
of TWS. Hence, when the minimal feature size decreases down to several molten pool
sizes, as shown in Figure 2, the relationship between parameters and properties is different
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for TWS and bulk structure. In addition, it is hard to conduct mechanical experiments on
TWS, such as compression tests. Buckling is prone to occur in the bending/compression
testing. Moreover, the tolerance of defects (cracks, pores, and unmelted powders) is also
low for TWS mechanical testing. Hence, it is necessary to use a new structure to evaluate
the influence of parameters on the NiTi’s intricate components.

3.3. Superelastic Property of NiTi
3.3.1. Effect of Process Parameters on Bulk Samples

Figure 7 depicts the loading-unloading compression results of the P5V6, P5V10, P7V6,
and P7V10 samples. The compression test was conducted by two types of modes (same
stress and same strain). Figure 7a,c shows the representative stress-strain curves of four
parameters. Figure 7b,d show irreversible/recovered strain and recovery ratio of different
samples arranged from low to high VED. Irreversible strain means the residual strain after
the unloading process. Recovered strain indicates the resilient strain during the unloading
process. The recovery ratio is defined as the ratio of recovered strain to total strain (recovery
strain + irreversible strain). As a result, P5V6 (167 J/m?3) and P7V10 (140 J/m3) samples
exhibited better elastic recovery properties than P5V10 (100 J/m3) and P7V6 (233 J/m?)
samples in two types of modes (same stress and same strain). P5V6 and P7V10 samples
showed a recovery ratio higher than 0.35, and P5V10 and P7V6 samples depicted a recovery
ratio lower than 0.30 under the same compression stress. In terms of the same compression
strain experiment, P5V6 and P7V10 samples showed a recovery ratio higher than 0.40, and
P5V10 and P7V6 samples showed a recovery ratio lower than 0.35. Overall, P5V6 samples
possess the best shape recovery property. From Figure 6, it could be found that there
are NiyTiz and Ti;Ni phases in P5V6 cube samples. It is well known that the presence
of NisTis is beneficial to the superelastic property of NiTi components [48]. A lack of
energy input leads to the heating temperature and duration not being sufficient to allow
the NiyTiz precipitation to fully form. Thus, the NisTiz precipitation declines in the samples
by P5V10 [49]. The P7V10 and P5V6 samples were printed by higher energy densities
with higher content of NiyTiz precipitation. However, regarding the P7V6 samples, the
Ti;Ni phase precipitated excessively, and the Ni element evaporated, which is harmful to
superelasticity. Generally, good control of VED for the balance of NisTiz segregation and
Ni evaporation was the key to the deformation recovery property.
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(a)

3.3.2. Effect of Process Parameters on TPMS Samples

FE simulation was conducted first to estimate the stress distribution of G-TPMS and
cannula tip. Firstly, the tensile properties of NiTi fabricated with different parameters
are shown in Figure 54, which were used for FE simulation. The phase transformation
and work hardening stages are similar for the variety of power shown in Figure S4a.
Moreover, Figure S4b presents that higher scan speed leads to a lower work hardening rate
owing to fewer precipitations in lower VED. P7V6, which exhibits the highest strength and
elongation, is used for simulation. Figure 8a-c shows the stress distribution of G-type TPMS
lattice under 6% compressed strain. The tensile stress (red and yellow) and compressive
stress (blue and green) are distributed in a regular periodic pattern on the surfaces and
internal structures of the lattice (Figure 8a,b). Typically, the regions with larger inclination
angles possess larger maximum principal stress and therefore play a more significant role
in bearing external loads than those with smaller inclination angles. Moreover, the lattice
tends to exhibit contrary tensile and compressive stress states on the two sides of the surface,
which indicates an obvious bending behavior (Figure 8c). Furthermore, Figure 8d—f present
the stress distribution of the cannula tip with a bend. A similar stress distribution on the
surface was also observed in the bending tip. Figure S5 shows the tension and compression
stress conditions of all elements extracted from the FE simulation of TPMS and cannula
tip. As a result, the overall stress distribution for TPMS and tip is composed of similar
tension and compression stress status. Thus, the TPMS structures under compression can
well represent the stress condition of cannula tips with a bend.
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Figure 8. FE results of stress distribution of (a—c) G-type TPMS lattice under 6% compressed strain
(a) front view, (b) cross-section view, (c) local surface, (d—f) cannula tip with a bend, (d) front view,
(b) side view, and (c) local surface.

Figure 9 shows the as-printed TPMS lattice structures of NiTi with RD of 10%/20%/40%.
To evaluate the effects of parameters on samples with different RD, all the lattice structures
were fabricated using P5V6/P5V10/P7V10. Figure 9d—f illustrates the top surface of the
three structures. The wall thickness also varied with cell size, at 65, 130, and 260 um
characterized by SEM. Additionally, the G-TPMS structures failed to be printed using
P7V6 due to its excessive energy input during fabrication, which led to the distortion of
thin-walled structures. It verified that the optimal process parameters of bulk printing
cannot be directly used for intricate component printing.
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RD=20%

Figure 9. (a—c) Images of as-fabricated NiTi G-TPMS lattice structures with different relative densities
of 10%/20%/40%, and (d—f) SEM images of corresponding TPMS lattices.

Figure 10 depicts the shape recovery properties of TPMS with different RDs using
stress or strain control. It can be found that the recovery property of P5V10 is the worst
one in the same stress or strain compression experiments due to less precipitation of
NiyTiz [49]. The deformation recovery properties of P7V10 and P5V6 are approximately
equal in performance, and P5V6 samples exhibit a better recovery ratio in line with the
cylinder compression results shown in Figure 7. However, P7V10 is better for TPMS with
RD of 10%. This is because the heat-affected zone and thermal gradient, which are affected
by the thermal diffusion of molten pools, will severely influence the precipitation of the
second phase (Ni4Tiz, TipINi).

It is well known that the thermal diffusion coefficient of powder is much lower than
as-printed solid parts [24]. Therefore, the cooling rate will be lower when the wall thickness
is smaller. For TPMS sheet structures, this equals the condition of a lower RD because thin
walls have more surfaces in contact with the powder and fewer surfaces in contact with
the solid. Hence, the P5V6 parameter will result in more Ni content evaporation and Ti;Ni
precipitation in 10% RD than 40% RD. Furthermore, P7V10 (140 J/m®) owns less VED than
P5V6 (167 J/m3), which will generate a similar thermal field and precipitation condition for
thin wall printing to that of P5V6 for bulk printing. Additionally, P5V6 and P7V10 result
in identical recovery properties for TPMS with RD of 20% (130 um). Overall, when the
structure wall thickness is less than 130 um, P7V10 is clearly better than P5V6 for its shape
recovery property.

3.4. Superelastic Performance of Robot Cannula Tips: A Case Study

Robotic cannulas are used for minimally invasive intracerebral hemorrhage (ICH)
evacuation [31]; such structures require high resolution, low roughness, and excellent
superelasticity to achieve at least 90-degree bending capability in all directions for dexterous
tip motion [39]. From the results of the process parameter optimization, it can be concluded
that the VED influences the shape recovery properties of the as-printed parts. The cannula
tip is the structure spiral type with a 120 pm strut diameter designed for ICH. Thus, P7V10
is more suitable to print this component to obtain better superelasticity. The morphology
of the cannula tip was characterized using OM and SEM, as shown in Figure 11. It
can be seen that the holes for the actuation cable manipulation and helix structure of
the tip were successfully fabricated at high resolution. Figure 12a—d illustrate that the
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Stress control

Strain control

cannula tip printed with P7V10 parameters exhibited excellent superelastic properties
(>90° of bending) at room temperature (see Supplementary Video S1). Although the Mp
of the part printed using P7V10 parameters was higher than room temperature, as shown
in Figure 6, the matrix also exhibited an austenitic phase in the XRD patterns, and the
Ms was close to room temperature. Figure 12e-h show that the cannula tip fabricated
with P5V6 parameters remains an unrecovered deformation with a degree of 10.2° after
bending (see Supplementary Video S2). It is attributed that the optimal parameter for
the minimal feature size (120 um) of a tip is P7V10, shown in Figure 10. Hence, cannula
tips with optimal parameters manifest excellent superelastic performance. HP-LPBF is,
therefore, a promising method for fabricating high-performance and high-precision NiTi
intricate components.
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Figure 11. As-printed robotic cannula tip using P7V10 parameters: (a) Model, (b) top position by

OM, (c) top cross-section by OM, (d) middle position by SEM, and (e) high-magnification SEM image
of local position.
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Figure 12. Superelastic properties of NiTi robotic cannula tip using P7V10 and P5V6 parameters at
room temperature.

4. Conclusions

Superelastic NiTi intricate components were successfully fabricated by HP-LPBF in
this study. Extensive parameter studies were conducted to reveal their influences on the
microstructure and mechanical properties of as-printed components with different minimal
feature sizes (thin wall structure, bulk samples, TPMS structures, etc.). TPMS structures
were proposed and verified to be a good candidate as the standard test for parameter
study of printing NiTi intricate components and investigation of NiTi thin wall structure
mechanical property. Finally, a robotic cannula tip with fine minimal feature size and high
superelasticity was fabricated using HP-LPBF as a case study. The main conclusions of this
study are as follows:
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(1) Thin-walled structures were fabricated using parameters that yielded different LEDs.
The LED had a significant influence on the wall thickness. The thinnest single track of
62 pm was achieved with a laser power of 50 W and a scan speed of 1000 mm/s.

(2) Bulk components with an RD higher than 99.5% could be printed with a VED lower
than 160 J/mm?3. Pores and cracks were observed in the microstructure when the
D/W ratio of the molten pools was larger than 1.8. The precipitated phase changed
from NiyTiz and Ni3Ti to TigNiy O/ TioNi with the increase in VED, which also caused
an increase in the TTs.

(3) Cylinders by VED of 140~167 J/m3 had better shape recovery properties than other
parameters (100 J/m? or 233 ] /m?3) due to a good controlling of VED for the balance
of NiyTi; segregation and Ni evaporation.

(4) When the wall thickness of the G-TPMS lattice is smaller than 130 um, the optimal
VED for superelasticity is changed from 167 J/m? to 140 J/m? owing to the lower
cooling rate of thinner walls.

(5) The robotic cannula tips with a 120 um strut diameter fabricated with 140 J/m3 VED
exhibited excellent superelasticity properties thanks to the tailored phase composi-
tions. It reveals the coupling effects of parameters, microstructure and feature size
in LPBF, and proposes a new approach to processing high-performance intricate
NiTi components.
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Abstract: Miniaturized four-dimensional (4D) micro/nanorobots denote a forerunning technique
associated with interdisciplinary applications, such as in embeddable labs-on-chip, metamaterials, tis-
sue engineering, cell manipulation, and tiny robotics. With emerging smart interactive materials, static
micro/nanoscale architectures have upgraded to the fourth dimension, evincing time-dependent
shape/property mutation. Molecular-level 4D robotics promises complex sensing, self-adaption,
transformation, and responsiveness to stimuli for highly valued functionalities. To precisely control
4D behaviors, current-laser-induced photochemical additive manufacturing, such as digital light
projection, stereolithography, and two-photon polymerization, is pursuing high-freeform shape-
reconfigurable capacities and high-resolution spatiotemporal programming strategies, which chal-
lenge multi-field sciences while offering new opportunities. Herein, this review summarizes the
recent development of micro/nano 4D laser photochemical manufacturing, incorporating active
materials and shape-programming strategies to provide an envisioning of these miniaturized 4D
micro/nanorobots. A comparison with other chemical/physical fabricated micro/nanorobots further
explains the advantages and potential usage of laser-synthesized micro/nanorobots.

Keywords: additive manufacturing; micro/nano 4D fabrication; smart materials; laser photochemistry

1. Introduction

There has been growing interest in the development of dynamic shape-transforming
3D-printed structures, which is considered the next big breakthrough in additive manu-
facturing techniques. This innovative research aims to create 3D-printed structures that
can actively change their shape over time. The term “4D printing” was first introduced
by Tibbets et al. in 2013 to describe this concept of creating objects with the ability to
transform their shape dynamically. Since then, researchers and engineers have been ex-
ploring various materials and design strategies to realize the potential of 4D printing and
its applications across different industries. The recently emerged stimuli-responsive 4D
micro/nanostructured robot (4DM/NR) is a non-negligible high-tech field at this early
stage [1] and has already exhibited remarkable application prospects in aspects of microma-
chines [2], micro/nano-mechanics [3], embeddable robots [4,5], sensors, and bio-science [5].
These smart 4DM/NRs have become the center of many multi-disciplinary studies and
are envisioned to work in various micro-environments. As pioneering studies have re-
ported [6,7], 4ADM/NRs’ small size and precise shape programming [8] offer great potential
in bionics, neurorrhaphy [9], micro-optics [10], drug delivery, and highly directional lo-
comotion [11] that are far beyond their macroscopic counterparts. Despite the tempting
already achieved benefits, the high-freedom shape reconfiguration [12] of 4DM/NRs is
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restricted inside the laboratories due to the major challenges involving the complexity
of practical motion control [13], dynamics [14], and tedious fabrication steps out of the
massive application. The basic motion of 4DM/NRs, such as simple bending or expansion,
is becoming common [1-14], while complex 4D programming, such as out-of-plane re-
versible gripping, selecting stimuli type, dynamic information encoding/transmission, and
self-healing ability from physical damage, remains rare and pose a significant challenge
for researchers.

To break through the technological /material limitations of implantable 4DM/NR ap-
plications, much effort has been devoted to shape-controlling strategies [15] to incorporate
advanced light-triggered photochemistry [16,17] and soft-responsive materials [18]. In
this respect, we have summarized and analyzed our previous work and peer research
about laser-direct synthesized 4DM/NRs (see schematic in Figure 1) for review. To begin,
the photochemical mechanism, which mostly relies on the photon-induced crosslinking
process [19] (a photochemical reaction known as single-photon [20], two-photon [12], and
multi-photon [21] polymerization) was introduced with an optical setup. To scale the
robots’ volume down to micro/nano-environments [22] with improvements to intelligence,
the fabrication resolution of laser synthesis has to be confined to nano-size [23] at a flexible
scanning path. In parameter-tunable laser photochemical fabrication [24], the spatiotem-
poral programming depends on the method of modulating photons [18]. The obtained
stimuli-responsive micro/nanostructure is an energy converter that reversely transforms
input energy to other forms, promising geometrical reconfiguration and leading to optical,
bio-electrocatalytic [25], optical, electrical, or biological responsiveness [26]. Therefore,
how to evaluate and optimize the micro/nanoscale interaction with various stimuli is the
second challenge, which determines the behaviors of biomimetic 4DM/NRs.

Mechanism of laser synthesis at
molecular scale

New programmable smart
materials

Shape programming
strategies
‘ Self-driven mechanism ‘

Prospective applications

Organization of this review

Figure 1. Schematic illustration of this review, covering three main sections: 1. laser-associated
4D manufacturing approaches and programming strategies around shape programming, which
mostly operate on high-resolution two-photon polymerization and differ from macroscopic ex-
trusion, material jetting, or other 3D printing methods; 2. stimuli-responsive materials, espe-
cially functional hydrogels/polymers, inorganic nonmetallic materials, and their nanocomposites;
3. future prospective interdisciplinary usage via 4D micro/nanofabrication is potentially applicable
to micro/nanomechanics, adaptive optics, and bio-sciences. The organization logic throughout this
manuscript follows this order: laser synthesis — smart materials — the programming strategies of
4D micro/nanorobotics — self-driven mechanism — application and comparison.

The key characteristic of active 4D materials is their stimuli-responsiveness. Cur-
rently used 4D materials include functional hydrogels [24], liquid crystal elastomers [27],
responsive organic polymers [28], proteins, and their nanocomposite materials [29]. For
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this ultrafast photochemical polymeric reaction, its underlying molecular dynamics and
material science deserve specific investigation, which intrinsically determines the fab-
rication resolution [12,18] and programming method. At the end of this review, we
compare laser-synthesized mini-robots with robots obtained via other current chemi-
cal/biological /physical methods [30] in various fields of use to highlight the advantages of
the reviewed digital photosynthesis methods.

2. Micro/Nanoscale Laser 4D Additive Manufacturing with Smart Materials

Accelerated by the coming era of “Industry 4.0”, the digital 3D production processes
became a revolutionary development in efficiency, resolution, geometric capacity, and func-
tionalization, incorporating new smart materials. The geometry, volume, and resolution
optimization of laser photochemistry [31,32] has developed beyond the traditional aim,
contributing to new highly valued 4D products; its fabrication process can be explained as
a series of photochemical reactions starting from photon absorption (as seen in Figure 2a).
The photon energy excites the ground-state atoms of photoinitiators or monomers [33] to a
higher energy level (known as photon absorption), making the photoinitiators or monomers
unleash unstable free radicals, the free radicals trigger chemical reactions to link the molec-
ular chain of monomers into a matrix (known as crosslinking or polymerization) or reduce
the metallic ions into crystals (known as reduction). The short-wavelength photons pos-
sess higher light energy than long-wavelength ones, therefore, the short-wavelength laser
beam is prone to incur single-photon [34] absorption, while the photoinitiator absorbs
two [35,36] or several [21,33,37] photons simultaneously to incur two/multi-photon ab-
sorption. The subsequent reactions transform the liquid precursors into a solidification
state at a micro/nano resolution.
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Figure 2. (a) Single-photon absorption at relatively short-wavelength laser projection, green-light-
triggered fluorescence absorption, typical two-photon absorption, multi-photon absorption at infrared
wavelength laser projection. (b) There are four representative smart materials used in laser photo-
chemistry for robotic applications: stimuli-responsive hydrogel, shape memory polymer, liquid metal
elastomer, and protein materials.
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Many studies have successfully proved several stimuli-responsive smart materials for
micro/nano 4D printing [25,33,37,38] (Figure 2b). Hydrogel [39-43] is a typical kind of func-
tional material with a crosslinking three-dimensional network [18], and it is hydrophilic and
insoluble in solvents. Especially, our recent work report an amphiphilic hydrogel contain-
ing both hydrophilic and hydrophobic groups [12], making the micro/nano 4D products
respond to various stimuli rather than simple humidity. The hydrogels/polymers are
also ideal soft carriers of magnetic nanoparticles [35,44-46], mechanics-reinforced carbon
nanotubes [24], photon-sensitive fillers, drug particles, or electrically conductive dopants.
Using these advantages, the cross-linked network can generate responsiveness under small
loading of environmental stimuli, such as temperature, magnetic field, electric field, or
multiple stimuli. The intelligent hydrogel networks usually present a mesoporous or fi-
brous network with unfoldable space to absorb or desorb the solvent and produce swelling
or shrinkage, the recent work shows the swelling/shrinkage volume change ratio easily
exceeds 200% [37-42]. Due to hydrogel’s desirable biocompatibility [47] and mechanical
properties, micro/nano 4D hydrogel can be further combined with in vitro cell culture,
vascular dredging [48], or be used to emulate the cargo/reorganization of organisms [49].

Besides hydrogel, shape memory polymer [14,15,50], another special material, has
attracted widespread attention, as it takes the glass transition temperature as the critical
temperature for phase transferring. When the ambient temperature is lower than the glass
transition temperature, the shape memory polymer is in a fixed phase, with a memory
structure shape having a large modulus and hardness [51]. When the temperature is higher
than the glass transition temperature, its physical properties undergo significant changes,
with the modulus and hardness gradually decreasing and softening, which is a reversible
phase that ensures shape changes by temperature variation [52-55].

As has been previously reported, liquid crystal [56] is another stimuli-responsive sub-
stance between crystals and liquids, it possesses the fluidity of liquids and the orderliness
of crystals. Micro/nanocrystals are connected to the polymer skeleton and moderately
crosslinked to obtain liquid crystal elastomer [57]. The increase in environmental tempera-
ture or under the irradiation of light causes liquid crystal molecules to change from a liquid
crystal state [58] to an isotropic state, resulting in thermally induced deformation. The
change of orderliness of the crystals also induces tunable optical function. In the current
literature, liquid crystal transforms into elastomer via polymerization, and the elastomer is
both soft, rigid, and widely used in robotics and optics.

Some other prior research has demonstrated protein [59] as another bio-compatible
smart substance, as its certain spatial structure is formed by the winding and folding of
peptide chains composed of amino acids through dehydration and condensation [60]. In
laser-induced synthesis, some functional proteins form micro/nanostructures through
amino acid bonds, the amino acids carry diverse functional groups that endow proteins
with the ability to respond to external stimuli as biological actuators [61]. For example,
bovine serum protein has carboxyl and amino groups on its molecular chain; it can cause
morphological changes in protein molecules by pH variation.

These above-mentioned smart materials have garnered significant attention for their
impressive deformability and scalability for micro/nano 4D printing. However, what
we know about them is largely based on observation and laboratory experiments. Their
imperfection still deserves in-depth studies for practical use. For example, devices based
on hydrogel materials often suffer from relatively poor mechanical properties, limiting
their practical applications. Liquid crystal elastomers tend to exhibit smaller degrees
of deformation compared to other materials, and their response speeds are generally
slower. The deformation of shape-memory polymers is primarily induced by changes in
temperature, its simplicity in actuation mode comes at the cost of slower response speeds.
In a nutshell, the innovative approaches enhancing mechanical properties, shape-morphing
controllability, capabilities, and ability, need to be further explored.

After the introduction of used smart materials, we summarize the laser systems
(Figure 3aj,ay) for photochemistry. The beginning is the coherent laser source; previous
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researches tell us that the nonlinear laser crystals (neodymium-doped yttrium aluminum
garnet or yttrium aluminate, titanium-doped sapphire, potassium dihydrogen phosphate,
and so on) work with advanced modulation techniques to irradiate laser beams covering
ultraviolet-to-infrared wavelengths. Optical parametric oscillators [62] hold the responsi-
bility to tune light wavelengths based on the nonlinear four-wave mixing effect [63], the
wavelength-tuning is realized by physically changing the angle between the incident pump
light and the laser crystal axis [64].
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Figure 3. (aq) lllustration of laser direct writing system and (ay) its optical principle; (b1—bs) The
current optical principle for high-freedom formation has developed to new categories: 2D spa-
tial modulator (SLM) + 1D stage; the high-speed digital mirror (DMD) + 1D stage; the rotational
substrate + projector; the newly-emerged 3D galvanometer with dynamically tunable focus lens;
integrated 3D stage; 3D stage + beam splitting for paralleled fabrication.

To fabricate delicate 4D shape-reconfigurable micro/nanostructures using these lasers,
a digital optical platform (Figure 3) consisting of the above-discussed light sources and
modulation setup is required. As previous works reported that a green micro/nano
4D manufacturing optical platform [65] developed from the digital 3D nano printing
system [66] (Figure 3aj;,a;) should simultaneously possess the interactive functions of
complex model analysis and slicing, spatially laser beam control and modulation ability,
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scanning path programming, high compatibility with multi-materials, and so on. For this
aim, the optical setup of conventional micrometer-resolution lithography or projection
evolves to a 4D printing nano-accuracy structure pre-designed for shape reconfiguration.

Studies [67] show that the stepsize of shape-programming is a single layer in 3D
lithography or projection; it is the minimum programmable unit that needs to be designed
and unevenly patterned, limiting the shape-programming resolution at its area size [68]
at the micrometer scale. For standard micro/nanoscale 4D printing (as seen in Figure 3),
when using a femtosecond laser direct writing setup [18], the basic programmable unit is
the laser-focused voxel [69]; therefore, the shape-morphing resolution reaches the <100 nm
level. In the setup with the stimulated emission depletion (STED) [70], even a resolution
of <50 nm [71] becomes achievable. However, STED setup strongly depends on negative
photoresists [72], limiting the functions of smart materials.

The literature review [22,25,33-37,62-70] also showcases the development of opto-
mechatronics. The laser direct-writing setup adopts an orthodox “2 + 1” configuration,
2D scanning galvanometer/micromirror [73] plus 1D translation stage, advanced 3D gal-
vanometer [74] with focus-adjusting ability, or inserting spatial phase modulators to form a
“2 +1” configuration. The recently reported rotating strategy uses the rotation freedom of
the substrate to print 3D structures, also showing desirable feature sizes. By modulating a
single laser beam to a point array or specific pattern, the fabrication efficiency or volume is
ameliorated over one magnitude. In summary, the laser photochemical synthesis utilizes
an optical setup of the digitalized laser additive manufacturing system [75-78] with precise
optical components (focusing optical path, radio-frequency acoustic-optic modulator, 3D
scanning system, large N.A. objective lens) to confine the photochemical reaction at the
nanometric resolution, and is being developed by researchers from several fields.

3. Shape Programming Strategies by Ultrafine Nanostructures

Numerous current works emphasize the programming strategies of 4DM/NR biomimetic
function [12-52], allowing the artificially made 4DM/NRs to realize high-level motions be-
yond nature. To spatiotemporally program reverse 4D behaviors, the shape-programming
strategy is crucially important and not inferior to structural design or smart materials. The
shape-programming strategies of previous studies can be categorized into three levels: the
layer (Figure 4a), the microscale meta structures (biomimetic cilia with meta microstruc-
tures in Figure 4b—d), and the single nanowire (Figure 5, linewidth controlled by single
laser focus). The 2D single-layer pattern at different layouts generates different swelling or
shrinkage degrees and is used in light-projection fabrication. By designing the layout of
each layer, the shape reconfiguration can be controlled by the light projection fabrication.
In dual/multi-layer design [79,80], shape-morphing happens by using different materials,
forming a soft-rigid structure, where the rigid layer works as a skeleton, and the soft layer
works as a muscle [81] to generate direction bending. However, according to existing
analyses [32—41,79-110], the mechanical mismatch between multiple layers is a pitfall for
repeated shape-morphing in actual usage.

The latest literature indicates that these fundamental shape-programming strategies
have evolved by introducing meta-mechanical structures into the multi-layers. For in-
stance, our peer researchers built small 3D micro cage-like micropillar meta structures [82]
to replace the planar soft layer along with the rigid layer, creating the unique meta-
mechanical micropillar-triggered shape configuration of cilia using two-photon polymer-
ization (Figure 4b), where the meta-mechanical micropillar cells present anisotropic shape-
morphing and strong adherence to rigid layers, ensuring high-order direction in reverse
photothermal shape reconfiguration, and the spatial resolution of shape-programming
depends on the volume of a single micropillar at the microscale.

In the work of [82], one remarkable advantage of smart hydrogel is its ability to
undergo precise and programmable light-induced transformations with exceptional spatial
resolution. Researchers focus a laser beam (approximately 1 pm?) on either the face or
edge of a cubic woodpile structure measuring 50 x 50 x 50 um3 (length x width x height,
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Figure 4c). Upon exposure to the laser, the woodpile exhibits a fascinating response—it
shrank around the laser focus area and rapidly assumed various stable 3D morphologies.
This newly found dynamic behavior demonstrates the versatility and controllability of
smart hydrogels in achieving complex shape transformations at microscopic scales. As
seen in Figure 4d, researchers also report a 3D microclamp consisting of a circular array
of six micropillars, and its functionality is demonstrated through optical micrographs
taken under different light-stimulation powers in an aqueous environment. This meta-
mechanical micropillar provides a much larger surface/volume ratio than the traditional
multi-layer structure, making the stimuli-responsive behavior violent. Predictably, by
devising meta-mechanical cells and implanting them into the soft-to-grid design, high-
performance biomimetic 4DM/NRs could be realized.

a Conventional dual-layer design
flexible

_-—) 0

Asymmetric meta mechanical structure

Simulation Dlsplacemerﬂ (um)
0

Figure 4. (a) The classical soft-rigid dual layer for shape bending. (b) The comprehensively enhanced
shape reconfiguration of meta mechanical structure (biomimetic cilia). The simulation using finite
element analysis matches well with experiment. (c) Optical micrographs of different shape transition
states of woodpile photonic crystal microstructures regulated by the laser stimulation. There are
eight positions of laser spot as indicated by the arrows. (d) Meta-structure-enhanced flower-shaped
microclamp using a laser beam as photon stimuli. These figures are reproduced from Ref. [82] with
copyright permission. The scale bar is 10 pm. The scale bars of (b—d) are 10 um.
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dp u Inter spacing Nanowires Surface morphology
‘_ >

3D view of scanned
hetero hydrogel nanostructures

Tilting at 30°

Figure 5. (ap) [llustration of laser focus voxel during the laser synthesis process. The red ellipse
denotes the focused laser point inside the precursor material. The other figure is the section view of
the laser-scanned interlaced nanowire/interspacing nanostructure reproduced from Ref. [18], which
is known as a heterojunction nanostructure in Ref. [12]. (a;) The nanowire-based heterojunction
scanning strategies in monolayer. (az,az) The accumulated intermolecular force realized “bracelet”
and chiral torsion, respectively. (b1—bz) The out-of-plane bent biomimetic hand, flower, and grippers.
These figures are reproduced from Ref. [12] with copyright permission from the authors. The scale
bars of (az,a3) are 50 um, and the scale bars of (b1—b3) are all 50 um.

In Figure 5ay, it can be seen that the volume of the laser focus (known as “voxel”)
directly affects the scanned nanowires; the photon polymerization reaction happens only
inside the “voxel”. Previous investigations [18,62-70] conclude that the voxel shape fo-
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cused by a Gauss laser beam is an eclipse at the nanoscale and that the volume of formed
nanowires (its height and linewidth) depends on the laser voxel during scanning. Ac-
cordingly, the spatial resolution of the laser-scanning-induced nanowires, patterns, and
structures is determined by the specific volume of the laser voxel. To push the shape-
programming resolution and capability to their limits, in our latest work, heterojunction
scanning [18] is experimentally confirmed as an effective strategy, in which laser scanning
maintains single-voxel resolution and introduces uneven crosslinking degrees into the
monolayer (a 2D metastructure containing both hard and soft layers, Figure 5ag—a3) with
different densities, directions, and positions, making the shape reconfiguration anisotropic
(expansion happened at pointed direction, Figure 5b;—b3) instead of the traditional slow
isotropic swelling.

Our reported experiment results have guessed that the 4DM/NRs of hands and grip-
pers in Figure 5ap—as3 act based on the non-covalent bonding effect [12,18]. Non-covalent
bonding refers to the interactions between molecules or particles that do not involve
the sharing or transfer of electrons. These interactions include hydrogen bonding, van
der Waals forces, electrostatic interactions, and hydrophobic interactions. To precisely
harness intermolecular forces, heterojunction scanning is proposed to manipulate more
complex 4D behaviors in the monolayer than a tedious multi-material multi-layer re-
ciprocating scanning strategy, which also eliminates the mechanical mismatch during
multi-layer interfacing [51,80].

In heterojunction scanning, the direction of shape bending/expansion is perpendicular
to the laser-scanned nanowires, and the bending direction can be controlled by adjusting the
laser scanning direction to realize chiral torsion, anisotropic deformation, and site-specific
mutation, in which the hydrogel structures are selectively modified or altered at specific lo-
cations. Moreover, the hydrogel nanowires demonstrated spontaneous self-repairing capa-
bilities, allowing them to recover their original shape or functionality after being damaged
or deformed. This reusability makes them promising candidates for micro/nanorobotics.
Beneficially, the dimension of the 1D nanowire is traceable to the 0D voxel (Figure 5ag—a3)
of laser focus [81-83]; therefore, the monolayer or formed 2D metastructures realize nano-
accuracy programming based on the spacing and linewidth of the nanowire without losing
shape reconfigurable capacity, promising future molecule-level robots.

In the above-demonstrated programming strategies, digitalized programming con-
tributes to the tempting advantages of precise spatial controllability, outperforming tradi-
tional hydrothermal, sonic, and electrochemical methods. Moreover, the micro/nanoscale
volume after shape programming decreases material cost and offers a larger surficial area
than those bulky ones, and the inside mesoporous [83,84] or fibrous [12,18] network natu-
rally offers numerous diffusion channels for transporting stimuli (solvent, ions, heating, and
so on), making the responsiveness violent and fast when compared to slowly swelled, bulky
ones [85]. Anyway, shape programming has a huge developing space and allows for huge
geometric flexibility compared to conventional chemistry for better complexity in motion
control, feature size, and function integration, and there exists a huge developing space.

4. Self-Driven Mechanism by Various Stimuli

The driven mechanism of the 4DM/NRs has been an extensively studied field, as it is
crucially important to performance controlling and improvement of 4DM/NRs. Among
the existing works, the noncontact magnetic field drive (as seen in Figure 6a;-a3) is often
used for the remote control of microrobots due to its strong penetration ability, long
driving distance, and high-order direction [45,86-89]. Because photocurable precursor
materials are doped with magnetic nanoparticles (Fe, Ni, NdFeB, etc.) [44], by rotating the
outside-applied magnetic field, the micro/nanostructured filter rotates at desired angles
and frequencies accordingly for the filtering modes.
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Figure 6. (a1) Fabrication procedures for the magnetically driven rotary microfilter reproduced
from Ref. [86] with permission from © The Optical Society. (az,a3) SEM images of the two-photon
polymerization fabricated filter on a flat surface and embedded inside a fluidic channel. The scale
bars are 20 um. (b) Example of temperature response: a woodpile and spiral disk thermally change
their dimension and lead to coloration change. Reproduced from Ref. [90]. The scale bars represent
20 pum.

This innovative microfilter enables switching between two distinct modes: filtering
and passing (Figure 6aj,a3). One notable advantage of this magnetically driven rotary
microfilter is its ability to perform multi-mode filtering functions. For example, it can
effectively capture particles with a size of 8§ um while allowing particles measuring 2.5 um
to pass through. It also can accommodate situations where both types of particles need
to be passed through without filtration. The responsive characteristic of the microfilter,
enabled by magnetic control, significantly enhances its reusability.

Numerous works have proved that temperature-dependent response [90,91] is an-
other widely driven mechanism (Figure 6b). As known, the polymer, hydrogel, liquid
crystal elastomers, or proteins generally shrink under heating conditions. Based on this,
the reported woodpile photonic crystal/spiral disk shrinks to change its dimension af-
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BSA muscle f

ter heating. The second driven force is the intermolecular-effect-induced dynamic force
by responsive stimuli of various solvents [18]. Due to the presence of molecular inter-
actions between the material matrix and solvent, the micro/nano 4D product exhibits
significantly different swelling or shrinkage abilities with different solvents. pH stimula-
tion responsiveness [83,91] has received widespread attention in micro/nano 4D printing
due to high response speed [92] in milliseconds and excellent actuation amplitude. pH
changes induce structural deformation, as demonstrated in Figure 7, the carboxyl groups
in polymers/proteins undergo deionization in acidic solutions or ionization in alkaline
solutions [93,94], causing expansion or contraction due to the electrostatic forces in the
polymer or protein molecular chain [95-97].
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Figure 7. (a) Illustration of dual-layer structure shape changing by pH variation. Reproduced from
Ref. [96]. (b) The reverse gripping action from a pair of designed protein cantilevers, where the scale
bar is 5 um. (c) The swelling/shrinkage of a cube shape made of proteins by two-photon polymeriza-
tion. Reproduced from Ref. [96]. The scale bar is 10 um. (d—f) The authors of Ref. [83] demonstrate
a composite-material micro claw robot responsive to pH variation, where SU-8 photoresist works
as the rigid part and BSA is bovine serum protein, which is polymerized on the claw to form the

flexible muscle.

As illustrated by Figure 7, pH responsiveness is a novel-driven mechanism for fabri-
cating micromechanical devices with a nonuniform internal lattice density. The technique
employed in this research is the femtosecond laser two-photon polymerization, which
allows for the flexible design and high-precision production of 3D micro/nano devices. The
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increase in scanning step length from 100 nm to 200 nm led to a higher swelling ratio of BSA
micro/nano blocks [96]. This can be attributed to a decrease in the cross-linking density
of the processed structures. In a pH 1 solution, the swelling ratio was approximately 1.9
when the step length was 200 nm. On the other hand, in a pH 13 solution, the swelling
ratio reached 265. When using a step length of 100 nm in an alkaline solution, the swelling
ratio was found to be 76.7% of that observed in structures fabricated with a step length of
200 nm.

According to the current literature, light [98] is another remote noncontact drive for
4DM/NRs and is used to precisely stimulate other physicochemical effects to induce struc-
tural actuation, such as the photothermal effect, photochemical effect, and optical force.
Photothermal conversion [99,100] is an effective form of energy conversion [101,102] that
uses the photothermal effect of materials to induce local temperature gradients to induce
structural shape changes. Some designs are implemented through the transformation of
azobenzene moieties in a liquid crystalline elastomer matrix by laser direct writing to
exhibit motion triggered by ultraviolet irradiation and near-infrared responsive mechanical
deformation [102]. Photochemical effects are based on specific photoresponsive chemical
materials, such as azobenzene or spiropyran [103] derivatives to produce photoisomer-
ization under light stimulation, changing the polymer chain length and thus deforming
the device structure. Several envisioning robotic devices with functionality have been
produced from a single azobenzene-functionalized cholesteric liquid crystal elastomer. The
other driven mechanism is pure optical force, which realizes the motion of an object by
using the gradient force of the light field itself or the momentum of photons.

In the above-listed driven methods, each driving method comes with its own set
of challenges. Magnetic responses are limited by their driving distance capabilities and
raise concerns about the safety of high-intensity magnetic fields in biomedical applications.
Achieving accurate control of pH and solvent responses can be challenging. Temperature
responses tend to be slow. Light responses suffer from low energy conversion rates and
issues with tissue transparency. To achieve widespread application scenarios in the future,
an ideal actuation method for micro/nano 4D printing needs to fulfill several requirements
simultaneously and should be capable of noncontact stimulation over long distances
to accommodate complex working environments. Additionally, it should offer precise
control and agile responses to meet the demands of intelligent integrated devices. Among
previously reported driven methods [82-103], light responses hold great promise as an
ideal driving and control method. This is due to their rich wavelength selectivity, precise
spatial targeting capabilities, and multi-dimensional regulatory abilities. Light responses
offer the potential for achieving complex movements and deformations in micro/nano
structures with high precision and efficiency.

5. Prospective Future and Applications of 4DM/NRs

After the introduction of versatile shape-programming strategies and the driven mech-
anisms of the 4DM/NRs, determining a method to predict and apply 4DM/NRs has
grasped our attention [104-120]. To enhance the control over shape transformations while
minimizing response time, researchers have been exploring nanofabrication approaches
with sophisticated designs. A groundbreaking four-dimensional microprinting strategy
is firstly introduced for constructing 3D-to-3D shape-morphing micromachines [104] in
a single-material-single-step mode. By utilizing direct laser writing, the researchers can
spatially distribute heterogeneous stimulus-responsive hydrogels into arbitrary 3D shapes
with sub-micrometer features. The material properties of the hydrogels, including crosslink-
ing densities, stiffnesses, and swelling/shrinking degrees, can be precisely modulated by
programming the exposure dosage of femtosecond laser pulses.

Taking use of proper structural design and numerical prediction, more complex
biomimetic shape reorganization (machine-level mutation [104], untethered jumping [105],
directional swimming [106,107], and so on) becomes realizable, and response time is greatly
shortened with improved performance. These micromachines exhibit rapid, precise, and
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reversible 3D-to-3D shape transformations in response to multiple external stimuli. To
predict the shape reconfiguration trend for complex structures, researchers have increas-
ingly employed finite element analysis (FEA) simulation [18,104]. This computational
method allows them to simulate, predict, and analyze the behavior of 4DM/NRs during
shape transformation. By combining FEA with advanced manufacturing techniques like
four-dimensional direct writing (4DLW), researchers can accurately program the higher-
order motions of hollow 3D microstructures. For example, uniaxial /biaxial contraction and
articulated folding (Figure 8) are among the motions that match well with the numerical
predictions made by FEA. This convergence between simulation results and actual perfor-
mance enhances our understanding of how these innovative micro/nanorobots behave
during shape reconfiguration.
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Figure 8. The authors of Ref. [104] present demonstrations of innovative technologies that enable the
creation of complex 3D reconfigurable micro-architectures. These architectures are made possible
through the use of advanced micromachines, such as microstents, microcages, and micro-umbrellas
(a—c). These micromachines are capable of achieving various forms of reconfiguration, including
rapid and precise uniaxial contraction, biaxial contraction, and articulated-lever folding. This level of
flexibility allows for a wide range of applications in fields such as robotics and biomedical engineering.
The process used to create these structures is known as 4DLW (four-dimensional direct laser writing).
It involves several steps, including the embedding of deformation-amplifying mechanisms, the design
of the 4DLW system, FEA prediction to optimize performance, the actual 4D direct writing process
using lasers or other techniques, and finally, shape-morphing to achieve the desired configuration.

The pictures are reproduced from Ref. [104].
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The time-dependent shape changing [108] belongs to the fourth dimension. However,
the shape-mutation-induced functional changing brings the fifth-dimensional 5D ability
of optical functions into the 4DM/NRs. The 4DM/NRs possess 5D biomimetic functions
of sensory function [109,110], chameleon-like coloration [111-114], dynamic optical de-
vices [115-119] with variable focus, information encoding/transmission [120], wettability
tailoring [121], and even electronic skin [122]. The typical 5D optical devices can be repre-
sented by color-shifted photonic crystals [18] or smart biomimetic compound eyes [118].
Dynamic micro/nanoscale 4D optical devices inherently have better integration ability and
tunable imaging mechanisms, leading to optical performance improvement.

For example, compound eyes have long been recognized for their potential in modern
optics, but both natural and artificial compound eyes suffer from a limitation—they lack the
ability to achieve variable-focus imaging due to their fixed focal lengths within individual
ommatidia. The researchers of Ref. [118] sought inspiration from the tunable crystalline
lens found in human eyes to overcome this limitation. They successfully fabricated smart
stimuli-responsive compound eyes using bovine serum albumin (BSA) protein through the
innovative technique of femtosecond laser fabrication (Figure 9). By leveraging the unique
swelling and shrinking properties of BSA under different pH conditions, the research team
created compound eyes with a tunable field of view ranging from 35° to 80°, as well as
variable focal lengths within each ommatidium. This composite compound eye exhibited
nearly 400% focal length tuning while maintaining a fixed tunable field of view.

CCD camera

' Objective lens

= Compound eye

- 4
White light

Figure 9. The focusing and imaging performances of a batch of protein-based compound eyes
reproduced from Ref. [118] with the author’s permission. The compound eye under investigation is
composed of ommatidia, each measuring 10 pm in diameter and 3 um in height. (a) Displays a 3D
laser confocal microscopy image capturing the detailed structure of the compound eye. To assess its
imaging capabilities, the researchers analyzed the performance from the inner part to the outer part
of the compound eye, as depicted in (b—d). (e) The schematic of the optical setup used to measure the
imaging performance of compound eyes.

To evaluate its imaging capabilities, the researchers of Ref. [118] conducted tests using
the letter “F” as a test object. They captured images of the letter “F” using the inner,
middle, and outer parts of the compound eye separately. They specifically examined the
inner, middle, and outer ommatidia individually to assess their respective focusing results
(Figure 9a—d). The quality of focus achieved by these ommatidia and the grayscale intensity
distribution of focal spots is extracted from six symmetrical ommatidia belonging to each
part (inner, middle, and outer). By studying these distributions, researchers gained insights
into how well each part of the compound eye focused on specific objects.

In addition to optical applications, another potential trend of 4DM/NRs is the inter-
disciplinary application in bio-science [123-137]. To enable more intricate micro/nano
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cargo manipulation, such as encapsulation and release, in biological settings, it is crucial to
equip microrobots with the ability to adapt and morph their shapes in dynamic environ-
ments (Figure 10). By combining magnetic propulsion with shape-morphing capabilities,
Ref. [123] creates a remarkable shape-morphing micro crab capable of performing targeted
microparticle delivery (Figure 10c—f).
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Figure 10. The researchers of Ref. [123] achieved one-step 4D printing of shape-morphing microrobots
for HeLa cell treatment. The fabricated magnetic microrobots (in the shapes of crabs and fishes) can
undergo shape-morphing to achieve targeted drug release for treating cancer cells. (a) Schematic
of the magnetic shape-morphing microfish (SMMF) for targeted doxorubicin (DOX) release to treat
cancer cells by shape-morphing. (b) Main compositions and schematic of pH-responsive hydrogels,
where AAc is acrylic acid, DPEPA is the cross-linker thdipentaerythritol penta acrylate, and EMK
is the photoinitiator 4,4'-bis—(diethylamino)benzophenone. (c) Four-dimensional printing with a
designable point density to encode shape-morphing. (d) Scanning electron microscopy (SEM) images
of the gel pores in the tail and body (inset images). (e) Optical images of the 4D fish and crab,
illustrating the opening and closure of the fins and claws, respectively. (f,g) Schematic procedures
and time-lapse images of 1. selecting, I tightly gripping, IIL. transporting, and IV. releasing targeted
cargo by the 4D crab. Scale bars: (d) 1 um, and inset images, 5 um; (e) 25 pm; (f,g) 50 um. All pictures
here are reproduced from Ref. [123].
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As a proof-of-concept demonstration, they have also designed a shape-morphing micro
fish that can encapsulate a drug (doxorubicin (DOX)) by closing its mouth in phosphate-
buffered saline with a pH of around 7.4. Moreover, 4DM/NRs successfully achieved
localized HeLa cell treatment within an artificial vascular network by utilizing the “opening-
closing” motion. Another example of bio-application via 4DM/NRs may be the robotic
devices and the light-driven artificial organs demonstrated by researchers of Ref. [82], they
developed a miniature aortic valve that could potentially revolutionize medical treatments
and advance biomedical research. The fabricated robotic aortic valve is controlled by
applied light to open or close (Figure 11), and the specific opening amplitude of the aortic
valve under different light stimulation powers is tested. Potentially, these novel organs
can be implanted into real human/animal organs as cardiac pacemakers or for other
adjuvant therapy.
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Figure 11. The researchers of Ref. [82] have successfully printed and demonstrated a functioning
microscale artificial heart. Their schematic of the heart structure is depicted in (a). To assess its
functionality, the opening amplitude of the aortic valve is examined under different light stimulation
powers, as shown in (b), and optical micrographs captured the changes in valve opening as a result of
varying light stimulation. Furthermore, optical micrographs were taken to compare the appearance
of the microheart with and without light stimulation, as seen in (c). It is worth noting that this remark-
able piece of technology has incredibly small dimensions, measuring merely 80 x 120 x 60 um?, as
indicated by the schematic illustration inset, in which the scale bar denotes 20 um.

In recent years, an increasing number of bio-applications have emerged that make
use of Four-Dimensional Micro/NanoRobots (4DM/NRs). These tiny robots hold tremen-
dous potential for various biomedical applications. The continuous advancements in size
optimization, motion control, and imaging technology have significantly contributed to
unlocking the capabilities of these 4DM/NRs. Researchers are constantly working towards
optimizing their size to ensure compatibility with biological systems. This allows for
minimally invasive procedures and precise manipulation at the microscale. Moreover,
improvements in motion control mechanisms enable these robots to navigate complex envi-
ronments with accuracy and precision. They can be potentially guided through intricate
pathways, such as blood vessels or tissues, facilitating targeted delivery and microcargo
operations. Furthermore, the integration of imaging technology provides real-time mon-
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itoring and feedback during the operation of these 4DM/NRs. Overall, 4DM/NRs hold
great promise as ideal platforms for complex micro cargo operations and on-demand drug
release. Their ability to navigate within biological systems coupled with their precise
manipulation capabilities makes them valuable tools in biomedical research and healthcare
applications. Continued advancements in this field will further expand their potential
impact on improving medical treatments and interventions.

6. Advantages of Current Miniaturized 4D Robots, Challenges, and Future

In the era of micro/nano 4D products, there simultaneously exist other competitive
4D products (Figure 12). The first one may be the microscale self-propelled bio-robots that
use microorganisms [138] from the animal or plant world. As we know, there exist animal
robots, such as trained dogs, bees, wasps, termites, or ants, being used as robots. On the
micro/nanoscale, the available tiny biological robots can be microorganisms, cells [139],
bacteria, eggs of insects, and even sperm. Peer researchers employ fish sperm cells as
micromotors to interact with the surrounding environment to trigger a swimming speed,
generating a snake-like moving path. The tiny microorganism moves and self-navigates
to execute specific tasks. For example, aqua sperm [140], whose size is similar to that
of bacteria, is reported to destroy biofilms that colonize medical and laboratory tubing.
In addition, the other plant tissue robots are transformed by humans using modified
cultivation engineering in the presence of functional nanoparticles, which happen through
the cell growth media, and these particles are taken up into the plant tissue cells for remote
magnet-driven motion ability.
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Figure 12. The other existing 4DM/NR types reported, including their features, prospective applica-
tions, and research interests.

The second competitor is two-aced colloidal Janus nanoparticles [141]. These anisotropic
nanoparticles are synthesized by stepwise chemical methods, where one face of a Janus
nanoparticle is colloidal (polymers, plastics, SiO,, and so on), and the other face is metal-
deposited, such as iron, titanium, copper, or platinum for magnetic force or photocatalysis
ability [142,143]. Janus nanoparticles generally show desirable dispersion characteristics in
organic aqueous solutions, like surfactants, amd by rotating the magnetic field’s direction,
the Janus particles move in the controlled direction. Another driving force is gas propulsion
from chemical catalysis reactions to the photothermal effect [144]. The deposited metal de-
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4DM/NR

types

composes organic solvent into gaseous substances under light projection to put themselves
forward by the generated gas.

The third competitor is the modern integrated micro-robots using multi-material
stepwise semiconductor fabrication [145], and digital control [146] for the swarm character,
high intelligence [147], autonomy, and even wireless communication. The above-studied
four main 4DM/NRs types are reshaping our modern bio-science, robotics, micro-electro-
mechanical systems, and the Internet of Things by playing ever-increasingly important
roles. However, their similarity, differences, advantages, and disadvantages vary a lot in
terms of volumes, fabrication methods, application ranges, flexibility and self-recovery, and
feature size, which can be found in the comparative table (Figure 13). In conclusion, laser
synthesis is a green fabrication method [148] requiring no tedious semiconductor process,
nor the cultivation of microorganisms, while maintaining bio-friendliness [149,150] and the
high-order regulation of wanted functions.
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Figure 13. Comparative analysis of four different currently studied 4DM/NRs in terms of applica-
tions, fabrication, unique advantages, design capability, and feature size, where laser photochemically
synthesized 4D robots possess the most comprehensive advantage, slowing the application range
covering micro/nano optics, electronics, and robotics with flexible geometric design outperforming
the human-cultured microorganisms or nanoparticle-shaped Janus robotics. Moreover, the laser
synthesis allows multi-function integration in tiny volumes requires only one-step fabrication, which
is much more efficient and beneficial to shorten the design circles.

7. Conclusions

Conclusively, the laser photochemically synthesized 4DM/NRs have compliant body
structures made of smart materials, or their composites can be printed directly using the
current digital computer-assisted laser system. The modern digitalized ultrafast laser
system [148] promises high compatibility with compound materials and high complexity in
structure/pattern design, allowing for the implantation of shape-reconfiguration memory
during fabrication. It is worth affirming that the digital laser system provides high flexibility
in nanostructured heterojunction or meta-mechanical structures to responsive materials for
performance improvement.

The reviewed 4D laser-synthesized monolithic soft robots are capable of linear and
turning locomotion at the micro/nanoscale for breaking the limitations of volume and
controllability by traditional chemical/physical methods. By doping functional nanoparti-
cles, the synthesized 4DM/NRs possess potential far beyond the currently reported robotic
applications. Thereby, we strongly recommend the photochemistry method for customizing
next-generation 4DM/NRs for envisioned applications. Using this method, the driving
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modes/programming strategies/spatial resolution and volume are versatile and applicable
to various extreme conditions.

Author Contributions: Conceptualization, Y.T.; validation, L.L. and X.R.; investigation, X.W.; re-
sources, X.R. and X.C.; writing—original draft preparation, H.G. and Y.R.; writing—review and
editing, Y.Y. and Z.Z. All authors have read and agreed to the published version of the manuscript.

Funding: This research was financially supported by the National Natural Science Youth Fund
of China (61805094, 62205132), the Natural Science Foundation of Jiangsu Province (BK20221363,
BK20210746), and the National Key R&D Program of China (SQ2018YFB110138).

Data Availability Statement: Data is contained within this article.

Acknowledgments: The authors are grateful to Xiong Wei from the Huazhong University of Science
and Technology for his instruction on laser direct writing techniques.

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

References

1. Kim, H.; Ahn, S.; Mackie, D.; Kwon, J.; Kim, S.; Choi, C.; Moon, Y.; Lee, H.B.; Ko, S. Shape morphing smart 3D actuator materials
for micro soft robot. Mater. Today 2020, 41, 243-269. [CrossRef]

2. Daryadela, S.; Behroozfarb, A.; Minary-Jolandan, M. A microscale additive manufacturing approach for in situ nanomechanics.
Mater. Sci. Eng. C 2019, 767, 138441. [CrossRef]

3.  Magdanz, V,; Sanchez, S.; Schmidt, O.G. Development of a Sperm-Flagella Driven Micro-Bio-Robot. Adv. Mater. 2013, 25, 6581-6588.
[CrossRef] [PubMed]

4. Panda, S.; Hajra, S.; Rajaitha, PM.; Kim, H.J. Stimuli-responsive polymer-based bioinspired soft robots. Micro. Nano. Syst. Lett.
2023, 11, 2. [CrossRef]

5. Wu, S; Hong, Y.; Zhao, Y.; Yin, J.; Zhu, Y. Caterpillar-inspired soft crawling robot with distributed programmable thermal
actuation. Sci. Adv. 2023, 9, eadf8014. [CrossRef] [PubMed]

6. Yu, X.T;Deng, Z.T,; Li, H.; Ma, Y.C.; Ma, X.B.; Zheng, Q. Anisotropic hydrogel fabricated by controlled diffusion as a bio-scaffold
for the regeneration of cartilage injury. RSC Adv. 2022, 12, 28254. [CrossRef]

7. Li, G; Yang, S.; Wu, W.; Chen, F; Li, X.; Tian, Q.; Wang, K.; Zhao, Y.; Wang, J.; Liu, Q.; et al. Biomimetic 4D Printing Catapult:
From Biological Prototype to Practical Implementation. Adv. Func. Mater. 2023, 33, 2301286. [CrossRef]

8.  Apsite, L; Biswas, A.; Li, Y.Q.; Ionov, L. Microfabrication Using Shape-Transforming Soft Materials. Adv. Func. Mater. 2020,
30, 1908028. [CrossRef]

9.  Joshi, A.; Choudhury, S.; Baghel, V.S.; Ghosh, S.; Gupta, S.; Lahiri, D.; Ananthasuresh, G.K.; Chatterjee, K. 4D Printed Pro-
grammable Shape-Morphing Hydrogels as Intraoperative Self-Folding Nerve Conduits for Sutureless Neurorrhaphy. Adv. Healthc.
Mater. 2023, 1, €2300701. [CrossRef]

10. Gonzalez-Hernandez, D.; Sanchez-Padilla, B.; Gailevicius, D.; Thodika, S.C.; Juodkazis, S.; Brasselet, E.; Malinauskas, M. Single-
Step 3D Printing of Micro-Optics with Adjustable Refractive Index by Ultrafast Laser Nanolithography. Adv. Opt. Mater. 2023,
11, 2300258. [CrossRef]

11. Lee, Y.; Choi, J.; Choi, Y.; Park, S.M.; Yoon, C.K. Four-Dimensional Printing of Stimuli-Responsive Hydrogel-Based Soft Robots.
J. Vis. Exp. 2023, 191. [CrossRef]

12.  Tao, Y.E; Lu, C.C.E; Wang, X.J.; Xin, Z.D.; Cao, X; Ren, Y.P. Monolayer heterojunction interactive hydrogels for high-freedom 4D
shape reconfiguration by two-photon polymerization. Int. J. Bioprinting 2023, 9, 678. [CrossRef]

13. Wang, L.L.; Zhang, FH.; Liu, Y.J.; Du, S.; Leng, J. Photosensitive Composite Inks for Digital Light Processing Four-Dimensional
Printing of Shape Memory Capture Devices. ACS Appl. Mater. Interfaces 2021, 13, 18110-18119. [CrossRef] [PubMed]

14. Spiegel, C.A.; Hackner, M.; Bothe, V.P.; Spatz, ].; Blasco, E. 4D Printing of Shape Memory Polymers: From Macro to Micro. Adv.
Fuct. Mater. 2022, 32,2110580. [CrossRef]

15. Gastaldi, M,; Spiegel, C.A.; Vazquez-Martel, C.; Barolo, C.; Roppolo, I; Blasco, E. 4D Printing of Light Activated Shape Memory
Polymers with Organic Dyes. Mol. Syst. Des. Eng. 2022, 8, 323-329. [CrossRef]

16. Zhang, B,; Li, H.G,; Cheng, ].X; Ye, H.T,; Sakhaei, A.H.; Yuan, C.; Rao, P; Zhang, Y.F; Chen, Z.; Wang, R.; et al. Mechanically
Robust and UV-Curable Shape-Memory Polymers for Digital Light Processing Based 4D Printing. Adv. Mater. 2021, 33, 2101298.
[CrossRef]

17.  Zhang, Y.; Huang, L.M.; Song, H.J.; Ni, C.J.; Wu, ].J.; Zhao, Q.; Xie, T. 4D Printing of Digital Shape Memory Polymer with Tunable
High Performance. ACS Appl. Mater. Interfaces 2019, 11, 32408-32413. [CrossRef]

18. Tao, Y.F;Lu, C.C.F; Deng, C.S; Long, J.; Ren, Y.P; Dai, Z].; Tong, Z.P.; Wang, X.].; Meng, S.; Zhang, W.G,; et al. Four-Dimensional

Stimuli-Responsive Hydrogels Micro-Structured via Femtosecond Laser Additive Manufacturing. Micromachine 2022, 13, 32.
[CrossRef]

42



Micromachines 2023, 14, 1656

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Li, S.G,; Liu, X.L;; Zhang, S.; Zhou, YYW.; Wan, X,; Li, N.; Li, ].; Zhang, L. D-n—A-n-D Initiators Based on Benzophenone Conjugate
Extension for Two-Photon Polymerization Additive Manufacturing. Photonics 2022, 9, 183. [CrossRef]

Preuf, J.; Gehring, H.; Schmidt, R.; Jin, L.; Wendland, D.; Kern, J.; Pernice, W.; Vasconcellos, S.M.; Bratschitsch, R. Low-Divergence
hBN Single-Photon Source with a 3D-Printed Low-Fluorescence Elliptical Polymer Microlens. Nano Lett. 2023, 23, 407-413.
[CrossRef]

Gonzalez-Hernandez, D.; Varapnickas, S.; Bertoncini, A.; Liberale, C.; Malinauskas, M. Micro-Optics 3D Printed via Multi-Photon
Laser Lithography. Adv. Opt. Mater. 2023, 11, 2201701. [CrossRef]

Bernardeschi, I.; Ilyas, M.; Beccai, L. A Review on Active 3D Microstructures via Direct Laser Lithography. Adv. Intell. Syst. 2021,
3,2100051. [CrossRef]

Xiong, W.; Zhou, Y.S.; Hou, W].; Jiang, L.J.; Mahjouri-Samani, M.; Park, J.; He, X.N.; Gao, Y.; Fan, L.S.; Baldacchini, T.; et al.
Laser-based micro/nanofabrication in one, two and three dimensions. Front. Optoelectron. 2015, 8, 351-378. [CrossRef]

Tao, Y.; Wei, C.; Liu, J.; Deng, C.; Cai, S.; Xiong, W. Nanostructured electrically conductive hydrogels via ultrafast laser
processingand self-assembly. Nanoscale 2019, 11, 9176-9184. [CrossRef] [PubMed]

Jodeiri, K.; Foerster, A.; Trindade, G.; Im, J.; Diego Carballares, R.; Fernandez-Lafuente, PM.; Lacey, A.; Parmenter, C.; Tuck, C.
Additively Manufactured 3D Micro-bioelectrodes for Enhanced Bioelectrocatalytic Operation. ACS Appl. Mater. Interfaces 2023,
15,14914-14924. [CrossRef]

Chen, X,; Han, S.Y,; Wu, WH.; Wu, Z.H.; Yuan, Y.; Wu, J.; Liu, C.S. Harnessing 4D Printing Bioscaffolds for Advanced Orthopedics.
Small 2022, 18, €2106824. [CrossRef]

Zhang, ].; Guo, Y.; Hu, W,; Soon, R.H.; Davidson, Z.S; Sitti, M. Liquid Crystal Elastomer-Based Magnetic Composite Films for
Reconfigurable Shape-Morphing Soft Miniature Machines. Adv. Mater. 2021, 33, €2006191. [CrossRef]

Pugliese, R.; Regondi, S. Artificial Intelligence-Empowered 3D and 4D Printing Technologies toward Smarter Biomedical Materials
and Approaches. Polymers 2022, 14, 2794. [CrossRef]

Zhao, C.Y.; Wang, Y.; Gao, L.; Xu, Y.Q.; Fan, Z.Y.; Liu, X.J.; Ni, Y.; Xuan, S.H.; Deng, H.X.; Gong, X.L. High-Performance Liquid
Metal/Polyborosiloxane Elastomer toward Thermally Conductive Applications. ACS Appl. Mater. Interfaces 2022, 14, 21564-21576.
[CrossRef]

Gardi, G.; Ceron, S.; Wang, W.; Petersen, K.H.; Sitti, M. Micro robot collectives with reconfigurable morphologies, behaviors, and
functions. Nat. Commun. 2022, 13, 2239. [CrossRef]

Li, HY,; Gong, X.; Ni, H,; Lu, P; Luo, X.; Wen, J.; Yang, Y.J.; Qian, X.; Sun, Z.R.; Wu, J. Light-Induced Ultrafast Molecular
Dynamics: From Photochemistry to Optochemistry. J. Phys. Chem. Lett. 2022, 13, 5881-5893. [CrossRef] [PubMed]

Tao, Y.F; He, K,; Zhang, EJ.; Tan, J.; Hao, H.; Ren, X.D. Cellulose-Derived Wearable Carbon Nanoflake Sensors Customized by
Semiconductor Laser Photochemistry. Adv. Sens. Res. 2023, 2, 2200020. [CrossRef]

Muenchinger, A.; Hahn, V,; Beutel, D.; Woska, S.; Monti, J.; Rockstuhl, C.; Blasco, E.; Wegener, M. Multi-Photon 4D Printing of
Complex Liquid Crystalline Microstructures by In Situ Alignment Using Electric Fields. Adv. Mater. Technol. 2022, 7, 2100944.
[CrossRef]

Falandt, M.; Bernal, PN.; Dudaryeva, O.; Florczak, S.; Grossbacher, G.; Schweiger, M.; Longoni, A.; Greant, C.; Assuncao, M.;
Nijssen, O.; et al. Spatial-Selective Volumetric 4D Printing and Single-Photon Grafting of Biomolecules within Centimeter-Scale
Hydrogels via Tomographic Manufacturing. Adv. Mater. Technol. 2023, 8, 2300026. [CrossRef]

Suter, M.; Zhang, L.; Siringil, E.C.; Peters, C.; Luehmann, T.; Ergeneman, O.; Peyer, K.E.; Nelson, B.J.; Hierold, C. Superparam-
agnetic microrobots: Fabrication by two-photon polymerization and biocompatibility. Biomed. Microdevices 2013, 15, 997-1003.
[CrossRef]

Ritacco, T.; Aceti, D.M.; De Domenico, G.; Giocondo, M.; Mazzulla, A.; Cipparrone, G.; Pagliusi, P. Tuning Cholesteric Selective
Reflection In Situ Upon Two-Photon Polymerization Enables Structural Multicolor 4D Microfabrication. Adv. Opt. Mater. 2022,
10, 2101526. [CrossRef]

Vinciguerra, M.R.; Tavakoli, M.; Majidi, C.; Yao, L.; Patel, D.K.; Zu, W. Multimaterial Printing of Liquid Crystal Elastomers with
Integrated Stretchable Electronics. ACS Appl. Mater. Interfaces 2023, 15, 24777-24787. [CrossRef]

Chen, M.; Gao, M; Bai, L.; Zheng, H.; Qi, H.].; Zhou, K. Recent Advances in 4D Printing of Liquid Crystal Elastomers. Adv. Mater.
2023, 35, €2209566. [CrossRef]

Tan, L.; Lee, H.; Fang, L.; Cappelleri, D.J.]. A Power Compensation Strategy for Achieving Homogeneous Microstructures for 4D
Printing Shape-Adaptive PNIPAM Hydrogels: Out-of-Plane Variations. Gels 2022, 8, 828. [CrossRef]

Li, K.; Zhao, J.; Zhussupbekova, A.; Shuck, C.E.; Hughes, L.; Dong, Y.; Barwich, S.; Vaesen, S.; Shvets, 1.V.; Mobius, M.; et al. 4D
printing of MXene hydrogels for high-efficiency pseudo capacitive energy storage. Nat. Commum. 2022, 13, 6884. [CrossRef]
Ding, A.; Jeon, O.; Cleveland, D.; Gasvoda, K.L.; Wells, D.; Lee, S.J.; Alsberg, E. Jammed Micro-Flake Hydrogel for Four-
Dimensional Living Cell Bioprinting. Adv. Mater. 2022, 34, €2109394. [CrossRef] [PubMed]

Hu, Y,; Wang, Z; Jin, D.; Zhang, C.; Sun, R.; Li, Z.; Hu, K,; Nj, J.; Cai, Z.; Pan, D.; et al. Botanical-Inspired 4D Printing of Hydrogel
at the Microscale. Adv. Funct. Mater. 2020, 30, 1907377. [CrossRef]

Tao, F; Deng, C.; Long, J.; Liu, J.; Wang, X.; Song, X.; Lu, C.; Yang, J.; Hao, H.; Wang, C.; et al. Multiprocess Laser Lifting-Off for
Nanostructured Semiconductive Hydrogels. Adv. Mater. Interfaces 2021, 9, 2101250. [CrossRef]

43



Micromachines 2023, 14, 1656

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Xu, Z.; Wang, X.; Chen, E,; Chen, K. 4D printing of hard magnetic soft materials based on NdFeB particles. J. Intell. Mater. Syst.
Struct. 2023. [CrossRef]

Hu, X; Yasa, L.C.; Ren, Z.; Goudu, S.R.; Ceylan, H.; Hu, W,; Sitti, M. Magnetic soft micromachines made of linked microactuator
networks. Sci. Adv. 2021, 7, eabe8436. [CrossRef]

Yang, Z.; Li, Z. Magnetic Actuation Systems for Miniature Robots: A Review. Adv. Intell. Syst. 2020, 2, 2000082. [CrossRef]

Liu, C; Lou, Y; Sun, Z.; Ma, H.; Sun, M,; Li, S.; You, D.; Wu, J.; Ying, B.; Ding, W,; et al. 4D Printing of Personalized-Tunable
Biomimetic Periosteum with Anisotropic Microstructure for Accelerated Vascularization and Bone Healing. Adv. Healthc. Mater.
2023, 2, €2202868. [CrossRef]

Wang, X.; Zhang, Y.; Shen, P; Cheng, Z.; Chu, C.; Xue, E; Bai, J. Preparation of 4D printed peripheral vascular stent and its
degradation behavior under fluid shear stress after deployment. Biomater. Sci. 2022, 10, 2302-2314. [CrossRef] [PubMed]

Pan, Y,; Lee, L.H.; Yang, Z.; Ul Hassan, S.; Shum, H.C. Co-doping optimized hydrogel-elastomer micro-actuators for versatile
biomimetic motions. Nanoscale 2021, 13, 18967-18976. [CrossRef]

Liu, S.; Dong, X.; Wang, Y.; Xiong, J.; Guo, R.; Xiao, ]J.; Sun, C.; Zhai, F; Wang, X. 4D Printing of Shape Memory Epoxy for
Adaptive Dynamic Components. Adv. Mater. Technol. 2023, 8, 2202004. [CrossRef]

Huang, S.; Zhang, H.; Sheng, ].; Agyenim-Boateng, E.; Wang, C.; Yang, H.; Jiang, G.; Zhou, J.; Lu, J.; Zhang, J. Digital light
processing 4D printing multilayer polymers with tunable mechanical properties and shape memory behavior. Chem. Eng. J. 2023,
465, 142830. [CrossRef]

Gu, T,; Bi, H.; Sun, H.; Tang, J.; Ren, Z.; Zhou, X.; Xu, M. Design and development of 4D-printed cellulose nanofibers reinforced
shape memory polymer composites: Application for self-deforming plant bionic soft grippers. Addit. Manuf. 2023, 70, 103544.
[CrossRef]

Chowdhury, J.; Anirudh, P.V,; Karunakaran, C.; Rajmohan, V.; Mathew, A.T.; Koziol, K.; Alsanie, W.F.,; Kannan, C.; Balan, A.S.S,;
Thakur, V.K. 4D Printing of Smart Polymer Nanocomposites: Integrating Graphene and Acrylate Based Shape Memory Polymers.
Polymers 2021, 13, 3660. [CrossRef] [PubMed]

Zhao, W.; Li, N.N,; Liu, LW,; Leng, J.; Liu, Y.J. Mechanical behaviors and applications of shape memory polymer and its
composites. Appl. Phys. Rev. 2023, 10, 011306. [CrossRef]

Ge, Q.; Sakhaei, A.H.; Lee, H.; Dunn, C.K,; Fang, N.X.; Dunn, M.L. Multimaterial 4D Printing with Tailorable Shape Memory
Polymers. Sci. Rep. 2016, 6, 31110. [CrossRef]

Ceamanos, L.; Mulder, D.].; Kahveci, Z.; Lopez-Valdeolivas, M.; Schenning, A.P.H.J.; Sanchez-Somolinos, C. Photomechanical
response under physiological conditions of azobenzene-containing 4D-printed liquid crystal elastomer actuators. J. Mater. Chem.
B 2023, 11, 4083-4094. [CrossRef]

Lv, P; Yang, X,; Bisoyi, HK.; Zeng, H.; Zhang, X.; Chen, Y.; Xue, P; Shi, S.; Priimagi, A.; Wang, L.; et al. Stimulus-driven liquid
metal and liquid crystal network actuators for programmable soft robotics. Mater. Horiz. 2021, 8, 2475-2484. [CrossRef]

Zhang, Y.; Yang, G.; Hayat, U.; Yu, J.; Liu, C.; Wang, H.].; Wang, ].Y. Water-responsive 4D printing based on self-assembly of
hydrophobic protein “Zein” for the control of degradation rate and drug release. Bioact. Mater. 2023, 23, 343-352. [CrossRef]
Lin, Q.; Hu, Y;; Qiu, C,; Li, X;; Sang, S.; McClements, D.J.; Chen, L.; Long, J.; Xu, X.; Wang, J.; et al. Peanut protein-polysaccharide
hydrogels based on semi-interpenetrating networks used for 3D/4D printing. Food Hydrocoll. 2023, 137, 108332. [CrossRef]
Narupai, B.; Smith, P.T.; Nelson, A. 4D Printing of Multi-Stimuli Responsive Protein-Based Hydrogels for Autonomous Shape
Transformations. Adv. Funct. Mater. 2021, 31, 2011012. [CrossRef]

Li, S.; Bai, H.D.; Liu, Z.; Zhang, X.Y.; Huang, C.Q.; Wiesner, E.N.R;; Silberstein, M.R.D.; Shepherd, R.O.E. Digital light processing
of liquid crystal elastomers for self-sensing artificial muscles. Sci. Adv. 2021, 7, eabg3677. [CrossRef]

Zhu, X.; He, J.; Su, Y.; Chen, Y.; Hu, X. Theoretical Investigation of Backward Optical Parametric Oscillator Pumped by Vortex
Beams. Front. Phys. 2022, 10, 886962. [CrossRef]

Pirzio, F; Negri, J.R.; Agnesi, A. Femtosecond optical parametric oscillator with 3D-printed polymeric parts. Opt. Laser Technol.
2022, 147, 107657. [CrossRef]

Barros, R.E; Alves, G.B.; Khoury, A.Z. Gouy-phase effects in the frequency combs of an optical parametric oscillator. Phys. Rev. A
2021, 103, 023511. [CrossRef]

Wu, X.; Gross, B.; Leuschel, B.; Mougin, K.; Dominici, S.; Gree, S.; Belqat, M.; Tkachenko, V.; Cabannes-Boue, B.; Chemtob, A.; et al.
On-Demand Editing of Surface Properties of Microstructures Made by 3D Direct Laser Writing via Photo-Mediated RAFT
Polymerization. Adv. Funct. Mater. 2022, 32, 2109446. [CrossRef]

Tao, Y,; Ren, Y.; Wang, X.; Zhao, R.; Liu, J.; Deng, C.; Wang, C.; Zhang, W.; Hao, H. A femtosecond laser-assembled SnO2
microbridge on interdigitated Au electrodes for gas sensing. Mater. Lett. 2022, 308, 131120. [CrossRef]

Li, W,; Cheng, X.; Wang, Y.; Wang, S. Projection printing of scaffolds with shape recovery capacity and simultaneously improved
stiffness and toughness using an ultra-fast-curing poly(propylene fumarate) /hyperbranched additive resin. Addit. Manuf. 2021,
48,102446. [CrossRef]

Ge, Q.; Li, Z.; Wang, Z.; Kowsari, K.; Zhang, W.; He, X.; Zhou, |.; Fang, N.X. Projection micro stereolithography based 3D printing
and its applications. Int. J. Extreme Manuf. 2020, 2, 022004. [CrossRef]

Wang, ].Y,; Jin, F; Dong, X.Z.; Liu, J.; Zheng, M.L. Flytrap Inspired pH-Driven 3D Hydrogel Actuator by Femtosecond Laser
Microfabrication. Adv. Mater. Technol. 2022, 7, 2200276. [CrossRef]

44



Micromachines 2023, 14, 1656

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

Yu, W.; Ji, Z.; Dong, D.; Yang, X.; Xiao, Y.; Gong, Q.; Xi, P; Shi, K. Super-resolution deep imaging with hollow Bessel beam STED
microscopy. Laser Photonics Rev. 2016, 10, 147-152. [CrossRef]

He, X,; Li, T.; Zhang, J.; Wang, Z. STED Direct Laser Writing of 45 nm Width Nanowire. Micromachines 2019, 10, 726. [CrossRef]
[PubMed]

Wollhofen, R.; Buchegger, B.; Eder, C.; Jacak, J.; Kreutzer, ].; Klar, T.A. Functional photoresists for sub-diffraction stimulated
emission depletion lithography. Opt. Mater. Exp. 2017, 7, 2538-2559. [CrossRef]

Yang, W.; Wang, Z.; Wang, X,; Yu, T.; Xie, S.; Ge, Z. 3D printing of bioinspired hydrogel microstructures with programmable and
complex shape deformations based on a digital micro-mirror device. Opt. Laser Technol. 2023, 157, 108759. [CrossRef]

Li, X.; Liu, B.; Mei, X.; Wang, W.; Wang, X.; Li, X. Development of an In-Situ Laser Machining System Using a Three-Dimensional
Galvanometer Scanner. Engineering 2020, 6, 68-76. [CrossRef]

Chen, Q.; Jing, Y.; Yin, J.; Li, Z,; Xiong, W.; Gong, P.; Zhang, L.; Li, S.; Pan, R.; Zhao, X.; et al. High Reflectivity and Thermal
Conductivity Ag-Cu Multi-Material Structures Fabricated via Laser Powder Bed Fusion: Formation Mechanisms, Interfacial
Characteristics, and Molten Pool Behavior. Micromachines 2023, 14, 362. [CrossRef]

Li, Z; Li, H,; Yin, ].; Li, Y,; Nie, Z; Li, X;; You, D.; Guan, K,; Duan, W,; Cao, L.; et al. A Review of Spatter in Laser Powder Bed
Fusion Additive Manufacturing: In Situ Detection, Generation, Effects, and Countermeasures. Micromachines 2022, 13, 1366.
[CrossRef] [PubMed]

Yin, J.; Zhang, W.; Ke, L.; Wei, H.; Wang, D.; Yang, L.; Zhu, H.; Dong, P.; Wang, G.; Zeng, X. Vaporization of alloying elements and
explosion behavior during laser powder bed fusion of Cu-10Zn alloy. Int. J. Mach. Tools Manuf. 2021, 161, 103686. [CrossRef]
Yin, J.; Wang, D.; Wei, H,; Yang, L.; Ke, L.; Hu, M.; Xiong, W.; Wang, G.; Zhu, H.; Zeng, X. Dual-beam laser-matter interaction at
overlap region during multi-laser powder bed fusion manufacturing. Addit. Manuf. 2021, 46, 102178. [CrossRef]

Veiga, ].S.; Carneiro, M.R.; Molter, R.; Vinciguerra, M.; Yao, L.; Majidi, C.; Tavakoli, M. Toward Fully Printed Soft Actuators:
UV-Assisted Printing of Liquid Crystal Elastomers and Biphasic Liquid Metal Conductors. Adv. Mater. Technol. 2023, 25, 2300144.
[CrossRef]

Tang, Z.; Gao, Z.; Jia, S.; Wang, E; Wang, Y. Graphene-Based Polymer Bilayers with Superior Light-Driven Properties for Remote
Construction of 3D Structures. Adv. Sci. 2017, 4, 1600437. [CrossRef]

Benyahia, K.; Gomes, S.; Andre, J.-C.; Qi, H.J.; Demoly, E. Influence of interlocking blocks assembly on the actuation time, shape
change, and reversibility of voxel-based multi-material 4D structures. Smart. Mater. Struct. 2023, 32, 065011. [CrossRef]

Deng, C.S,; Liu, Y.C.; Fan, X.H.; Jiao, B.Z.; Zhang, Z.X.; Zhang, M.D.; Chen, FY.; Gao, H.; Deng, L.M.; Xiong, W. Femtosecond
Laser 4D Printing of Light-Driven Intelligent Micromachines. Adv. Funct. Mater. 2023, 33, 2211473. [CrossRef]

Ma, Z.C; Zhang, Y.L.; Han, B.; Hu, X.Y;; Li, C.H.; Chen, Q.D.; Sun, H.B. Femtosecond laser programmed artificial musculoskeletal
systems. Nat. Commun. 2020, 11, 4536. [CrossRef] [PubMed]

Liu, JW.,; Fan, X.H.; Tao, Y.E; Deng, C.S.; Yu, KW.; Zhang, W.G.; Deng, L.M.; Xiong, W. Two-Step Freezing Polymerization
Method for Efficient Synthesis of High-Performance Stimuli-Responsive Hydrogels. ACS Omega 2020, 5, 5921-5930. [CrossRef]
Yao, X.; Chen, H.; Qin, H.; Cong, H.-P. Nanocomposite Hydrogel Actuators with Ordered Structures: From Nanoscale Control to
Macroscale Deformations. Small Methods 2023, 5, €2300414. [CrossRef]

Wang, C.; Hu, Z.; Yang, L.; Zhang, C.; Zhang, L.; Ji, S.; Xu, L.; Li, J.; Hu, Y.; Wu, D.; et al. Magnetically driven rotary microfilter
fabricated by two-photon polymerization for multimode filtering of particles. Opt. Lett. 2021, 46, 2968-2971. [CrossRef]

Xiong, Z.; Zheng, C.; Jin, E; Wei, R.; Zhao, Y.; Gao, X.; Xia, Y.; Dong, X.; Zheng, M.; Duan, X. Magnetic-field-driven ultra-small 3D
hydrogel microstructures: Preparation of gel photoresist and two-photon polymerization microfabrication. Sens. Actuat. B-Chem.
2018, 274, 541-550. [CrossRef]

Dai, Y; Jia, L.; Wang, L.; Sun, H; Ji, Y.; Wang, C.; Song, L.; Liang, S.; Chen, D.; Feng, Y.; et al. Magnetically Actuated Cell-Robot
System: Precise Control, Manipulation, and Multimode Conversion. Small 2022, 18, 2105414. [CrossRef]

Cong, Z.; Tang, S.; Xie, L.; Yang, M.; Li, Y;; Lu, D; Li, J.; Yang, Q.; Chen, Q.; Zhang, Z.; et al. Magnetic-Powered Janus Cell
Robots Loaded with Oncolytic Adenovirus for Active and Targeted Virotherapy of Bladder Cancer. Adv. Mater. 2022, 34, 2201042.
[CrossRef]

del Pozo, M.; Delaney, C.; da Cunha, M.P.; Debije, M.G; Florea, L.; Schenning, A. Temperature-Responsive 4D Liquid Crystal
Microactuators Fabricated by Direct Laser Writing by Two-Photon Polymerization. Small Struct. 2022, 3, 2100158. [CrossRef]
Cen, S; Li, Z.; Guo, Z.; Li, H.; Shi, ].; Huang, X.; Zou, X.; Holmes, M. 4D printing of a citrus pectin/beta-CD Pickering emulsion:
A study on temperature induced color transformation. Addit. Manuf. 2022, 56, 102925.

Lee, YW,; Ceylan, H.; Yasa, I.C.; Kilic, U.; Sitti, M. 3D-Printed Multi-Stimuli-Responsive Mobile Micromachines. ACS Appl. Mater.
Interfaces 2021, 13, 12759-12766. [CrossRef] [PubMed]

Pan, HM.; Goto, A. Topology-Dependent pH-Responsive Actuation and Shape Memory Programming for Biomimetic 4D
Printing. Macromol. Rapid Commun. 2023, 44, e2300074. [CrossRef]

Wei, S.; Liu, J.; Zhao, Y.; Zhang, T.; Zheng, M.; Jin, E; Dong, X.; Xing, J.; Duan, X. Protein-Based 3D Microstructures with
Controllable Morphology and pH-Responsive Properties. ACS Appl. Mater. Interfaces 2017, 9, 42247-42257. [CrossRef]

Ghazal, A.F,; Zhang, M.; Bhandari, B.; Chen, H. Investigation on spontaneous 4D changes in color and flavor of healthy 3D
printed food materials over time in response to external or internal pH stimulus. Food. Res. Int. 2021, 142, 110215. [CrossRef]

45



Micromachines 2023, 14, 1656

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

Hu, X;; Ma, Z.; Han, B.; Li, C.; Zhang, Y. Femtosecond Laser Fabrication of Protein-Based Smart Soft Actuators. Chin. J. Lasers
2021, 48, 1402001.

Wang, H.; Dj, J.; Sun, Y; Fu, ].; Wei, Z.; Matsui, H.; Alonso, A.d.C.; Zhou, S. Biocompatible PEG-Chitosan@Carbon Dots Hybrid
Nanogels for Two-Photon Fluorescence Imaging, Near-Infrared Light/pH Dual-Responsive Drug Carrier, and Synergistic Therapy.
Adv. Funct. Mater. 2015, 25, 5537-5547. [CrossRef]

Sol, J.A.-H.P; Douma, R.E; Schenning, A.P.H.J.; Debije, M.G. 4D Printed Light-Responsive Patterned Liquid Crystal Elastomer
Actuators Using a Single Structural Color Ink. Adv. Mater. Technol. 2023, 8, 2200970. [CrossRef]

Lugger, S.J.D.; Ceamanos, L.; Mulder, D.J.; Sanchez-Somolinos, C.; Schenning, A.P.H.J. 4D Printing of Supramolecular Liquid
Crystal Elastomer Actuators Fueled by Light. Adv. Mater. Technol. 2023, 8, 2201472. [CrossRef]

Martella, D.; Antonioli, D.; Nocentini, S.; Wiersma, D.S.; Galli, G.; Laus, M.; Parmeggiani, C. Light activated non-reciprocal
motion in liquid crystalline networks by designed microactuator architecture. Rsc. Adv. 2017, 7, 19940-19947. [CrossRef]
Ceamanos, L.; Kahveci, Z.; Lopez-Valdeolivas, M.; Liu, D.; Broer, D.].; Sanchez-Somolinos, C. Four-Dimensional Printed Liquid
Crystalline Elastomer Actuators with Fast Photoinduced Mechanical Response toward Light-Driven Robotic Functions. ACS
Appl. Mater. Interfaces 2020, 12, 44195-44204. [CrossRef] [PubMed]

Chen, L.; Dong, Y.; Tang, C.Y.; Zhong, L.; Law, W.C,; Tsui, G.C.P; Yang, Y.; Xie, X. Development of Direct-Laser-Printable
Light-Powered Nanocomposites. ACS Appl. Mater. Interfaces 2019, 11, 19541-19553. [CrossRef] [PubMed]

Li, C.; Xue, Y.; Han, M.; Palmer, L.C.; Rogers, ].A.; Huang, Y.; Stupp, S.I. Synergistic photoactuation of bilayered spiropyran
hydrogels for predictable origami-like shape change. Matter 2021, 4, 1377-1390. [CrossRef]

Jin, D.; Chen, Q.; Huang, T.-Y,; Huang, J.; Zhang, L.; Duan, H. Four-dimensional direct laser writing of reconfigurable compound
micromachines. Mater. Today 2020, 32, 19-25. [CrossRef]

Li, M.; Wang, X.; Dong, B.; Sitti, M. In-air fast response and high speed jumping and rolling of a light-driven hydrogel actuator.
Nat. Commun. 2020, 11, 3988. [CrossRef]

Dong, M.; Wang, X.P; Chen, X.Z.; Mushtagq, F; Deng, S.Y.; Zhu, C.H.; Torlakcik, H.; Terzopoulou, A.; Qin, X.H.; Xiao, X.Z.; et al.
3D-Printed Soft Magnetoelectric Microswimmers for Delivery and Differentiation of Neuron-Like Cells. Adv. Funct. Mater. 2020,
30, 1910323. [CrossRef]

Chen, Z.; Song, X.; Mu, X.; Zhang, J.; Cheang, U.K. 2D Magnetic Microswimmers for Targeted Cell Transport and 3D Cell Culture
Structure Construction. ACS Appl. Mater. Interfaces 2023, 15, 8840-8853. [CrossRef]

Wang, J.Y.; Jin, E; Dong, X.Z; Liu, J.; Zhou, M.X,; Li, T.; Zheng, M.L. Dual-Stimuli Cooperative Responsive Hydrogel Microactua-
tors Via Two-Photon Lithography. Small 2023, 8, €2303166. [CrossRef]

Di, X.; Hou, J.W,; Yang, M.M.; Wu, G.L.; Sun, P.C. A bio-inspired, ultra-tough, high-sensitivity, and anti-swelling conductive
hydrogel strain sensor for motion detection and information transmission. Mater. Horizons 2022, 9, 3057-3069. [CrossRef]
Huang, H.; Liao, C.; Zou, M,; Liu, D,; Liu, S.; Wang, Y.; Bai, Z.; Liu, D.; Li, B.; Huang, J.; et al. Four-Dimensional Printing of a
Fiber-Tip Multimaterial Microcantilever as a Magnetic Field Sensor. ACS Photonics 2023, 10, 1916-1924. [CrossRef]

Wang, H.; Zhang, W.; Ladika, D.; Yu, H.; Gailevicius, D.; Wang, H.; Pan, C.-E; Nair, PN.S; Ke, Y.; Mori, T.; et al. Two-Photon
Polymerization Lithography for Optics and Photonics: Fundamentals, Materials, Technologies, and Applications. Adv. Funct.
Mater. 2023, 6,2214211. [CrossRef]

Liu, B.; Dong, B.; Xin, C.; Chen, C.; Zhang, L.; Wang, D.; Hu, Y,; Li, ].; Zhang, L.; Wu, D.; et al. 4D Direct Laser Writing of
Submerged Structural Colors at the Microscale. Small 2023, 19, €2204630. [CrossRef] [PubMed]

Liang, S.Y.; Liu, Y.F; Ji, Z.K,; Xia, H.; Sun, H. Chameleon-inspired design of dynamic patterns based on femtosecond laser-induced
forward transfer. Chem. Eng. . 2023, 466, 143121. [CrossRef]

Peng, S.; Sun, S.; Zhu, Y.; Qiu, J.; Yang, H. Colourful 3D anti-counterfeiting label using nanoscale additive manufacturing. Virtual
Phys. Prototyp. 2023, 18, €2179929. [CrossRef]

Zhang, W.; Wang, H.; Tan, A.T.L.; Ranganath, A.S.; Zhang, B.; Wang, H.; Chan, ].Y.E.; Ruan, Q.; Liu, H.; Ha, S.T.; et al. Stiff Shape
Memory Polymers for High-Resolution Reconfigurable Nanophotonics. Nano Lett. 2022, 22, 8917-8924. [CrossRef]

Zhai, Y.Q.; Niu, J.Q.; Liu, Y.S,; Chen, X,; Liu, J.Q.; Yang, B. Biologically Inspired, Optical Waveguide with Isolation Layer
Integrated Microlens Array for High-Contrast Imaging. Adv. Opt. Mater. 2023, 11, 2300020. [CrossRef]

Cao, ].J.; Hou, Z.S,; Tian, Z.N.; Hua, ].G.; Zhang, Y.L.; Chen, Q.D. Bioinspired Zoom Compound Eyes Enable Variable-Focus
Imaging. ACS Appl. Mater. Interfaces 2020, 12, 10107-10117. [CrossRef]

Ma, Z.C,; Hu, X.Y,; Zhang, Y.L.; Liu, X.Q.; Hou, Z.S.; Niu, L.G.; Zhu, L.; Han, B.; Chen, Q.D.; Sun, H.B. Smart Compound Eyes
Enable Tunable Imaging. Adv. Funct. Mater. 2019, 29, 1903340. [CrossRef]

Lei, X,; Peng, S.; Niu, Y.; Sun, S.; Zhu, Y,; Qiu, J. Magnetically driven micro-optical choppers fabricated by two-photon
polymerization. Opt. Lett. 2023, 48, 835-838. [CrossRef]

Li, C.Z,; Jiao, Y.L.; Zhang, Y.Y; Jiang, S.J.; Lv, X.D.; Wu, S.Z; Li, JW.; Hu, Y.L; Ye, ].X,; Liu, K; et al. Noncontact All-In-Situ
Reversible Reconfiguration of Femtosecond Laser-Induced Shape Memory Magnetic Microcones for Multifunctional Liquid
Droplet Manipulation and Information Encryption. Adv. Funct. Mater. 2021, 31, 2100543. [CrossRef]

Wang, B.; Handschuh-Wang, S.; Shen, J.; Zhou, X.; Guo, Z.; Liu, W.; Pumera, M.; Zhang, L. Small-Scale Robotics with Tailored
Wettability. Adv. Mater. 2023, 35, €2205732. [CrossRef]

46



Micromachines 2023, 14, 1656

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.
135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

Hu, L.; Chee, PL; Sugiarto, S.; Yu, Y.; Shi, C; Yan, R; Yao, Z.; Shi, X.; Zhi, J.; Kai, D.; et al. Hydrogel-Based Flexible Electronics.
Adv. Mater. 2023, 35, €2205326. [CrossRef]

Xin, C.; Jin, D.; Hu, Y,; Yang, L.; Li, R.; Wang, L.; Ren, Z.; Wang, D.; Ji, S.; Hu, K,; et al. Environmentally Adaptive Shape-Morphing
Microrobots for Localized Cancer Cell Treatment. ACS Nano 2021, 15, 18048-18059. [CrossRef]

Lao, Z; Sun, R;; Jin, D.; Ren, Z,; Xin, C.; Zhang, Y.; Jiang, S.; Zhang, Y.; Zhang, L. Encryption/decryption and microtarget
capturing by pH-driven Janus microstructures fabricated by the same femtosecond laser printing parameters. Int. J. Extreme
Manuf. 2021, 3, 025001. [CrossRef]

Wang, Y.; Cui, H.; Esworthy, T.; Mei, D.; Wang, Y.; Zhang, L.G. Emerging 4D Printing Strategies for Next-Generation Tissue
Regeneration and Medical Devices. Adv. Mater. 2022, 34, 2109198. [CrossRef] [PubMed]

Ding, A; Lee, S.J.; Ayyagari, S.; Tang, R.; Cong Truc, H.; Alsberg, E. 4D biofabrication via instantly generated graded hydrogel
scaffolds. Bioact. Mater. 2022, 7, 324-332. [CrossRef]

Yan, Y; Yao, R.; Zhao, ].; Chen, K,; Duan, L.; Wang, T.; Zhang, S.; Guan, J.; Zheng, Z.; Wang, X.; et al. Implantable nerve guidance
conduits: Material combinations, multi-functional strategies and advanced engineering innovations. Bioact. Mater. 2022, 11, 57-76.
[CrossRef] [PubMed]

Xu, Y; Bian, Q.; Wang, R.; Gao, J. Micro/nanorobots for precise drug delivery via targeted transport and triggered release:
A review. Int. |. Pharmaceut. 2022, 616, 121551. [CrossRef] [PubMed]

Shakoor, A.; Gao, W.; Zhao, L.; Jiang, Z.; Sun, D. Advanced tools and methods for single-cell surgery. Microsyst. Nanoeng. 2022,
8,47. [CrossRef] [PubMed]

Torlakcik, H.; Sarica, C.; Bayer, P; Yamamoto, K.; Iorio-Morin, C.; Hodaie, M.; Kalia, S.K.; Neimat, ].S.; Hernesniemi, J.;
Bhatia, A.; et al. Magnetically Guided Catheters, Micro- and Nanorobots for Spinal Cord Stimulation. Front. Neurorobot. 2021,
15,749024. [CrossRef]

Soto, F.; Wang, J.; Ahmed, R.; Demirci, U. Medical Micro/Nanorobots in Precision Medicine. Adv. Sci. 2020, 7, 2002203. [CrossRef]
[PubMed]

Chen, S.; Tan, Z; Liao, P; Li, Y,; Qu, Y.; Zhang, Q.; Yang, M.; Chan, KW.Y.; Zhang, L.; Man, K; et al. Biodegradable Microrobots
for DNA Vaccine Delivery. Adv. Healthc. Mater. 2023, 2, €2202921. [CrossRef] [PubMed]

Wang, X,; Lin, D.; Zhou, Y,; Jiao, N; Tung, S.; Liu, L. Multistimuli-Responsive Hydroplaning Superhydrophobic Microrobots with
Programmable Motion and Multifunctional Applications. ACS Nano 2022, 16, 14895-14906. [CrossRef] [PubMed]

Liu, S.; Gao, C.; Peng, F. Micro/nanomotors in regenerative medicine. Mater. Today Adv. 2022, 16, 100281. [CrossRef]

Xu, Z.; Wu, Z.; Yuan, M.; Chen, Y.; Ge, W.; Xu, Q. Versatile magnetic hydrogel soft capsule microrobots for targeted delivery.
Iscience 2023, 26, 106727. [CrossRef]

Chinnakorn, A.; Nuansing, W.; Bodaghi, M.; Rolfe, B.; Zolfagharian, A. Recent progress of 4D printing in cancer therapeutics
studies. SLAS Technol. 2023, 28, 127-141. [CrossRef]

Lim, X.Y.; Capinpin, S.M.; Bolem, N.; Foo, A.5.C.; Yip, W.-C.G.; Kumar, A.P;; Teh, D.B.L. Biomimetic nanotherapeutics for targeted
drug delivery to glioblastoma multiforme. Bioeng. Transl. Med. 2023, 28, 127-141. [CrossRef]

Ceccarini, M.R; Ripanti, F.; Raggi, V.; Paciaroni, A.; Petrillo, C.; Comez, L.; Donato, K.; Bertelli, M.; Beccari, T.; Valentini, L.
Development of Salmon Sperm DNA /Regenerated Silk Bio-Based Films for Biomedical Studies on Human Keratinocyte HaCaT
Cells under Solar Spectrum. J. Funct. Biomater. 2023, 14, 280. [CrossRef]

Xie, L.; Cong, Z,; Tang, S.; Yang, M.; Li, Y.; Ren, C.; Chen, Q.; Lu, D.; Wan, E; Zhang, X,; et al. Oncolytic adenovirus-loaded
magnetic-driven Janus tumor cell robots for active and targeted virotherapy of homologous carcinoma. Mater. Today Chem. 2023,
30, 101560. [CrossRef]

Mayorga-Martinez, C.C.; Zelenka, J.; Grmela, J.; Michalkova, H.; Ruml, T.; Mares, J.; Pumera, M. Swarming Aqua Sperm
Micromotors for Active Bacterial Biofilms Removal in Confined Spaces. Adv. Sci. 2021, 8, 2101301. [CrossRef]

Wang, H.C.; Yu, SM,; Liao, ].J.; Qing, X.D.; Sun, D.X,; Ji, ET.; Song, W.P.; Wang, L.; Li, T.L. A Robot Platform for Highly Efficient
Pollutant Purification. Front. Bioeng. Biotechnol. 2022, 10, 903219. [CrossRef] [PubMed]

Tang, S.; Zhang, F.; Gong, H.; Wei, F.; Zhuang, J.; Karshalev, E.; de Avila, B.E.-F,; Huang, C.; Zhou, Z; Li, Z,; et al. Enzyme-powered
Janus platelet cell robots for active and targeted drug delivery. Sci. Robot. 2020, 5, eaba6137. [CrossRef] [PubMed]

Xiao, Y.Y,; Jiang, Z.C.; Tong, X.; Zhao, Y. Biomimetic Locomotion of Electrically Powered “Janus” Soft Robots Using a Liquid
Crystal Polymer. Adv. Mater. 2019, 31, 1903452. [CrossRef]

Peng, X.; Liu, T.Q.; Shang, C.; Jiao, C.; Wang, H.l. Mechanically strong Janus poly(N-isopropylacrylamide)/graphene oxide
hydrogels as thermo-responsive soft robots. Chin. J. Polym. Sci. 2017, 35, 1268-1275. [CrossRef]

Han, M.D.; Guo, X.G.; Chen, X.X.; Liang, C.M.; Zhao, H.B.; Zhang, Q.H.; Bai, W.B.; Zhang, F.; Wei, HM.; Wu, C.S,; et al.
Submillimeter-scale multimaterial terrestrial robots. Sci. Robot. 2022, 7, eabn0602. [CrossRef] [PubMed]

Reynolds, M.F,; Cortese, A.].; Liu, Q.K.; Zheng, Z.Q.; Wang, W.; Norris, S.L.; Lee, S.; Miskin, M.Z.; Molnar, A.C.; Cohen, I; et al.
Microscopic robots with onboard digital control. Sci. Robot. 2022, 7, eabq2296. [CrossRef]

Miskin, M.Z.; Cortese, A.].; Dorsey, K.; Esposito, E.P.; Reynolds, M.E; Liu, Q.K.; Cao, M.C.; Muller, D.A.; McEuen, PL.; Cohen, L
Electronically integrated, mass-manufactured, microscopic robots. Nature 2020, 584, 557. [CrossRef] [PubMed]

Liu, JW,; Liu, Y.C,; Deng, C.S.; Yu, KW.,; Fan, X.H.; Zhang, W.G.; Tao, Y.E; Hu, H.C.; Deng, L.M.; Xiong, W. 3D Printing
Nano-Architected Semiconductors Based on Versatile and Customizable Metal-Bound Composite Photoresins. Adv. Mater.
Technol. 2022, 7,2101230. [CrossRef]

47



Micromachines 2023, 14, 1656

149. Do, A.; Worthington, K.S.; Tucker, B.A.; Salem, A.K. Controlled drug delivery from 3D printed two-photon polymerized
poly(ethylene glycol) dimethacrylate devices. Int. J. Pharm. 2018, 552, 217-224. [CrossRef]

150. Feliciano, A.].; Blitterswijk, C.V.; Moroni, L.; Baker, M.B. Realizing Tissue Integration with Supramolecular Hydrogels. Acta
Biomater. 2021, 124, 1-14. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

48



micromachines

Article

Dynamic Compressive Properties and Failure Mechanism of the
Laser Powder Bed Fusion of Submicro-LaB6 Reinforced
Ti-Based Composites

Xianghui Li 2 and Yang Liu

Citation: Li, X.; Liu, Y. Dynamic
Compressive Properties and Failure
Mechanism of the Laser Powder Bed
Fusion of Submicro-LaB6 Reinforced
Ti-Based Composites. Micromachines
2023, 14, 2237. https:/ /doi.org/
10.3390/mi14122237

Academic Editor: Antonio Ancona

Received: 14 November 2023
Revised: 8 December 2023

Accepted: 12 December 2023
Published: 13 December 2023

Correction Statement: This article
has been republished with a minor
change. The change does not affect
the scientific content of the article and
further details are available within
the backmatter of the website version

of this article.

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

1,2,3,%

Chaozhou Branch of Chemistry and Chemical Engineering Guangdong Laboratory, Chaozhou 515600, China
Faculty of Mechanical Engineering & Mechanics, Ningbo University, Ningbo 315211, China

MOE Key Laboratory of Impact and Safety Engineering, Ningbo University, Ningbo 315211, China

*  Correspondence: liuyangl@nbu.edu.cn; Tel.: +86-18857400630

@ N =

Abstract: In this study, lanthanum hexaboride (LaBg) particle-reinforced titanium matrix composites
(PRTMCs, TC4/LaBg) were successfully manufactured using the laser powder bed fusion (LPBF)
process. Thereafter, the effect of the mass fraction of LaBg on the microstructure and the dynamic
compressive properties was investigated. The results show that the addition of LaBg leads to
significant grain refinement. Moreover, the general trend of grain size reveals a concave bend as
the fraction increases from 0.2% to 1.0%. Furthermore, the texture intensity of prior 3 grains and «
grains was found to be weakened in the composites. It was also observed that the TC4/LaBg have
higher quasi-static and dynamic compressive strengths but lower fracture strain when compared
with the as-built TC4. The sample with 0.5 wt.% LaBg was found to have the best strength-toughness
synergy among the three groups of composites due to having the smallest grain size. Furthermore,
the fracture mode of TC4/LaBg was found to change from the fracture under the combined action of
brittle and ductility to the cleavage fracture. This study was able to provide a theoretical basis for an
in-depth understanding of the compressive properties of additive manufacturing of PRTMCs under
high-speed loading conditions.

Keywords: laser powder bed fusion; Ti-based composites; dynamic compressive properties; high
strain rate; failure mechanism

1. Introduction

Laser powder bed fusion, as one of the most important additive manufacturing (AM)
technologies, is able to build digitally designed parts up layer by layer by melting a
feedstock using a micro-scale laser beam with a high energy density [1,2]. This unique
production method provides more design freedom and flexible manufacturability compared
with conventional fabrication methods [3,4]. Titanium alloys, in particular Ti-6Al-4V (TC4),
have drawn enormous attention due to their high strength-to-weight ratio and excellent
corrosion resistance [5]. Nowadays, the LPBF of TC4 is one of the most important research
topics in AM, and it is mainly used in the fabrication of value-added components in the
fields of aerospace, weapons, marine engineering, etc. [6,7]. However, the LPBF of TC4
suffers from the formation of hierarchical structures of acicular martensitic a’ grains within
a large columnar of prior  grains, which results in inferior mechanical properties, especially
under high-strain-rate conditions [8,9].

Particle-reinforced metal matrix composites (PRMMCs) are regarded as one of the
alternatives to overcoming the performance defects of metals under impacting loads. How-
ever, conventional fabrication methods for PRMMCs—including powder metallurgy [10]
mechanical alloying [11], self-propagation high-temperature synthesis [12], etc.—often have
various shortcomings, such as interface cracks, segregation, etc. Recently, the continuous
development of additively manufactured particle-reinforced Ti-based composite to foster
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their industrial adoption relies on achieving properties superior to the counterparts fabri-
cated using conventional methods [13-17]. Rare earth (RE) or RE compounds are regarded
as effective grain refiners, typically acting as heterogeneous nucleation sites for the  and «
phases [14]. They induce the formation of new grains during the solidification process in
additive manufacturing, leading to refined grain structures and impeding excessive grain
growth. Barriobero et al. [15] found that the addition of La into Ti can change the texture
orientation relationship between the « and parent j grains, resulting in the generation
of equiaxed grains and weakening the anisotropy of LPBF titanium alloy. Bermingham
etal. [16,17] found that the addition of LaBg nanoparticles into LENS of TC4 reversed the
direction of the Marangoni flow in the molten pool and refined the grain size, and the
tensile strength was enhanced at a cost of ductility. Liu et al. [14] found that the addition of
trace LaBg into electron beam melting TC4 can reduce the size of prior  columnar and &
grains as well as the texture intensity, thus reducing the anisotropy.

Dynamic impact resistance is one of the most important performance benchmarks of
PRMMCs due to its wide application in the fields of aerospace, defense, etc. However, the
literature shows that the dynamic mechanical properties of PRMMCs are closely related to
the reinforcement and the interface between the matrix and the particles, which are different
from the corresponding matrix [18]. Research on the dynamic mechanical response of AM
titanium alloys had been reported frequently, encompassing aspects such as strength [19],
toughness [20], constitutive behavior [21], dynamic damage [22], etc. However, there is still
a notable gap regarding the investigation of the dynamic mechanical response of particle-
reinforced titanium matrix composites in additive manufacturing. Therefore, Ti-based
composites reinforced using the sub-micro particles were fabricated with LPBF through the
mixing of TC4 with various mass fractions of LaBg. Furthermore, dynamic deformation
behaviors were tested using the split Hopkinson pressure bar (SHPB) at various strain
rates, and then the effects of the addition of LaBg on the microstructure and dynamic
compressive properties were revealed. These findings contribute to the understanding of
the performances and deformation mechanism of LPBF of TC4/LaBg, which also provides
a reference for designing high-performance particle-reinforced titanium matrix composites.

2. Experimental Details
2.1. Raw Materials

Gas-atomized spherical TC4 powder with an average particle size of 38.5 um was used
as the matrix, and irregular LaBg particles (typically large particle sizes: 10-50 um, average
size: approximately 1 um) were used as the reinforcement, as shown in Figure 1a,b. The
two materials were mixed using planetary high-energy ball milling (NanDa Instrument
QM-35P4, Nanjing Nanda Instrument Co., Ltd., Nanjing, China). The mass fractions of the
LaBg particle were set as 0.2 wt.%, 0.5 wt.%, and 1.0 wt.%, respectively. The parameters of
ball milling were set at a rotation speed of 350 rpm, milling time of 4 h, and ball-to-powder
ratio of 4:1. From Figure 1c, it is observed that the composite powder maintains good
sphericity. Additionally, Figure 1d shows that the nanoparticles adhere tightly to the surface
of the Ti particles.

2.2. Specimen Preparation

The LPBF equipment used for the specimen preparation is the Concept Laser Mlab
100R, which consists of a 100 W continuous fiber laser (50 pm spot diameter), a high-
accuracy galvo scanning system, a powder delivery system, a protective atmosphere filling
device, and a circulation purification device. The forming chamber was filled with argon
as a protective gas in order to ensure that the oxygen content in the chamber was below
100 ppm, preventing the metal material from oxidizing during the process. After a series of
parameter evaluation experiments, the optimal process parameters were determined using
the orthogonal scanning method, with a laser power of 72.5 W, scanning speed of 700 mm/s,
powder layer thickness of 30 pm, and scanning hatch spacing of 70 um. Furthermore, blocks
with 5 x 5 x 5 mm? were fabricated for the microstructure characterization, and a cylinder
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with ¢5 x 5 mm?® was fabricated for the loading test. As shown in Table 1, the specimens
were named TMCO, TMC1, TMC2, and TMC3 in accordance with the mass fractions of
LaBg: 0 wt.%, 0.2 wt.%, 0.5 wt.%, and 1.0 wt.%, respectively.

Figure 1. SEM images of raw powders: (a) gas-atomized spherical TC4 powder, (b) irregular LaBg
nanoparticle, (c) composite powder after ball milling, and (d) higher magnification image showing
the nanoparticles adhering to the surface of Ti particles.

Table 1. Different names corresponding to various LaBg mass fractions.

Name Mass Fraction (wt.%)
TMCO 0

T™MC1 0.2

T™MC2 0.5

TMC3 1.0

2.3. Characterization and Analysis

Scanning electron microscopy (SEM, Hitachi SU5000, Hitachi High-Tech Co., Ltd,
Tokyo, Japan), electron backscatter diffraction (EBSD, AZTEC 2.0, Oxford Instruments,
Tubney Woods, Abingdon, Oxon OX13 5QX, UK), bright-field transmission electron mi-
croscopy (TEM, FEI Talos F200X, Beam Energy: 200 kV, Thermo Fisher Scientific, Waltham,
MA, USA), and selected area electron diffraction (SAED, Selected Area Aperture: 10 um)
were used in this study in order to systematically characterize the microstructure, phase,
and texture of the samples. Kroll reagent was used to etch the specimens. Electrolytic
polishing was performed using Perchloric acid and Glacial acetic acid with a ratio of 1:19 at
a voltage of 55 V and a current of 1.95 A. Ar ion beam thinning was used in the preparation
of samples for TEM. A Materials Testing System (MTS 810) was used to perform the quasi-
static compression tests at an initial strain rate of 1072 s~1. A split Hopkinson pressure bar
(SHPB) device was used to conduct impacting tests, the methods and test principles are
specifically described in Ref. [20]. The impacting velocity was set as 15, 20, and 23 m/s,
thus resulting in strain rates of about 1800, 2500, and 3000/s. The mechanical testing was
conducted along the direction of sample fabrication, with each test condition repeated three
times. Thereafter, the average value was taken into consideration.
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3. Results and Discussions
3.1. Initial Microstructure

As shown in Figure 2a, it can be observed that the TMCO exhibits distinct prior g
columnar grain and grain boundaries (marked by white dashed lines in the figure), with a
length of several millimeters and a width approximately equal to the hatch spacing. The
formation of columnar grains is caused by epitaxial growth during the LPBF process [4,23].
A fine interlaced acicular a’/a phase with an average aspect ratio of 15-25 was formed
within these prior  grains, and the grain size and orientation were found to be highly
heterogeneous, which is in agreement with the findings of Refs. [14,17]. Although the
traces of grain boundaries are still visible, the prior 8 grain of the TMC1 was found to be
significantly narrowed, and a small number of pores formed in the grain. Moreover, the
aspect ratios of acicular &'/« do not vary considerably (in the range between 15 and 25),
and the direction is still strongly aligned (as shown in Figure 2b). When LaBg increases to
0.5 wt.%, the prior 8 grain boundaries are no longer discernible in the TMC2, and a small
number of acicular &'/« with decreasing aspect ratios are chaotically distributed, as shown
in Figure 2c. When LaBg further increases to 1.0 wt.%, most of the acicular '/« disappear.
This is consistent with Ref. [14], which revealed that an increase in LaBg considerably
decreased the width of the prior B grains as well as the aspect ratios of the acicular &'/« in
the EBM of TC4 alloy. Marangoni convection is the dominant fluid flow that impacts the
molten pool [24]. Due to steep temperature gradients in the molten pool, surface tension
gradients are initially generated, leading to surface flow from regions of a lower surface
tension to those of a higher surface tension [25]. Bermingham et al. [17] demonstrated that
the addition of the RE element La can reverse the surface tension temperature coefficient,
leading to a reversal of fluid flow direction, thereby influencing the molten pool. This
impeded the epitaxial growth process of prior B columnar grains, ultimately leading to a
more uniform microstructure.
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Figure 2. SEM images of microstructure of (a) TMCO, (b) TMC1, (c) TMC2, and (d) TMC3.

In order to further identify the phase composition of LPBF TC4 and TC4/LaBg com-
posites, the specimens TMCO and TMC3 were analyzed using bright-field transmission
electron microscopy (TEM) and selected area electron diffraction (SAED). In Figure 3a, it
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is observed that the TMCO is mainly composed of large grains with well-defined grain
boundaries. The grains and boundaries in Figure 3a were analyzed using SAED, and
the results show that the grains consist of a-Ti and the boundaries consist of 3-Ti. This
phenomenon is consistent with the findings of Ref. [26]. In order to determine whether
the introduced reinforcing particle LaBg can react with the Ti matrix, the TMC3 sample
was analyzed using TEM and SAED, as shown in Figure 3d—f. Many nano-sized particles
were formed in the B-Ti matrix (Figure 3d). The TEM image of the nano-sized particle at a
high magnification (Figure 3e) shows that these particles are well combined in the matrix
with clean interfaces and without debonding or cracking. Thereafter, the composition of
nano-sized particles was determined to be La,O3 and B-Ti using SAED, as illustrated in
Figure 3f. This indicated that LaBg reacts with the matrix to produce the RE oxide LayOs.
La, O3 serves as a heterogeneous nucleation site for the § phase, promoting the nucleation
of the B phase and weakening the grain boundaries of the prior 8 columnar grains [27].
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Figure 3. Bright-field TEM images of LPBF samples and corresponding selected area electron
diffraction patterns: (a-c) TMCO, (d—f) TMC3.

High-resolution transmission electron microscopy (HRTEM) was employed for an
in-depth investigation of nanoparticles La,O3. As shown in Figure 4a, dislocations are
observed at the boundaries between nanoparticles and the matrix. As shown in Figure 4b,
multiple phases with different plane spacings be easily found in the magnified image
of the nanoparticles’ boundaries. The lattice—fringe separations of 0.322 nm, 0.351 nm,
and 0.366 nm were computed to identify the planes as (222) La;O3, (101) -Ti, and (101)
TiB, respectively. Regarding the parallel crystal planes of (222) Lay,O3 and (101) B-Ti, a
mismatch occurs between the phase interfaces due to differences in interplanar distances.
Consequently, dislocations are present in the phase interface, serving to ease the so-called
mismatch [28,29].

The prior B columnar grains and grain boundary contours of the TMCO are found
to be more distinct on the EBSD inverse-pole figures (IPFs), as shown in Figure 5a. The
fine acicular &'/« inside the prior f columnar grain are more noticeable. It was clear
that most acicular &'/« could partially penetrate the  columnar grain boundary due to
their length, demonstrating a well-organized internal structure and clean morphology.
Because of the layer-by-layer manner of LPBF, the extremely high cooling rate resulted in
distinct temperature difference between the adjacent prior § columnar grains. Then, it was
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observed that the a phase precipitated in the prior B grains as the temperature decreased,
and the a grains were more likely to nucleate on the B grain boundaries, resulting in a lot
of fine « equiaxed grain formations at the boundaries [30]. As shown in Figure 5b, the
grain boundaries of the prior  columnar grain of the TMC1 are vaguely distinguishable,
and the boundary areas of the distributed acicular a/« start to show a certain degree of
disorder. Moreover, many acicular &'/« also form in the intergranular regions of the prior
B grains. When LaBg increases to 0.5 wt.% and 1.0 wt.%, the prior B grains in the TMC2
and TMCS3 are found to be indistinguishable, the acicular «’ /« are significantly reduced
and disordered, the number of « equiaxed grains rapidly increases, and they become
randomly distributed, as illustrated in Figure 5c,d. As shown in Figure 5e-h, the four
samples exhibited the highest texture intensity in the <0001> direction, according to the
pole figures (PFs). Moreover, the TMCO and TMC1 that could identify the prior  columnar
grains have a higher texture intensity on the <0001> crystal planes than the remaining two
samples that could not be used for this identification. The above results show that the
addition of LaBg weakens or even eliminates the grain boundaries of the prior § grains,
refining the grains. This could be because the LaBg particles could provide a large number
of low-energy heterogeneous nucleation sites for « and B grains during the L— and
B—wa + B phase transitions, resulting in a narrower § grain and eventually the formation of
more equiaxed « grains [14,16].

0.325nm

(222) l,ﬂ:();

Figure 4. (a,b) High-resolution transmission electron microscopy (HRTEM) images of the nano-sized
particle of TMC3.

Figure 5i exhibits the grain size obtained from the EBSD data, and the general trend
of grain size comprises a concave bend when the mass fraction increases from 0 wt.% to
1.0 wt.%. The value of the TMCO is 4.1 um?, and the values decrease to 3.1 pm? with
the TMC1, and then to 2.0 um? with the TMC2. This indicates that a trace amount of
LaBg could cause a significant grain refinement on the LPBF TC4 alloy. However, the
average grain size of the TMC3 was found to unexpectedly increase to 2.6 um?. This trend
is consistent with the findings of Refs. [31,32]. These studies found that, although the
addition of LaBg caused significant grain refinement in the TC4 alloy, the La,;O3 particles
tended to aggregate as the mass fraction exceeded a certain value, which had a negative
influence on the grain refinement. This implies that there is an optimal mass fraction of
LaBg since the reinforcing particles range from 0.2 wt.% to 1.0 wt.%. Based on the results
of this study, the mass fraction of 0.5 wt.% LaBg is concluded as the optimal value for the
LPBF of TC4/LaBg composites.
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Figure 5. EBSD inverse pole figures (IPF), pole figures (PF), and the average grain size of LPBF
samples: (a,e) TMCO, (b,f) TMC1, (¢,g) TMC2, (d,h) TMC3, and (i) average grain size.

3.2. Compression Mechanical Properties
3.2.1. Quasi-Static Compressive Properties

The quasi-static stress—strain curves of LPBF TC4/LaBs composites with different
mass fractions are shown in Figure 6. In Figure 6a, it is observed that the specimens
remain consistent within the elastic deformation stage, while a significant difference in the
plastic deformation stage was observed. The yield strength of the samples is significantly
enhanced due to the addition of LaBg. It was also observed that even a 0.2 wt.% addition
could increase the yield strength from 857 to 954 MPa. However, when the mass fraction
increases to 1.0 wt.%, the yield strength suddenly decreases. As mentioned before, LaBg
particles cause a remarkable grain refinement on the prior f columnar grains and the
acicular &’ /a. According to the Hall-Petch relationship, the yield strength increases as the
grain size decreases, and this is called the refinement strengthening effect [33]. Moreover,
the finer grains imply that there are more grain boundaries in the samples, and more grain
boundaries effectively prevent the movement of dislocations and thereby improve the yield
strength. The average grain size decreases from 4.1 to 2.0 um? in the TMC2 when compared
to the TMCO, and the yield strength increases from 857 to 1312 MPa as a consequence.
Thereafter, with the further addition of LaBg, the agglomeration of LayO3 is found to make
the average grain size of the TMC3 increase to 2.6 um?, resulting in a decrease in the yield
strength. Figure 6b illustrates that the fracture strain decreases monotonously with the
increasing LaBg. This is due to an increase in the mass fraction of LaBg causing a greater
distribution of the reinforced particles in the samples. Furthermore, the corresponding
dispersion strengthening effect is more apparent, which makes the yield strength evenly
increase and the grain size coarsen. Simultaneously, the compressive load tends to cause a
concentration of stress on the interface between the particle and matrix. when the stress
exceeds the yield limit, the generation, growth and connection of microcracks are bound to
happen on the interface, which makes the sample more fragile and prone to brittle failure.
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Figure 6. Quasi-static compressive properties of TC4/LaB6 with different mass fractions: (a) engi-
neering stress—strain curves; (b) compressive 0.2% proof stress and failure strain.

3.2.2. Dynamic Compression Properties

The dynamic compressive stress—strain curves of the TC4 and TC4/LaBg samples at
strain rates of 1800/s, 2500/s, and 3000/s are shown in Figure 7. All curves have the same
shape, and the fluctuation in the curves is caused by the repeated oscillations of stress
waves in sample [34]. Moreover, it was found that the work hardening rates (UCS-YS)
at high strain rates are significantly higher than those under quasi-static conditions. The
excellent work hardening ability is advantageous in structural applications in order to
guarantee a large safety margin before the fracture [35,36]. Although the dynamic YS are
lower than those under quasi-static conditions, the ultimate compressive strength (UCS) is
apparently higher than that of the former (compared with Figure 6), showing a significant
strain rate sensitivity. Similar to the quasi-static condition, at the three strain rates, the
dynamic compressive strength is found to initially increase as the mass fraction of LaBg
increases from 0 to 0.5 wt.%, and then drops as LaBg further increases to 1.0 wt.%. From
Figure 7b,d f, it is observed that the change trends in dynamic YS, UCS, and fracture strain
coincided well with the trend of the grain size. Unlike the quasi-static condition, the
fracture strain of the TMC3 under the dynamic condition does not continue to decrease,
but instead increases.

It is also found that the fracture strain decreased at high strain rates, compared with
Figure 6. This is due to the plastic localization of titanium alloy under impact loading,
thus deteriorating plastic deformation [26,37]. Furthermore, when the mass fraction of
LaBg is relatively higher, more micro pores are formed in the TC4/LaBy. These pores
and cracks play an important role in dynamic compressive properties. Under high-speed
impact loading, the release of the stress is caused due to the nucleation of micro cracks
and increases fracture toughness [38], whereas, since the impact resistance of alloys is less
sensitive to pores and microcracks than tensile properties [39], some pores that are close to
each other may even collapse, merge, and close, thereby improving the fracture strain of
the alloys under impact loading conditions.

3.2.3. Influence of Grain Size on the UCS

The Hall-Petch laws define the relationship between grain size (d~!/2) and yield
strength. In Figures 6 and 7, it is observed that a positive relationship exists between
the grain size and strength of LPBF of TC4 and TC4/LaBg samples. However, there is
no definite yield point in the stress—strain curves under dynamic conditions. Hence, the
UCS is selected as the basis for comparison instead, as shown in Table 2 and Figure 8.
Under the influence of strain rate strengthening [36], the dynamic UCS is higher than the
quasi-static state, but the change trend is similar on the whole. With the decrease in grain
size, UCS increases monotonously. Then, the grain size of the TMC3 increases due to La;O3
agglomeration, and UCS decreases accordingly. It is also indicated that UCS is closely
related to grain size. As shown in Figure 5i, the addition of LaBg effectively reduced the
grain size. This is mainly attributed to the enrichment of La and its oxides at the grain
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boundaries, which hindered the growth of B-Ti, known as pinning effect. Moreover, they
could serve as heterogeneous nucleation sites for the « phase and promote its nucleation
and growth [31,32]. The effective slip distance of dislocation decreased, and the hindrance
effect of grain boundary increased due to the grain refinement caused by the introduction of
the reinforcing phase. The reinforced particles also hindered the dislocation, and thereby the
energy required for the dislocation slip increased. Moreover, due to the limited slip systems
of the & phase with an HCP structure, twinning is usually caused in places where stress
is concentrated and when the slip is impeded under high-strain-rate deformation [40,41].
Yu et al. [42] suggested that the Hall-Petch slope k of deformation twinning is larger than
that of the dislocation slip in titanium matrix composites. According to Hall’s dislocation
pile-up model [43], dislocations piled up in the vicinity of the grain boundary, and the stress
concentration from the dislocation pile-up produced a dislocation source in an adjacent
grain [44]. Grain refinement resulted in the increase in grain boundaries of the & phase, so
the activation energy required for dislocation propagation in the adjacent grains enhanced.
Thus, the UCS of TC4/LaBg effectively improved. This was consistent with the results
of Wang et al. [45], who found that the strength of titanium matrix composites can be
significantly improved after matrix grain refinement.
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Figure 7. Dynamic compressive properties of LPBF of TC4/LaB6 composites with different mass
fractions at different strain rates (1800/s, 2500/s and 3000/s): (a,c,e) engineering stress—strain curves;
(b,d,f) ultimate compressive strength and failure strain.
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Table 2. Ultimate compressive strength and grain size for strain rates of 1073 /s and 2500/s.

N UCS (MPa) Grain Size
ame Quasi-Static (10~3/s) Dynamic (2500/s) d-12 (um~—12)
T™CO 1532.7 + 32.7 1733.6 = 16.4 4.1
T™C1 1630.6 + 19.8 1800.1 + 20.1 3.1
T™™C2 1736.3 + 13.6 1956.3 4+ 49.5 2
™C3 15254 4+ 24.5 1801.7 - 43.4 2.6
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Figure 8. Ultimate compressive strength for strain rates of 1073 /s and 2500/s.

3.3. Fracture Characteristics

The SEM images of the fracture surfaces of the TMCO and TMC2 are exhibited in
Figure 9. A staggered distribution of dimples and smooth shear zones are observed in
the TMCO at low magnification (Figure 9a), which is a typical mixed fracture mode of
ductile and brittle fracture [46]. The same phenomenon was reported in the EBM of TC4
alloy [47,48] because the a’ phase has a higher strength but lower ductility, thus showing
brittleness [49]. At a higher magnification, it is found that the dimples had a elongated
shapes and sizes of 2~20 pm (Figure 9b), which were caused by the shear stress in the
shear direction [50]. As shown in Figure 9c¢, cleavage steps and planes are alternately
distributed on the whole fracture surface of the TMC2, which is a typical cleavage fracture.
At higher magnification (Figure 9d), small dimples with smaller sizes are observed near
the step surface, most of which are found to be less than 1 um and uniformly distributed
due to the uniform distribution of LaBg particles in the matrix. The size of the dimple is a
critical indicator for assessing material ductility, reflecting the material’s energy absorption
capability and toughness characteristics. Larger dimples indicate better energy absorption
and enhanced ductility performance [26,36]. In this study, TC4/LaB¢ exhibited smaller
dimples compared to LPBF of TC4, indicating a lower ductility, which is consistent with
the failure strain results shown in Figure 6b.

The 3D morphologies of the samples under an impact load at a strain rate of 2500/s
are depicted in Figure 10, where blue arrows indicate convexity and black arrows indicate
concavity. After the impact compression, all the samples are shear fractured with different
fracture characteristics. The TMCO was found to be incompletely fractured (Figure 10a;
external force is needed to separate the two parts). Additionally, the TMC1 and TMC2
were fully fractured along 45° (the direction of maximum shear stress), and the samples
fractured into two fragments (Figure 10b,c). The two fragments of the TMC1 have rough
convex and concave surfaces, while those of the TMC2 have relatively flat fracture surfaces.
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Correspondingly, the TMC3 shear fractures into several fragments with different sizes, in
which only the two largest pieces were selected after the fracture, as shown in Figure 10d.
Some larger-size fracture plateaus and undulating surfaces on the fracture surface of the
TMCS3 were also found.

Figure 9. The fracture surfaces of compressed samples of TMC0 and TMC2: (a,b) the fracture surface
of TMCO; (c,d) the fracture surface of TMC2. The inset showed detailed dimple morphologies at
higher magnifications.
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Figure 10. Thre-dimensional topographies of samples with different mass fractions after shock
compression at a strain rate of 2500/s: (a) TMCO, (b) TMC1, (c) TMC2, and (d) TMC3.
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In order to characterize the fracture models of LPBF of TC4 and TC4/LaBg under
impact loading conditions, a scanning electron microscope (SEM) was used to further
observe the fracture surfaces at a strain rate of 2500/s, as shown in Figure 11. It was
observed that the morphology of the TMCO is quite different from those of TC4/LaBg
composites. As shown in Figure 11a, large dimple areas and smooth areas are alternatively
distributed on the fracture surface. Dimples with sizes of 2~10 pm (less than those at 1073/s)
are elongated in the shear direction, indicating that the TMCO is mainly characterized by
mixed ductile/brittle fracture. This kind of fracture model is also observed in some studies
on the AM of a TC4 alloy [20].
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Figure 11. SEM images of samples with different mass fractions after an impact load at a strain
rate of 2500/s: (a) TMCO, (b) TMC1, (c) TMC2, and (d) TMC3. The inset shows detailed dimple
morphologies at higher magnifications.

Correspondingly, a large smooth dimple area is no longer found in the TC4/LaBg
samples; instead, large-sized cleavage steps and cleavage planes are visible, and the surfaces
are no longer flat and smooth. The higher-magnification SEM images show that dense
featureless dimples are distributed on the cleavage planes. These dimples are so fine (less
than 2 um) that TC4/LaBg cannot be characterized under ductile fracture. The dimple size
is associated with the grain size because the grain boundaries function as crack nucleation
sites that influence the size of the dimples [27,51]. When compared with the TCM0, TMC1
starts to show cleavage steps, and the dimples on it become dense and irregular (Figure 11b),
indicating that the reinforcing particles hinder crack slippage during the dynamic loading
conditions [10,52]. It is also observed that the TMC2 surface starts to show cleavage steps
with a larger size, whereas higher-magnification images show small and deep featureless
dimples (Figure 11c) and particulate matter (yellow arrows in Figure 11c) present on
cleavage planes. This indicates that the hindering effect of the reinforcing particles on
the crack slip during dynamic loading is further enhanced. The TMC3 surface exhibited
the most cleavage fracture characteristics. The SEM image at high magnification shows
the presence of rough dimples on the cleavage planes (Figure 11d), and a large number
of particles filled inside (yellow arrows in Figure 11d). Too many particles reduced the
mechanical properties of the TMC3, which coincides with the reduction in its UCS.
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4. Conclusions

This paper exposes the impact of LaBg content on the microstructure, quasi-static
characteristics, and dynamic properties of titanium matrix composites, focusing primarily
on the TC4 and TC4/LaBg composites manufactured using LPBE. Based on the results, we
made following conclusions:

(1) A small amount of LaBg had a considerable effect on the microstructure of the titanium
matrix composites, and 0.2 wt.% LaBs weakened and blurred the prior f-columnar
grain boundaries and acicular «' /a. LaBg reached a critical point at 0.5 wt.%, where
the boundaries of the prior -columnar grains became indistinguishable, and the
acicular &’ /a decreased rapidly. When it increased to 1.0 wt.%, the influence on the
change in microstructure was significantly diminished. The addition of LaBs had a
significant grain refinement effect, but when its mass fraction exceeded 0.5 wt.%, the
nano-reinforced particulate tended to agglomerate, which had a negative impact on
grain refinement.

(2) Benefiting from the fine-grain strengthening and dispersion strengthening of LaBg,
the quasi-static compressive strength of the TC4/LaBg was found to be significantly
higher than that of the pure TC4. However, it also led to a decrease in plasticity,
especially when the LaBg fraction was relatively high (1.0 wt.%), and the specimens
fractured, even shortly after the end of the elastic segment.

(38) The performance of TC4/LaBg was related to the mass fraction of LaBg, but higher did
not mean better. A critical mass fraction of 0.5 wt.% was found in this study. Excessive
LaBg significantly increased the brittle fracture characteristics of the material, showing
a more significant terrace-like fracture surface after extrusion and friction.
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Abstract: As a type of ultra-high strength steel, AerMet100 steel is used in the aerospace and military
industries. Due to the fact that AerMet100 steel is difficult to machine, people have been exploring the
process of additive manufacturing to fabricate AerMet100 steel. In this study, AerMet100 steel was
produced using an in situ rolling hybrid with wire arc additive manufacturing. Microstructure, tensile
properties, and fracture toughness of as-deposited and heat-treated AerMet100 steel were evaluated
in different directions. The results reveal that the manufacturing process leads to grain fragmentation
and obvious microstructural refinement of the AerMet100 steel, and weakens the anisotropy of the
mechanical properties. After heat treatment, the microstructure of the AerMet100 steel is mainly
composed of lath martensite and reversed austenite. Alloy carbides are precipitated within the
martensitic matrix, and a high density of dislocations is the primary strengthening mechanism. The
existence of film-like austenite among the martensite matrix enhances the toughness of AerMet100
steel, which coordinates stress distribution and restrains crack propagation, resulting in an excellent
balance between strength and toughness. The AerMet100 steel with in situ rolling is isotropy and
achieves the following values: an average ultimate strength of 1747.7 £ 16.3 MPa, yield strength of
1615 £ 40.6 MPa, elongation of 8.3 & 0.2% in deposition direction, and corresponding values in the
building direction are 1821.3 & 22.1 MPa, 1624 4 84.5 MPa, and 7.6 =+ 1.7%, and the Kjc value up to
70.6 MPa/m"?.

Keywords: in situ rolling; wire arc additive manufacturing; AerMet100 steel; tensile property;
fracture toughness

1. Introduction

AerMet100 is a high alloyed secondary hardening steel with ultra-high strength,
featuring remarkable plasticity and fatigue strength [1,2]. The exceptional properties of
this steel make it an excellent choice for the manufacture of high-performance components
in the aerospace and military industries [3-5]. In recent years, extensive research has
been carried out on AerMet100 steel. The microstructure of AerMet100 steel consists of
lath martensite, small amounts of residual/reversed austenite, and carbides precipitated
in the martensite matrix [6,7]. The crystal morphology of as-deposited laser additive
manufacturing AerMet100 steel is a columnar crystal with a size of 100-600 pm, and the
mechanical properties are anisotropic [8]. After heat treatment, the prior austenite grains
transformed into martensite packets, and the columnar crystals transformed into equiaxed
crystals to improve the material properties [9]. The average size of AerMet100 grains
fabricated using wire arc additive manufacturing (WAAM) with in situ rolling can be
refined from about 150-600 um to 20 um after heat treatment [10]. In AerMet100 ultra-
high-strength steel, the lath martensite is rich in dislocations due to high lattice strain
caused by martensitic transformation after high-temperature quenching, and during the
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tempering process, carbides are precipitated, resulting in pinning dislocations, which is
one of the most important factors in the strength of AerMet100 steel [11]. As a secondary
precipitation aging steel, the tempering temperature and time will affect the type and size
of precipitates, thus affecting the performance of the material [12]. M,C carbides can be
formed by the enrichment of supersaturated carbon atoms and the substitution of Mo
and Cr atoms for Fe atoms during the tempering process [13]. AerMet100 steel achieves
the best combination of strength, plasticity, and toughness at a tempering temperature
of 482 °C because the continuous film of reversed austenite starts to precipitate at the
martensite boundaries, and the M,C carbide can grow to a suitable size [6,14]. On the basis
of the above-mentioned study, the temperature of 482 °C was also chosen for the annealing
treatment in this experiment in order to obtain favorable mechanical properties.

Due to the fact that AerMet100 steel presents challenges in terms of processing and
forming [15], people have been exploring the process of additive manufacturing to fabricate
AerMet100 steel, such as laser cladding [16], laser additive manufacturing (LAM) [17],
laser direct energy deposition (LDED) [18] and friction stir processing (FSP) [18]. As a
kind of hybrid deposition and microrolling (HDMR) method, in situ rolling with wire
arc additive manufacturing is a novel additive manufacturing technique that combines
microrolling with WAAM to produce large components. The TC4 [19] alloy produced using
in situ rolling has a higher dislocation density and larger «-bars than the alloy produced
using WAAM, which improves the tensile strength and plasticity of TC4. Al-Mg4.5Mn
alloys [20] produced using in situ interlayer rolling resulted in significant grain refinement;
the mean and maximum grain dimensions were reduced from 59 to 23 um and 172 to 98 pum,
respectively, and the number and size of defects were significantly reduced than those
produced using WAAM. Zhao [21] found that applying external force to the AerMet100
steel surface leads to a notable refinement of the martensitic slats and the generation
of significant compressive residual stresses. Lu [10] investigated the grain refinement
mechanism and the microstructure evolution of in situ rolling hybrid WAAM fabricated
AerMet100 steel, which obtained a fully refined and segregation-free zone. Zhi [22] et al.
introduced deep residual compressive stresses in the surface layer of AerMet100 steel,
which refines the surface structure and reduces fatigue notch sensitivity, thus significantly
improving fatigue life and fatigue crack initiation/expansion resistance.

Fracture toughness is a critical material property that demonstrates the structural
integrity and reliability of the material, taking into account the overall effect of applied
loads in the event of failure [23,24]. The standard fracture test procedure demands prepara-
tion of the specimen, pre-fatigue of the notch, measurement of the fatigue crack growth
rate, and evaluation of the original data [25]. Some studies on additive manufacturing
have shown that material fracture toughness is anisotropic in the horizontal and verti-
cal directions [26,27]. Tempering treatment improved the fracture toughness but not the
anisotropy [28]. Lu [10] investigated the fracture toughness of heat-treated AerMet100 steel
fabricated using WAAM with in situ microrolling and demonstrated that the fracture tough-
ness under plane strain conditions is connected to the homogenization of the composition,
which enhanced the Kjc. Ran [8] investigated the fatigue crack growth (FCG) characteristics
in the deposition and building directions of AerMet100 steel produced using laser additive
manufacturing and revealed that the FCG of as-deposited AerMet100 steel is anisotropic
with a lower crack resistance along the direction of deposition. The fatigue crack growth
resistance of the heat-treated specimens has been improved. Meanwhile, the fatigue crack
growth rate of steel can be effectively reduced by introducing thicker film-like reversed
austenite. Jyoti Suryawanshi [29] et al. weakened the anisotropy of the fracture toughness
of martensitic aging steels by 90° rotation between successive layers during selective laser
melting (SLM) printing. Up to now, there has been a lack of comparative studies on the
fracture toughness of AerMet100 steel in the deposition direction and building direction.

Therefore, the main objective of this study is to understand better the properties of
AerMet100 steel processed using wire arc additive manufacturing hybrid with in situ
rolling. In particular, the microstructure and tensile properties of the as-deposited and
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heat-treated AerMet100 steel were investigated, and the plane strain fracture toughness of
the AerMet100 steel was investigated considering the different directions.

2. Materials and Methods
2.1. Material Manufacturing and Heat Treatment

The raw material used is 1.2 mm diameter AerMet100 steel wire. Before carrying
out the experiments, ensure that the AerMet100 steel wire is intact and free from stains
and cracks. The in situ rolling hybrid with wire arc additive manufacturing platform
independently developed by Huazhong University of Science and Technology was used to
complete the experiment. The welding machine is equipped with a Tetrix551 DC welding
power. The self-developed control system ensures the multi-axis robot and micro-roller
move synchronously with the welding gun. Figure 1 shows the schematic diagram and the
definitions of deposition direction (DD), building direction (BD), and X, Y, and Z directions.
The experiments were carried out in an enclosed chamber containing the welding torch,
roller, and robotic arm, which were gas-protected with argon, in an oxygen content reduced
to less than 0.004 vol.%. Based on previous experimental experience, a combination of
process parameters was selected to provide good roll force, wire feed speed, travel speed,
forming current, and inter-layer temperature. The process parameters are shown in Table 1.
Thin-walled specimens with dimensions of 240 mm length x 15 mm width x 105 mm
height were produced, the top surface of which is smooth and flat. A series of heat
treatment processes and parameters are shown in Table 2. The material composition of the
as-deposited AerMet100 steel is shown in Table 3, which conforms to the requirements of
the standard.

GMAW-torch

Micro roller

Building direction

Deposition direction

Figure 1. In situ rolling hybrid wire arc additive manufacturing AerMet100 steel process and
defining direction.

Table 1. Additive manufacturing parameters for in situ rolling hybrid with WAAM.

Parameter Value
Preheating temperature (°C) 100
Roll force (KN) 10
Wire feed speed (m/min) 1.3
Travel speed (mm/min) 120
Voltage (V) 23
Current (A) 200
Gas flow (L/min) 15
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Table 2. Process parameters for heat treatment.

Process Parameter
Normalizing 900 °C x 1h, Air cooling
High-temperature tempering 680 °C x 16 h, Air cooling
Quenching 885 °C x 1h, Oil cooling
Cryogenic treatment —73 °C x 1h, Warming in the air
Tempering 482 °C x 5 h, Air cooling

Table 3. Chemical composition of as-deposited AerMet100 steel samples.

Elements C S P Si Mo Cr Ni
Content (wt.%) 0.21 0.019 0.010 0.04 1.16 2.94 10.57

Elements Ti Al Mn Co (@] N Fe
Content (wt.%) 0.01 0.01 0.03 14.13 0.001 0.0004 Balance

2.2. Microstructural Characterization

Three planes perpendicular to the Y-axis, X-axis, and Z-axis of the as-deposited and
heat-treated AerMet100 steel were chosen for microstructure examination. The cut surfaces
were ground and, polished and then etched with a 4% nitric acid solution. The material
microstructure was observed using a ZEISS SCOPE A1 optical microscope (OM), (Carl Zeiss,
Oberkochen, Germany). The OXFORD Quanta 450 scanning electron microscope (SEM)
(Oxford Instruments, Oxford, UK) was used to observe the fracture morphology. Electron
backscattered diffraction (EBSD) was conducted using a GAIA3 GMU Model scanning
electron microscope (TESCAN, Brno, Czech Republic) with a scanning step of 0.5 pm
on heat-treated AerMet100 steel. Nanoscale microstructural features were investigated
using a Talos F200X G2 transmission electron microscope (TEM) (Thermo Fisher Scientific,
Waltham, MA, USA) on heat-treated AerMet100 steel.

2.3. Mechanical Property Tests and Fracture Analysis

Three tensile test rods were taken separately from as-deposited and heat-treated
specimens in deposition direction and building direction. In accordance with GB/T 228.1-
2010 [30], a bar specimen with a length of 75 mm and a diameter of 5 mm was used for the
test. The test was performed using a CMT5305 universal electronic tensile testing machine
at room temperature.

Plane strain fracture toughness testing was performed in accordance with the ASTM
E399-20a standard [31]. After the heat treatment process, three compact tensile specimens
were obtained for the plane strain fracture toughness test, separately in the deposition
direction and the building direction. For each specimen, a fatigue pre-crack was made at
approximately 3 mm from the pre-cracked notch prior to conducting the fracture toughness
test. Crack opening displacement (COD) was then measured using a clip-on extensometer.
Side grooves were also machined to ensure a flat crack front and to provide reliable crack
length measurements. Plane strain fracture toughness testing was performed using the
MTS Land Mark 50 KN hydraulic servo testing system. Standard procedures were followed
to assess initial and final crack lengths. The average initial crack size was determined by
measuring five equally spaced positions. Figure 2 displays the detailed dimensions of the
tensile specimens and plane strain fracture toughness specimens. The fracture morphology
was analyzed using an OXFORD Quanta 450 scanning electron microscopy.
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Figure 2. (a) Straight wall of AerMet100 steel produced using in situ rolling hybrid wire arc ad-
ditive manufacturing; (b) sampling diagrams in different directions; (c) the size of the fracture
toughness sample.

3. Results
3.1. Microstructure Analysis

Figure 3 shows the micromorphology in planes perpendicular to the Y-axis, X-axis,
and Z-axis of the as-deposited AerMet100. The grain morphology appears to be highly
irregular, and there is no obvious grain boundary in Figure 3a,ce. Previous research
has shown that AerMet100 steel produced using conventional additive manufacturing
typically has a clear preferred orientation, and the material properties also show significant
anisotropy [9]. There is no obvious difference in morphology and no obvious preferred
orientation in the three directions. In this study, the in situ rolling hybrid with the WAAM
process applies compressive stress to the molten pool that is not yet solidified, resulting
in grain refinement and breakage, achieving the desired effect of grain refinement [21].
The microstructure of the AerMet100 steel is mainly composed of lath martensite with an
irregular orientation. It can be seen in Figure 3b,d,f that a group of oriented lath martensite
forms a martensite packet. There is the Kurdjumov-Sachs orientation relationship between
prior austenite and martensite [14]. The most basic structural unit is lath martensite with
a small angular deviation (2-5°). Lath martensite is mainly found in low-carbon steel,
whereas the carbon content of AerMet100 steel is very low, only 0.21%. Figure 3b,d,f
show preliminary judgments based on the micromorphology of as-deposited AerMet100
steel, with possible austenite grains circled, which probably have a grain size of around
40-60 pum.
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Figure 3. Microstructure of as-deposited AerMet100 steel fabricated using WAAM hybrid with in
situ rolling: microstructure morphology in planes perpendicular to (a,b) Y-axis; (c,d) X-axis and
(e f) Z-axis.

The microstructure morphology of AerMet100 steel produced using an in situ rolling
hybrid WAAM process after heat treatment is shown in Figure 4. As the original grains are
crushed and refined using in situ rolling during the deposition process, the grain size of the
AerMet100 steel remains small after heat treatment [32], and there is no difference in the
microstructure in the three directions. In Figure 4a,c,e, it can be seen that the microstructure
is still mainly composed of martensite packets, and according to previous research there
may be a small amount of reversed austenite [33]. Figure 4b,d,f show that the fine particles
are precipitated in the heat-treated AerMet100 steel during the heat treatment process [13],
which can trap dislocations and increase the strength of the material [34].
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Figure 4. Microstructure morphology of AerMet100 after heat treatment produced using an in
situ rolling hybrid WAAM process: microstructure morphology in planes perpendicular to the
(a,b) Y-axis; (c,d) X-axis and (e,f) Z-axis.

3.2. Tensile Properties Analysis

Figure 5 shows the tensile results of the as-deposited AerMet100 specimens in de-
position and building directions. In Figure 5a, the tensile mechanical behavior of the
as-deposited specimens in two directions showed the same trend. The curves in both direc-
tions are consistent and show no obvious difference. Figure 5b shows the ultimate tensile
strength, yield strength, and elongation after fracture in the deposition direction, which are
1280 MPa, 912 MPa, and 14.0%, respectively. Meanwhile, these data in building direction
are 1277 MPa, 908 MPa, and 15.3%. The tensile properties of the AerMet100 in building
direction and deposition direction show little difference, which differs from traditional
additive manufacturing [9]. The introduction of a microrolling process into each melt-
ing deposition layer can significantly prevent the development of columnar crystals [35],
compact the pore defects, weaken the texture [10,36], promote the formation of equiaxed
crystals, and increase the tensile strength of materials. This process can eliminate the
differences in tensile properties between the deposition direction and the building direction.
In conventional additive manufacturing, the grain aligns with the greatest temperature
gradient, resulting in the development of columnar crystals following the direction of heat
flow [37]. This phenomenon results in the tensile properties of additively manufactured
materials showing significant variations in the deposition and building directions.
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Figure 5. Tensile results of the as-deposited AerMet100 specimens in different directions: (a) stress—
strain curves and (b) the corresponding ultimate tensile strength, yield strength, and elongation.

Figure 6 shows the tensile results of the heat-treated AerMet100 specimens in de-
position and building directions. In Figure 6a, the tensile mechanical behavior of the
heat-treated AerMet100 steel shows the same trend in both directions: the short uniform
plastic deformation stage and the long local necking stage (after reaching the ultimate ten-
sile strength) [34]. The stress—strain curves in the two directions are consistent and show no
obvious difference. Figure 6b shows the ultimate tensile strength, yield strength, and elon-
gation after fracture in deposition direction are 1747.7 £ 16.3 MPa, 1615 + 40.6 MPa, and
8.3 £ 0.2%, respectively. Meanwhile, these data in building direction are 1821.3 & 22.1 MPa,
1624 £ 84.5 MPa, 7.6 = 1.7%. The tensile properties of the AerMet100 in building direction
and deposition direction show little difference, and the ultimate tensile strength of the Aer-
Met100 steel significantly improves after heat treatment compared with the as-deposited
specimens. On the contrary, The AerMet100 steel, after heat treatment, displays a lower
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Figure 6. Tensile results of the heat-treated AerMet100 specimens in different directions: (a) stress—
strain curves and (b) the corresponding ultimate tensile strength, yield strength, and elongation.

It is widely accepted that during the quenching process, lath martensite develops
with high-density dislocations is formed. During the tempering process, many tiny and
dispersed M,C carbides would be precipitated, which is the main mechanism for the
secondary hardening effect of AerMet100 steel [13]. The high density of dislocations and
dispersed M,C carbides in the matrix of the lath martensite leads to the high-level strength
of this steel [38]. Furthermore, the crystal structure of the lath martensite enables several
slip systems to be activated during deformation, which accounts for its plasticity behavior.
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The fracture morphology of the as-deposited and heat-treated AerMet100 tensile
specimen in the deposition direction and building direction is shown in Figure 7. From the
fracture morphology, it can be seen that both the as-deposited and heat-treated AerMet100
steel have a large number of dimples, indicating that the material is a ductile fracture.
In addition, the fracture morphology of the as-deposited specimen is more uneven with
tearing edges in Figure 7a,b, and the sizes of the dimples in the as-deposited specimen
are smaller, indicating that the plasticity of the as-deposited specimen is better, which
is consistent with the higher elongation compared with the heat-treated specimen. In
Figure 7c,d, the second phase particles or carbides appear at the bottom of the dimples.
In precipitation-hardened alloys, the presence of secondary nanoparticles could promote
microvoid nucleation during tensile fracture. During the tensile loading process, the voids
would aggregate and connect, ultimately leading to material fracture. As the aging process
progresses, more secondary nanoparticles may be precipitated, resulting in the formation
of more crack sources. Therefore, the elongation of AerMet100 steel in the heat-treated state
decreases compared with that in the deposited state.

e

Figure 7. Tensile fracture morphology of AerMet100 steel in different directions: (a) as-deposited
specimen in DD; (b) as-deposited specimen in BD; (c) heat-treated specimen in DD; (d) heat-treated
specimen in BD.

3.3. Plain Strain Fracture Toughness Test and Fracture

Results from the plane strain fracture toughness test of heat-treated AerMet100 are
presented in Table 4, and all the tested specimens attained valid Kjc test results. The
mean Kjc value for the deposition direction was 68.5 MPa/ m??, while the value for the
building direction was 59.25 MPa/m?>. The K¢ values differ slightly in both directions,
but not significantly.
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Table 4. Plain-strain fracture toughness properties of AerMet100 steel after heat treatment fabricated
using an in situ rolling hybrid WAAM process.

Sample Direction Kic (MPa/m®5)
iy N 70.6
Deposition direction 66.4
Building direction 523(')5

Figure 8 shows the macroscopic and microscopic fracture morphology of the fracture
toughness specimens in the deposition direction and building direction. As shown in
Figure 8a,b, the macroscopic fracture surface morphology of the Kjc specimen consists of
pre-fatigue fracture, stable crack growth regions, and sheer lip. The obviously shear lip
can be observed, which illustrates the high toughness [39]. Scanning electron microscopy
in Figure 8c,d can clearly distinguish the toughness dimples. The surfaces of the fracture
are not smooth, with many tearing edges. Energy absorption during fracture is one of the
measures used to evaluate fracture toughness. The microscopic fracture surface morphology
of materials would, therefore, be used to judge fracture toughness [40].
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Figure 8. Fracture surface morphology of the plain-strain fracture toughness specimen:
(a) macrostructure in DD; (b) macrostructure in BD; (¢) microstructure in DD; (d) microstructure
in BD.
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4. Discussion
4.1. Effect of Hybrid Manufacturing Process on Strengthening of Mechanical Properties

Figure 9 shows the summary chart of AerMet100 steel mechanical properties. The me-
chanical performance data associated with the additive manufacturing of AerMet100 steel
are shown in Figure 9. Among them, the light blue background represents the performance
of the deposited state and the heat-treated state. The light red background represents the
mechanical properties in different directions under the same process conditions. It can
be seen that the ultimate tensile strength of heat-treated AerMet100 steel is significantly
improved compared with the as-deposited material. Our work has a high elongation in
as-deposited, which is significantly higher than other manufacturing processes, which
may be due to the grain refinement caused by the introduction of microrolling. Compared
with the mechanical properties of the LAM process, which exhibit anisotropy in both
the deposited and heat-treated states, it can be seen that our material is isotropic in the
deposited and heat-treated states. Compared with Lu’s work [10], it can be seen that our
work is isotropy in both deposited and heat-treated states, indicating that our process does
not eliminate anisotropy due to heat treatment but rather introduces in situ microrolling
manufacturing in the deposited state and maintaining isotropy after heat treatment.
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Figure 9. A summary chart of AerMet100 mechanical properties.

In the tempering process, the microstructure evolution behavior of AerMet100 steel is
dependent on austenite decomposition, martensite formation, M,C carbide formation and
coarsening, and film-like reversed austenite formation and thickening [12]. The strengthen-
ing mechanism of AerMet100 steel can be divided into precipitation strengthening, grain
boundary strengthening, and dislocation strengthening.

As can be seen in Figure 10a, a large number of lath martensites have different orienta-
tions within prior austenite grains. Due to grain fragmentation and random orientation,
visualization of the austenite grains is challenging in the WAAM hybrid with an in situ
rolling process [41]. AZtecCrystal software 2.1 was used to reconstruct the austenite grain
based on the K-S orientation relationship for the martensite microstructure in the heat-
treated AerMet100 steel. As can be seen in Figure 10b, the prior austenite grains are
approximately 40-60 um in size, and the grain shape is irregular. By means of the inverse
pole figure map in Figure 10c, we can learn that although some grains have (101) directions
parallel to the Y1 direction of the sample coordinate system, the selective orientation is not
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obvious due to Mmax = 1.82. There is no apparent texture visible in the sample shown in
Figure 10. The process of utilizing in situ rolling hybrid with wire arc additive manufac-
turing proves to be effective in breaking up prior austenite grains and eliminating texture,
leading to a random orientation distribution and no obvious anisotropy of the materials.
According to the Hall-Petch equation [42,43]:

oy = 09 + k/DV? 1)

where oy is the material strength, oy is the frictional stress, k is a constant, and D is the grain
diameter. Based on this equation, o increases as the grain size decreases. Grain refinement
can enhance mechanical properties attributable to the inhibition of dislocation movement
by grain boundary interactions. Due to the different orientations of the grains on either
side of the boundary, a stress field is generated when dislocations approach the boundary,
hindering the movement of other dislocations. The smaller the grain size, the higher the
stress required for dislocation movement in neighboring grains with different orientations.
As the grain size decreases, the percentage of grain boundaries rises, potentially creating
additional impediments for dislocation across these boundaries and enhancing the strength
of the material [20].
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Figure 10. (a) Martensite lath in heat-treated AerMet100 steel; (b) austenite reconstruction of the

microstructure in (a); (c) inverse pole figure of (a).

As shown in Figure 11a, the lath martensite structure of AerMet100 steel displays
high-density dislocation. The strengthening process is also influenced significantly by
carbide precipitation and dislocation [44]. The high-density dislocation entanglement in the
AerMet100 steel hinders the movement of slip systems, making plastic deformation difficult
and thus improving the strength [45,46]. Figure 11b shows that the precipitated particles are
spheroidal distributed in the lath martensite. There are two kinds of precipitated particles:
big spheroidal particles with a size of 74.58 nm and small-sized precipitated phases with
a size of 11.25 nm. Nanoscale fine and dispersed carbide precipitates in lath martensite
strengthen dislocation pinning and hinder the movement of the slip system, effectively
forming dislocation delivery or twinning, thereby enhancing strength through precipitation
strengthening [47-50]. The mechanism of precipitation enhancement depends on the size,
density, and type of the nanoscale precipitate, in addition to the interaction between the
dislocation and the precipitate [51]. For precipitation-hardened steel, there is an Orowan
bypass hardening mechanism [52-54]. During the aging process, the martensite matrix is
strengthened by the formation of uniform and dense alloy carbide particles, which act as
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precipitates. The Orowan strengthening mechanism indicates that dislocation lines cannot
directly cut second-phase particles during plastic deformation, but external forces can bend
around them. The bending of dislocation lines amplifies the lattice distortion energy in the
dislocation region, leading to an increase in dislocation line resistance and slip resistance.

Figure 11. TEM photographs of heat-treated AerMet100 steel: (a) the lath martensite with high-density
dislocation in it, (b) the carbide precipitation.

4.2. Fracture Behavior and Crack Propagation Mechanisms

As a result, similar fracture toughness values were observed in both the building
direction and deposition direction. In addition, compressive residual stresses are beneficial
in inhibiting crack initiation and early expansion, thus improving crack resistance [22].

Ductile fracture occured due to the growth and aggregation of micropore, resulting
in slow and steady crack extension. This macroscopic fracture mode had a continuous
process of ductile tearing, which absorbed more energy. Theoretically, the better the fracture
toughness, the more tortuous the macroscopic fracture path of a specimen [39]. To better
understand the crack extension mechanism, Figure 8 examines the macroscopic crack exten-
sion paths of fracture toughness specimens in both the deposition and building directions.

The crack extension can be divided into two phases: the pre-fatigue crack and the
crack instability extension. In the fatigue crack region, as shown in Figure 12a,b, the crack
extension path is relatively flat. However, in the unstable stage, the angle of the crack
extension path increases significantly, which means that the sample with high fracture
toughness will experience greater plastic deformation during the fracture process.

The morphology of the fracture surface is composed of small and large dimples, as
shown in Figure 7. The dominant crack would join the microvoids near the crack tip in a
stress-dominated mode, thereby propagating the crack rapidly. Meanwhile, the microvoids
in front of the crack tip would grow and connect, causing the dominant to propagate in
a strain-dominated manner, leading to ductile fracture [39]. Figure 13a demonstrates the
phase composition of AerMet100 steel after heat treatment by EBSD analysis. A minimal
proportion of reversed austenite is noticeable in the specimen, which correlates with the
TEM discoveries in Figure 13b. Figure 13b presents a TEM bright field micrograph of heat-
treated AerMet100 steel, showing film-like reversed austenite in the martensite interlayers
of the steels. During the tempering at 482 °C, the continuous film of reversed austenite
started to precipitate at lath martensite boundaries. It has been reported that fine film-
like reversed austenite prevents crack initiation and propagation by deformation and
transformation [55], slowing the rate of crack extension in steel, releasing stress conditions,
and blunting the crack tip, resulting in higher resistance to crack extension [56]. On the
one hand, the existence of an austenite film between the lath martensite can decrease the
possibility of local stress concentration and the potential for micro-crack formation during
the deformation of AerMet100 steel, thus significantly improving the plasticity [2]. On the
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other hand, due to the excellent flexibility and stability of the reversed austenite, fracture
toughness is improved by promoting the “zigzag” path of crack deflection [15].

Phase
[ Austenite

: stenite

Figure 13. Film-like austenite distribution at the boundary of lath martensite in heat-treated Aer-
Met100 steel: (a) EBSD phase composition characterization; (b) TEM morphology.

5. Conclusions

In this study, AerMet100 steel was produced using an in situ rolling hybrid with a wire
arc additive manufacturing process. The microstructure, tensile properties, and fracture
toughness of the as-deposited and heat-treated AerMet100 steel were evaluated in different
directions. The results show that our method can not only produce AerMet100 steel with
isotropic mechanical properties but also achieve near-net forming and reduced machining,
which can be used for the production of parts with complex shapes and relatively high
mechanical property requirements, such as landing gears.

(1) The primary microstructure of the AerMet100 steel produced using in situ rolling
hybrid with wire arc additive manufacturing is a martensite packet with lath marten-
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site inside, and after heat treatment, the martensite, carbides precipitation, and the
film-like austenite. The microstructure and mechanical properties of the AerMet100
steel show isotropy in as-deposited state and remain isotropy after heat treatment.

(2) The AerMet100 steel exhibited ductile fracture, with micro-hole nucleation and coales-
cence being the predominant mechanisms. In addition, alloy carbide was precipitated
in the matrix, and the strength of the material was enhanced by the precipitation-
strengthening mechanism. This material exhibits isotropic tensile properties, where
the ultimate tensile strength, yield strength, and elongation after fracture in the depo-
sition direction are 1747.7 £ 16.3 MPa, 1615 + 40.6 MPa, and 8.3 & 0.2%, respectively,
while the corresponding values in the building direction are 1821.3 £ 22.1 MPa,
1624 + 84.5 MPa, and 7.6 + 1.7%.

(3) The austenite film, the film-like structure formed by tempering at 482 °C, is located
among the martensite matrix, which can turn the crack growth path and absorb the
energy consumed in the crack growth process, thus playing a role in increasing the
toughness and improving the fracture toughness to 70.6 MPa/m">.
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Abstract: A nuclear Zr-4 alloy with a near full density was fabricated via laser powder bed fusion
(LPBEF). The influences of process parameters on the printability, surface roughness, and mechanical
properties of the LPBF-printed Zr-4 alloy were investigated. The results showed that the relative
density of the Zr-4 alloy samples was greater than 99.3% with the laser power range of 120-160 W
and the scanning speed range of 600-1000 mm/s. Under a moderate laser power in the range
of 120-140 W, the printed Zr-4 alloy possessed excellent surface molding quality with a surface
roughness less than 10 pum. The microstructure of the printed Zr-4 alloy was an acicular « phase
with an average grain size of about 1 pum. The Zr-4 alloy printed with a laser power of 130 W and a
scanning speed of 400 mm/s exhibited the highest compression strength of 1980 MPa and the highest
compression strain of 28%. The findings demonstrate the potential in the fabrication of complex Zr-4
alloy parts by LPBF for industrial applications.

Keywords: additive manufacturing; laser powder bed fusion; zirconium alloys; Zr-4; process optimization

1. Introduction

Zirconium and its alloys have been indispensable materials for the development of
the atomic energy industry due to their small thermal neutron-capturing cross-sections
and outstanding nuclear properties [1]. In particular, Zr-4 alloys, the key materials of
nuclear reactors, possess excellent nuclear properties, mechanical properties, corrosion
resistance, and thermal stability in high-temperature environments, which can be used
in fuel envelope positioning lattices of pressurized water reactors, component boxes, and
heat exchangers [2,3]. Zr alloys often consist of a single o phase at room temperature. The
o phase can be obtained from the transformation of a 3 phase, when the phase transition
temperature is lower than 865 °C. In addition, non-equilibrium phase transitions (such as
martensitic phase transition) may occur in Zr alloys to form «’/o” phases [4].

Traditional manufacturing efforts have been made on Zr alloys fabricated by casting.
Fuloria et al. [5] studied the mechanical properties and microstructure changes of a multi-
axial forged Zr-4 alloy under different cumulative strains at low temperatures. The results
showed that the ultimate tensile strength and hardness of 5.91 cumulative strain increased
from 474 MPa to 717 MPa and from 190 HV to 238 HV, respectively. Such increases in
strength and hardness are influenced by the grain size effect and high dislocation density.
Li [6] investigated the microstructure evolution of a rolled Zr-4 alloy followed by annealing.
After annealing at 480—580 °C for 2 h, the grain boundary morphology of the Zr-4 alloy
evolved from relatively blurred to equiaxial. Qiu [7] identified the second phase in the
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Zr-4 alloy as a Zrx(Fe;Cr) compound, which was distributed between the dendrites of the
o-Zr matrix.

Laser additive manufacturing has been used for fabricating Zr alloys, which overcomes
challenges faced by traditional processes to manufacture fully dense metal parts with
complex geometries and good mechanical properties [8]. Su [9] studied the formation of a
Zr-based bulk metallic glass by laser-directed energy deposition additive manufacturing.
A crack-free Zr-based bulk metallic glass was successfully fabricated with a sufficient high
ultimate tensile strength of 880 MPa, as well as a high yield strength of 835 MPa, which
was similar to that of the as-cast alloy.

Laser powder bed fusion (LPBF) is another laser additive manufacturing technology
suitable for fabricating bulk parts from metal powders. LPBF uses a high-energy laser
beam to melt metal powders [8]. First, a thin layer of metal powder is laid on a substrate.
Then, the laser scans and melts the powder layer through a predefined path. The powder
layers are continuously melted layer by layer, resulting in accumulation to obtain the
geometrically complex parts with a high accuracy [10,11]. Sun [12] focused on the effect of
annealing on the mechanical properties of a Zr-1Mo alloy fabricated by LPBF. The ultimate
tensile strength and elongation of the alloy were 964 MPa and 11.0%, respectively, after
annealing at 803 K for 2 h. A good balance of the strength and toughness was achieved,
when « phase experienced stress relief. Currently, there has been limited research works
on Zr-4 alloys fabricated by LPBE.

During LPBE, the volumetric energy density is determined by the laser power, scanning
speed, hatch spacing, and layer thickness, which has a great influence on the relative density
of printed parts. Particularly, the laser power and scanning speed are the main factors
affecting the energy density. The hatch spacing may affect the overlapping ratio of melt
tracks. A large hatch could cause microholes and unmelted powder particles [13]. The
layer thickness determines the interlayer combination, and an excessive layer thickness
leads to the lack of fusion between layers and severe spattering [14]. Low energy densities
are prone to resulting in unmelted powder particles due to insufficient energy input and
balling phenomena [15]. Comparatively, high energy densities may lead to excessive recoil
pressure and form deep melt pools. The gas from the powder or atmospheric gas inside
the chamber is thus difficult to escape and trapped inside the melt pools to form gas
pores [16]. Additionally, high energy densities may lead to stress cracking that results from
large residual stress caused by large temperature gradients [17]. During the solidification
process, hot tearing may occur due to the shrinkage of melt pools [18].

The surface roughness is greatly influenced by process parameters. The laser power,
scanning speed, and their combined interaction (energy density) are often presented as the
primary parameters affecting the surface roughness of LPBF-printed parts [19]. A high laser
power tends to reduce the surface roughness, as the recoil pressure flattens out the melt
pools and reduces the balling phenomenon by increasing wettability of melt pools. Low
scanning speeds reduce top surface roughness but increase the side surface roughness [20].
The low hatch spacing ensures overlapping between melt tracks and leads to low surface
roughness [21]. A small layer thickness ensures finer particle sizes and facilitates a more
complete melting process due to the higher surface-to-volume ratio compared to a large
layer thickness, which reduces the surface roughness [22]. Additionally, the energy density
has a great influence on the surface roughness. A low energy density leads to discontinuous
melt tracks caused by lacking wettability and formation of balling on melt tracks, resulting
in poor surface roughness. A moderate energy density leads to low surface roughness
because of the formation of continuous and smooth melt tracks with good wettability.
However, an excessive energy density leads to the evaporation of powder and severe
spattering, which seriously hampers the surface quality [23].

In conclusion, this work primarily investigated the influence of process parameters on
the relative density, surface roughness, and mechanical properties of a Zr-4 alloy. Optimum
parameters were determined to produce a near-fully dense Zr-4 alloy with low surface
roughness. The microstructure, phase, and change of mechanical properties and surface
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roughness of Zr-4 alloy affected by process parameters are described, which provides
guidance for the future research of Zr-4 alloy formation by LPBE.

2. Materials and Methods
2.1. Materials

Spherical Zr-4 alloy powder (Hebei Baoju New Material Technology Co., LTD, Hebei
province, China) prepared by the plasma method was used as the raw material, and the
chemical composition of the powder is shown in Table 1. Figure 1a shows the morphology
of the powder with a particle size ranging from 15 to 53 um. The powder flowability was
measured as 17.5 s/50 g using a Hall flow meter.

Table 1. Chemical composition of the Zr-4 powder.

Element Cr Sn Fe Zr
Wt. % 0.12 0.89 0.19 Bal.
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Figure 1. (a) Powder morphology of the Zr-4 alloy; (b) the schematic of the orthogonal scanning

_10
-

strategy; (c) geometries of the compressive sample model.

2.2. LPBF Process

A Dimetal-100 LPBF equipment (Laseradd, Guangzhou, China) was employed to print
Zr-4 alloy samples. The LPBF chamber was filled with argon atmosphere to ensure the
oxygen content less than 0.01 vol%. The relative density of the Zr-4 alloy by LPBF is affected
by the laser power, scanning speed, hatch spacing, and layer thickness [24,25]. Based on
our previous studies on the parameter exploration, the laser power and scanning speed
were in the range of 100-200 W and 400-1400 mm /s, respectively. The hatch spacing was
fixed at 0.07 mm to ensure the adjacent melt tracks could overlap, and the layer thickness
was fixed at 0.03 mm to enable every layer of the powder to be completely melted [19].
Compared with the fill line scan and the chess board scan, LPBF-printed samples can obtain
lower porosity by the orthogonal scanning strategy [26], as shown in Figure 1b. Such
a scanning strategy was thus adopted for printing. The specific process parameters are
shown in Table 2.
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Table 2. Parameters to print the Zr-4 alloy via LPBE.

100, 110, 120, 130, 140, 150,

Laser Power (W) 160, 170, 180, 190, 200
Scanning speed (mm/s) 400, 600, 700, 800, 900, 1000, 1200, and 1400
Hatch spacing (mm) 0.07
Layer thickness (mm) 0.03
Spot diameter (mm) 0.08
Scanning strategy Orthogonal scanning

2.3. Characterizations

Metallographic samples with dimensions of 10 x 10 x 10 mm® were ground, pol-
ished and eventually etched by a corrosive solution (10 vol% HE, 45 vol% HNOs3, and
45 vol% H,O) for 15 s [27,28]. A DMI-3000M optical microscope (OM, Leica Microsys-
tems, Weztlar, Germany) and a FEI Quanta 250 scanning electron microscope (SEM, FEI,
Portland, OR, USA) were used to observe the microstructure of the samples. The WDs
of the SEM images ranged from 9 mm to 10 mm, and the voltage was set as 15 Kv. The
phase composition was identified through X-ray diffraction (XRD, The X'Pert3 Powder
diffractometer; Malvern Panalytical, Almelo, Holland). The printed samples were polished
for the XRD characterization. The degree of 2 theta was from 30° to 100°, and the scan rate
was 0.013° /min. The Archimedean drainage method was used to test the relative density,
i.e., the ratio of the test density to the theoretical density (6.55 g/cm3). The Zr-4 material
was insoluble in water, and thus the relative density of the Zr-4 alloy can be measured by
the method. Three effective data were measured from the samples to determine the average
relative density value. The top surface roughness of the Zr-4 alloy was measured by an
ultra-depth of field microscope (VHX-5000, KEYENCE, Osaka, Japan). The compression
test was carried out by an AG-IC 50kN electronic universal testing machine (SHIMADZU,
Tokyo, Japan) with a compression rate of 0.2 mm/min. Three compressive samples for
each set were used to estimate the compression properties according to the GB/T 7314-2017
standard. The models of Zr-4 samples for testing are shown in Figure 1c. The samples were
printed without any support structures, which were removed from the baseplate by wire
cutting. The fractures of the compressed samples were observed using SEM. The SPSS
software (IBM, Almonk, NY, USA) was used to conduct the correlation analysis.

3. Results and Discussion
3.1. Influence of Laser Parameters on the Relative Density

Figure 2a shows the variation of relative density of the LPBF-printed Zr-4 alloy with
the laser power and scanning speed. When the scanning speed ranged from 600 mm/s
to 1000 mm/s, the relative density of the alloy increased but then decreased with the
increase in the laser power. When the scanning speed of 600 mm/s was applied, the
relative density reached a peak of 99.40% =+ 0.01% at the laser power of 130 W. At the
scanning speed of 1000 mm/s, the highest relative density of 99.64% =+ 0.02% could be
achieved at the laser power of 160 W. The peak value of the relative density gradually
increased and shifted to a higher scanning speed with the increase in the laser power.
With the scanning speed of 1100 mm/s, the relative density of the alloy increased from
97.81% =+ 0.02% to 99.18% =+ 0.02%, as the laser power increased from 100 W to 180 W.
Figure 2b exhibits the iso-density diagram of the LPBF-printed Zr-4 alloy with the laser
power and scanning speed. When the laser power and scanning speed were in the ranges of
120-160 W and 600-1000 mm /s, respectively, the relative density of the alloy could remain
larger than 99.3%, indicating an excellent densification. Noted that when the scanning
speed exceeded 900 mm/s, the laser power should be increased to 170 W to ensure a high
relative density.
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Figure 2. Effects of process parameters on the relative density of the Zr-4 alloy: (a) variation of
relative density against the laser power and scanning speed; (b) iso-density diagram; (c) variation of
the relative density against the energy density.

The Archimedean drainage method has been widely used in the density measurement
of LPBF-printed parts [29,30]. The LPBF-printed Zr-4 samples were fully dense with a
relative density exceeding 99%. However, the limitation of the Archimedean drainage
method is the accuracy to estimate true weight, as surface tension of liquids used in the
method tends to increase the weight to affect the density [31].

The energy density is dominant to influence the relative density of the printed alloy,
which can be described by:

p
E=vsH @)

where P is the laser power (W), V is the scanning speed (mm/s), S is the hatch spacing
(mm), and H is the layer thickness (mm). Figure 2c indicates the relationship between the
relative density and the energy density. It can be concluded that the relative density tended
to increase with the increasing energy density and deceased when the energy density
exceeded 120 J/mm?3. A high laser power and a low laser scanning speed can result in
the accumulation of the laser energy in melt pools and the surge of the melt pool energy,
causing excessive heat accumulation. Moreover, metallurgical defects such as cracks and
pores could be induced. With the increase of the scanning speed, the energy of the melt
pools gradually decreases. The melt pools become stable under a moderate laser power.
A further increase in the scanning speed under a low laser power leads to insufficient
energy within the melt pools, resulting in the increase of unmelted powder particles and
pores, thus exhibiting a decreasing trend of the relative density [32-34]. As shown in
Table 3, the Pearson correlation analysis was used to analyze the correlation between the
energy density, the laser power, and the laser scanning speed via SPSS. The results showed
the Pearson index between the laser power and the relative density was 0.244 while it was
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—0.517 between the laser scanning speed and the relative density, indicating the relative
density of the LPBE-printed Zr-4 alloy was more sensitive to the laser scanning speed.

Table 3. Pearson correlation analysis between the energy density, the laser power, and the laser
scanning speed.

p Relative Vv Relative
Density Density

P

Relative
density

Pearson correlation 1 0.244 Pearson correlation 1 —0.517

Significant
number

0.054 \% Significant 0
63 63 number 63 63

Pearson correlation 0.244 1 Pearson correlation —0.517 1

Significant
number

Relative

0.054 density

63 63

Significant 0
number 63 63

3.2. Influence of Laser Parameters on the Surface Roughness

The macroscopic morphologies of Zr-4 alloys by LPBF under different parameters are
shown in Figure 3. A low laser power and a high scanning speed led to a smooth surface of
the printed alloy. An overburn phenomenon occurred, when the laser power was greater
than 150 W with a scanning speed of 600 mm/s. When the laser power was increased
to 170 W, the printed alloy gradually obtained overburn surfaces at a scanning speed of
1000 mm/s. The generation of overburn surfaces can be attributed to the high laser energy
density produced at high laser power and low scanning speed values [35,36].

1000
900

800

Scanning speed (mm/s)
~1
[—3
=

Build direction

=)
=
=

120 130 140 150 160 170 180
Laser power (W)

Figure 3. Macroscopic morphologies of the LPBF-printed Zr-4 samples with different process parameters.

Table 4 shows the surface roughness on the side for the samples printed with a laser
power of 130 W and a scanning speed of 600-1200 mm/s. The results showed the influence
of the scanning speed on the roughness of the side surface was not obvious. Generally,
the side surface roughness is mainly affected by the layer thickness [19], which was fixed
as 0.03 mm in this work. Additionally, the procedure of the contour scan with the same
parameters used at each layer further reduced the distinction of the side surface roughness
between different process parameters.

Table 4. The side surface roughness of the Zr-4 alloy (the laser power was 130 W).

Scanning Speed

(mm/s)

600 800 900 1000 1100 1200

Roughness (um)

8.63 £0.55 9.25 £ 0.6 9.14 £ 1.57 9.89 £0.23 10.12 £ 0.59 9.49 £0.76

As shown in Figure 4a, with the increase of the laser power at a certain scanning
speed, the top surface roughness of the alloy tended to reduce. When the scanning speed of

86



Micromachines 2023, 14, 556

1000 mm/s and the laser power of 100 W were applied, the maximum surface roughness of
14.58 £ 0.86 um was obtained. The surface roughness decreased to the minimum value of
7.09 £ 0.38 um, when the laser power increased to 130 W. As the laser power increased, the
roughness began to rise to an Ra value of 12.47 &+ 0.69 pm at 150 W. By further increasing
the laser power to 180 W, the roughness value decreased to 8.24 &+ 0.80 um. Figure 4b
shows the iso-roughness diagram of the top surface of the printed Zr-4 alloy. The low
roughness of the alloy was achieved with a laser power of 120-140 W and a scanning speed
of 1000-1100 mm/s. However, the laser power greater than 160 W and the scanning speed
greater than 1100 mm/s also led to a low top surface roughness. In Figure 4c, the trend of
the surface roughness against the energy density was similar with that of the laser power.
A low surface roughness was obtained with the energy density in the range of 50-80 J/mm3
and exceeding 130 ] /mm?.
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Figure 4. Effects of process parameters on the top surface roughness of the LPBF-printed Zr-
4 alloy: (a) variation of the top surface roughness against the laser power and scanning speed;
(b) iso-roughness diagram; (c) variation of the top surface roughness against the energy density.

Figure 5 shows the profiles of the top surface of the printed Zr-4 alloy with different
laser power values. A lower laser power led to an insufficient laser input energy, and the
Zr-4 powders could not be fully melted, resulting in the existence of bulges. Meanwhile,
the viscosity of the low-energy melt pools increased; thus, the molten tracks became rugged
and discontinuous [37]. Such factors led to the increase of the surface roughness (Figure 5a).
With a further increase in the laser power to 140 W, the powder was completely melted,
and the liquid molten pools were spread smoothly under the moderate power. Therefore, a
low surface roughness of the alloy was obtained (Figure 5b). The uneven morphology was
affected by the surface tension of liquid melt pools [38]. When the laser power increased to
160 W, it was easy to produce the periodizing effect and increase the surface protrusion due
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to the generation of the large temperature gradient between the center and the edge of the
melt pools [36], resulting in the high surface roughness (Figure 5c). When the laser power
was greater than 160 W, an obvious overburn phenomenon appeared on the surface [35],
indicating that the laser energy was excessive. In this case, adjacent melt pools fused
together before their solidification, and the lap between the melt pools was reduced. As a
result, a giant bulge was created at the edge of the top surface (Figure 5d), which caused
a low top surface roughness but warping deformation on all sides with a laser power of
180 W. Therefore, it can be concluded that the ideal surface roughness was obtained with
the laser power in the range of 120-140 W.

Build dircction

Figure 5. Top surface profiles under different laser powers (the scanning speed was fixed as
1100 mm/s): (a) P = 100 W; (b) P = 130 W; (c) P = 150 W; (d) P = 180 W.

3.3. Microstructure

Figure 6 shows the OM morphology of the LPBF-printed Zr-4 alloy with a laser power
of 130 W and a scanning speed of 1000 mm/s. As observed in Figure 6a, the morphology
of the alloy along the transverse plane exhibited acicular grains with a size of ~1 pm.
Figure 6b exhibits overlapped molten pools without obvious metallurgical defects along
the longitudinal plane.

Figure 7 shows the XRD diffraction pattern of the printed Zr-4 alloy with a laser power
of 130 W and a scanning speed of 1000 mm/s. According to the standard diffraction pattern,
an «-Zr phase could be identified in the printed Zr-4 alloy. During LPBF, the powder melted
rapidly to form a liquid melt pool and solidified rapidly to form acicular martensite. In the
rapid cooling stage, 3-Zr, a stable phase at high temperatures in Zr alloys, undergoes the
phase transition from (3 to x. Additionally, non-equilibrium phase transformation often
occurs during the cooling process, producing metastable structures such as «'/ " phases.
Because their crystal structures are similar to the o phase obtained by the equilibrium phase
transformation, they cannot be separated in XRD patterns [39-41].
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Figure 6. Metallographic images of the Zr-4 alloy printed using a laser power of 130 W and a scanning
speed of 1000 mm/s along different planes: (a) the transverse plane; (b) the longitudinal plane.
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Figure 7. XRD pattern of the LPBF-printed Zr-4 alloy obtained using a laser power of 130 W and a
scanning speed of 1000 mm/s.

3.4. Compression Properties

Our previous studies on the tensile properties showed the printed Zr-4 tensile coupons
exhibited a quite low ductility. Even with the optimized parameters, the tensile coupons
were still fractured at the very early stage of the testing. Therefore, the compression
test was selected. Figure 8 shows the compressive properties of the LPBF-printed Zr-4
alloys with different parameters. When a laser power of 130 W was applied, both the
compression strength and compression strain of the printed Zr-4 alloy decreased with
the increase in the scanning speed (Figure 8a—b). The compressive strength gradually
decreased from 1950 MPa with a scanning speed of 400 mm/s to 1540 MPa with a scanning
speed of 1400 mm/s, while the compressive strain decreased from 28.3% to 15.5%. When
the scanning speed was kept as 1000 mm/s, the compression strength of the printed
alloy remained about 1650 MPa with an increase in the laser power from 100 W to 200 W
(Figure 8c,d). When the laser power increased from 100 to 180W, the compression strain
increased from 15% to 22.5% and then decreased to 20.5% as the laser power further
increased to 200 W.
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Figure 8. Compressive properties of the Zr-4 alloy at different laser powers and scanning speeds:
(a) compressive curves at different scanning speeds; (b) variation of the compressive strength against
the scanning speed (P = 130 W); (c) compressive curves at different laser powers; (d) variation of the
compressive strength against the laser power (V = 1000 mm/s).

Figure 9 shows the compression fracture morphologies of the LPBF-printed Zr-4 alloys
using different process parameters. The fracture surface of the printed alloy was mainly
composed of the quasi-cleavage planes with a laser power of 130 W and a scanning speed
of 400 mm/s (Figure 9a,d). When the scanning speed increased to 1000 mm/s, the fracture
surface was composed of cleavage and quasi-cleavage planes (Figure 9b,e). When the
scanning speed reached 1400 mm/s, obvious tearing edges and quasi-cleavage regions
between them were found on the fracture surface (Figure 9c¢,f). With the increase in the
scanning speed, the fracture surface gradually evolved from cleavage to semi-cleavage
and semi-quasi-cleavage plane and finally became a dominated cleavage fracture. Such an
increase in the cleavage region and a decrease in the quasi-cleavage and dimple regions are
the main reasons for the deterioration of ductility [42].

Comparatively, as the scanning speed was fixed as 1000 mm/s, the fracture surface
was relatively flat at the laser power of 100 W (Figure 9g). Cleavage planes could be
observed with a few quasi-cleavage areas (Figure 9i). When the laser power increased to
130 W, the quasi-cleavage regions increased. When the laser power reached 200 W, the
fracture surface presented an angle of 45° between the fracture surface and the horizontal
plane (Figure 9h). Additionally, all the surfaces were presented as quasi-cleavage planes,
where some possessed lamellar shedding boundaries (Figure 9j). The increase of the quasi-
cleavage regions led to an increase in the compression strain with the increase of the
laser power.
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Figure 9. Compression fractures of the Zr-4 alloy under different laser parameters: (a,d) P =130 W
and V =400 mm/s; (b,e) P = 130 W and V = 1000 mm/s; (c,f) P = 130 W and V = 1400 mm/s;
(g1) P =100 W and V = 1000 mm/s; (h,j) P = 200 W and V = 1000 mm/s.

The changes in laser power and scanning speed led to the variation of the energy
density. When a low laser power or high scanning speed was used, the resulted low laser
energy density caused the formation of defects such as cracks and pores. For example,
samples with a laser power of 130 W and a scanning speed of 1400 mm/s (energy density of
44 J/mm?) exhibited a relatively lower compressive strength (1540 MPa) and compressive
strain (15%), corresponding to a low relative density of ~98.5% (Figure 2c). Therefore,
with an increase in the laser power and a decrease in the scanning speed, the compressive
strength of the printed alloy was improved. Additionally, the scanning speed played an
important role in the interaction between the laser and the powder. A long interaction
period tended to cause oxidation and nitriding, which limited the mobility of dislocation
and hampered the ductility [43,44]. Consequently, a high energy density (80-120 J/mm?)
and a low scanning speed (below 800 mm/s) were recommended during LPBF.

4. Conclusions

A Zr-4 alloy with a high relative density and excellent mechanical properties was man-
ufactured by LPBF. Process optimization, surface roughness measurement, microstructure
observation, and mechanical properties analysis were conducted. The main findings are
presented as follows:

1.  The LPBF process parameters for printing the Zr-4 alloy were optimized as the
laser power of 120-160 W and the scanning speed of 600-1000 mm/s. A highest
relative density greater than 99.3% could be obtained with the energy density of
70-110 J/mm?3.

2. The top surface roughness of the alloy tended to reduce with the increase of the laser
power as well as the energy density at a certain scanning speed. The low roughness
of the alloy was achieved with laser powers of 120-140 W and scanning speeds of
1000-1100 mm /s and energy densities of 60-80 J/mm?.
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3. The microstructure of the printed Zr-4 alloy consisted of an «-Zr phase with an
average grain size of about 1 um. The x-Zr existed in the form of crisscross acicular
grains, determined by the temperature gradient of molten pools.

4. The laser power and scanning speed showed remarkable influences on the compres-
sive strength and compressive strain of the Zr-4 alloys. Under the laser power of
130 W, the compressive strength gradually decreased from 1950 MPa to 1540 MPa and
the compressive strain decreased from 28.3% to 15.5% with the increase in the scanning
speed from 400 mm/s to 1400 mm/s. When the scanning speed was 1000 mm/s and
the laser power increased from 100 W to 200 W, the compression strength remained
about 1650 MPa while the compressive strain tended to increase from 15% to 22.5%.
A high energy density (80-120 J]/mm?) and a low scanning speed (below 800 mm/s)
were recommended during LPBE.
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Abstract: Recently, laser polishing, as an effective post-treatment technology for metal parts fabricated
by laser powder bed fusion (LPBF), has received much attention. In this paper, LPBF-ed 316L stainless
steel samples were polished by three different types of lasers. The effect of laser pulse width on surface
morphology and corrosion resistance was investigated. The experimental results show that, compared
to the nanosecond (NS) and femtosecond (FS) lasers, the surface material’s sufficient remelting
realized by the continuous wave (CW) laser results in a significant improvement in roughness. The
surface hardness is increased and the corrosion resistance is the best. The microcracks on the NS
laser-polished surface lead to a decrease in the microhardness and corrosion resistance. The FS laser
does not significantly improve surface roughness. The ultrafast laser-induced micro-nanostructures
increase the contact area of the electrochemical reaction, resulting in a decrease in corrosion resistance.

Keywords: selective laser melting; laser polishing; 316L stainless steel; surface morphology;

electrochemical corrosion

1. Introduction

Additive manufacturing (AM), as an advanced technology, has received increasing
attention for its significant advantages in manufacturing high-strength and complex parts.
Compared with machining and other traditional manufacturing technologies, this tech-
nology shows significant advantages, such as high flexibility, no molds, material saving,
and reduced design cycle time [1-3]. It can manufacture digital models into solid parts
directly by accumulating materials layer-by-layer. As a representative AM technique, laser
powder bed fusion (LPBF) melts the metal powder in a predetermined scanning path by a
high-power laser beam and then shapes it after cooling and solidification [4,5].

316L stainless steel is austenitic stainless steel. With its high strength and excellent
corrosion resistance, 316L stainless steel has been widely used in aerospace, medical, food,
and chemical industries. For the manufacture of 316L stainless steel, LPBF shows many
advantages over traditional techniques, such as higher utilization of material, integrated
forming, and the ability to create complex structures [6-8]. However, the parts manufac-
tured by LPBF are prone to defects, such as unmelted powder, porosity, and cracks [9-12].
Moreover, due to the powder source material and layered manufacturing process, the
surface roughness (SR) of the LPBF-ed 316L stainless steel is very rough, which cannot
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meet the requirements of aerospace and biomedical use [13-15]. Therefore, post-treatment
is required to improve the surface quality of LPBF-ed parts. Currently, the technology for
polishing metal parts includes grinding, sand-blasting, and electropolishing. However,
these processes are still insufficient in polishing quality and efficiency for complex and
thin-wall structures.

Recently, laser polishing, as an effective post-treatment technology, has received much
attention for the advantages of non-contact, non-pollution, and high efficiency. With a
continuous wave (CW) or long-pulse laser, this technology relies on laser-induced remelting
and the subsequent rapid solidification of surface materials [16-19]. Previous studies show
that for the additive manufacturing parts with initial roughness below 8 um, pulsed lasers
can reduce surface roughness by 71.3%, whereas CW lasers can reduce surface roughness
by 84.4% [20,21]. Chen et al. used a CW laser to polish 316L stainless steel, reducing the
surface roughness by 92%. Meanwhile, the microhardness and corrosion resistance could
also be improved [22]. Pakin et al. studied the effect of processing parameters such as
repetition frequency, laser power, and scanning speed on the polishing quality of aluminum
alloys [23]. When the laser used for polishing is ultrafast, improved surface roughness is
achieved by removing convex materials. Hafiz et al. adopted a picosecond laser to polish
nickel-based alloy, and surface roughness could be reduced from 0.435 um to 0.127 pm [24].

Although laser polishing with different pulse widths can reduce the roughness of
metal surfaces, there are differences in the morphologies, metallographic structures, and
mechanical properties of material surfaces. The CW laser can quickly obtain a flat surface,
but the ultrafast laser can avoid the remelting and oxidation of surface materials. Currently,
there is still no clear conclusion on the need to use lasers with different pulse widths for
polishing metal components with different degrees of roughness.

In this paper, LPBF-ed 316L stainless steel with different initial surface roughness was
polished using different pulse width lasers. The polishing efficiency, surface morphology,
and phase composition achieved by the lasers with different pulse widths were analyzed.
The cross-sectional microstructures and microhardness were investigated. In addition,
the corrosion resistance characteristics of the laser-polished stainless steel surfaces were
also evaluated. This work aims to achieve flexible and fast polishing of 3D-printed metal
components with high roughness so that the prepared parts can meet the application
requirements of most fields.

2. Experimental Procedures
2.1. Materials Preparation

The experimental raw material was commercially available 316L powder (Table 1). The
powder morphology and size distribution are shown in Figure 1. The powder is spherical,
which is favorable for LPBF forming (Figure 1a). The powder size range was 15-65 pm
with 39.0 um average diameter and 8.1 um standard deviation (Figure 1b).

D=39.0=8.1pym

Y

20 30 40 50 60 70
Size (pm)

Figure 1. (a) SEM image and (b) size distribution of 316L stainless steel powders.
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Table 1. Chemical composition of the 316L stainless steel powder.

Element Ni Cr Mo C Mn Si Fe

Percent 10.72 16.96 2.44 0.01 0.73 0.51 balance

A batch of 15 x 15 x 15 mm? cubic 316L stainless steel was made by LPBF equipment
(SLM-100, Han's Laser Co. Ltd., Shenzhen, China) under a nitrogen atmosphere. The LPBF
process used a laser power of 180 W, a layer thickness of about 0.03 mm, and a scanning
speed of 300 mm/s. The adjacent molding layers are scanned 67° apart in the direction of
the LPBF process. Samples were cut from the substrate with an electric spark cutter and
cleaned sequentially by sonication in ethanol and deionized water for 10 min to remove
residual powder particles.

2.2. Laser Polishing Process

As shown in Figure 2b, the initial roughness of the LPBF-cube’s side surface (SS)
is 16.28 pm, and the top surface (TS) roughness is 8.12 um. To study the influence on
low-roughness surfaces by laser polishing, the SS was pretreated with 80-grit sandpaper,
and the SR was reduced to 0.97 um. Such a low roughness made the surface look shiny.
The pretreated SS was labeled P-SS. The adopted processing parameters are shown in
Table 2, and the laser polishing with an area of 5 x 5 mm? was carried out in an air
environment (Figure 2). This study used the average surface roughness, Sa, to evaluate the
laser polishing performance.

L A
: camﬁalva peter

Figure 2. Actual images of the (a) CW, (b) FS, and (c) NS laser processing systems.

Table 2. Parameters adopted for laser polishing.

CW Laser NS Laser FS Laser
Energy density (J/mm?) 417 0.69 0.076
Scanning speed (mm/s) 300 100 500
Pulse frequency (kHz) - 40 250
Number of Passes (-) 3 2 3

2.3. Microstructure and Mechanical Testing Method

The surface roughness of the samples was measured by a 3D laser confocal micro-
scope (Olympus, OLS 5000), and the surface morphology of the samples was observed by
scanning electron microscopy (SEM) (Carl Zeiss, GeminiSEM300, Oberkochen, Germany).
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The crystal phase of the samples was identified using X-ray diffraction (XRD) (SmartLab,
Tokyo, Japan).

The microhardness of polished LPBF-ed 316L stainless steel samples was achieved
using a nanoindentation method. The nanoindentation was carried out at a distance of
approximately 20 pm from the sample cross-section, with 20 um intervals each time, and
the experimental results were the average of 10 measurements. The test was performed
with a 500 mN load.

The electrochemical corrosion behaviors of samples were measured in 3.5% NaCl
solution through an electrochemical workstation using a three-electrode cell. The measured
316L stainless steel sample, a saturated calomel electrode (SCE), and a platinum foil were
used as working, reference, and counter electrodes. Open circuit potential (OCP) measure-
ments were performed for 1800 s to ensure that the working surface reached a relatively
stable state, and potentiodynamic polarization curves were obtained on OCP in the range
of —1.5V to +1.5 V with a scan rate of 0.5 mV/s. The impedance spectrum ranges from
1072~10° Hz with 10 mV AC signal amplitude. The following analytical tests were carried
out on TS samples.

3. Results and Discussions
3.1. Effect of Surface Roughness and Pulse Width on Laser Polishing Performance

Figure 3a shows the polishing performances of the lasers with different pulse widths.
For the P-SS with an initial Sa of 0.97 pm, the pulse width’s effect is not apparent. Moreover,
after laser polishing, the changes in roughness are also small. The FS laser polishing only
reduces the Sa by 0.12 um (Table 3), and similar results are also achieved using the CW and
NS lasers. However, the CW laser’s advantages come to the fore as the initial Sa increases.
For the SS with the biggest Sa of 16.28 pm, the CW laser can quickly decrease the Sa to
1.15 um, corresponding to a reduction of 92.9%. However, the Sa achieved by the NS laser
is 3.11 um, and the FS laser polished SS still possesses a Sa of 11.2 um. Previous studies
mainly focused on metal components with an initial roughness below 8 um [15,20]. The
maximum roughness of 16.28 pm is much higher than the previous research. With a high
scanning speed of 300 mm/s, the CW laser can quickly reduce the roughness from 16.28 um
to about 1 um. This reveals that the research result is very significant in polishing efficiency.

(a) 18 (b)
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Figure 3. (a) Surface roughness of the polished samples with different laser pulse widths. (b) Object
picture of the LPBF-ed 316L stainless steel.
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Table 3. Surface roughness of the polished samples with different laser pulse widths.

Sa (um)
Samples P-SS TS SS
LPBF-ed 316L stainless steel 0.97 8.12 16.28
CW laser polishing 0.76 1.24 1.15
NS laser polishing 0.86 2.53 3.11
FS laser polishing 0.85 8.66 11.20

3.2. Effect of Laser Polishing on Microstructure

Figure 4 shows the surface morphologies of the samples before and after laser pol-
ishing. On the TS of the original LPBF-ed 316L stainless steel, some powder particles
that are not entirely melted can still be observed (Figure 4a). Moreover, the laser-parallel-
scanning-induced metal remelting is accompanied by sputtering. The above causes result
in a ripple-like rough surface. The powder particles and ripples disappeared from the
sample’s surface after CW laser polishing (Figure 4b). This is attributed to the remelting
of materials (Figure 5). The laser-melted material flows by gravity and then re-solidifies,
flatting the rough surface. However, the thermal stresses inside the material during the
cooling process cause cracks on the polished surface (Figure 4b).

Bl =¥

e ""M} o-ﬁanorstluctule

N o |

Figure 4. Surface morphologies of the (a) original, (b) CW, (c) NS, and (d) FS laser-polished 316L
stainless steel surfaces.

Compared to the CW laser-polished surface, the cracks become more obvious on the
NS laser-polished surface (Figure 4b,c). This is because the NS laser has much less time
to act on the material than the CW laser, resulting in a smaller heat conduction depth
(Figure 4). The increased temperature difference along the normal direction of the material
surface leads to an increase in thermal stress, making the crack more obvious. The FS laser
polishing is based on removing convex materials (Figure 5). After three-laser scanning,
the amount of material removal is very small (Figure 4d). Meanwhile, a new micro-nano
structure is induced on the material surface, resulting in an insignificant reduction in
roughness (Figure 3a). However, the cold processing effect caused by the ultrashort laser
avoids the recast layer caused by the material melting, and the thermal-stress-induced
microcracks are also inhibited (Figure 4d).
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Figure 5. Schematic illustrating the laser polishing with different pulse widths.

3.3. Surface XRD Analysis

Figure 6 shows the surface XRD patterns of the LPBF-ed 316L stainless steel samples
before and after laser polishing. It can be seen that on the original sample, diffraction peaks
with different intensities appear at 43.8°, 51.1°, and 74.9°, corresponding to face-centered
cubic austenite (111), (200), and (220) crystal faces, respectively. After surface polishing
with the three kinds of laser, no new diffraction peaks can be observed. This indicates that
no new phase is generated on the polished surface, regardless of the pulse width of the
laser used. This may be attributed to the high nickel content in 316L stainless steel, and the
nickel can inhibit the formation of other phases [22].

FS laser polishing (220)
[

(111) (29 0
: A
NS laser polishing l

Intensity (a.u)
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Figure 6. XRD patterns of the LPBF-ed 316L stainless steel before and after laser polishing.

3.4. Cross-Sectional Microstructure

Figure 7 exhibits the cross-sectional micrographs of original and laser-polished sam-
ples. The original LPBF-ed 316L stainless steel shows an uneven surface (Figure 7a). The
semicircular metallographic organization caused by the unidirectional cooling of the melt
pool is also clearly visible. After the CW laser polishing, the rough surface becomes flat,
and a 49.08 um remelted layer is formed (Figure 7b). Since the NS laser possesses a lower
thermal effect, the remelted layer’s thickness is decreased to 36.53 um (Figure 7c). The FS
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laser polishing mainly depends on removing convex material (Figure 7d), so the improve-
ment in surface roughness is limited. However, the cold processing effect caused by the
ultrashort laser prevents the material from remelting.

Figure 7. Cross-sectional micrographs of the (a) original, (b) CW, (c) NS, and (d) FS laser-polished
316L stainless steel surfaces.

3.5. Cross-Sectional Microhardness Measurement

To evaluate the impact of different pulse width lasers on the specimens along the depth
direction, a microhardness measurement was performed on the sample’s cross-sections.
As shown in Figure 8, the average microhardness of the original LPBF-ed 316L stainless
steel is about 3.11 Gpa, and the microhardness remained almost constant with increasing
depth. The average hardness for the CW, NS, and FS laser-polished samples is 3.16 Gpa,
2.93 Gpa, and 3.04 Gpa, respectively. Figure 8a shows that the hardened layer of about
60 um thickness is formed on the CW laser-polished sample. Related studies have shown
that laser-polished additive manufactured parts produce gradient-hardened layers [25-27].
The cracks and thinned remelting layer for the NS laser-polished surface lead to decreased
microhardness. Since there is no remelting layer on the FS laser-polished sample, the
microhardness is almost constant along the depth direction.
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Figure 8. (a) Microhardness distributions and (b) average hardness of original and laser-polished
samples.
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3.6. Electrochemical Analysis
3.6.1. Potentiodynamic Polarization Studies

The polarization curves of original and laser-polished samples are shown in Figure 9,
and Table 4 shows the corresponding corrosion currents and potentials calculated by the
Tafel extrapolation method. The higher the corrosion potential of the sample, the better the
corrosion resistance. Moreover, the corrosion current determines the corrosion rate [28].
Surface roughness is essential to the material’s corrosion resistance [29]. The roughness
reduction caused by CW laser polishing increases the corrosion potential and decreases
the corrosion current. This indicates that the corrosion resistance is improved, and the
corrosion rate is reduced [30]. The corrosion resistance of the NS laser-polished sample is
not improved due to the surface cracks. During the electrochemical test, the electrolyte
may penetrate the material along the cracks, resulting in corrosion inside the sample. The
FS laser polishing does not obtain an improvement in surface roughness. Moreover, the
ultrashort laser-induced micro-nanostructures increase the electrochemical reaction area,
decreasing corrosion resistance. The polarization characteristics of the laser-polished P-SS
and SS are consistent with the results shown in Figure 9 (Appendix A Figure Al). This
indicates that the initial roughness does not affect the corrosion resistance of laser-polished
samples with different pulse widths.

— LPBF-ed 316L stainless steel
— CW laser polishing

-1F — NS laser polishing

ot — FS laser polishing

[(A)

g

Lo

_Q 1 1 1 1 1 1
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Figure 9. Potentiodynamic polarization curves of original and laser-polished samples.

Table 4. Quantitative information of four samples from the potentiodynamic polarization curves.

Samples Corrosion Potential (V) Corrosion Current (A)
LPBF-ed 316L stainless steel -0.577 —7.181
CW laser polishing —0.432 —7.722
NS laser polishing —0.797 —6.909
FS laser polishing —0.847 —6.038

3.6.2. Electrochemical Impedance Spectroscopic (EIS) Studies

The EIS spectra of the original and laser-polished samples are shown in Figure 10.
Capacitive arcs can be observed on the Nyquist plots for all the samples (Figure 10a), which
indicates that the corrosion reactions occurred at the stainless steel/electrolyte interface.
The capacitive arc’s radius is essential for assessing corrosion resistance [31,32]. A large
radius usually indicates excellent corrosion resistance. As shown in Figure 10a, the CW
laser-polished sample’s radius is more significant than that of the other three samples,
indicating the most vigorous corrosion resistance.
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Figure 10. Measured and simulated (a) Nyquist curves, (b) Bode impedance, and (c) Bode phase
angle of original and laser-polished samples. (d) Electrochemical equivalent circuit model.

To further analyze the corrosion mechanism, an equivalent circuit model, shown in
Figure 10d, was used to fit the impedance data. R, R¢, and Rt represent the resistances of
electrolyte solution, passivation film, and charge transfer, respectively. Qf and Qg represent
the passivation film capacitance and the double-layer capacitance. The fitted EIS parameter
is shown in Table 5. The chi-squared values () ranged from 2.5 x 102 t0 1.9 x 1073,
indicating a good agreement between the EIS data and the fitting results.

Table 5. EIS fitting results of an equivalent circuit model for original and laser-polished samples.

Rg R¢ Rt 2
Sample (Q cm?) Qs (O cm?) Qar (2 cm?) &
LPBF-ed 316L stainless steel 29.14 8.67 x 107° 74.05 740 x 107®  4.13 x 10° 2.5 x 107>
CW laser polishing 27 9.86 x 1077 2900 3.14 x 107° 4.5 x 106 9 x 1074
NS laser polishing 34.37 7.27 x 107° 25.15 3.20 x 1072 49,955 1.9 x 1073
FS laser polishing 24.53 391 x 107° 3.776 1.98 x 104 554,950 1.0 x 107*
The corrosion rate r is inversely proportional to R [33]:
Ra xr=K (1)

Since K is a constant, Rt depends on the charge transfer rate caused by the Faraday
process of redox reactions occurring on the electrode surface. As such, R¢ can be used to
evaluate the corrosion resistance. As can be seen in Table 5, the CW laser-polished surface
with the highest R of 4.5 x 10 Q) cm? shows a lower corrosion rate than the other three
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samples. In addition, the CW laser-polished sample also has the lowest Q¢ and the highest
R¢, which indicates a stable passivation film and high corrosion resistance [34,35].

3.6.3. Electrochemical Corrosion Morphology

Figure 11 shows the corrosion micromorphologies of four samples after the EIS tests.
Some corrosion pits can be observed on the original surface of the LPBF-ed 316L stainless
steel (Figure 11a). Compared to the original sample, the corrosion pits on the CW laser-
polished specimen are significantly reduced. Only a few micro-sized corrosion pores can be
observed (Figure 11b). The corrosion pits on the NS laser-polished sample are mainly due
to the surface cracks (Figure 11c). A large number of bumps on the FS laser-polished sample
leads to the incompleteness of the passivation film during the corrosion process. The NaCl
solution tends to corrode the material interior along these surface defects, resulting in a
severely corroded surface (Figure 11d).

Figure 11. Surface corrosion morphologies of the (a) original, (b) CW, (c) NS, and (d) FS laser-polished
316L stainless steel samples.

3.6.4. Corrosion Mechanism

The corrosion mechanism of the original and laser-polished 316L stainless steel sam-
ples is shown in Figure 12. The oxidation reaction occurs at the anode:

Fe — 2e~ — Fe?* ()

Cr —2e~ — Cr?* (3)
The reduction reaction occurs at the cathode:
O, + 2H,0 + 4e~ — 40H™ 4)

The metal cations produced by the anodic reaction readily react with CI~ in the NaCl
solution to form metal chlorides, resulting in the continued dissolution of the metal in

the solution:
Cr** +2C1~ — CrCl, (5)
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Fe?* + 2C1~ — FeCl, (6)

Next, the unstable CrCl, and FeCl, are easily transformed into Fe;O3 and Cr,O3
oxides due to the oxygen dissolved in the solution. The passivation film formed by the
metal oxides can slow down the corrosion process of the material surface. However, the
presence of surface microcracks leads to the erosion of Cl1~ inside the material, promoting
the formation of corrosion pits [36].

In summary, the rough structure on the original and FS laser-polished surface de-
stroyed the integrity of the passivation film, leading to the formation of corrosion pits. The
microcracks on the NS laser-polished sample also damaged the passivation film, resulting
in a severely corroded surface. In contrast, the CW laser polishing could remove most of
the defects on the LPBF-ed 316L stainless steel and obtain a flat surface, improving the
corrosion resistance [37,38].
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Figure 12. Corrosion mechanism diagram of the (a) original and (b) laser-polished 316L stainless steel.

4. Conclusions

In this study, the surface morphologies and corrosion behaviors of LPBF-ed 316L
stainless steel polished with different laser pulse widths were investigated.

(1) Although the NS laser can also significantly reduce the surface roughness, the
generated microcracks decrease the microhardness and corrosion resistance.

(2) The FS can avoid the formation of remelting layers, but its improvement in the
roughness is very limited. Moreover, the ultrashort pulse laser-induced micro-nanostructures
increase the contact area of the electrochemical reaction, resulting in a decrease in corrosion
resistance.

(3) The demonstrated advantage of the CW laser over the FS and NS laser is decided
by the initial roughness. The surface material’s sufficient remelting realized by the CW
laser can significantly improve the roughness. When the initial roughness of LPBF-ed
stainless steel is higher than 10 um, the CW laser can quickly reduce the surface roughness
of LPBF-ed stainless steel to about 1 um. Meanwhile, the surface hardness and corrosion
can also be improved. The research results suggest that CW laser polishing presents promis-
ing applications in the pretreatment of LPBF-ed parts for ocean engineering, mechanical
transmission, and punching die. However, compared to electrochemical polishing, the
roughness of the laser-polished surface is still high. For applications requiring a surface
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roughness below 500 nm, the laser-polished surface must be treated using chemical and
mechanical methods to further reduce the roughness.
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Appendix A

Appendix A Figure Al shows the polarization curves of initial and laser-polished
P-SS and SS samples. The corresponding corrosion current and potential are listed in
Tables Al and A2, respectively. The experimental results show that the influence of laser
pulse width on the polarization characteristics of P-SS and SS samples is consistent with
the results shown in Figure 8. The CW laser-polished surfaces possess the best corrosion
resistance. This indicates that the initial roughness does not affect the corrosion resistance
of laser-polished samples with different pulse widths.
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Figure A1. Comparison of polarization curves of initial and laser-polished (a) P-SS and (b) SS.

Table Al. Quantitative information of P-SS samples before and after laser polishing.

Corrosion Potential (V) Corrosion Current (A)
LPBF-ed 316L stainless steel —0.805 —6.168
CW laser polishing —0.371 —7.273
NS laser polishing —1.054 —5.752
FS laser polishing —0.836 —5.398
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Table A2. Quantitative information of SS samples before and after laser polishing.

Corrosion Potential (V) Corrosion Current (A)

LPBF-ed 316L stainless steel —0.522 —6.793
CW laser polishing —0.453 -7.721

NS laser polishing —0.688 —6.522

FS laser polishing —0.930 —5.009

Figure A2 shows the influence of laser energy density, scanning speed, and processing
times on the roughness of laser-polished surfaces. As shown in Appendix A Figure A2a,
when the scanning speed of the CW laser was fixed at 300 mm/s, the surface rough-
ness could decrease to 3.2 um with the laser energy density ranging from 2.53 J/cm? to
5.82 J/cm?. An energy density outside this range resulted in an increase in the surface
roughness. With the optimized laser energy density of 4.17 ] /cm?, the optimal laser scan-
ning of 300 mm/s could also be obtained (Figure A2a). The repetition frequencies of the FS
laser and NS laser were fixed at 250 kHz and 40 kHz, respectively. Figure A2b shows that
the optimized energy density and scanning speed for the NS laser polishing are 0.69 J /cm?
and 100 mm/s. The optimal parameter combination for the FS laser polishing was an energy
density of 0.076 ] /cm? and a scanning speed of 500 mm /s (Figure A2c). Figure A2d shows that
the optimal processing times for the CW, NS, and FS laser polishing are 3, 2, and 3, respectively.
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Figure A2. The influence of laser energy density and scanning speed on the roughness of (a) CW,
(b) NS, and (c) FS laser-polished LPBF-ed stainless steel surfaces. (d) The influence of processing
times on the roughness of laser-polished surfaces.
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Abstract: Aging is indispensable for balancing the strength and ductility of selective laser melted
(SLM) precipitation hardening steels. This work investigated the influence of aging temperature and
time on the microstructure and mechanical properties of SLM 17-4 PH steel. The 17-4 PH steel was
fabricated by SLM under a protective argon atmosphere (99.99 vol.%), then the microstructure and
phase composition after different aging treatments were characterized via different advanced material
characterization techniques, and the mechanical properties were systematically compared. Coarse
martensite laths were observed in the aged samples compared with the as-built ones, regardless of the
aging time and temperature. Increasing the aging temperature resulted in a larger grain size of the
martensite lath and precipitation. The aging treatment induced the formation of the austenite phase
with a face-centered cubic (FCC) structure. With prolonged aging treatment, the volume fraction of
the austenite phase increased, which agreed with the EBSD phase mappings. The ultimate tensile
strength (UTS) and yield strength gradually increased with increasing aging times at 482 °C. The UTS
reached its peak value after aging for 3 h at 482 °C, which was similar to the trend of microhardness
(i.e., UTS = 1353.4 MPa). However, the ductility of the SLM 17-4 PH steel decreased rapidly after
aging treatment. This work reveals the influence of heat treatment on SLM 17-4 steel and proposes an
optimal heat-treatment regime for the SLM high-performance steels.

Keywords: selective laser melting; 17-4 PH steel; aging treatment regimes; microstructural evolution;
mechanical properties

1. Introduction

As a typical additive manufacturing technique, selective laser melting (SLM) has
gained great attention due to its unique advantages in fabricating sophisticated metallic
parts [1]. Based on the powder bed fusion principle, a high-energy laser beam is used in
the SLM technique to melt the powder feedstocks in a layer-by-layer sequence. Unlike
conventional manufacturing methods, due to the micro-sized laser spot and fine particles,
the SLM technique can fabricate metallic components with extremely high precision and
geometrical complexity [2]. Additionally, the high-energy laser beam induces an ultra-high
cooling rate during rapid solidification compared to conventional manufacturing tech-
niques [3]. The laser absorptivity of the materials determines the quality of the components
to a large extent [4]. Thus, the SLM-produced metallic components are commonly featured
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as equivalent or better mechanical properties [5]. To date, the SLM technique has been
applied to the manufacturing of various kinds of metallic and composite materials, such as
Ti alloys [6], Ni-based superalloys [7], Al-based alloys [8,9], Mg-based alloys [10,11], and
Fe-based alloys [12].

Among all the steels, 17-4 PH (precipitation hardened) steel possesses an outstanding
combination of high strength, excellent corrosion resistance, and favorable toughness [13-15].
Thus, 17-4 PH steel has been widely used in the tooling, molding, aerospace, and automotive
industries [16-18]. Moreover, 17-4 PH steel is an excellent candidate for the SLM process
due to its good weldability and wettability. Recently, some studies reported that the 17-
4 PH steel fabricated by SLM achieved excellent mechanical properties by using optimal
processing parameters [19,20]. Averyanova et al. [21] investigated the effect of the main
processing parameters of SLM-fabricated 17-4 PH steel under the guidance of a fractional
factorial approach. Although a complex function considering physical and geometrical
parameters has been proposed, it merely describes the shapes of the fused tracks, while
the mechanical properties based on the process parameters window were not reported. To
further investigate the impacts of laser mode on microstructure features and mechanical
properties, Ozsoy et al. [22] studied the impact of unique factors associated with pulsed laser
processing using a design of experiments method. They successfully obtained SLM 17-4
PH steel samples with good mechanical performances (ultimate tensile strength = 899 MPa,
elongation = 22.3%). However, the mechanical properties of 17-4 PH steel are still not adequate
for some load-bearing applications.

Generally, the cyclic heating of deposited layers by subsequent laser movement in
adjacent tracks and layers may trigger the precipitation of nano-scaled particles within
the martensite matrix during the SLM process [23]. SLM-manufactured 17-4 PH steels are
characterized by ultra-fine grains and a quantity of nanoparticles due to the intrinsic heat
treatment (IHT) [24,25]. This IHT effect may also result in excellent strength for precipitation
hardening steels such as 17-4 PH or maraging steel 300 (MS300) in the as-built condition [26].
However, limited improvement in the IHT effect means that SLM-manufactured 17-4 PH
steels in as-built conditions cannot reach the standard of mechanical properties due to
insufficient precipitation time.

Thus, post heat-treatments, such as solution and aging processes, are indispensable
for 17-4 PH steels. The highly dispersed nano-scale soft Cu-rich particles induced by the
post-heat treatments significantly improve the steel strength via the Orowan strengthening
mechanism [27]. Many studies have demonstrated the significance of aging treatments
for conventionally manufactured 17-4 PH steels. As such, inspired by the traditional
heat treatments, heat-treated 17-4 PH steels are gradually becoming popular within the
SLM community. Rafi et al. [28] reported that post-heat treatments such as solution and
aging processes ameliorate the mechanical properties of SLM 17-4 PH steel. However,
suitable post-heat treatments for SLM 17-4 PH steel samples were not summarized. Pase-
bani et al. [29] found that a high-temperature solution treatment would deteriorate the
mechanical performance due to the coarsened martensite microstructure.

Most studies have focused on the effects of powder preparation methods, volumetric
energy densities, and solution treatments on the microstructure and mechanical perfor-
mance of 17-4 PH steel. However, systematic investigations on the direct aging treatment
parameters for SLM 17-4 PH steels have not been fully completed and clearly understood.
To fill this research gap, microstructural evolutions of SLM 17-4 PH steels treated at differ-
ent aging temperatures and times were carefully characterized to reveal the influence of
aging. The corresponding mechanical properties were also studied and analyzed based on
microstructure features, especially the precipitation behavior.
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2. Experimental Details

In this work, spherical 17-4 PH steel powder (Figure 1a) ranging from 30 um to 40 pm
was used as the feedstocks for SLM fabrication. The chemical composition is presented
in Table 1. The 17-4 PH steel samples were fabricated using an SLM apparatus of three-
dimensional System ProX-200, which was equipped with a fiber laser with a spot diameter
of 75 pm, a maximum power of 300 W, and a wavelength of 1070 nm. The SLM fabrication
process was conducted in a sealed chamber filled with a protective argon atmosphere
(99.99 vol.%). During the SLM, the oxygen content of the atmosphere was controlled to
below 200 ppm to avoid oxidation. Prior to the SLM fabrication, the feedstock powders
were dried in a vacuum oven at 180 °C for 5 h. The SLM samples were fabricated using
the optimal processing parameters to obtain the best relative density (i.e., 99.8 £ 0.12%),
as determined by previous researches: a laser power of 200 W, a laser scanning speed of
300 mm/s, a hatch distance of 70 um, and a layer thickness of 30 um. Cubic samples with
dimensions of 10 mm x 10 mm X 10 mm were fabricated for microhardness measurements
and microstructure characterizations. Tensile samples were produced to investigate of the
mechanical properties. A scheme of the tensile test specimens is presented in Figure 1b.

Figure 1. (a) Surface morphology of the 17-4PH steel powder; (b) scheme of the tensile test specimens
used for the SLM fabrication.

Table 1. Chemical composition of the 17-4 PH steel powder (provided by EOS GmbH).

Elements C Cr Ni Cu Mo Nb Mn Si P S Fe
Welgh(tvftef/cfntage <0.07 15.0-17.0 3.0-5.0 3.0-5.0 <06 <045 <15 <07 <004 <0.03 Bal.

Many researchers simply recommend an aging temperature and time of 482 °C and
1 h without providing any reason [28-30]. However, it is important to explore the effects
of aging parameters on SLM 17-4PH steels. Therefore, different aging temperatures and
times ranging from low to high levels were selected for this study. Following SLM man-
ufacturing of the 17-4PH steel samples, direct aging treatments were carried out under
various temperatures (from 382 °C to 682 °C) and duration times (from 0.5 to 5 h). These
samples are denoted as X °C-Y h, indicating that the samples were aged at X °C for Y h
(i.e., 382 °C-2 h representing 382 °C for 2 h).

To determine the phase composition, X-ray diffraction (XRD, Bruker D8 Advance)
characterization was performed on the SLM-manufactured 17-4PH steel samples, targeting
Cu Ko at a voltage of 40 kV and a current of 35 mA. The XRD spectra were collected
by scanning 20 angles ranging from 30° to 60° with a scanning step size of 0.02°. For
microstructure observation, the SLM-manufactured 17-4PH steel samples were polished
following the standard metallographic process and then etched with a solution of 5 g FeCls,
20 mL HCl, and 100 mL alcohol. The microstructure evolution of the SLM 17-4PH steel
samples was investigated along the cross-sections of the building direction using optical
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microscopy (OM, OLYMPUS-DP71, Tokyo, Japan) and scanning electron microscopy (SEM,
FEI Quenta 450, Portland, OR, USA). The electron-backscattered diffraction (EBSD, TSL-
OIM) characterization was conducted on the SLM 17-4PH samples to determine the grain
size and crystal orientation. The EBSD scanning was performed at a step size of 70 nm to
ensure the adequate resolution of the grains.

Tensile tests of the SLM samples were conducted at a strain rate of 1 mm/min via a
universal testing system (INSTRON 5982, Boston, MA, USA). A total of 4 tensile samples
were tested in each state of the 17-4 PH steel. The maximum force applied by the universal
testing machine Instron 5982 was 100 kN. All sample surfaces before the tests were ground
(Ra < 3.2 um) to avoid measurement errors caused by poor or uneven surfaces. The Vickers
microhardness of the SLM-fabricated 17-4 PH steel samples was tested at a load of 500 gf
and a dwelling time of 15 s on a microhardness tester (Struers DuranScan 70 G5, Kuchl,
Austria). The microhardness values of each sample were averaged over 10 tests. To ensure
repitablity and accurancy of the test results, the SLM 17-4PH steel samples before and after
different heat treatments were divided into nine groups with five cubic samples for phase
detection, microstructural observations, and microhardness measurements, and four tensile
samples for mechanical property tests. Please note that only typical experimental results
were reported within this study.

3. Results and Discussion
3.1. Microstructural Evolution in As-Built Condition

Figure 2 presents the microstructure features and phase distribution of the as-built
17-4 PH steel along the building direction. The as-built samples were crack-free, and
only a few tiny pores (white arrow) were observed in Figure 2a. Block structures (red
arrow) consisting of numerous equiaxed grains (blue arrow) were the main features of
the microstructure of as-built samples. Combined with the orientation map and phase
distribution map (Figure 2b,c), each packet (purple arrows in Figure 2b) included several
blocks that were composed of martensite laths with different misorientations. Moreover,
a typical epitaxial growth of the coarse columnar structures (black arrows in Figure 2b)
dominated the microstructure of the melt pool boundary of the as-built samples. This
solidification mode was driven by the ratio of the thermal gradient (G) and cooling rate
(R). Specifically, a large AG and a low R existed at the molten pool boundaries near the
solidified components, leading to the growth of columnar dendrites perpendicular to the
boundaries of the molten pool.

Interestingly, a quantity of ultra-fine austenite phase (mainly equiaxed grains in
Figure 2c) also formed at the bottom of the molten pools (marked by pink arrows). This
phenomenon was most likely due to the intrinsic heat treatment (IHT) of the SLM process.
The repetitive re-heating and re-cooling induced by the laser scanning resulted in an IHT
effect at temperatures between 300-500 °C, also known as a self-tempering effect [31].
This effect not only promoted the precipitation process of the nano Cu-rich particles [32],
but also triggered the generation of the reverted y-Fe phase (i.e., 3.7 vol.% within the
as-built samples). Furthermore, a large fraction of high-angle grain boundaries (HAGBs)
(i.e., 66%) was detected in the as-built samples, as presented in Figure 2d, resulting in a
large average grain size of the as-built samples (around 10.19 pm). The low-angle grain
boundaries (LAGBs) of 34% also indicated a large quantity of dislocations in the as-built
17-4PH steel samples.
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Figure 2. Microstructures of the SLM 17-4 PH steel under as-built conditions: (a) SEM; (b) IPF map;
(c) phase distribution; (d) grain boundary map.

3.2. Microstructure and Phase Composition in Aging Conditions

Direct aging treatment is an effective method to improve the mechanical properties of
martensitic precipitated hardening stainless steel, particularly with regard to temperature
and time. Figure 3 presents the effects of aging temperature on the microstructure of the
SLM 17-4 PH steel samples. Overall, columnar dendrites dominated the microstructure
of the lath-like martensite matrix after aging at different temperatures. Comparatively,
the dendrites in the samples aged at low temperatures (Figure 3a,b) were finer than those
aged at high temperatures (i.e., Figure 3c,d). The primary dendrites (marked by red
arrows in Figure 3c) and secondary dendrites (marked by blue arrows in Figure 3d) were
formed with the increasing aging temperature. The essence of aging treatment is a type
of tempering process. Therefore, when the 17-4 PH steel was aged at a high temperature
(e.g., >500 °C), the lath-like martensite rapidly coarsened, further negatively impacting its
mechanical properties.

Moreover, the critical effect of aging treatment is the generation of dispersive nano-Cu
particles within the martensite matrix to enhance its material properties [33]. Nanoparticles
were scarcely observed within the aged samples at 382 °C for 1 h, while the quantity
of precipitated nano-Cu particles (marked by white arrows) swiftly increased with the
rising temperature (from 482 °C to 682 °C). Particularly, numerous nano-Cu particles were
detected in the aged samples treated at 682 °C for 1 h (Figure 3d). Overall, although
the lath width treated at 382 °C was not obviously coarsened, there was no effective
precipitation hardening effect (i.e., very few nano precipitates), indicating an under-aging
state. After aging above 582 °C, large quantities of nanoparticles were evenly distributed
in the matrix, but the lath width was clearly coarsened, biasing towards an over-aging
state. Therefore, the 17-4 PH steel, after holding at 482 °C for different times, will be
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explored in the following section, taking into account the microstructure and the number
of precipitated nanoparticles.

R\ 482°C-1h |
"y A'c

Figure 3. Microstructural evolution of the aged SLM 17-4 PH steel at various aging temperatures for
1 h: (a) 382 °C; (b) 482 °C; (c) 582 °C; (d) 682 °C.

To discuss the microstructural evolution during the aging treatment, high-magnification
SEM images of the aged samples under different holding times are displayed in Figure 4.
Typical lath-like martensite with coarsened secondary dendrites was clearly detected
(marked with blue arrows), particularly for long holding times (Figure 4c,d). The strength
and hardness of under-aged 17-4 PH steel were restricted despite the fact that the mi-
crostructure coarsening caused by short-term aging treatment was not obvious. Long-term
aging treatment was beneficial to the precipitation and growth of the nanoparticles, but
the coarsened lath martensite greatly reduced its mechanical properties. Therefore, it is
extremely significant to seek a desirable combination of the aging temperature and time.

To analyze in detail the reason for under-aging and over-aging phenomena due to the
synergic effects of temperature and time, EBSD characterizations were conducted on SLM
17-4 PH steel after different aging treatments. Unlike the coarse packets observed in the
as-built samples (Figure 2b), columnar grains with a specific growth direction were replaced
by the fine and homogenous martensite laths (Figure 5a). According to the statistics, the
average grain size of the SLM 17-4 PH samples was reduced from 10.186 um (as-builts state)
to 3.479 um (482 °C-1 h aged state), 4.599 um (482 °C-3 h aged state), and 3.399 um (582 °C-
1 h aged state). Only some molten pools (marked by blue arrows) could be identified
within the aged samples treated for 1 h, as displayed in Figure 5a,g, whereas they were
difficult to detect in the aged sample designated 482 °C-3 h (Figure 5d). As depicted in
Figure 5b,e h, a similar phenomenon could also be found in the grain boundary distribution
statistics. The fraction of the HAGBs within the 482 °C-3 h aged samples (i.e., 76.9%) was
higher than that within the short-term aged samples (i.e., 65.2% in the 482 °C-1 h aged
samples and 73.7% in the 582 °C-1 h aged samples). LAGBs hinder dislocation movement
more significantly than HAGBs [34]. Thus, a higher fraction of LAGBs in the as-built
samples (Figure 2d) contributed more strongly to the strengthening mechanism in terms of
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dislocation movement. However, long maintaining times and high treating temperatures
were powerful factors to facilitate dynamic recovery (DRC) and recrystallization (DRX)
via the aging processes, which further led to the annihilation of a quantity of subgrain
boundaries and dislocations. As such, LAGBs greatly decreased from 34% in the as-built
state (Figure 2d) to 23.1% in the 482 °C-3 h aged state (Figure 5e). Generally, as for the
17-4 PH steel, precipitation hardening could become a major strengthening mechanism
instead of the working hardening triggered by high-density dislocation walls.

°C-05

~

B "182°C 5h |

Figure 4. Microstructure features of the aged SLM 17-4 steel at 482 °C for different holding times:
(a) 0.5h; (b)2h; (c) 3h; (d) 5 h.

Furthermore, phase mapping was also conducted on the aged samples to reveal the
distribution and evolution of the reverted austenite (y-Fe phase) within the 17-4 PH steel.
After aging treatment at 482 °C for 1 h, the volume fraction of the austenite phase increased
to 4.5% (Figure 5c) from 3.7% in the as-built sample (Figure 2c). With the prolongation of
aging time to 3 h, the austenite phase further increased to 12.0% (Figure 5f). A high aging
temperature of 582 °C for 1 h also resulted in an increase of the austenite phase to 8.2%
(Figure 5i), compared with the aged sample at 482 °C for 1 h. Interestingly, the reverted
austenite (i.e., y-Fe phase) was concentratedly formed at the interface of the molten pools
(marked by red arrows) after the aging treatments, as presented in Figure 5c,i. This was
most likely due to the aging treatments contributing to the promotion of growth of the
in situ generated y-Fe phase around the molten pools. Notably, compared to other aged
samples (Figure 5¢,i), aging time was a critical factor to boost the formation of the y-Fe
phase (i.e., 12.0% in Figure 5f), leading to good ductility. Therefore, balancing the aging
temperature and holding time was important to obtain excellent mechanical properties in
the 17-4 PH steel.
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Figure 5. EBSD characterizations of the SLM 17-4 PH steel samples under different conditions:
(a—c) aged samples at 482 °C for 1 h; (d—f) aged at 482 °C for 3 h; (g—-i) aged at 582 °C for 1 h. IPF
images are shown in the first row, grain boundary distribution in the second row, and phase mapping
in the third row.

To further identify the phase distribution, XRD analysis was conducted on the SLM
17-4 PH steel under different aging states. As shown in Figure 6, the dominant phase
compositions of the aged samples were o’-Fe phase (JCPDS # 06-0696) and y-Fe phase
(JCPDS # 23-0298). Figure 2c shows that the SLM 17-4 PH samples in the as-built state
were mainly composed of the «’-Fe phase with a BCC structure and a small amount of
v-Fe phase with a FCC structure. Notably, the y-Fe phase within the as-built samples
did not exclusively include the retained austenite (i.e., y-Fe phase) due to an incomplete
transformation of austenite to martensite at a high temperature. The samples also included
reverted austenite (named y’-Fe phase to show this distinction) caused by the IHT effect
during the SLM. After being processed by the aging treatment at various temperatures
(Figure 6a) and times (Figure 6b), the reverted austenite with an FCC structure was rapidly
formed alongside numerous nano-Cu particles. In short, phase transition within the aged
samples can be described as follows:

, aging treatment
—_—

o +v+y o« +7v' +nano — Cu particles
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Figure 6. XRD spectra of the SLM-manufactured 17-4 PH steel samples under different (a) aging
temperatures and (b) aging times.

The types of austenite (i.e., retained austenite and reverted austenite) could not be
precisely distinguished. Thus, only “y-Fe phase’ will be used throughout the remainder of
this manuscript to improve readability. To quantitatively determine the amount of y-Fe
phase in the aged samples, a Reference Intensity Ratio (RIR) and Rietveld Refinement
analysis were conducted on the XRD spectrum of the SLM 17-4 PH steel samples under
different aging conditions. The “error” in Table 2 represents the difference between the fitted
curves and the XRD spectra; i.e., fitting curve error. As displayed in Table 2, the volume
fraction of the y-Fe phase increased with further aging treatment, which agreed with the
EBSD phase mapping results (i.e., Figure 5¢ f,i). This increase in austenite content at higher
aging temperatures and longer duration complied with the phenomena reported in the
previous section. Notably, the aging time was more vital than the holding temperature in
determining the outcome of long-term aging (i.e., 19.6%). The formation of austenite grains
through reversion from the martensite phase was most likely to occur at the boundaries
of martensite laths during elongated aging times and elevated temperatures. Reverted
austenite is beneficial to the chemical stabilization process by diffusing alloying element
constituents and promoting ductility [35]. Nonetheless, the high-content y-Fe phase was
accompanied by Cu-rich dispersoids (above 550 °C [17]), reducing its tensile strength.

Table 2. Volume fractions of the «’-Fe and y-Fe phases in the SLM 17-4 PH steel samples under
different states.

Samples o’-Fe Phase (%) v-Fe Phase (%) Fitting Curve Error
As-built 96.3 3.7 /

Aged at382°Cfor1lh 95.1 49 35

Aged at482°Cfor1h 93.8 6.2 4.2

Aged at 582 °C for 1 h 89.7 10.3 33

Aged at 682 °C for 1h 80.4 19.6 2.1

Aged at 482 °C for 0.5 h 94.6 54 2.2

Aged at 482 °Cfor2h 88.9 11.1 1.8

Aged at 482 °C for3h 86.4 13.6 35

Aged at 482 °C for5h 83.7 16.3 2.6

In summary, the microstructure of the aged 17-4 PH steel frequently exhibited three
states, owing to the different treatment temperatures and holding times, as shown in
Figure 7. As depicted in the as-built samples (Figure 7a), only a small amount of y-Fe
phase (i.e., primarily in the form of retained austenite) was generated within the interface
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of the molten pools. A quantity of ultra-fine columnar grains (blue wireframes) and
equiaxed grains (yellow hexagons) constituted the martensite packets (i.e., HAGBs) with
numerous dislocations (i.e., LAGBs). Only a small amount of y/vy’-Fe phase (pink ellipses)
concentratedly grew at the interface of the molten pools due to the IHT effect. After an aging
treatment with a low temperature or a short holding time, the first type of aging state, an
under-aged state, is presented in Figure 7b. A few nano-Cu particles (green spots) were in
situ precipitated within the martensite matrix, while coarse microstructures (i.e., coarsened
columnar grains and elongated equiaxed grains) were also inevitably formed owing to the
DRC and DRX process. Although in situ-formed nano-Cu particles boosted the hardness
and tensile strength of the SLM 17-4 PH steel, the mediocre mechanical properties were
not suitable for some load-bearing applications. Thus, to produce more nano-Cu particles
that further improved the mechanical properties of the SLM 17-4 PH steel, a high aging
temperature and long holding time were conducted on the as-built samples. As presented
in Figure 7c, numerous dislocations were eliminated due to the DRC/X effects, thus leading
to the coarse laths-like martensite and elongated equiaxed grains rather than packets. Not
only quantities of nano-Cu particles, but also y-Fe phase (mainly reverted austenite) were
formed within the matrix. Thus, the mechanical properties were greatly improved due to
the precipitation hardening aroused by the Cu-rich nanoparticles within the adequate-aged
state instead of the dislocation strengthening within the as-builts state. However, with
the further increase in the aging temperature or holding time, as displayed in Figure 7d,
nano-Cu particles (marked by green spots) and microstructures were extremely coarsened,
resulting in a great reduction of the mechanical performance; i.e., an over-aged state. The
strength and hardness of the over-aged samples was significantly weakened due to the
unfavorable microstructural features. In short, different aging conditions caused distinctive
mechanical properties. Understanding the microstructural evolution mechanisms and
seeking a series of optimal aging parameters are essential in this work.

(a) (b)

Under-aged state

(d) | Columnz Nano-Cu’
olumnar /. S

/]
grains ™ ()

Adequate-aged state Over-aged state

Figure 7. Typical microstructural evolution of the different aged states: (a) as-built; (b) under-aged;
(c) adequate-aged; (d) over-aged.
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3.3. Mechanical Properties

Figure 8 shows the microhardness variation of the SLM-manufactured 17-4 PH steel
samples after different aging temperatures and holding times. As displayed in Figure 8a,
with the prolongation of aging temperatures, the microhardness first increased rapidly and
then slowly decreased from an under-aged state to an over-aged state. The microhardness
peak (430 £ 8.5 HVj 5) appeared in the 482 °C-1 h aged samples. The relationship between
the microhardness (HV, HV 5) and the aging temperature (T, °C) can be depicted as follows:

HV = 337.88 + 0.33T — 3.09 x 10412

(a) 440 (b) 480
460 I
__ 420 - 1 E
S ~° 440
T 400 T
> > 420
< <
@ 380 @ 400
ﬁ HV = 337.88 + 0.33T — 3.09 x 107*T? E 380 I HV = —113.07 X e_ﬁ+451.26
@ o
5 360 R?=0.99 5 RZ = 0.99
§ é 360
340
340
320 1 1 1 1 1 1 320 1 1 1 1 1 1
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Aging temperature for 1h (1, °C) Aging time at 482°C (t, h)

Figure 8. Microhardness variation of the SLM-manufactured 17-4 PH steel samples after aging
treatments under different (a) temperatures and (b) holding times.

As for the effect of the aging time on the microhardness of the aged samples (Figure 8b),
the microhardness also first increased, then remained roughly unchanged. The maximum
value (455 £ 8.9 HV.5) occured within the 482 °C-3 h aged samples. The function of
microhardness (HV, HV.5) vs. aging time (t, h) can be concluded as follows:

HV = —113.07 X e~ 05 + 451.26

Thus, the optimal aging parameters suitable for SLM 17-4 PH steel can be selected as
482 °C for 3 h. Please note that the aforementioed equations only display the propbable
relationship between the microhardness and aging temperature alongside the aging time.
These functions cannot show the strict quantitative relationship between these factors due
to limited testing results.

Figure 9a,b illustrates the strain-stress curves of the SLM 17-4 PH steel samples under
different aging conditions, and the variations of tensile performances are summarized in
Figure 9¢,d, including ultimate tensile strength (UTS), yield strength (YS), and elongation
to break (EL). As can be seen in Figure 9a,c, both the UTS and YS gradually increased
withthe prolonged aging temperature at 1 h aging time. The UTS reached its peak value
at the aging temperature of 482 °C, which was similar to the trend in microhardness. The
ductility decreased rapidly (i.e., EL = 8.8%) when the aging treatment was conducted on the
SLM 17-4 PH steel at 482 °C, despite having the highest strength (i.e., YS = 939.7 MPa and
UTS = 1312.8 MPa) among the tested steel samples. Thus, the aging temperature should
preferably be 482 °C if the strength is the optimization goal.
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Figure 9. Mechanical properties of the SLM 17-4 PH steel samples under different post-aging

treatment conditions: (a,b) strain-stress curves and (c,d) key indicator statistics. First row: mechanical

properties at different aging temperatures for 1 h. Second row: mechanical properties at different

aging times at 482 °C.

The results of further optimization for the aging temperature of 482 °C are shown in
Figure 9b,d. Strength values, including the YS and UTS, increased with the prolongation of
the aging time from 0.5 h to 5 h (Figure 9b). The highest strength I when the aging time was
3 h, indicating an adequate aging state that offered an important positive effect. Although
EL was not the best among these aged samples, ultra-high UTS (i.e., 1353.4 MPa) with a
desirable ductility (i.e., EL = 10.8%) displayed an excellent combination of strength and
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toughness under this aged state, as the statistics show in Figure 9d. Interestingly, YS and EL
exhibited a slight elevation compared to the other aged states, while an extreme reduction of
the UTS was shown. These effects could be attributed to the over-aging treatment, resulting
in an obvious coarsening phenomenon of the nanoparticles and the microstructure. Thus,
the fracture would occur immediately once the yield point was exceeded. In summary,
the comprehensive properties of the 482 °C-3 h aged samples can be considered the best
among these aged samples.

Moreover, the elongation value exhibited an inverse tendency compared with the
tensile strength. Based on the above mentioned results, increases in aging time and temper-
ature both initially increased the tensile strength of SLM 17-4 PH steel samples, followed
by a subsequent decrease. The microstructure observation in Figure 5 shows that shorter
aging times and lower aging temperatures both resulted in fewer nanoprecipitates. Thus, it
is reasonable to conclude that higher aging temperatures and longer aging times resulted in
a more significant strengthening effect, leading to higher strength values. On the contrary,
further increasing the aging temperature and time can result in an increased fraction of
the austenite phase and a coarsened microstructure, reducing the strengthening effect and
lowering the strength values.

Figure 10 presents the fracture surfaces of the SLM 17-4 PH steel samples under
different conditions, revealing the typical effect of aging. Compared with other aged states,
only the as-built samples had a clear necking phenomenon (red arrows), as displayed in
Figure 10a. Partially unmelted powder particles (blue arrows) and cracks (green arrows)
could be also detected. The uniform distribution of the numerous micro-sized dimples
(pink arrows) found using a high-magnification SEM shows that a ductile fracture behavior
dominated the as-built samples. After an under-aging treatment (e.g., 482 °C for 1 h),
Figure 10b shows the presence of not only small dimples but also many river patterns
(purple arrows), indicating a mixed fracture mode of brittleness/ductility after the aging
treatment. With an increase in the holding time, small dimples and obvious cleavage
facets were observed on the fracture surface of the 482 °C-3 h aged samples, as displayed
in Figure 10c. This phenomenon indicates that a large quantity of precipitated nano-Cu
particles resulted in a brittle fracture, which is consistent with the trend in strength/ductility
of tensile performance. When the aging time was further increased, an over-aged state was
characterized, as shown in Figure 10d. Notably, tear ridges were formed along the interface
of the martensite laths, and many dimples suggested poor ductility. As for the precipitation
hardening alloys, the existence of secondary nanoparticles and precipitates could initiate
the nucleation of micro-sized voids during the tensile fracture. Thus, the growth and
coalescence of voids would result in the observed dimple features on the fracture surface
in the tensile loading process. With a prolonged aging time, more prominent precipitation
of secondary nanoparticles could promote the generation of more voids, leading to an
increased number of dimples with small diameters.
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phenomenon

Figure 10. Fractographic features of the SLM 17-4 PH steel samples under different conditions:
(a) as-built; (b) aged at 482 °C for 1 h; (c) aged at 482 °C for 3 h; (d) aged at 482 °C for 3 h.

4. Conclusions

Despite an ultra-high strength in the as-built condition, the post-aging treatment
is still indispensable for SLM 17-4 PH steel to obtain balanced strength and ductility.
This work investigated the effects of aging temperature and time on the microstructure
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References

and mechanical properties of SLM 17-4 PH steel. The main conclusions of this work are
summarized as follows:

1.  In the as-built conditions, the SLM 17-4 PH steel exhibited a dense microstructure
with no significant pores and cracks. The microstructure of the as-built samples
exhibited columnar grains growing along the building direction as a result of the
largest temperature gradient in the SLM process. Ultra-fine equiaxed grains were
decorated at the molten pool boundary, which was confirmed as y-Fe phase.

2. Based on SEM and EBSD observations, coarse martensite laths were observed in
the aged samples compared with the as-built ones regardless of the aging time and
temperature. Increasing the aging temperature led to more significant grain growth
of the martensite laths.

3. In the as-built condition, the 17-4 PH steel sampless were mainly composed of the
martensite phase with a BCC structure and a small amount of austenite phase with
a FCC structure. The aging treatment at various temperatures and times led to the
formation of the reverted austenite phase with a FCC structure. As the aging time
increased at 482 °C, the SLM 17-4 PH steel exhibited an increasing intensity of the
austenite peak in comparison with the as-built samples. With further aging treatment,
the increasing volume fraction of the austenite phase was found, which was consistent
with the EBSD phase mapping results.

4. The mechanical properties showed that both the UTS and yield strength gradually
increased as the aging time at 482 °C was prolonged. The UTS reached its peak value
at an aging time of 3 h and a temperature of 482 °C, which was similar to the trend in
microhardness. However, the ductility decreased rapidly with the aging treatment of
SLM 17-4 PH steel.
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Abstract: For NiTi alloys prepared by the Laser Powder Bed Fusion (LPBF), changes in the building
directions will directly change the preferred orientation and thus directly affect the smart properties,
such as superelasticity, as well as change the distribution state of defects and impurity elements to
affect the phase transformation behaviour, which in turn affects the smart properties at different
temperatures. In this study, the relationship between impurity elements, the building directions, and
functional properties; the effects of building directions on the crystallographic anisotropy; phase
composition; superelastic properties; microhardness; geometrically necessary dislocation (GND)
density; and impurity element content of NiTi SMAs fabricated by LPBF were systematically studied.
Three building directions measured from the substrate, namely, 0°, 45° and 90°, were selected, and
three sets of cylindrical samples were fabricated with the same process parameters. Along the
building direction, a strong <100>/ /vertical direction (VD) texture was formed for all the samples.
Because of the difference in transformation temperature, when tested at 15 °C, the sample with
the 45° orientation possessed the highest strain recovery of 3.2%. When tested at the austenite
phase transformation finish temperature (Af)+10 °C, the 90° sample had the highest strain recovery
of 5.83% and a strain recovery rate of 83.3%. The sample with the 90° orientation presented the
highest microhardness, which was attributed to its high dislocation density. Meanwhile, different
building directions had an effect on the contents of O, C, and N impurity elements, which affected
the transformation temperature by changing the Ni/Ti ratio. This study innovatively studied the
impurity element content and GND densities of compressive samples with three building directions,
providing theoretical guidance for LPBFed NiTi SMA structural parts.

Keywords: laser powder bed fusion (LPBF); NiTi SMAs; microstructure; mechanical response;
building orientation; impurity elements

1. Introduction

NiTi shape memory alloys (SMAs) have received widespread attention from the mate-
rials science and engineering fields because of their excellent superelasticity, shape memory
effect, damping properties, and biocompatibility. NiTi SMAs have a wide range of applica-
tions in aerospace, biomedical devices, mechanical electronics, the construction industry,
and daily life [1,2]. Normally, NiTi SMAs prepared by traditional vacuum arc induction
melting and powder metallurgy methods have homogeneous structures. However, ther-
mal processing methods, such as drawing, forging, rolling, extrusion, and welding, are
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prone to introducing impurities, such as oxygen, carbon, and nitrogen, making the phase
transformation temperature difficult to regulate. Frenzel et al. [3] pointed out that for the
ratio of Ni and Ti elements, even a slight change of 0.1 at.%, can change their martensite
transformation start temperature (Ms) by up to ~10 °C, thus significantly affecting their
microstructure and mechanical properties, which greatly limits the application of NiTi
SMAs in complex working conditions [4,5].

Laser powder bed fusion (LPBF) has a wide range of applications and has been widely
used in a variety of materials, such as steel, high-temperature alloys, titanium alloys
and aluminium alloys [6-9]. LPBF technology can transform complex three-dimensional
shapes into two-dimensional layers and fabricate the desired shapes in one process. Its
tunability in the process can solve the limitation of the phase transformation temperature,
which is difficult to regulate during the traditional preparation and processing of NiTi
SMAs [10,11]. Furthermore, LPBF also has great potential for the manufacturing of gra-
dient materials. For example, Song et al. [12] proposes an analytical approach to design
stretching-dominated truss lattices with tailored elastic properties, including isotropic
elasticity, tailored zero/negative Poisson’s ratios, tailored Young’s moduli ratios along
specified directions, and the prototype was prepared using the Micro-LPBF technique,
these techniques could be used to develop new engineering applications and promote the
development of NiTi SMAs [13-15]. Therefore, the NiTi SMAs fabricated by LPBF have
become a major topic in the research community recently [16-19]. In these studies, the me-
chanical properties of LPBFed NiTi SMAs showed an obvious orientation dependence. For
example, the type of defects has a great influence on the tensile strength, and the building
directions have a significant effect on the wear properties of LPBFed NiTi SMAs [20,21].
Dadbakhsh et al. [22] investigated the anisotropy of LPBFed NiTi SMAs (with different
building directions) and clarified that the crystallographic textures have an important effect
on the mechanical properties of LPBFed NiTi SMAs. Gu et al. [15] optimized the process
parameters of LPBFed NiTi, an excellent shape recovery rate of 88.23% was achieved under
the optimal parameters, and a shape-recovery rate of 96.7% was achieved under electrical
actuation for a structure with a pre-compressed strain of 20%. Shi et al. [19] investigated
the effects of crystallographic anisotropy on the microstructure, phase transformation and
the tribological properties of NiTi shape memory alloys fabricated by LPBF and revealed
how different LPBF-induced microstructures affect mechanical properties and wear prop-
erties. Most of the studies above focused on the effects of the building directions on the
crystallographic texture, phase composition, and thermomechanical response. However,
the effect of the building directions on the impurity elements and the magnitude of the
dislocation densities in LPBFed NiTi SMAs has not been reported.

In this study, the microstructures, mechanical properties, and impurity element con-
tents of LPBFed NiTi SMAs with three different building directions (0°, 45°, and 90°)
were investigated. In addition, the relationship between the preferred orientations and
the dislocation densities was analyzed. Furthermore, the influence of the defects in the
samples with different building directions on the introduction of impurity elements was
also investigated in detail.

2. Materials and Methods
2.1. NiTi Samples Fabrication by LPBF

Nisg gTig9 » powder was prepared by Minatech Ltd. (Shenzhen, China) using the elec-
trode induction-melting gas atomization (EIGA) technique. The main composition (wt.%)
of the NiTi powder was determined to be 55.80 wt.% Ni, 0.0576 wt.% O, 0.0066 wt.% C,
0.0067 wt.% N, and balance Ti. Figure 1a shows the scanning electron microscopy (SEM)
image of the NiTi powder, which exhibits a regular spherical shape with less satellite
powder, and the size range of the powder particles is from 15 um to 53 pm (D50 = 36.8 pm).
As shown in Figure 1b, three sets of cylindrical specimens were prepared with a height
of 10 mm and a diameter of 6 mm. Figure 1c shows the scanning strategy of 67° rotation
angles between the adjacent layers. The LPBF processing was performed in a BLT (BLT
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5210, Shaanxi, China) machine equipped with a 500 W ytterbium-doped laser under argon
protection to keep the oxygen level below 100 ppm. Previous research has shown that
NiTi alloys exhibits favorable superelasticity and low porosity when exposed to the energy
density of about 72 J/mm3. To control independent variables, the same process parameters
and different building directions are applied. Table 1 shows the optimized parameters in
the LPBF processing, and the energy density was calculated with E = P/vht [21].

7 77
XILZ. // A Substrate

Y  67° rotation scanning strategy

Figure 1. (a) Morphology of NisygTigg» powder, (b) actual view of LPBFed NiTi SMA samples,
(c) scanning strategy implemented in this research and (d) schematic of LPBFed NiTi SMA samples.

Table 1. Processing parameters for LPBFed NiTi SMAs.

Sample Laser Power Scanning Speed Hatch Spacing Layer Thickness Energy Density
P P (W) v (mm/s) h (um) t (um) E (J/mm?)
0° 105 600 80 30 72.92
45° 105 600 80 30 72.92
90° 105 600 80 30 72.92

2.2. Microstructure and Property Characterization

ADSC250 differential scanning calorimeter (DSC, TA) was used to determine the
phase transformation temperature of the samples. The weight of the DSC specimens was
5~20 mg, and the heating/cooling rate was 15 °C/min from —80 °C to 70 °C. The LPBFed
NiTi SMAs were ground, polished, and etched using a mixture of 70 vol% H,O + 20 vol%
HNO; + 10 vol% HF solution. The metallography of the samples was observed by an
optical microscope (OM, Zeiss, Oberkochen, Germany). The atomic ratios of Ni and Ti were
analyzed by scanning electron microscopy (SEM, FEI Scios 2, Waltham, MA, USA) equipped
with an EDAX X-ray energy spectrometer (EDS). Five random points were selected to test
each sample to obtain the average composition. The tested samples were polished to
2.5 um with 180~2000 grit silicon carbide sandpaper, followed by electrolytic polishing in a
HNO3/CH30H = 1:10 (vol%) solution at 20 V for 15 s. The crystallographic orientation,
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phase composition and dislocation density were analyzed by SEM equipped with an EDAX
electron backscatter diffraction (EBSD) system.

Transmission electron microscopy (TEM) samples were ground to a thickness of 50 pm
and then electropolished using a twin-jet thinning electropolishing device and an electrolyte
consisting of 4% perchloric acid and 96% ethanol (vol%) at —20 °C. TEM observation and
electron diffraction analysis were performed in a JEM2100 (JEOL, Tokyo, Japan) electron
microscope at 200 kV.

Sample impurity elements were collected by an ONH836 gas analyser and a CS800
carbon and sulphur analyser. Compression tests were performed in an INSTRON 8862
mechanical testing machine with a strain rate of 5 x 10~%/s. The microhardness was tested
on a Wilson VH3300 (Buehler, Lake Bluff, IL, USA) microhardness tester. Among them, five
positions were collected for each sample to obtain the average microhardness value.

3. Results and Discussion
3.1. Defects and Impurities

As shown in Figure 2, the OM images of the 0°, 45° and 90° samples demonstrate that
the porosity defects represented by the black dots are distributed inside the grains and at the
grain boundaries. It is noteworthy that the unmelted defects are concentrated at the melt
pool boundaries. Specifically, the 0° samples have more unmelted defects but smaller sizes
and fewer porosity defects. The 90° samples have more serious porosity defects and fewer
unmelted defects, while the number and size of unmelted defects and porosity defects of
the 45° sample are moderate. Actually, the difference in the building direction changes
the defect distribution of the samples. During LPBF processing, different thermal histories
result in different grain solidification directions and differences in convection, leading
to differences in the distribution of unmelted defects and differences in microporous
defects [21]. In addition, the spattering of the molten metal varies depending on the
direction of solidification, leading to differences in the distribution of the defects [23-26].

i

|
i

&
% 5]

Figure 2. Optical microstructure of (a) 0°, (b) 45° and (c) 90° samples (the rolling direction (RD) and
transverse direction (TD) planes are the observation planes).

Slight changes in the Ni/Ti ratios can cause drastic changes in the phase transformation
temperatures [27,28]. Among them, the introduction of impurity elements could change the
phase composition of the samples by forming the second phases, i.e., Ti4Ni,Ox, TiN, TiO,
and TiC, which will change the transformation temperatures. The functional properties
of the samples will change further [29,30]. Chemical element analysis was performed
on the virgin powder and the samples. The results are shown in Figure 3, and the LPBF
samples have a slightly higher oxygen content than the virgin powder. Among them, the
0° sample has the highest oxygen content, while the 45° sample has the lowest. The results
are consistent with the analysis of the OM images, where the 0° sample has the highest
number of defects, while the 45° sample has the lowest number of defects. In addition, the
carbon and nitrogen contents of the as-fabricated samples are lower than those of the virgin
powder, which indicates that the high temperature of the laser cladding process acts on the
powder, resulting in the loss of carbon or nitrogen.
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powder 0° 45° 90°
Samples

Figure 3. The contents of carbon, oxygen and nitrogen in the virgin powder and 0°, 45° and
90° samples.

3.2. Microstructure Analysis

LPBF has the characteristics of directional temperature gradients and interlayer remelt-
ing. The grains could grow along the highest thermal gradient, and the competition
between the grains for growth will also lead to the preferential growth of favourable crys-
tallographic planes and favourable crystallographic directions during the processing of
LPBE. Obviously, the building directions will significantly change the preferred orientation
of the samples. Therefore, the texture of the LPBFed NiTi SMAs will be changed by the
difference in the building directions in this work [31-34].

To clarify the texture of the samples with different building directions, EBSD analysis
was performed. As shown in Figure 4a, the inverse pole figure (IPF) of the 0° sample
along the RD-TD direction shows a clear solidification texture of <100>//TD along the
VD. According to the pole figure of the 45° sample (Figure 4b), the {001} pole appears at
45° from the centre of the projection plane, indicating that the {001} texture is rotated by
45° compared to the 0° sample. Essentially, the {001} of the 45° sample is still growing
parallel to the VD. As shown in Figure 4c, the 90° sample has a strong solidification texture
of <100>//RD/ /VD. Interestingly, the pole figure of the 90° sample overlaps with that of
the 0° sample by rotating the pole figure of the 90° sample by 90°, which indicates that the
90° sample has the same preferred orientation as the 0° sample. According to the analysis
of the EBSD results, the preferred orientation of the LPBFed NiTi SMAs can be obviously
changed by adjusting the building direction; meanwhile, a <100>//VD was formed for all
samples with different building directions.
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Figure 4. Schematic of the EBSD collection position for the (a) 0°, (b) 45° and (c) 90° samples:
(al-c1) are IPF orientation maps of LPBFed NiTi SMAs along the normal direction; (a2-c2) are IPF
orientation maps of LPBFed NiTi SMAs along the rolling direction; (a3—c3) are IPF orientation maps
of LPBFed NiTi SMAs along the transverse direction; and (a4-c4) are corresponding {001}, {110} and
{111} pole figures of the 0°, 45° and 90° samples.

Figure 5 shows the phase composition, kernel average misorientation (KAM) and
grain boundary distribution of samples with different building directions. As shown in
Figure 5a,d,g, the martensite phase (shown in green) content of the 0°, 45° and 90° samples
are 5.5%, 0.7% and 3.1%, respectively. Obviously, the martensite phase content of the
45° sample is lower than that of the others, which indicates that the martensite phase
transformation temperature of the 45° sample is lower than that of the others. The KAM
value is the statistic for calculating the overall average misorientation of the pixel points
collected, as shown in Figure 5b,e,h. The KAM values of the three samples are basically the
same, i.e., 0.73, 0.72 and 0.73, respectively. Moreover, the grain boundary distribution of
different samples is shown in Figure 5c f,i. Generally, the lattice distortion is stronger in
the area of the martensitic phase. the area perpendicular to the melt pool that is parallel to
the building direction. Meanwhile, as shown in the KAM maps, there is also a large lattice
distortion at the high-angle grain boundary, which indicates that the grains at this location
are small, and more nucleation sites accompanied by large heat flow gradients during the
LPBF process have led to the formation of more fine grains.
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Figure 5. (a—c) EBSD analyses of the 0° sample. (d—f) EBSD analyses of the 45°sample. (g-i) EBSD
analyses of the 90°sample. (a,d,g) Phase composition analyses. (b,e,h) KAM analyses. (c,f,i) Grain
boundary distribution analyses.

Figure 6 shows the geometrically necessary dislocation (GND) densities of the 0°, 45°
and 90° samples. The specific values calculated by EBSD are shown in Figure 6d. Among
them, the GND densities of the 0°, 45° and 90° samples are 4.45 X 1013 /m?, 3.89 x 1013 /m?2
and 3.84 x 10'3/m?, respectively. In contrast, the 45° sample has the highest GND density,
while the densities of the 0° and 90° samples were relatively low. Since the martensitic
phase contains more dislocations and twin substructures, which lead to an increase in the
overall dislocation density value, the limit of the misorientation value for calculating the
GND density is set to 1.5°, excluding the influence of the martensitic phase.
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Figure 6. (a) GND distribution of the 0° sample, (b) 45° sample and (c) 90° sample and their
corresponding (d) GND density values.

To further analyze the effect of the building directions on the samples, TEM was used
to observe the phase composition and phase distribution of different samples. As shown in
Figure 7, a large number of Ti;Ni phases or Ti4NipOx phases with sizes ranging from 50
to 100 nm can be observed. In addition, the lath-shaped B19’ martensite phase with sizes
ranging from 100 to 300 nm can also be observed. Selected area electron diffraction was
applied to identify the Ti;Ni/TisNipOx phase and the B19' martensite phase. Similarly,
Figure 8 shows the distribution of dislocations, Ti;Ni phase and B19’ martensite phase
of all the samples. Among them, the size of the Ti;Ni/TisNi,Ox phase in the 0° and 90°
samples is larger than that in the 45° sample. In addition, according to the TEM bright-field
morphologies, the dislocation density of the 45° sample is higher than that of the 0° and
90° samples, while more martensite phases were observed in the 0° and 90° samples. Based
on the phenomenon reflected by the TEM morphology above, we found that the statistical
results of the GND density and martensite phase content are consistent with the EBSD
analysis. TEM analysis proved that larger sized Ti;Ni/TisNiyOx phases were associated
with higher oxygen content in the 0° and 90° samples and that samples with different
building directions contained both Ti;Ni/TisNi,Ox phases and martensite phase.
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Figure 7. (a) Bright field image and selected area electron diffraction in the corresponding circle

region for the 0° sample (matrix and TipNi phase). (b) Bright field image and selected electron
diffraction in the corresponding elliptic region for the 0° sample.

500 nm

Figure 8. (a,d) TEM morphology of 0° samples. (b,e) TEM morphology of 45° samples. (c,f) TEM
morphology of 90° samples.

3.3. Phase Transformation Analysis

The reversible phase transformation between the austenite phase and martensite
phase is the theoretical basis for the shape memory effect and superelasticity of NiTi alloys.
Among them, the martensite start temperature (Ms), martensite finish temperature (Mf),
austenite start temperature (As) and austenite finish temperature (Af) are the important
phase transformation temperatures during the phase transformation process. Figure 9a
shows the result of the DSC measurement of the three samples. The corresponding phase
transformation temperatures obtained by the tangent method are listed in Table 2. The
Ms values of the 0°, 45° and 90° samples are 22.1 °C, 11.4 °C and 13 °C, respectively.
Obviously, the Ms of the 0° sample was the highest, while that of the 45° sample was
the lowest. Correspondingly, the order of the martensite phase content in all samples at
ambient temperature (15 °C) was 0° sample > 90° sample > 45° sample, which is consistent
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with the result of the EBSD analysis. For each sample, five EDS results were collected
to calculate the average value, and the Ni content results are shown in Figure 9b. It can
be seen that the higher the Ni content of the sample, the lower the phase transformation
temperature, which is consistent with the DSC results.
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Figure 9. (a) DSC curves of 0°, 45° and 90° samples. (b) Corresponding Ni content of 0°, 45° and
90° samples.

Table 2. Phase transformation temperatures of the 0°, 45° and 90° samples.

Sample 0° 45° 90°
M (°C) ~175 —542 —30.7
Ms (°C) 22.1 114 13
As (°C) 13.9 ~159 11.1
Af (°C) 523 437 51

The evaporation of Ni, the introduction of impurity elements, and the difference in
thermal conductivity are the reasons for the difference in the phase transformation tempera-
ture. During the processing of LPBF, a higher energy input could lead to the evaporation of
Ni, which in turn changes the Ni/Ti ratio in the NiTi alloys [30,35]. Nevertheless, the LPBF
processing parameters were the same except for the building direction in this work, so the
evaporation of Ni in different samples did not have a significant effect on the phase transfor-
mation temperature. Second, impurities are introduced, i.e., C, O, N, etc. Walker et al. [36]
pointed out that the introduction of impurities will react with the matrix elements to form
compounds, i.e., TiC, TisNipOx, TiO,, etc., which will affect the Ni/Ti ratios and further the
phase transformation temperature. As shown in Figure 3, the results of the chemical test
demonstrate that the content of oxygen is 0° sample > 90° sample > 45° sample. Obviously,
the loss of Ni was greatest in the 0° sample, which led to a decrease in the Ni/Ti ratio
and an increase in the phase transformation temperature. Last, the difference in thermal
conductivity. As described above, the raw powder and LPBF parameters used in this work
are the same. Therefore, it is considered that thermal conductivity has no significant effect
on the phase transformation temperature. In conclusion, the difference in the content of
impurity elements caused by different building directions is the most important factor
causing the difference in phase transformation temperatures.

3.4. Mechanical Properties Analysis

Figure 10 shows the microhardness test results for the three samples, with the 45° sam-
ple having the highest microhardness and the 0° sample having the lowest microhardness.
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Generally, dislocation densities are an important factor for the microhardness of metallic
materials. The increase in the dislocation density could lead to an increase in the matrix
strength and hardness of the material. As described in Section 3.2, the 45° sample has
the highest dislocation density, while the dislocation densities of the 0° and 90° samples
were relatively low; therefore, as a result, the highest microhardness values were obtained
for the 45° samples. In addition to the dislocation density, phase transformation is also
an important factor affecting the microhardness. Stress-induced martensite phase trans-
formation and martensite reorientation may occur during microhardness testing, which
can lead to a change in the microhardness values [37]. Based on the phase transformation
temperature (Table 2), we can see that the 0° sample has the highest phase transformation
temperatures, followed by the 90° sample, while the 45° sample has the lowest. However,
as shown in Figure 10, the trend of the microhardness values of the 0° sample, 45° sample
and 90° sample are opposite to the phase transformation temperatures: 45° sample > 90°
sample > 0° sample. A high phase transformation temperature is prone to induce the
stress-induced martensite phase transformation, and martensite reorientation may occur
with less difficulty. Therefore, the microhardness value of the 0° sample was the lowest.
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Figure 10. Microhardness of 0°, 45° and 90° samples.

Figure 11 shows the compression stress—strain curves. The recoverable strains and
recovery ratios are shown in Table 3. As shown in Figure 11a, all the samples were subjected
to a strain of 5% at 15 °C. Table 3 shows that the 45° sample has the highest recoverable
strain of 3.2%, while the lowest recoverable strain is 1.8% for the 0° sample under the
conditions above. As described in the phase transformation temperature section, the Ms of
the 45° sample is the lowest compared with the others. Therefore, during the superelasticity
test, the 45° sample with the highest proportion of the austenite phase shows the greatest
driving force of recovery and the highest recoverable strain.
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Figure 11. Compressive engineering stress-engineering strain curves for 0°, 45° and 90° samples
(a) tested at ambient temperature (~15 °C) and (b) tested at Af + 10 °C.
Table 3. Summary of compressive superelastic properties for 0°, 45° and 90° samples.
Test Methods Tested at 15 °C; 5% Compressive Strain Tested at Af + 10 °C; 7% Compressive Strain
Samples 0° 45° 90° 0° 45° 90°
Recoverable strain (%) 1.8 32 22 5.42 3.06 5.83
Irrecoverable strain (%) 3.2 1.8 2.8 1.58 3.94 1.17
Recovery ratio (%) 36 64 44 77 .4 43.7 83.3

As shown in Figure 11b, the superelasticity was tested at the temperature of Af + 10 °C.
The recoverable strains of the 0° and 90° samples were improved to 5.42% and 5.83%, respec-
tively. Interestingly, the 90° sample has the best recoverable strain, while the recoverable
strain of the 45° sample is the lowest. As discussed above, samples with different building
directions have different textures along the loading direction. According to the result of the
EBSD analysis, the loading direction of the 90° sample coincides with the <100> orientation.
Generally, <100> is a hard orientation, which is not conducive to plastic deformation.
Moreover, the 90° sample is more likely to drive stress-induced martensitic phase trans-
formation behaviour without causing dislocation accumulation [38]. Therefore, the 90°
sample has the best superelasticity compared to the others at the temperature of Af + 10 °C.
The 45° sample has a <110> texture along the loading direction with a relatively large
Schmidt factor, which is prone to plastic deformation. Therefore, the plastic deformation
will remain in the matrix after unloading and cannot be recovered. Meanwhile, the low
Ms of the 45° sample requires a larger stress to drive the martensitic phase transformation,
resulting in plastic deformation without a significant stress-induced martensitic phase
transformation platform.

Therefore, the superelasticity of the 45° sample is worst compared with the others at
the temperature of Af + 10 °C.

A summary of the research work on LPBFed NiTi SMAs with superior superelastic
properties (tested at Af + 10 °C) was performed, and the results are shown in Table 4. It can
be seen that at smaller deformations, the samples generally have higher strain recovery
rates, while larger strain is prone to have higher strain recovery, but the recovery rates are
not ideal. The superelastic properties in this work are similar to those in similar studies.
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Table 4. Comparison of the optimal superelastic properties (tested at Af + 10 °C) in various
LPBFed NiTi.

Reference (Tested at Af + 10 °C) Recoverable Strain (%) Recovery Ratio (%)
[39] 5.62 98
[40] 5.5 94.8
[41] 5.32 93.2
This work 5.83 83.3

4. Conclusions

In this study, LPBF-NiTi samples with different building directions (0°, 45° and 90°)
were tested and analyzed for microstructure, defect distribution, impurity element, crystal-
lographic orientation, dislocation density, phase transformation behaviour and mechanical
properties using the same LPBF processing parameters, and the following conclusions
were obtained:

(1) The samples with different building directions exhibited distinct defect distributions.
The 0° and 90° samples, which had more unmelted defects, demonstrated a higher
oxygen content. The introduction of oxygen impurities altered the Ni/Ti ratios in
the matrix and significantly raised the phase transformation temperature. The order
of martensitic phase transformation temperature was as follows: 0° sample > 90°
sample > 45° sample. This order is in line with the oxygen content present in each
sample. Consequently, the quantity of martensite phase in samples with different
building directions also followed the same trend: 0° sample > 90° sample > 45° sample.

(2) The increase in dislocation density enhanced the microhardness of the matrix, while
the increase in phase transformation temperature facilitated the occurrence of stress-
induced martensitic phase transformation. This phenomenon was also the primary
factor responsible for altering the hardness of LPBFed NiTi SMAs.

(3) LPBFed NiTi SMAs with different building directions had different preferred orienta-
tions along the loading direction, but all had textures of VD//<100>.

The stress-induced martensitic phase transformation was related to crystallographic
orientation. Unfavourable orientations can result in plastic deformation and obscure the
platform of the stress-induced martensitic phase transition. When the phase transforma-
tion temperature (Af) exceeded the ambient temperature, it significantly impacted the
superelastic properties, with higher temperatures leading to poorer superelastic properties.

The main idea of this study was to change the introduction of impurity elements in
NiTi alloys and alter their microstructures by adjusting the LPBF building direction, which
in turn affects their phase transformation temperatures and superelasticity. In conclusion,
for engineering applications, the 45° sample had a lower phase transformation temper-
ature, which was more favourable for superelastic recovery under certain temperatures
(As < testing temperature < Af), while the preferred orientation of the 90° sample ensured
a greater superelastic recovery strain when tested at Af + 10 °C.
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Abstract: Laser process technology provides a feasible method for directly manufacturing surface-
metallized carbon fiber composites (CFCs); however, the laser’s process parameters strongly influence
on the adhesion strength between electroless copper and CFCs. Here, a nanosecond ultraviolet laser
was used to fabricate electroless copper on the surface of CFCs. In order to achieve good adhesion
strength, four key process parameters, namely, the laser power, scanning line interval, scanning
speed, and pulse frequency, were optimized experimentally using response surface methodology,
and a central composite design was utilized to design the experiments. An analysis of variance was
conducted to evaluate the adequacy and significance of the developed regression model. Also, the
effect of the process parameters on the adhesion strength was determined. The numerical analysis
indicated that the optimized laser power, scanning line interval, scanning speed, and pulse frequency
were 5.5 W, 48.2 um, 834.0 mm/s, and 69.5 kHz, respectively. A validation test confirmed that the
predicted results were consistent with the actual values; thus, the developed mathematical model can
adequately predict responses within the limits of the laser process parameters being used.

Keywords: carbon fiber composites; adhesion strength; response surface methodology; optimization;
laser process parameters

1. Introduction

As appealing materials, carbon fiber composites (CFCs) are extensively applied in
many fields, including the automobile and aircraft/aerospace industries, due to their
unique properties: excellent mechanical performance, low density, high thermal stability,
and so on [1-3]. However, they also have some obvious disadvantages, such as poor
electrical conductivity and low erosion resistance, which limit their further application in
the field of aircraft structure/manufacture, as materials with better electrical conductivity
can effectively avoid damage from lightning strikes [4]. Therefore, there is an urgent need
to establish a project that focuses on protecting the composite outer skin of aircraft against
lightning damage. The protective layer formed via the metallization of CFC surfaces
exhibits excellent electrical conductivity, making it one of the most effective solutions to
solve this problem.

In recent years, there has been growing interest in the surface metallization of CFCs [5].
To make CFCs electrically conductive, metallic materials can be coated onto the polymer
surface [6]. However, the intrinsic hydrophobicity of CFC surfaces leads to poor adhesion
between the metal layer and CFCs, which severely limits their wide application. Therefore,
obtaining a high-strength metal layer has become critical in the fabrication of conductive
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CFCs. Various technologies have been developed to fabricate metal layers with high ad-
hesion to CFC surfaces, including electroless plating, electrodeposition, spraying, and
plasma etching [7-10]. For instance, Chen et al. deposited copper onto CFCs using an
electroless method and obtained copper-coated CFCs with good adhesion and excellent
conductivity [11]. Wang et al. reported a pulse-reverse electrodeposition process to fabri-
cate Ni-coated CFCs, which exhibited good adhesion [12]. Archambault et al. successfully
cold-sprayed copper onto CFCs to prepare Cu-coated CFCs with an adhesion strength
of 2.6 MPa =+ 0.8 MPa [13]. Prysiazhnyi et al. employed nitrogen plasma modification for
surface treatment to enhance the adhesion between electroless copper and CFCs [14]. How-
ever, the above-mentioned approaches suffer from inherent disadvantages, e.g., a tedious
operation process, high cost, corrosive or poisonous chemical reagents, poor adhesion
strength, and so on, which have seriously limit their practical applications.

In comparison, laser process technology offers numerous many advantages, includ-
ing noncontact operation, high precision, region selection, controllability, simplicity, and
applicability to a wide range of materials [15-19], which make it a promising method for
preparing metal-coated CFCs with high adhesion. For instance, Gustke et al. proposed a
pulsed laser roughening method for enhancing the adhesion strength between a sprayed
copper layer and CFCs. It was shown that the adhesion strength was increased by 200% [20].
Li et al. investigated the effects of the pretreatment of a picosecond infrared laser and
an excimer ultraviolet laser on improving the shear strength between an aluminum alloy
and CFCs, respectively. It was revealed that the shear strength was determined based on
chemical bonding rather than mechanical interlocking [21]. Palavra et al. studied the effect
of laser surface pretreatment parameters on the adhesion strength between a titanium layer
and CFCs, including the laser power and pulse energy [22]. In summary, most researchers
in this field have primarily focused on the impact of laser treatment on enhancing the adhe-
sion strength between metal layers and CFCs. The influence of the key input parameters of
the laser process, such as the laser power, scanning line interval, scanning speed, and pulse
frequency, on the adhesion strength between metal layers and CFCs have not been taken
into account. In addition, the interactive effects of process input parameters on adhesion
strength have not been studied.

To understand their effects on adhesion strength, laser process parameters should
be extensively analyzed and optimized. Response surface methodology (RSM), used for
experimental design, is among the most effective optimization techniques [23], which
can not only reveal the relationship between the input variables and output responses
but also predict the optimal output responses through numerical optimization under
certain conditions. And, the RSM is often employed in numerous fields to find the optimal
parametric combination from a group of given variables for achieving the desired output
responses [24-26].

Generally, the adhesion strength between electroless copper and CFCs is influenced
by numerous factors. Thus, to obtain excellent adhesion strength with copper plating, it
is necessary to investigate the effect of different laser process parameters on the adhesion
strength. However, to the best of our knowledge, the influence of the key laser process
parameters on the adhesion strength between electroless copper and CFCs is relatively
poorly understood. The interactive effects of laser process parameters on adhesion strength
have not been reported.

Central composite design (CCD) is the primary type of RSM, and it is effective for
obtaining more information about experimental variables and experimental errors with
the fewest experimental cycles. In this study, a standard RSM with a CCD was applied
to develop a model for optimizing the laser process parameters to achieve good adhesion
strength. The key laser process parameters considered were laser power, scanning line
interval, scanning speed, and pulse frequency. An analysis of variance (ANOVA), main
effect plots, contour plots, and the corresponding 3D response surface were employed
to assess the effect of each factor on the adhesion strength between electroless copper
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and CFCs. Furthermore, a mathematical model was developed to predict the optimal
adhesion strength.

2. Materials and Methods
2.1. Materials

Commercial CFC sheets, which had a thickness of 2.0 mm and consisted of carbon fiber
and epoxy polymer, were purchased from Beijing Plastic Manufacturing Co., Ltd. (Beijing,
China). Before laser ablation, the CFC sheet was cut into small pieces (30.0 mm x 30.0 mm).
Next, the samples were rinsed ultrasonically with acetone for 15 min, followed by rinsing
with deionized water for an additional 15 min. Pentahydrate copper sulfate (CuSO4-5H,0)
and EDTA disodium (NayEDTA) were purchased from Sinopharm Chemical Reagent
Co., Ltd. (Shanghai, China). Formaldehyde (HCHO), sodium hydroxide (NaOH), and
potassium sodium tartrate tetrahydrate (C4H12KNaOjg) were purchased from Aladdin
Reagent (Minneapolis, Michigan, USA). All chemicals were analytical grade and used
directly without further purification.

2.2. Fabrication of Electroless Copper on CFCs

Figure 1 illustrates the fabrication process of electroless copper on the CFC surface,
including formation, coarsening, removal and electroless plating: (1) The CFC sheet could
not initiate the process of electroless plating itself due to the lack of catalytically active
centers (i.e., active seeds). Many precious metals, such as gold (Au), palladium (Pd), and
silver (Ag), are usually used as active seeds. Among them, Pd is optimal due to its excellent
catalytic activity. As shown in Figure 1, the CFC sheets were first immersed ina 1.0 g/L
PdCl, aqueous solution for 10 min and then taken out and dried. Thus, the CFC sheets
coated with PdCl, films were obtained. (2) The coated CFC sheets were coarsened using
laser direct ablation equipment (Figure 2a). As shown in Figure 2b, the direct laser ablation
system was mainly composed of a 355 nm nanosecond laser, an optical system, a multiaxis
workbench system, and a controlling system. The maximum average laser power was
about 20 W, the highest scanning speed was about 10,000 mm/s, the pulse width was
about 16 ns, the value of the beam quality factor M? was less than 1.2, and the repetition
rate ranged from 200 kHz to 2 MHz. A two-mirror galvanometric scanner with an F-theta
objective lens was employed to focus and scan the laser beam in the x—y direction. The
Gaussian-profile laser beam at 1/e? of its maximum intensity had a focused spot diameter
of about 15 pm. During laser direct ablation, the CFC sheet (Figure 3a)-coated PdCl, films
were mounted on an x-y-z translation stage precisely controlled using a computer. A line-
by-line scanning method in the x direction and then in the y direction was used to fabricate
a rough surface (Figure 3b—f) on the CFC sheets for obtaining the electroless copper with
high adhesion in an atmospheric environment. (3) The ablated CFC sheets were cleaned
ultrasonically in deionized water to selectively remove the active seeds (i.e., PdCl,) in
the non-laser-irradiated zone, while keeping the active seeds in the laser-irradiated zone.
(4) The cleaned CFC sheets were immersed into a commercial copper bath solution for
selective copper plating. The obtained electroless coppers on the surfaces of CFC sheet are
shown in Figure 4.

Lascr

PdCl, film
(1) Formation of (2) Laser

PACl,; film / coarsening

CFCs Sheet
(3) Removal of un-
irradiated PdCl,

(4) Elcctroless film
E copper plating 5
/ ~aiee———

Figure 1. Schematic diagram of the fabrication process of laser-induced copper plating on
CFC surface.

Copper pattern
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Figure 2. Nanosecond ultraviolet laser 3D process system: (a) equipment photograph and
(b) schematic diagram.

Figure 3. SEM images of pristine CFC surface (a) and laser-ablated CFC surface (b—f); (c,e) are the
local magnifications of (b,d), respectively. Laser power for (b,d,f) is 2.5 W, 5 W and 7 W, respectively,
while other laser parameters (U = 40 um, V = 300 mm/s, f = 60 kHz) remained unchanged and were
scanned only once with the laser.

Figure 4. Specimen photograph of electroless copper pattern on CFC surface.

2.3. Measurements and Characterization

The morphological structures of the laser-ablated CFC surfaces were analyzed using a
Nova NanoSEM 450 scanning electron microscope (SEM, FEI, Hillsboro, OR, USA). The
adhesion strength between the prepared copper plating layer and CFC sheet was measured
via the vertical pulling force method shown in Figure 5. First, a copper plating layer on
the CFC surface with dimensions of 2.0 mm x 2.0 mm was prepared. Then, it was welded
to a metal wire using lead-tin solder. Next, the pulling force of the dynamometer was
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gradually increased along the direction perpendicular to the CFC sheet, and the maximum
tension pulling force (Fps) displayed on the dynamometer was recorded until the copper
metal layer was pulled off. The adhesion strength (Y)) of the copper plating layer on the
CFC surface was calculated according to Equation (1) [27].

Fum
Yy == 1
M=g )
where S is the surface area of the electroless copper. For each sample, five parallel tests of
the adhesion strength Y); were performed to obtain an average value.

<+— Dynamometer

/l.eacl-ﬂn solder

/ Copper plating

CFCs sheet

Figure 5. Schematic diagram of vertical pulling force measurement.

2.4. Modeling of Pulsed Laser Process
2.4.1. Response Surface Methodology

RSM is a collection of mathematical and statistical techniques, which is usually used
to model and explore a problem in which a response is influenced by multiple variables.
The RSM can predict the relationship between output responses and input independent
variables in a specific range, including optimization methods to explore the optimum values
of the input independent parameters that produce the desirable output responses [28].
Based on measurable, continuous, and controllable input independent variables (x1, x2, x3,
..., ), and when the error is negligible, the linear output response Y, can be described
as follows:

Yuv = @(x1,x2,%3,...,%) + € )

where ¢ represents the true response function, the accurate form of which is unknown
and very complex; ¢ is a term associated with other sources of variability not taken into
account in ¢. Commonly, € represents the effects of measurement error on response and
background noise, as well as the influence of other variables, and so on. In general, ¢ is
often applied as a statistical error, which is assumed to have normal distribution with a
mean value of zero and a variance value of 2.

Generally, the second-order polynomial regression Equation (3) is used in RSM.

m m m m
Ym = pBo+ Z ,Bixi‘f‘z 2 ﬁijxixj-i-z ﬁiix%—i-s (3)
i=1 i=1

i=1j=1

where x; and x; are the coded parameter variables; f is a constant; §;, B;;, and p;; represent
the coefficients of the linear, quadratic, and interactive effects, respectively. These coeffi-
cients can be obtained through the fitting of experimental data [29]. The fitting precision of
the mathematical model was evaluated using, the coefficient of determination R?, adjusted
R?, predicted R?, and adequate precision. The F-test and p-value were applied to check the
significance of the regression coefficients.

2.4.2. Experimental Design

Based on previous single-factor experiments, the laser power (A4), scanning line interval
(B), scanning speed (C), and laser pulse frequency (D), were chosen as parameter variables
and the adhesion strength as the response variable. A standard RSM design with CCD was
applied to evaluate the effects of the laser process parameter variables (4, B, C, and D) on
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the response variable (Y)). Incorporating the five coded levels (-2, —1, 0, 1, 2) for each of
the four variables resulted in a total of 30 experiments. The laser process parameters and
their levels investigated in this study are shown in Table 1.

Table 1. Laser process parameters and their levels used in RSM design.

Level
Parameter Unit Notation
-2 -1 0 1 2
Laser power w A 1.0 2.5 4.0 55 7.0
Scanning line interval pum B 20 35 50 65 80
Scanning speed mm/s C 200 600 1000 1400 1800
Pulse frequency kHz D 20 40 60 80 100

The statistical software Design-Expert V11.0 was employed to establish the correlations
between the variation in the laser process parameters and the adhesion strength (Ys). The
results obtained from experiments are listed in Table 2.

Table 2. Design matrix and measured responses.

Laser Process Parameter :
Std Order Run Order Adhesion Strength
A W) B (um) C (mm/s) D (kHz) Yy (MPa)
1 21 2.5 35 600 40 748
2 8 5.5 35 600 40 7.78
3 18 2.5 65 600 40 7.32
4 4 5.5 65 600 40 8.53
5 7 2.5 35 1400 40 6.79
6 28 5.5 35 1400 40 8.14
7 15 2.5 65 1400 40 5.55
8 16 5.5 65 1400 40 7.56
9 11 2.5 35 600 80 7.71
10 1 5.5 35 600 80 9.28
11 19 2.5 65 600 80 6.45
12 2 5.5 65 600 80 10.11
13 24 2.5 35 1400 80 6.03
14 30 5.5 35 1400 80 9.48
15 22 2.5 65 1400 80 5.19
16 6 5.5 65 1400 80 9.63
17 20 1.0 50 1000 60 4.81
18 25 7.0 50 1000 60 1043
19 26 4.0 20 1000 60 7.38
20 27 4.0 80 1000 60 6.88
21 9 4.0 50 200 60 8.51
22 10 4.0 50 1800 60 5.57
23 29 4.0 50 1000 20 6.60
24 3 4.0 50 1000 100 6.43
25 12 4.0 50 1000 60 9.91
26 23 4.0 50 1000 60 9.87
27 5 4.0 50 1000 60 10.01
28 14 4.0 50 1000 60 9.69
29 13 4.0 50 1000 60 10.31
30 17 4.0 50 1000 60 9.48

3. Results and Discussion
3.1. Analysis of Variance

The analysis of variance is a well-known and powerful statistical analysis method [30].
In this study, ANOVA was applied to test whether the laser process parameters had
a significant effect on the adhesion strength to investigate the prediction ability of the
developed regression models in the design space. The ANOVA table for the adhesion
strength (Y) of electroless copper on CFCs is shown in Table 3.

The associated p-value for the model was less than 0.05, indicating that the model term
was statistically significant [31]. In Table 3, the ANOVA results show that the laser power
(A), scanning speed (C), the quadratic effect of the laser power(A?), scanning line interval
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(B?), scanning speed (C?), and laser pulse frequency (D?), along with the interaction effect
of laser power and laser pulse frequency (AD), were the significant model terms associated
with adhesion strength. The other terms of the mathematical model were not significant,
and they needed to be eliminated through a backward elimination process to improve the
adequacy of the model.

Table 3. ANOVA for the adhesion strength model before stepwise elimination.

Sum of Mean -Value
Source Squares af Square F-Value lfrob >F
Model 79.09 14 5.65 18.06 <0.0001 significant
A 35.60 1 35.60 113.84 <0.0001
B 0.47 1 0.47 1.50 0.2403
C 6.17 1 6.17 19.73 0.0005
D 0.80 1 0.80 2.57 0.1299
AB 1.35 1 1.35 4.32 0.0621
AC 1.27 1 1.27 4.07 0.1116
AD 4.25 1 4.25 13.60 0.0022
BC 0.45 1 0.45 1.42 0.2512
BD 7.563 x 1074 1 7563 x 107*  2.418 x 1073 0.9614
CD 1.406 x 1073 1 1.406 x 1073 4.497 x 10~ 0.9474
A? 5.86 1 5.86 18.75 0.0006
B2 9.38 1 9.38 30.00 <0.0001
c? 10.12 1 10.12 32.36 <0.0001
D? 14.96 1 14.96 47.85 <0.0001
Residual 4.69 15 0.31
Lack of fit 4.29 10 043 2.45 0.2100 Not significant
Pure error 0.40 5 0.080
Core total 83.78 29
Standard deviation = 0.56 R? =0.9440
Mean = 7.96 Adjusted R? = 0.8918
Coefficient of variation = 7.02 Predicted R? = 0.6981
Predicted residual error of sum of squares (PRESS) = 25.30 Adequate precision = 14.968

The ANOVA table for the simplified quadratic model is shown in Table 4. The fitness
of the adhesion strength model R? was 0.9074, the adjusted R? was 0.8657 and the predicted
R? was 0.7149. The values of all three terms are close to one, which indicates the established
model had excellent predictive performance [32]. The adequate precision, which represents
the signal-to-noise ratio, is greater than four, implying adequate model discrimination [33].
The F-value of the lack of fit is 2.18, which means that lack of fit was not significant by
comparison with pure error.

Table 4. ANOVA for the adhesion strength model after stepwise elimination.

Sum of Mean -Value
Source Squares af Square F-Value I':rob >F
Model 76.02 9 8.45 21.77 <0.0001 Significant
A 35.60 1 35.60 91.74 <0.0001
B 0.47 1 0.47 1.20 0.2854
C 6.17 1 6.17 15.90 0.0007
D 0.80 1 0.80 2.07 0.1658
AD 4.25 1 4.25 10.96 0.0035
A? 5.86 1 5.86 15.11 0.0009
B? 9.38 1 9.38 24.18 <0.0001
C? 10.12 1 10.12 26.08 <0.0001
D? 14.96 1 14.96 38.56 <0.0001
Residual 7.76 20 0.39
Lack of fit 7.36 15 0.49 2.18 0.2273 Not significant
Pure error 0.40 5 0.080
Core total 83.78 29
Standard deviation = 0.62 R% =0.9074
Mean = 7.96 Adjusted R? = 0.8657
Coefficient of variation = 7.82 Predicted R? = 0.7149
Predicted residual error of sum of squares (PRESS) = 23.89 Adequate precision = 14.394
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The final reduced mathematical predicted model in terms of coded factors for the
adhesion strength (Y)), which was obtained after eliminating the insignificant terms, is
given as follows:

Yar =9.88 + 1.22A — 0.14B — 0.51C + 0.18D + 0.52AD— 0.46A% — 0.58B% — 0.61C> — 0.74D*  (4)

where the final reduced empirical model in terms of actual factors is as follows:

Y = —8.29124 + 1.42477A + 0.25065B + 6.32474 x 1073C + 0.16199D + 0.017188AD )
— 0.20551A% — 2.59954 x 10°B% — 3.79622 x 10-°C* — 1.84661 x 10°D?

In addition, according to the sum of squares of the laser process parameter variables
in Table 4, the effect of the laser process parameters on adhesion strength are as follows:
laser power (A) > scanning speed (C) > pulse frequency (D) > scanning line interval (B).

3.2. Effect of Process Parameters on the Responses

Figure 6 is a perturbation plot that illustrates the effect of four key laser process
parameters at the center point on the adhesion strength in the design space. It can be
clearly seen from the figure that the laser power has a large positive effect on adhesion
strength, while scanning speed has a large negative effect on adhesion strength. This is
consistent with the previous work reported by Xu et al. [34]. This phenomenon can be
explained as follows: The adhesion strength between electroless copper and CFCs largely
depends on the surface roughness of the CFC sheet, and a greater roughness results in a
higher adhesion strength [35]. The surface roughness is directly related to the laser energy
density and the irradiation time. As shown in Figure 3a, the pristine CFC sheet had a very
smooth surface. Following nanosecond laser ablation, numerous microcavity structures
(Figure 3b) interspersed with irregular granular nanoprotrusions (Figure 3c) emerged on
the CFC surface. Additionally, a higher laser power meant that more energy was absorbed
by the CFC sheet, leading to the formation of more micro/nanostructures on the surface of
the CFC sheet (Figure 3d—f) and an increased adhesion strength between the electroless
copper and CFCs. However, a higher scanning speed shortened the laser irradiation time,
causing less energy to be input to the CFC sheet and reduced adhesion strength. At the
same time, it can be observed from Figure 6 that the scanning line interval (B) had a little
effect on the adhesion strength. Simultaneously, the adhesion strength increased with
the scanning line interval until it reached its central value and then started to decrease
as scanning line interval increased beyond its center limit; this result is consistent with
the previous results reported by Qin et al. [36]. It is well known that the laser line-by-line
scanning method usually creates a groove structure on the sample [37]. For low scanning
line intervals, closer areas of laser line-by-line scanning were generated, resulting in an
incomplete groove structure and a reduced surface roughness, thus causing weak adhesion
strength. Further increasing the scanning line interval towards the center value, the
adhesion strength increased with the roughness of the CFC surface. However, increasing
the scanning line interval beyond the central value resulted in a smaller laser ablation area,
leading to reduced surface roughness, subsequently decreasing the adhesion strength. In
Figure 6, it can also be seen that both too-low or too-high pulse frequency caused low
adhesion strength, and the change trend was consistent with the effect of the scanning line
interval on adhesion strength.
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Figure 6. Perturbation plot showing the effect of all factors on the adhesion strength.

Figure 7a,b show the interaction effect of laser power and scanning line interval on
adhesion strength. It is evident that the adhesion strength between the metal layer and
CFCs tended to increase the higher the laser power. This is because the increase in the laser
power led to an increase in laser energy density. Then, the CFC sheet absorbed enough laser
energy and formed more micro/nanostructures on the CFC surface. Therefore, the adhesion
strength increased gradually until the laser power increased to the limit. Moreover, it can
be seen from Figure 7a,b that the adhesion strength increased first and then decreased
with the increase in the scanning line interval. A lower scanning line interval reduced the
roughness of the CFC surface. This may have been due to the cumulative thermal effects
resulting from the high overlap percentage of the laser scanning line interval. At the same
time, a higher scanning line interval meant that more areas between adjacent scanning lines
were not ablated by the laser, so the roughness of CFC surface was naturally lower, and the
adhesion strength was poor.
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Figure 7. Interaction effect of laser power and scanning line interval on adhesion strength: (a) contour
plot and (b) 3D surface plot.

The interaction effect of laser power and scanning speed on adhesion strength is
presented in Figure 8a,b. It is clear that the adhesion strength tended to increase for higher
laser powers and lower scanning speeds. The increase in laser power and the decrease
in scanning speed resulted in the increase in the laser energy density, which effectively
improved the roughness of the CFC surface and accordingly increased the adhesion strength
of the electroless copper.
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Figure 8. Interaction effect of laser power and scanning speed on adhesion strength: (a) contour plot
and (b) 3D surface plot.

The interaction effect of laser power and pulse frequency on adhesion strength is illus-
trated in Figure 9a,b. The optimal adhesion strength was attained with an appropriate pulse
frequency and high laser power. Higher laser power caused more micro/nanostructures to
form on the surface of the CFC sheet, which was beneficial for the bond strength.
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Figure 9. Interaction effect of laser power and pulse frequency on adhesion strength: (a) contour plot
and (b) 3D surface plot.

Figure 10a,b show the interaction effect of scanning line interval and scanning speed
on adhesion strength. The optimal scanning line interval and appropriate scanning speed

are advantageous for achieving higher adhesion strength. The reasons are the same as
those discussed above.
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Figure 10. Interaction effect of scanning line interval and scanning speed on adhesion strength:
(a) contour plot and (b) 3D surface plot.

Figure 11a,b present the interaction effect of scanning speed and pulse frequency on
adhesion strength. The adhesion strength was relatively low at higher or lower scanning
speed and pulse frequency. Thus, the adhesion strength was enhanced in the near-central
levels of scanning speed and pulse frequency.
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Figure 11. Interaction effect of scanning speed and pulse frequency on adhesion strength: (a) contour
plot and (b) 3D surface plot.

Figure 12a,b show the interaction effect of scanning line interval and pulse frequency
on adhesion strength, which is similar to that of scanning speed and pulse frequency on
adhesion strength shown in Figure 11.
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Figure 12. Interaction effect of scanning line interval and pulse frequency on adhesion strength:
(a) contour plot and (b) 3D surface plot.

3.3. Validation of the Developed Model

To validate the developed model derived from multiple regression analysis, three
groups of optimized laser parameters were chosen randomly within the ranges in Table 1 to
conduct confirmation experiments. The actual values of the results in terms of the average
of three trials were calculated. Table 5 shows the actual values, predicted results, and
calculated percentage error of the confirmation experiments. It shows that the maximum
relative error of the prediction for the optimal parametric combination was less than 5.0%,
indicating that the developed model can yield near-accurate result. The relationship be-
tween the experimental and estimated values of adhesion strength is shown in Figure 13. It
can be found that the percentage error between the actual and predicted values was small,
indicating that the developed models are adequate, and the predicted data were in good
agreement with the measured values. Therefore, it can be concluded that the developed
model could successfully predict adhesion strength. In addition, using a numerical opti-
mization method, Design Expert analysis revealed that the optimal laser power, scanning
line interval, scanning speed, and laser pulse frequency for adhesion strength were 5.5 W,
48.2 um, 834.0 mm/s and 69.5 kHz, respectively.
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Table 5. Prediction and validation test results.

Adhesion Strength (MPa) | Error | (%)
Exp. No. A (W) B (um) C (mm/s) D (kHz)
Actual Predicted
1 2 40 500 60 6.63 6.95 4.82
2 6 70 1500 40 6.05 6.26 3.47
3 5 30 1000 70 9.26 9.71 4.86

Predicted vs. Actual
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Figure 13. Plots of the actual vs. predicted on adhesion strength.

4. Conclusions

The effects of laser process parameters on the adhesion strength between electroless
copper and CFCs were investigated using RSM. The following conclusions could be drawn
from this study:

(1) A four-factor, five-level CCD was successfully employed to develop a mathematical
model for optimizing the laser process parameters that affect adhesion strength. The
ANOVA results showed that the developed model could be adequately applied to evaluate
the adhesion strength at a 95% confidence level.

(2) Laser power has a large positive effect on adhesion strength, which is negatively
impacted by scanning speed. The laser pulse frequency and scanning line interval have
little effect on adhesion strength.

(3) The maximum relative error of the prediction at the optimal parametric combination
was less than 5.0%, indicating that the developed models could adequately predict the
results of the adhesion strength within the design space of the laser process parameters
presented in this paper.

(4) Under optimal process conditions (laser power of 5.5 W, scanning line interval
of 48.2 um, scanning speed of 834.0 mm/s, and pulse frequency of 69.5 kHz), electroless
copper on CFCs could be produced with an adhesion strength of 10.91 MPa.
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Abstract: In order to solve the design requirements of high stiffness and lightweight for the primary
support structure of a wide-field auroral imager, we propose a solution for designing and optimizing
a large-scale complex thin-walled structure using additive manufacturing. Firstly, we devise an
integrated thin-walled structure and test material for the main support. Secondly, shape optimization
is achieved via the optimization of the lateral slope angle of the primary support based on Timoshenko
cantilever beam theory. Additionally, an active fitting optimization algorithm is proposed for the
purpose of refining the wall thickness of the thin-walled structure. Then, we determine the structural
design of the main support. This primary support is manufactured via selective laser melting (SLM).
Following processing, the structure size is 538 mm x 400 mm x 384 mm, and the mass is 7.78 kg.
Finally, frequency scanning experiments indicate that, in the horizontal direction, there is a natural
frequency of 105.97 Hz with an error rate of approximately 3% compared to finite element analysis
results. This research confirms that our large-scale complex, thin-walled main support structure
design meets all design requirements.

Keywords: wide-field auroral imager; main support structure; integrated thin-walled structure;
active fitting optimization algorithm; additive manufacturing

1. Introduction

Observational research and assurance services for the space environment can help to
reduce the risks posed by extreme space weather to aerospace, navigation, communications,
and national economies [1-3]. Fengyun meteorological satellites have been extensively
utilized in disaster prevention and mitigation, addressing climate change, and monitoring
and predicting space weather. This use has yielded significant achievements [4-6]. The
wide-field auroral imager (WFAI), a principal payload on Fengyun-3 polar-orbiting me-
teorological satellites, is specifically designed to capture data during periods of auroral
radiation intensity within the 140 nm to 180 nm wavelength range. These observational
data enable the provision of forecasts for magnetic storms, magnetospheric substorms, as
well as ionospheric conditions within polar regions [7].

Considering the FY-3(08) satellite (WFAI), it can be observed that the WFAI employs the
swing-sweep method within the —90° to +90° range to achieve a dual-channel 130° x 130°
expansive field of view, as well as to enable on-orbit calibration. The WFALI is strategically
positioned in the central region of the satellite’s payload bay. In order to mitigate any
interference arising from other payloads on the satellite, the main support structure’s
dimensions, oriented perpendicularly to the satellite payload bay plate, must be adequately
extensive. Furthermore, the primary optomechanical structure of the imager is situated
atop the main support structure, resulting in the camera displaying an elevated center
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of gravity. Simultaneously, the dimensions and mass of the WFAI in other orientations
are subject to stringent constraints, and they must adhere to safety margin specifications
during launch conditions. Consequently, these issues present challenges in crafting a main
support structure for the camera, which is simultaneously lightweight yet characterized by
high stiffness and stability.

This study predominantly focuses on the application of laser additive manufacturing
to create large-scale, complex, thin-walled main support structures that can serve as space
cameras. Initially, operating according to the design requirements of the wide-field auro-
ral imager, namely, lightweight and high stiffness, an integrated thin-walled structure is
devised for the main support. Subsequently, the lateral slope angle of the main support
is optimized in accordance with the Timoshenko cantilever beam theory. Furthermore,
an active fitting optimization algorithm is proposed for the refinement of the thin-walled
structure’s thickness. Finally, considering the limitations of traditional methods in process-
ing, selective laser melting (SLM) is employed to fabricate the main support. The vibration
natural frequency test validates the optimal design results presented in this paper. The
remaining sections of this research paper are organized as follows. In Section 2, we review
the related literature. In Section 3, we summarize the design requirements and structural
form of the camera. In Section 4, the original design of the main support structure is
accomplished. In Section 5, the optimization-based design of the main support structure is
performed, including shape optimization and size optimization. In Section 6, we introduce
the additive manufacturing process of the main support structure and conduct experimen-
tal verification of the space camera. Conclusions and future research directions are given in
Section 7.

2. Literature Review

Thin-walled structures play crucial roles in the aerospace field due to their perfor-
mance advantages, such as being lightweight and exhibiting high specific stiffness, specific
strength, and high-load-bearing capacity [8-10]. Possessing excellent temperature con-
trol characteristics and strong energy absorption performance, thin-walled structures are
widely utilized in the main support structure of space cameras. The principal forms of
thin-walled main support structures produced for space cameras include the thin-walled
tube type, thin-walled frame type, etc. The thin-walled cylindrical structure of carbon
fiber materials, characterized by lightweight and increasingly mature technology, is widely
used in space cameras such as Quickbird-2 [11], ALSAT-2A [12], and KompSat-3 cam-
eras [13]. Generally, the thin-walled frame type is integrally cast or in combination. This
structural form often has high structural stiffness and sound structural stability, being
generally used for small- and medium-sized off-axis space cameras with complex structural
shapes. ALI camera [14] and IKONOS [15] adopt this structural form. The U-shaped frame
of the wide-angle auroral imager on the Fengyun 3D satellite adopts CNC machining
to achieve a thin-walled cavity structure, and its base support adopts casting methods
to achieve a thin-walled frame structure [16]. With the development of space cameras,
there is a growing demand for weight reductions. Therefore, it is necessary to design
its supporting structural form. The traditional casting and CNC machining methods for
thin-walled structures exhibit the disadvantages of long production process cycles and low
material utilization, making it difficult to achieve the integrated manufacturing of large
and complex thin-walled structures [17,18]. The carbon fiber material lamination process is
commonly used to manufacture simple geometric components and will reduce the inherent
advantages of carbon fiber composite materials when applied to more complex plate-like
structures [19,20].

AM is increasingly widely used in aerospace due to its ability to create complex and
customized designs, reduce component weight, improve manufacturing efficiency, shorten
product development cycles, and make supply chains more flexible [21,22]. Research
into AM in aerospace has also seen exponential growth over the last decade [23]. The
aerospace additive manufacturing market industry is projected to grow from USD 8.29
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billion in 2023 to USD 36.25 billion by 2032, exhibiting a compound annual growth rate
of 20.24% during the forecast period [24]. Ishfaq K. et al. discussed the application of AM
in the space field, and these applications demonstrate the feasibility and benefits of AM
technology application in space environments [25]. Ransikarcum K et al. conducted a study
on the business scope and supply chain scope of AM [26,27]. Wang D et al. investigated the
influence of process parameters on densification, microstructure, and mechanical properties
of a Ti-6Al-4V alloy printed by SLM [28]. Zheng Li et al. conducted a literature review on the
in situ detection, generation, effects, and countermeasures of spatter in L-PBF [29]. Among
numerous metal 3D printing technologies, the selective laser melting (SLM) method is very
regarded due to its advantages in dimensional accuracy, surface quality, and component
performance [30,31].

The efficiency and flexibility of additive manufacturing technology are particularly
suitable for space camera structures that require precision and high performance. RUAG
designed and produced an optimized version of an existing antenna bracket with AM
solutions for the latest editions of the mission, namely, the Sentinel-1C and Sentinel-1D [32].
The space detector SVOM-MXT feature camera contains an enclosed aluminum shield
supported by three small support feet produced via additive manufacturing [33]. NASA’s
Perseverance Rover carried 11 components fabricated using metal AM techniques. Of these
11 components, 6 are AM-built heat exchangers used in the MOXIE. The 3D-printed parts of
the PIXL include its front and back cover, mounting frame, X-ray bench, and bench support,
which are hollow, thin-wall structures. The wall thickness of these parts is between 1 mm
and 1.1 mm [34]. MENG Hongtao proposes a complex outer baffle space camera based on
AM [35]. Silicon carbide is used to develop a space remote-sensing camera via 3D printing
technology. The outer envelope of the camera is 430 mm x 370 mm X 450 mm, with a
weight of only 13.5 kg [36]. Design and manufacturing methods that integrate optimization
with additive manufacturing technology are used to meet the design requirements of being
lightweight and displaying high surface-shape accuracy with space mirrors [37-39].

Via our review of the above literature, we found that thin-walled structures, being
among the primary support methods for space cameras, are currently produced mainly
through traditional manufacturing methods such as CNC machining, casting, and com-
posite material weaving. At present, the application of AM technology in space cameras is
mainly concentrated on smaller or lower-strength structural components such as brackets,
light shields, aperture plates, camera shells, reflectors, etc. Meanwhile, there is relatively
little research and application of AM technology on complex thin-walled main load-bearing
structural components with high stiffness and large dimensions. Gaps in the existing
research are highlighted in Table 1.

Table 1. Existing studies and research gaps in thin-wall structures in space cameras.

Research Topic

Existing Research Research Gaps

Structural type design

Thin-walled cylinder type [11-13]

Thin-walled frame type [14,15] Integrated complex thin-walled structure designs

Traditional manufacturing technology

CNC machining and casting [16] Low-cost, high-quality, high-efficiency and
Composite material weaving [11-13] pollution-free in space

Additive manufacturing applications Strength assessment components [30]

Small-scale functional components [32,33,35-37] Applications in large-scale, high-rigidity, and

Small-scale support structure [31,34] thin-wall primary load-bearing structures

This study not only provides a novel perspective for the design and manufacturing of
thin-walled structures in space cameras but also expands the application scope of additive
manufacturing technology in the aerospace field, providing a practical application of
AM technology in the disciplinary area centering thin-walled main supports. The main
innovations of this article are as follows:

e  For the first time, the laser additive manufacturing of a large-size complex thin-walled
structure is applied to the main bearing structure of the space camera.
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e  Shape optimization is accomplished by optimizing the lateral slope angle of the main
support according to the Timoshenko cantilever beam theory.

e  An active fitting optimization algorithm is proposed for use to refine the wall thickness
of the thin-walled structure. The optimization algorithm not only reduces the number
of iterations but also obtains more precise solutions.

e  The utilization of additive manufacturing for large-scale, complex, thin-walled struc-
tures introduces a novel perspective in both the field of space camera support and AM.

3. Design Requirements and Structural Form of the Camera
3.1. Key Technical Indexes

The main technical specifications of the wide-field auroral imager (WFAI) are delin-
eated in Table 2.

Table 2. Main technical specifications of the camera.

No. Parameters Specifications
1 Mass (kg) <25
2 Frequency (Hz) >100
3 Volume (mm) <726 x 635 x 500

3.2. Camera Structure Form
The main constituents of the WFAI are depicted in Figure 1. These components

primarily encompass the main support structure, four independent lens components, the
scanning axis system, the stepper motor, and the on-orbit calibration component.

Lens component _ Stepper motor

On-orbit calibration
component

Figure 1. Sketch of the camera structure.

The support base plays a pivotal role in the wide-field auroral imager, serving as the
primary fixture for various camera components, either directly or indirectly. Notably, the
scanning axis system is affixed atop the main support, spanning two relatively indepen-
dent planes. Additionally, the assembly of four independent lenses, forming the imaging
system, is conducted, and the product is positioned within the midsection of the bracket. A
motor is responsible for propelling the scanning axis system along the designated track,
thereby facilitating the scanning imaging process. Hence, the stability of the main support
determines the precision of the shaft, governing the imaging quality of the imaging system
and influencing the operational longevity of the camera. Furthermore, in adherence to the
specifications outlined in Table 2, the mass of the main support constitutes a substantial
30% portion of the entire camera’s weight. This component also functions as the principal
structural element that dictates the camera’s rigidity, considering that other constituents
have already undergone extensive lightweight design processes. The primary support
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structure further benefits from a versatile array of material options and structural configu-
rations within the optical system, rendering it better suited for achieving a high degree of
lightweight design when compared to the remaining components.

4. Main Support Structure Design
4.1. Material Selection

The selection of materials for space cameras primarily revolves around key proper-
ties, including excellent structural stiffness and strength, as well as thermal stability [38].
Table 3 illustrates the principal performance indicators of materials frequently employed in
space cameras.

Table 3. Material parameters of space support structure [40].

Modulus Elp

Name Densities p(g-cm—3) E (Gpa) (KN-m/g) Expansivity (10-6¢ K-1) Tensile Strength Specific Strength
TC4 4.44 110 24.7 8.8 802 180.6
Al alloy 2.71 69 255 23 410 146.4
Alloy steel 7.83 210 26.9 12 780 100
Invar 8.1 145 17.9 24 302 37.3

It can be seen from the parameters in the table that the specific stiffness of titanium
alloy, aluminum alloy, and alloy steel is similar, that the coefficient of linear expansion
of aluminum alloy is excessively large, and that the specific strength of alloy steel is
small. Although the Invar exhibits superior thermal stability, its specific stiffness and
strength are lower. Analyzing the above factors together, it is apparent that the overall
performance of titanium alloy is the best. As such, titanium alloy is chosen as the laser
additive manufacturing material.

4.2. Integrated Design

The traditional one-dimensional rotational main support structure comprises two
primary components, namely, the U-frame and the base, as depicted in Figure 2. The
U-frame serves as the mounting interface for the rotational axis system, while the base acts
as the connecting element between the space camera and the satellite platform. The bolted
connections used in assembly can compromise the stiffness near the connections, thereby
affecting the overall structural dynamics. In terms of manufacturing, in order to achieve
lightweight, compact, and intricate structures, CNC machining is commonly employed [41],
resulting in material waste and extended processing times. Casting is traditionally used for
larger, more complex structures [42], but it often leads to defects, reduced strength, and
increased waste rates.

”/ U-frame

Figure 2. Traditional structural form of main support.
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4.3. Structural Form Design

The WFALI achieves a substantial field of view using a swing-sweep mechanism.
Consequently, it possesses significant dimensions in the Z-direction, resulting in a relatively
high-payload center of mass. Additionally, due to the eccentric load on the scanning
mechanism, the main support is subjected to bending and torsional loads, primarily during
launch. On occasions when the cross-sectional area is the same, the bending section
modulus and torsional section modulus of a thin-walled hollow structure are greater than
those of a solid structure. In order to meet the requirements for mass, stiffness, and stability
in space cameras, the main support employs a thin-walled box-type structure. Thin-walled
box structures are lightweight, offering excellent bending and torsional performances.
Internally, these boxes house electronic components, shielding them from radiation, while
the exterior surface of the thin-walled box structure provides effective thermal control. The
preliminary structural diagram is depicted in Figure 3.

Part [

Part [1

il \ y

Figure 3. Preliminary structural sketch.

As shown in Figure 3, considering the satellite space size requirements, rotation profile,
and optical requirements for on-orbit calibration, the changeable area of Part I of the thin-
walled beam is small. As such, the optimizable section is Part II. For this reason, this section is
designed as a trapezoidal structure. While the overall mass and total height remain unchanged,
Part II sees evolution from an equal-section rectangle into a variable-section rectangle.

5. Optimization

Once the structural form of the main support has been determined, its shape and size
should be optimized to achieve the goals of the highest stiffness and lightest mass.

5.1. Shape Optimization
5.1.1. Optimization Objective and Variable

Based on the structural design results in shown Section 4.3, the thin-walled main
support structure is simplified into a variable cross-section Timoshenko cantilever beam
structure. The differential equation for the free vibration of the variable cross-section
Timoshenko beam is as follows [43]:

X, 2y (x
2 [x6A) [0 t) — 250+ pA(x) ZEY =0 )
X X 2 x
a% {EI(X)W] + XGA(x) [w —@(x, t)} — pI(x)a ‘St(z 3 )

This is the coupled equation of motion for a Timoshenko beam, where A(x) is the
cross-sectional area, E is the modulus of elasticity, G is the shear modulus, X is a coefficient
related to the shape of the cross-section, p is the density of the beam, I(x) is the moment of
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inertia of the cross-section, y(x,t) is the displacement of the beam, and @(x,t) is the angle of
rotation of the beam cross-section.
Adopt the separated variable approach and bring the following equation into Equation (1).

)

Then, derive the second part of Equation (1) for x. The principal mode function of the
vibration of the beam can be expressed as:

{ — % [XGA() (® ~ Y')] +ApA(x)Y = 0
25 (EI0®) — 2 [XGA(X) (@ — V)] + A% (pL(x)®) = 0

where the eigenvalue A = w? for a variable cross-section Timoshenko beam. Thus, the
principal factors affecting the natural frequency are I(x) and A(x). For an arbitrary-variable
cross-section beam, solving the analytical solution of Equation (3) is usually difficult because
Equation (3) is a system of differential equations with variable coefficients.

The objective underlying shape optimization is to obtain a first-order natural frequency
as high as possible. From the above equation and Figure 4, it can be seen that Part I of
the thin-walled beam possesses a small changeable area, meaning that the optimizable
section is Part II, which are in the yellow square. In Part II, any cross-section shape is
a thin-walled rectangular cross-section, and as the angle 6 between the side of the main
support and the vertical plane (lateral slope angle) changes, the thin-walled rectangular
cross-section dimensions evolve also. Therefore, the cross-sectional moment of inertia also
exhibits alterations. For this reason, the lateral slope angle 0 is the optimization variable of
shape optimization.

.

Qr
) W

L3
Thickness T

)

\
SN

| | 4
HER

Figure 4. Main support optimization variables.

5.1.2. Optimization Strategy

The optimization of lateral slope angle 6 is conducted with the objective of obtaining
the highest first-order natural frequency of the support base for a given base mass and
height. In this paper, the optimization strategy is an ergodic method. This involves
determining the range of values of 8 and then choosing the ergodic step size AB. Then, it
is necessary to calculate the different wall thickness Ti corresponding to different 8i with
the given mass Md of the support base. Next, researchers should derive the first-order
natural frequency wi corresponding to 0i according to the free vibration equation of the
support base. Finally, the relationship between the lateral slope angle 6 and the first-order
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natural frequency wi is to be obtained by traversing all the values of 8, thus determining
the optimum lateral slope angle 0 and the first-order natural frequency wi.

5.1.3. Optimization Process and Result

The optimization process of the lateral slope angle 0 and the results thereof are as
follows. Initially, the permissible range for 0, based on the satellite installation space, lies
between 0° and 12°. Then, a step size of 2° is selected for the exploration. The mass of Part
II of the main support structure is set at 4 kg. The corresponding wall thickness T can be
calculated from the total mass and 6. Subsequently, for each 8 value within the specified
range, the corresponding free vibration equation for Part II of the main support structure is
formulated. By solving this equation, the first-order natural frequency for each 6 value is
obtained. The optimization results are illustrated in Figure 5. As observed in the graph, the
optimal lateral slope angle (6) is determined to be 12°, with a corresponding wall thickness
of 1.779 mm.

290

280

270

K (N/m)

260

250

240

230 Il Il Il Il Il
6

0 )

Figure 5. Optimization results of the lateral slope angle.

5.2. Structural Reinforcement Design

The primary photomechanical structure of the space camera is arranged on Part I of
the main support, and its strength, stiffness, and stability must overcome the vibration of
the mechanical environment of the rocket launching stage. Otherwise, the accuracy of the
shaft system cannot be guaranteed, which in turn affects the imaging quality of the optical
system and the working life of the camera. Therefore, the cavity of Part I is structurally
strengthened, as shown in Figure 6. The inside cavity of Part I mainly consists of the center
force-bearing cylinder, eight ribs, etc., which together form the main force transmission
path. The scanning axis system, stepping motor, and calibration components transfer the
load to the main force transmission path. Meanwhile, for the purpose of preventing stress
concentration, the shaft mounting surface and satellite connection surface are thickened
to 3 mm, and other wall thicknesses are designed according to the optimization result of
1.779 mm. At this time, the mass of the main support is 10,615 Kg. In order to conduct
additive manufacturing, an auxiliary support plate is designed, and a rounded design is
performed in the thin-wall connection to prevent cracking during laser printing. Simulta-
neously, the center bearing cylinder also plays the role of supporting the calibration of the
deuterium lamp assembly and the role of the shading cylinder.
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Shaft system
mounting surface

ribbed plate

Center force
bearing cylinder

Process support -
plate

deuterium __
lamp

Surface connected to
the satellite

Figure 6. Structural reinforcement of the main support.

5.3. Size Optimization
5.3.1. Optimization Objectives and Variables

Shape optimization ensures the high stiffness of the main support, while size opti-
mization accomplishes the goal of lowering the weight of the support base.

The objective of size optimization is to minimize the mass of the main support base.
Simultaneously, for the purpose of avoiding resonance phenomena during the rocket’s
launch that could potentially damage the structure, the first-order natural frequency of the
camera is required to be no less than 120 Hz. Therefore, the constraint for the optimization
problem is that the first-order natural frequency of the main support base must exceed
120 Hz. The wall thickness of thin-walled structures is the most important factor affecting
the mass of the main support. As a consequence, the wall thickness T is used as an
optimization variable for dimensional optimization.

5.3.2. Optimization Strategy

The wall thickness T of the support base is used as the optimization variable, the
minimum mass is used as the optimization objective, and the first-order natural frequency
of the main support is kept higher than 120 Hz as a constraint for optimization.

The conventional dimensional optimization method involves giving an initial wall
thickness T and then increasing the thickness At each time until the resulting thickness
meets the set requirement. The next step involves outputting the wall thickness at a
minimum volume, denoted as follows:

st Massmin(To + At X N) )
1 hH (TQ + At x N) > 120 Hz

where T is the initial wall thickness, At is the wall thickness increment, and N is the
number of iterations.

However, there remain some problems with this approach. If At takes a large value,
although the number of iterations can be reduced, the solution may be rough; conversely,
if At takes a small value, although a detailed solution can be obtained, the number of
iterations will be increased, consuming a lot of computational resources.

For this reason, we propose an active fitting optimization algorithm, i.e., the active
fitting of the polynomial function is performed after each calculation, the wall thickness
at the target frequency is solved numerically, and the minimum wall thickness is selected
for calculation. These steps not only reduce the number of iterations but also achieve a
detailed solution. The theory of the active fitting optimization algorithm is illustrated in
Algorithm 1.
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5.3.3. Optimization Process and Result

The optimization process and results of the wall thickness T are as follows. The
principal support structure was divided into shell elements. For the sake of simplification,
all structural components at the cantilever end were condensed into a single mass node
known as M. This approach took into consideration the eccentricity of the mass node and
incorporated moments of inertia in three directions. Care was taken to maintain precise
connection arrangements, resulting in the simplified finite element model depicted in
Figure 7.

Algorithm 1: Active Fitting Optimization Algorithm

Input: T is the wall thickness of the model, FRE is the 1st-order mode of the model, N is the maximum number of iterations, M
is a polynomial number, FRE,gt is the target value of the 1st-order mode of the model, Rfarget is the fit threshold, and AFRE
is the residual value.
Output: T.
1: Ty = @, T1= @, Ty # To; calculations using the finite element method FRE(Ty), FRE; (T)//Step 1. Calculation of
1st-order modes FRE; and FRE; for Ty and T; wall thicknesses using finite element methods
2: N = ;M = @; FREarget = @;//Step 2. The variable assignment cannot be 0.
3: for (i=1toN)do
4: From [ToFRE(]~[T;FRE;], calculate the
M
Fi(t) = pyt™ + - +p,t* +pyt+py = _Z(:)pjtj;
=
/ /Step 3. Constructing the fitting function
5: Calculate the degree of fit R%;/ /Step 4. Calculating goodness of fit
6: if (R* > tharget) then
7: when F;(t) = FREarget solve (toty - - tn);
8: TIM = (min(toty - - - ty )Ut > 0);
9: Set the wall thickness of the model as T;. 1, and use the finite element method to calculate the 1st-order mode as FRE;,1;

10:  if [FRE,,; — FREqe|< AFRE) then
11:  end for; else .

12: [Ti;1FRE; 1] = [TUTFRE; 1]

13: end if

14: else

15: i=i+1;

16: M=M+1;

17: end if

18: end for

19: return Tj4q, i, N

Figure 7. Finite element model.

The active fitting optimization algorithm is used to calculate the optimization of the
model wall thickness. Firstly, the 1st-order mode for wall thickness Ty = 0.5, T = 0.55 is
calculated as FREq (Ty) = 77, FRE; (T7) = 80.8, the number of cycles is set to be N = 10,
the number of polynomials is set to be M = 1, the target value for the 1st-order mode of
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the model is set to be FREarget =120, the goodness of fit is set to be tharget = 0.9999, and
AFRE = 0.01 is the residual value. After six cycles and four finite element calculations,
the 1st-order mode FRE = 119.9927 Hz of the model is obtained for a wall thickness of
T =1.19 mm. The variation of the fitting curve is shown in Figure 8, and the frequency

residual curve during convergence is shown in Figure 9.
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Figure 8. Changes in the fitted curves during the optimization process.
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5.4. Mechanical Analysis

The structural design of the support base was completed based on the optimized
wall thickness obtained in the previous section. The total mass of the main support
structure was 7.56 kg, resulting in a 28% reduction in camera mass. Such a measure ensures
that the structure’s natural frequency remains within the optimization constraints while
also helping to significantly reduce overall camera weight. Following the optimization,
local reinforcement design was applied to the camera’s mounting locations, and stress
concentration design modifications were conducted at threaded connection points.

In the optimization design, the load was considered as a point mass, and the rotational
inertia of the load was not taken into account. However, in the actual system, there is
some flexibility in the load, shaft system, and their connections. As a result, the natural
frequencies of the actual system are lower than the optimized results. To obtain a more
accurate representation of the system’s natural frequencies, it was necessary to conduct
a modal analysis of the entire system. The 11 connection holes at the bottom of the main
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support were constrained, and the system’s natural frequencies in two horizontal directions
were calculated to be 109.2 Hz and 110.5 Hz, as illustrated in Figure 10. The results indicate
that the first-order natural frequency, calculated using a finite element model with realistic
loads, is 10.8 Hz lower than the results obtained via consideration of point masses.

(b)

Figure 10. Horizontal modal vibration pattern of space camera. (a) Y direction natural frequency,

(a)

(b) X direction natural frequency.

6. Laser Additive Manufacturing and Experimental Verification
6.1. Laser Additive Manufacturing

Compared with the traditional one-dimensional scanning main support structure,
which consists of a U-frame and a base, the optimized main support structure adopts
integrated thin-wall structures, such as the thin-wall structures shown in Figures 4 and 6,
whose overall size reaches 538 mm x 400 mm x 384 mm. The wall thickness is 1.19 mm,
and there are some closed cavity structures. It is almost impossible to complete the work
using conventional processing means. Additive manufacturing can overcome the problems
of chattering in traditional thin-wall CNC machining and quality defects in thin-wall
casting. As such, this paper chooses selective laser melting technology to manufacture
this structure.

Given that the main support structure was constructed from titanium alloy Ti6Al4V material
and possesses substantial dimensions, with an outer envelope measuring 538 mm x 400 mm
x 384 mm, a comprehensive assessment of the available large-scale 3D printing equipment
was conducted. After thorough consideration, the decision was made to employ the BLT-S5615
multi-metal 3D printing system manufactured by Bright Laser Technologies (Xi’an, China). The
3D model of this 3D printing device is shown in Figure 11, the specific parameters of which are
outlined in Table 4.

Table 4. Parameters of the BLT-5615 multi-metal 3D printing system.

Titanium Alloy, Aluminum Alloy, High-Temperature Alloy,

Material Support Stainless Steel, High-Strength Steel, Tool Steel

600 mm x 600 mm x 1500 mm (W x D x H),

Forming size

Power of the laser
Layering thickness
Maximum scan speed
Efficiency of forming
Preheating temperature
Beam quality
Optical structure
Powder laying agencies
Power wastage
Size
Weight

650 mm x 650 mm x 1300 mm (W x D x H)
500 W x 4,500 W x 6
20 pm~100 pm
7m/s
100 cm®/h
RT +20~200 °C
M2<11
F-0 footage
Single/two-way spreading of powder
<18 KW
4700 mm x 5100 mm x 3800 mm (W x D x H)
~14,900 kg




Micromachines 2024, 15, 211

Q S6e1s l
\

Figure 11. The BLT-5615 multi-metal 3D printing system.

BLT-S615 equipment possesses a maximum size of 600 mm x 600 mm x 1500 mm,
meeting the required dimensions for the main support structure. It features a laser power
of 500 W x 4, a laser wavelength in the range of 1060 nm to 1080 nm, and a maximum
scanning speed of 7 m/s. Additionally, achievable part accuracy can be controlled within
£ 0.05 mm. Therefore, the BLT-S615 was selected for the manufacturing of the main
support structure using metal additive manufacturing technology. The quality met design
specifications. The specific experimental print parameters of the thin-walled main support
structure by SLM in this paper are shown in Table 5. After the completion of printing, the
ultrasonic thickness gauge is utilized to measure part of the wall thickness. The thickness
range is from 1.21 mm to 1.25 mm, and the error is within the allowable range. The mass of
the main support structure is 7.78 Kg, which is slightly greater than the design weight but
still meets the design requirements.

Table 5. Process parameters of the main support structure by SLM.

. Spot Powder Layer Scanning Hatch Powder
Device Model Laser Power Diameter Thickness Velocity Spacing Materials
BLT-S615 4 x 340 W 80-85 pm 60 um 1250 mm/s 120 um Ti6Al4V

6.2. Experimental Verification

To test the system’s inherent frequency in the horizontal direction, a horizontal 0.2 g
sweep frequency vibration test was conducted using an electromagnetic vibration table,
as depicted in Figure 12. The results of the camera’s horizontal sweep frequency test are
shown in Figure 13. The camera’s inherent frequencies in the horizontal direction were
determined to be 105.97 Hz, with an error of 3% compared to the simulated result of
109.2 Hz, validating the optimized design results presented in this paper.
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Figure 13. X-direction sweep test results.

7. Conclusions and Future Research

In this paper, we designed the main support structure for a wide-angle auroral imager
with an integrated thin-wall structure via structural optimization. We then manufactured
this via selective laser melting (SLM). First, this marked the first application of laser
additive manufacturing of large-size complex thin-walled structures to the production
of the main bearing structure of a space camera. The processed size of the main support
structure reached 538 mm x 400 mm X 384 mm, and the wall thickness of the thin-
walled structure was 1.19 mm. The vibration test proved that the structure exhibited good
stiffness with lighter mass. Second, the initial design of the thin-walled main support
was simplified to have a Timoshenko cantilever beam structure. The study analyzed the
principal parameters affecting the natural frequency according to Timoshenko beam theory,
subsequently optimizing the angle between the side of the main support and the vertical
plane. Finally, an active fitting optimization algorithm was proposed for the refinement of
the thin-walled structure’s wall thickness. The optimization algorithm not only reduced the
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number of iterations but also obtained more precise solutions. The proposed methodology
provides valuable insights and references for the future design and manufacturing of
similar space optical camera sensors. Furthermore, the approach of utilizing additive
manufacturing to produce large-scale complex thin-walled structures introduces a novel
perspective in both the field of space camera support and AM.

This paper presented a case study of a large-scale complex thin-wall main support
structure based on additive manufacturing in a space camera. The primary focus of the
research lay in the design and optimization of the main support structure. During the
research process, several other aspects deserving analysis were identified. Firstly, it was
crucial to determine precisely how process parameters used in laser additive manufacturing,
such as powder materials, laser power, scanning velocity, hatch spacing, and powder layer
thickness, impact both the quality and frequency of the space camera as well as its structural
stress. Secondly, because of the thin wall thickness and large size of the main support
structure, the thermal stress in the laser AM process can easily cause deformation of
the overall structure. Therefore, this article also discusses how to reduce thin-walled
deformation by designing and controlling process parameters in laser AM. Lastly, relevant
experiments must be conducted to verify their thermal stability and mechanical stability
due to thin-walled structures being prone to deformation, buckling, and other problems in
environmental tests.
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Abstract: Ag and Cu have different advantages and are widely used in key fields due to their typical
highly electrical and thermal conductive (HETC) properties. Laser powder bed fusion (LPBF), an
innovative technology for manufacturing metallic multi-material components with high accuracy,
has expanded the application of Ag-Cu in emerging high-tech fields. In this study, the multi-material
sandwich structures of Ag7.5Cu/Cul0Sn/Ag7.5Cu were printed using LPBF, and the formation
mechanism, interface characteristics, and molten pool behavior of the Ag7.5Cu/Cul0Sn (A/C)
and Cul0Sn/Ag7.5Cu (C/A) interfaces were studied to reveal the influence of different building
strategies. At the A/C interface, pre-printed Ag7.5Cu promoted Marangoni turbulence at a relatively
low energy density (E5,c =125]/ mm?). Due to the recoil pressure, the molten pool at the A/C
interface transformed from a stable keyhole mode to an unstable keyhole mode. These phenomena
promoted the extensive migration of elements, forming a wider diffusion zone and reduced thermal
cracking. At the C/A interface, the molten pool was rationed from the conduction mode with more
pores to the transition mode with fewer defects due to the high energy density (Ec,5 = 187.5]/ mm?).
This work offers a theoretical reference for the fabrication of HETC multi-material structures via LPBF

under similar conditions.

Keywords: highly reflective and thermally conductive metals; multi-material structures; laser powder
bed fusion; interfacial characteristics; Ag alloy; Cu alloy

1. Introduction

The typical highly electrically and thermally conductive metals (HETCMs) (e.g., Ag,
Au, Cu) are widely used in various fields because of the special characteristics [1]. Ag has
been used in smart electronics [2], green energy [3], wearables [4], jewelry [5], medicine and
health care [6], and other emerging fields due to its excellent electrical [4], thermal [7], reflec-
tive [8], and antibacterial [9] properties. Cu has high conductivity [10], heat conduction [11],
corrosion resistance [12] and toughness [13], and is widely used in electric power [14], heat
dissipation [15], aerospace [16], marine applications [17], and other fields. However, the
relatively high price, low hardness, low yield strength, and poor wear resistance of Ag limit
its further application [18]. While Cu is widely used in a pure and an alloy form due to its
machinability and relatively low cost.

Metallic additive manufacturing (AM) is an emerging technology that can efficiently
produce functionally graded materials (FGMs), resulting in improved performance through
gradual changes in the composition or microstructure [19]. Multi-material structures are
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typical FGMs [20]. By integrating the structures and functions of multiple materials, the
combined properties of the multiple materials (e.g., local wear resistance, high thermal
conductivity, thermal insulation, chemical corrosion resistance, etc.) [21] can be achieved
to meet the growing demands of the aerospace, biomedical, automotive, and jewelry in-
dustries, among others [22]. Laser powder bed fusion (LPBF) is a common metal additive
manufacturing process [23,24] that has the advantages of precision manufacturing and
multi-scale precision control [25]. In the LPBF process, the combination of laser rapid
solidification and high thermal conductivity metal contributes to promote grain refine-
ment [17], which provides the possibility to improve the comprehensive performance of
HETCMs [1]. The smaller spots and thinner layers enable LPBF to fabricate metallic multi-
material components with more complex structures and higher geometric resolutions [21],
which are otherwise difficult or impossible to fabricate with the traditional manufacturing
techniques [26] such as powder metallurgy [27], welding [28], casting [29], cold press-
ing [30], etc. Through LPBF technology, precious metal materials can be used efficiently,
and its green and flexible manufacturing characteristics are also helpful in expanding the
application of Ag materials in emerging high-tech fields.

Although the mentioned studies highlight the potential advantages of Ag and Cu,
there are few articles related to the LPBF fabrication of Ag—Cu because of the expensive
price of Ag and the difficulty of printing HETCMs [31,32]. For example, Robinson et al. [32]
printed 99% pure Ag using single-tracks fabrication on Cu and steel substrates and found
that the Cu substrates with high thermal conductivity and high reflectivity were not
suitable for LPBF fabrication of pure Ag single-tracks. Xiong et al. [18] found that the grain
refinement caused by the LPBF process contributed to the Vickers hardness of the LPBFed
Ag alloy three times higher than that of the casting Ag alloy. John et al. [33] found that
when using LPBF in situ alloying to fabricate Cu-Ag structures with different Ag contents,
the pore number and average pore size of both the prefabricated and the annealed samples
decreased with the increasing Ag content. Temel et al. [34] fabricated Ag-coated Cu cores
through LPBF to obtain materials with higher conductivity and oxidation resistance at a
relatively low cost. The above studies demonstrated the feasibility of fabricating Ag—Cu
multi-material via LPBE. However, existing studies mainly use in situ alloying and pre-
alloying. The fabrication of Ag-Cu multi-material LPBF using a sandwich structure has
not been investigated.

Some LPBF-based metallic multi-material structures (MMS) have been investigated,
such as copper—steel [20], copper—nickel [35], titanium—copper [36], aluminum—copper [37],
etc. The research contents involve the interface characteristics of multiple materials, in-
cluding the interfacial microstructure, the elemental diffusion mechanism, the interfacial
melting mode, etc. Chen et al. [38] printed 316L-Cul0Sn MMS using LPBF and found that
many dendritic cracks in the diffusion zone came from the different physical properties
of 316L and Cul0Sn. Wei et al. [36] printed Cul0Sn and Ti6Al4V with different construc-
tion strategies using LPBF and found that the thin elements reaction zone at the interface
contributed to the delamination of dissimilar materials, while more extensive element
migration enhanced the bonding strength of multi-material interfaces. Tan et al. [39] found
that due to the high cooling rate of the copper substrate, gradient/fine dendrite grains
were generated at the interface of the LPBFed copper—steel MMS, resulting in an ultra-high
copper—steel bonding strength. Liu et al. [20] investigated the correlation of energy den-
sity with the Marangoni convection-driven molten pool flow behavior in 316L-Cu10Sn
multi-material LPBF fabrication.

Previous studies have shown that different building strategies in metallic multi-
material LPBF fabrication affect interface behavior [40,41], but there is no related study
on Ag-Cu multi-material. The multi-material used in the current research are mainly
dissimilar materials with certain thermo-physical properties (e.g., thermal conductivity,
thermal expansion coefficient, laser absorptivity, melting temperature, etc.), but the HET-
CMs MMS fabricated by LPBF has not been reported yet. Therefore, a study of the bonding
characteristics of the interface between Ag alloy and Cu alloy is helpful in breaking down
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the barriers of HETCMs MMS additive manufacturing and expanding the application of
HETCMs in various industries.

In this study, the Ag7.5Cu/Cul05n/Ag7.5Cu multi-material sandwich structures were
printed by LPBE. The sandwich structure had two interfaces, the Ag7.5Cu/Cul0Sn inter-
face (Cul0Sn was printed on Ag7.5Cu), and the Cul0Sn/Ag?7.5Cu interface (Ag7.5Cu was
printed on Cul0Sn). The interfacial characteristics (such as morphology, defect, microstruc-
ture, and element diffusion), interfacial melting mode, and their formation mechanisms
were investigated.

2. Methods and Experiments
2.1. Experimental Materials

The spherical gas-atomized powders used in the experiment included Ag7.5Cu alloy
powders (Figure 1a) and Cul0Sn alloy powders (Figure 1b), supplied by the Legor Group.
Previous studies have shown that different powder particle sizes not only increased packing
density but also improved the powder absorptivity of highly reflective metal powders
through multiple reflections [42,43]. The particle size distribution of the powders was
measured by a Mastersizer 2000 laser particle size analyzer. The Ag7.5Cu powders had
a D10 of 14.7um, a D50 of 22.8 um, and a D90 of 33.0 pm, and the Cul0Sn powders had
a D10 of 24.5 um, a D50 of 36.1 um, and a D90 of 57.5 pm, as shown in Figure 1c and
1d, respectively. The oxygen level of the powders was measured by a Leco ONHS836
Oxygen/Nitrogen/Hydrogen elemental analyzer. The chemical compositions of two
powders are shown in Table 1.
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Figure 1. (a,b) SEM images of Ag7.5Cu and Cul0Sn powders, respectively; particle size distribution
of (c) Ag7.5Cu powders and (d) Cul0Sn powders.
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Table 1. Chemical compositions of Ag7.5Cu and Cul0Sn alloy powders (wt.%).

Materials Ag Cu Sn (0] Others
Ag7.5Cu Bal. 7.56 — 0.016 Less than 0.05
Cul0Sn — Bal. 10.20 0.038 Less than 0.05

2.2. LPBF Process of Ag7.5Cu—Cu10Sn Multi-Material Structure

In this work, the sample was produced by LPBF, using a SISMA MYSINT100 system
and an Nd: YAG fiber laser with wavelength of 1.06 um, high power (up to 200 W), and
small focus (30 pm). The sample was built in a nitrogen environment (residual oxygen
content of 0.5 vol%). A schematic illustration of the multi-material LPBF process as shown
in Figure 2. The sandwich structure sample was a 6mm x 6mm x 6mm cube consisting
of Ag7.5Cu alloy on the bottom and top, and Cul0Sn alloy in the middle, with a 2 mm
height of each metal (see Figure 2a). Due to the sandwich structure, two interfaces with
different printing strategies could be observed in the same sample. The Ag7.5Cu/Cul0Sn
interface and the Cul0Sn/Ag7.5Cu interface were referred to as the “A/C interface” and
“C/A interface”, respectively.

(a) Laser
Scannin Layer Hatch Energy
Melt pool Laserwpower speedg thickness distance density
w) (mm/s) (mm) (mm) (J/mm’)
Ag7.5Cu 90 600 0.02 0.04 187.5
P C/A
4 Interface
80 800 0.02 0.04 125
Building A/C
Direction Interface
(BD) 920 600 0.02 0.04 187.5
_ Substracte g
(b)
Laser Laser Laser
Scrapper ' Scrapper ' Scrapper '

B a i A - . A : """"5-‘
-~ v B aw ‘ s N .
Powder Building Recycling ' '
reservoir chamber ©0 chamber

Figure 2. Schematic illustration of LPBF process for fabricating Ag7.5Cu/Cul0Sn/Ag7.5Cu multi-
material samples: (a) building strategy and parameters; (b) printing process.

Differences in the melting point and thermal conductivity of different materials would
lead to the insufficient melting of metals with higher melting points in the powder mixing
region [19]. As metals with high reflectivity (Ag, Cu > 95%, 1064 nm) [44] and high
thermal conductivity(Ag: 429 W/(m-K), Cu: 401 W/(m-K)) [45] require more laser energy
to melt [23]. Based on our previous experiments [18], compared with Cul0Sn alloy, a
higher energy density was used when printing the Ag7.5Cu alloy to avoid the insufficient
melting of the Ag alloy. The optimized parameters for manufacturing the Ag7.5Cu alloy
and Cul0Sn alloy were listed on the right side of Figure 2a, and a chessboard scanning
strategy was applied to reduce the residual stress. The volume energy densities (E;) were
calculated based on Equation (1) [46].

Figure 2b shows the LPBF printing strategies for fabricating the samples. After the
first part of the Ag7.5Cu printing was completed, the Ag7.5Cu powders in the powder
reservoir and powder recycling chamber were removed and cleaned, and then, the Cul0Sn
powders were re-filled into the powder reservoir to continue the printing. This step was
repeated until the entire multi-material sample was printed.

N
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)

E; =
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A/C Interface C/A Interface

where v is the scanning speed; / is the hatch distance; and t is the layer thickness.

2.3. Microscopic Feature

The side surface of the Ag7.5Cu/Cul0Sn/Ag7.5Cu sample was polished by the com-
mon metallographic method, up to 0.3 um silica colloidal. The sample was polished
mechanically to obtain mirror-like surface and etched with two different etchants. One
etchant (50 mL ammonia water + 50 mL H,O; (3 vol%) + 50 mL distilled water) was used
for the Ag7.5Cu part. The Cul0Sn part was etched with 5 g FeCl3, 10 mL HCI, and 100 mL
distilled H,O mixed solution. An optical microscope (OM) with a Leica M205 was used to
characterize the surface morphology and defects. The interfacial microstructure and ele-
ment distribution were observed and analyzed with a ZEISS Gemini 300 scanning electron
microscope (SEM) equipped with an Smartedx energy dispersive spectroscope (EDS).

3. Results and Discussion
3.1. Interfacial Morphology and Defects

Figure 3 shows the optical mesoscopic images of the two interfacial regions of the
Ag7.5Cu/Cul0Sn/Ag7.5Cu sandwich structure sample fabricated using LPBF. Three re-
gions could be observed in the interface: the Ag7.5Cu region, the diffusion zone, and the
Cul0Sn region. The diffusion zone of the A/C interface (~90 um) was wider than that of
the C/A interface (~40 um), as indicated by the yellow dash lines in Figure 3(al,a2) and
Figure 3(b1,b2), respectively. No obvious mesoscopic defects (delamination or cracking)
were observed in the binding regions (see Figure 3(al,b1)), and the Ag7.5Cu was firmly
metallurgically bonded to the Cul0Sn part. On the one hand, Ag and Cu were metallur-
gically compatible. As the Ag—Cu alloy system was an eutectic [47], the maximum solid
solubilities of Cu in Ag at the eutectic temperature (779.1 °C) and at room temperature
(20 °C) were 8.27 wt% and <1 wt%, respectively [47]. On the other hand, the large difference
in the coefficient of thermal expansion (CTE) between dissimilar metals was one of the
main causes of interfacial bonding defects [48,49], while the CTEs of Ag (19 ppm/K) and
Cu (17 ppm/K) were relatively close [50], resulting in good metallurgical bonding in the
LPBF manufacturing process.
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Figure 3. Optical images of two interfaces: (al) macroscopic images of the A/C interface; (a2) enlarged
view of area A in (al); (b1) macroscopic images of C/A interface; (b2) enlarged view of area (B) in
(b1). Orange arrows indicate the building direction (BD).

Figure 4 shows the microstructure of the two interfaces after etching. The purpose of
the etching was to better reveal the morphology of the molten pool. The overlapped molten
pools with ‘fish scale” [51] solidification lines could be clearly identified in the two interfaces,
as shown in Figure 4. During LPBF fabrication, as new layers were deposited on top, a
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certain amount of the previously deposited layers were remelted [52,53], and the changes
in the depth and shape of the molten pool resulted in irregular, wavy-shaped tracks [54].
Micro cracks and micro pores were observed in the Ag7.5Cu region and the Cul(0Sn region
respectively, while fewer defects were observed in the two diffusion zones of two interfaces,
as shown in Figures 3 and 4. Lack of fusion (LoF) [55] pores could be seen in the Cul0Sn
region, mainly at the edge of the molten pool (see white arrows in Figure 4a,c). Microcracks
were observed mainly in the Ag7.5Cu region (see black arrows in Figure 4a,c). Some cracks
extended from the edge of the diffusion zone to the Ag7.5Cu side at the A/C interface
(see black arrows in Figure 4b). These microcracks occurred at the molten pool boundary
and extend in the same direction as the columnar crystal growth (parallel to the direction
of the maximum thermal gradient). Microcracks were considered to be thermal cracks
caused by high thermal stress due to high energy density, and they usually occurred and
propagated along the grain boundaries [56]. The layer-by-layer melting and solidification
characteristics of the LPBF process facilitated epitaxial growth, and it tended to induce
columnar grains [57]. The columnar grains provided a long and straight path for crack
propagation along the grain boundary [58], while the high solidification rate of Ag was
not conducive to liquid backfill, making LPBFed Ag more prone to cracking. In addition,
the unique solidification morphology caused by Marangoni convection was observed at
the A/C interface, as shown in Figure 4b. In the LPBF process, the Marangoni convection,
recoil pressure, and surface tension of the molten pool promoted elemental mixing and
drove the molten pool into a keyhole mode [59,60]. Previous studies have shown that the
large thermal stress induced by the high thermal gradients increased the possibility of
crack generation [61]. Therefore, cracks were more likely to occur in the heat-affected zone
(HAZ) below the keyhole mode molten pool [62]. This also explains why there were more
microcracks below the diffusion zone of the A /C interface.

A/Cinterface

pores"

grain

C/A interface

pores

Circular Flows(CFs)

Q-Pores*

Figure 4. Characteristics of two interfaces after etching: (a) mesoscopic morphology at A/C interface;
(b) enlarged view of area A in (a); (c) mesoscopic morphology at C/A interface; (d) enlarged view of
area B in (c). Orange arrows indicate the building direction (BD).
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3.2. Element Diffusion

The main element distributions of the A/C and C/A interfaces are shown in
Figures 5 and 6, respectively. Since both materials contained Cu elements, EDS map-
ping and line scan result (Figure 7) were combined for a comprehensive evaluation in order
to better determine the width of the diffusion zone.

Cu10Sn Cu10Sn
Diffusion zone g Diffusion zone

Ag7.5Cu
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Figure 5. Elemental distributions at A/C interface: (a) SEM image; (b) EDS mapping of (a);
(c—f) showing elemental distributions of Cu, Ag, Sn, O, respectively; (g) EDS mapping of area
A in (a); (h—j) showing elemental distributions of Cu, Ag, O, respectively. Orange arrow indicates the
building direction (BD).

Circular
Flows

Figure 6. Elemental distributions at C/A interface: (a) SEM image; (b) EDS mapping of (a);
(c—f) showing elemental distributions of Ag, Cu, Sn, O, respectively. Orange arrow indicates the
building direction (BD).
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Figure 7. EDS line scan results along the scan path 1 (a) and 2 (b) presented in Figures 5a and 6a,
respectively.

The mixing and dilution of Ag, Cu, and Sn were evident in the molten pool at two
interfaces (Figures 5 and 6). The element diffusion distance of A/C interface (65-90 um)
was wider than that of C/A interface (30-40 pum). Some strong Marangoni convection
could be observed at the A/C interface (Figures 4b and 5a), and circular flows (CFs)
were observed at the C/A interface (Figures 4d and 6c). Tan et al. [48] also found that
when printing copper—steel multi-material, the high thermal conductivity of copper at
the bottom resulted in a better interfacial bond strength. However, they only used one
material with high thermal conductivity, and the other material was steel, which had poor
thermal conductivity. During LPBEF, the CFs in the molten pool were induced by Marangoni
convection (AM), which was proportional to the surface tension (y) and temperature
gradient (AT) [63]. This phenomenon was enhanced by the underlying Ag/Cu because the
high thermal conductivity of Ag/Cu increased AT, which enhanced the dynamics of the
Marangoni convection of the molten pool and further facilitated element migration in the
diffusion zone. This was especially the case at the A/C interface (underlying Ag) since the
thermal conductivity of Ag was higher than that of Cu. This explains in one aspect why
the stronger Marangoni convection and a wider diffusion zone were observed at the A/C
interface.

Due to the complex non-equilibrium solidification process in the LPBF process [64],
the long-term diffusion was limited during the rapid cooling process [65], which was
not conducive to the generation of element portioning. Therefore, it did not have the
conditions to produce large eutectic areas. Wang et al. [66] manufactured 925 Ag through
LPBF and found that some submicron-sized eutectic structures were formed. The Ag—Cu
phase diagram showed eutectic reaction at 28.1wt.% Cu [47]. The Cu-rich area (Figure 5d)
was observed at the A/C interface. Figure 5g—j shows the mapping images of the molten
pool of the area A in Figure 5a. The melting tracks with curved strips and swirls were
clearly observed, which proved that Ag and Cu formed a good interpenetrating interface.
The circular movement of the molten metal (Marangoni convection) in the molten pool
contributed to the diffusion and homogenization of elements [67], which also promoted
more eutectic formation in the diffusion zone. Due to the good liquidity and castability of
eutectic alloys, thermal cracks were effectively reduced or even eliminated by increasing the
amount of the eutectic phase [68]. The low melting eutectic structure backfilled the cracks
and increased the grain boundary area to prevent crack propagation [69], and the alloy
composition near the eutectic point of the phase diagram was also conducive to achieve
high castability [70]. This also explains why there were fewer cracks in the diffusion zone.

Comparing Figure 5f and j with Figure 6f, the oxygen content in the strong Marangoni
convection zone at the A/C interface was higher, and the mapping area of the oxygen
content was consistent with that of Cu. Since the sample was constructed in a nitrogen
atmosphere (0.5 vol% residual oxygen) and stored powders were used in the experiments.
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On the one hand, this phenomenon was attributed to the higher oxidation degree of Cul0Sn
powders than that of Ag7.5Cu powders (see Table 1). On the other hand, powder oxidation
may have had an effect on the Marangoni convection. As the shape of the molten pool was
determined by the melting mode of the LPBF process, the different degrees of Marangoni
convection at the A/C and C/A interfaces could lead to differences in the melting modes
at the two interfaces. This will be discussed in Section 3.3.

3.3. Melting Mode in Multi-Material LPBF

The melting mode in the multi-material interfacial region led to different molten
pool morphologies and significantly affected the distance of the element migration [51].
Therefore, different melting modes were very important for the interfacial bonding of
multi-material.

In this study, the diffusion zone of the A/C interface (~80 um) was wider than that
of the C/A interface (~30 um) (Figure 7). The migration distance of the elements at
the A/C interface was about twice that at the C/A interface. The different width of
the diffusion zone was due to the different melting modes in the manufacture of LPBF-
fabricated multi-material. Qi et al. [59] believed that there were three modes in the LPBF
fabrication of Al7050: the keyhole, the transition, and the conduction modes. The keyhole
mode produced a deep and narrow V-shaped or goblet molten pool; the conduction mode
produced a semicircular molten pool; and the transition mode was between the first two.
These three modes could be identified by the ratio of molten pool depth (D) to width (W)
(D/W, the aspect ratio of the molten pool cross-section), the keyhole mode (D/W > 0.55),
the conduction mode (D/W < 0.25), and the transition mode (0.25 < D/W < 0.55). In
comparison, Ag and Cu had higher reflectivity and thermal conductivity than Al, and the
solidification rates of Ag and Cu were faster. Therefore, there would be differences in the
formation mechanism of the Ag—Cu molten pool. It was necessary to make a comprehensive
judgment based on the morphology of the molten pool, the ratio of molten pool depth to
width (D/W), and the ratio of molten pool depth to layer thickness (D/L). The molten
pool morphology gave a direct indication of the melting mode, while D/W could be
used to assist in judging the transformation of the molting mode, and D/L indicated the
penetration depth.

3.3.1. Melting Mode at the A/C Interface

At the A/C interface, it could be observed that the molten pools of the Ag7.5Cu region
had goblet or V shapes (see the red dash line in Figure 4a); the depth of the molten pool
was about 62 um; and the D/L was ~3.1 (deep penetration). Therefore, the melting mode
of the Ag7.5Cu region belonged to the keyhole mode. When using a laser input p =80 W,
a scan speed v = 800 mm/s, and a volume energy density E5 /c = 125 ]/mm? (Figure 2a),
strong Marangoni convection (Figure 4b) and strong element mixing (Figure 5b) were
produced in the diffusion zone of the A/C interface. The depth of the keyhole would be
further deepened when Cul0Sn was printed on Ag7.5Cu, since the laser beam reflected
several times along the keyhole could significantly increase the laser absorption rate [71].
This contributed to the more sufficient melting of highly reflective metals and further
promoted the intense mixing of materials, resulting in good metallurgical bonding at the
A/C interface (see the schematic diagram in Figure 8). The molten pool subsequently
transitioned from the stable keyhole mode (D/W~0.59) to the deeper and unstable keyhole
mode (D/W~0.75, D/L~3.5). Due to the high cooling rate of the LPBF process (up to
10°-108 K/s) and the high thermal conductivity of Ag, the solidification time was short.
On the one hand, the instability of the critical keyhole caused by recoil pressure [72]
released acoustic waves that pushed the keyhole tip away from the keyhole [73], which
were trapped by the solidification front and formed an isolated area (Figure 8a,b). On
the other hand, the strong recoil pressure promoted the deeper penetration of Cul0Sn by
the Marangoni convection, which in turn resulted in more extensive element migration
(~80 um) (Figure 7a). In addition, during LPBF, increasing oxygen content changed the
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temperature coefficient of the surface tension from negative to positive, thus changing the
Marangoni convection from an inward centrifugal flow to an outward cardiac flow [74].
The comparison of the oxygen content in the stronger (Figure 5f) and weaker (Figure 6f)
Marangoni convection regions indicated that the higher oxygen content in the powder
could intensify the Marangoni convection and promote more agitation in the molten pool.
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Figure 8. Melting mode of A/C interface in multi-material LPBF: (a) schematic illustration of molten
pool behavior; (b) molten pool morphology at A/C interface. Orange arrows indicate the building
direction (BD).

3.3.2. Melting Mode at the C/ A Interface

In the Cul0Sn region of the C/A interface, the D/W ratio of the molten pool was
calculated to be ~0.41. According to Qi’s article, the molten mode of this proportion
belonged to the transition mode. In this study, the molten pool in the Cul0Sn region had
semicircular shapes (see green dash line in Figure 4c), the D/L was ~1.3 (thin penetration),
and there was a presence of LoF. Therefore, we believed that the melting mode of the
Cul0Sn region was more inclined to the conduction mode. In the diffusion zone of the
C/A interface, higher laser power (p = 90 W), lower scanning speed (v = 600 mm/s), and
higher volume energy density (Ec,a = 187.5]/mm?) were used to print the Ag7.5Cu on the
pre-printed Cul0Sn (Figure 2a). The molten pool transformed from the conduction mode
to the transition mode (D/W ~0.44, D/L ~2), forming a deeper molten pool in the diffusion
zone (see the yellow dash line in Figure 4d). In the transition mode, part of the recoil
pressure was used to maintain the keyhole shape, while the other part pushed the molten
pool in the opposite direction to the scanning direction [73], thus forming the CFs (see the
schematic diagram in Figure 9a). Therefore, the shapes of molten pool in the diffusion zone
were between the V shape and the semicircular shape, accompanied by a small range of
CFs (see Figures 4d and 9b).

During the LPBF process, when the powder bed absorbed sufficient laser energy,
the previously solidified layer would remelt due to heat conduction. The longer the
liquid time of the molten pool, the longer the diffusion time of the elements. Simulated
Scheil-Gulliver solidification curves (Figure 10) showed that Ag7.5Cu had a narrower
solidification temperature range than Cul0Sn. Due to the high solidification rate of Ag, the
diffusion time was short, and the molten pool had already solidified rapidly before Ag was
evenly distributed in the diffusion zone (see the Ag-rich zone in Figure 6d), resulting in
the nonuniform and narrower diffusion zone (~30 um) (see Figure 7b). Furthermore, when
printing the upper layer of Ag7.5Cu, the pre-solidified diffusion zone could be covered, and
some existing features such as CFs and defects (holes and cracks) could even be covered
since remelting could repaired some defects [62]. This is one of the reasons why few CFs
and defects were observed in the diffusion zone at the C/A interface.
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Figure 9. Melting mode of C/A interface in multi-material LPBF: (a) schematic illustration of molten
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Figure 10. Scheil-Gulliver solidification curves of Ag7.5Cu and Cul0Sn.

In summary, on the one hand, Marangoni turbulence was promoted when metals
with high reflectivity were used as substrates. Marangoni convection facilitated eutectic
formation in the diffusion zone, which could mitigate the crack defects. The multiple laser
reflections inside the keyhole increased the laser absorption of the highly reflective metals.
Marangoni convection and the recoil pressure facilitated the transition of the molten pool
from the stable keyhole mode to the deeper and unstable keyhole mode. These promoted
more extensive migration of the elements, resulting in a wider diffusion zone, and enhanced
the metallurgical bonding at the A/C interface. Furthermore, the higher oxygen content in
the Cu alloy powders affected Marangoni convection, resulting in more intense agitation in
the molten pool and enhanced Ag—Cu interpenetration. On the other hand, using a higher
energy density to print the C/A interface, CFs and recoil pressure changed the molten pool
from the conduction mode to the transition mode and reduced defects in the diffusion zone.
Due to the high cooling rate of LPBF and the rapid solidification rate of Ag, the diffusion
time of elements was short. When the upper layer of Ag7.5Cu was printed, CFs and pore
defects in the underlying diffusion zone were covered and reduced, respectively. These
resulted in a narrower diffusion zone at the C/A interface than that at the A/C interface.
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4. Conclusions

In this study, the Ag—Cu multi-material structures were fabricated via LPBE. The
characteristics and micromorphology (molten pool morphology, defects, element diffusion,
etc.) of the A/C (printing Cul0Sn on Ag7.5Cu) and C/A interfaces (printing Ag7.5Cu on
Cul0Sn) were investigated. The different melting modes and formation mechanisms of the
two interfaces were discussed.

The following is a summary of the main conclusions:

(1) The Ag7.5Cu/Cul0Sn/Ag7.5Cu sandwich structure was proposed and success-
fully printed using LPBF for the first time. It was successfully printed with no obvious
mesoscopic defects in the binding regions. Ag7.5Cu and Cul0Sn were firmly metallur-
gically bonded to each other. Some thermal cracks and LoF pores were observed in the
Ag7.5Cu region and the Cul0Sn region, respectively, but fewer microscopic defects were
found in the diffusion zone.

(2) The high thermal conductivity of the substrate enhanced the Marangoni con-
vection, which strengthened interfacial bonding strength and reduced the defects. The
diffusion zone of the A/C interface (~80 um) was wider than that of the C/A interface
(~30 um). The strong Marangoni convection was observed at the A/C interface; it pro-
moted an intense mixing of elements, resulting in more extensive elemental migration and
a wider diffusion zone. The energy density used in the diffusion zone at the A/C interface
(Eayc =125 J/mm3) was lower than that at the C/A interface (Ec/a = 1875 J/mm?3),
indicating that the material with high thermal conductivity as a substrate could signifi-
cantly promote Marangoni convection. The strong convection of the molten pool increased
the amount of eutectic formation in the diffusion zone, thus mitigating the crack defects.
Furthermore, the higher oxygen content in the Cul0Sn powders resulted in a stronger
Marangoni convection in the powder mixing zone, enhancing the Ag—Cu interpenetration.

(3) Defining the melting mode in the Ag—Cu interface region. At the A/C interface,
the keyhole mode was further enhanced by the Marangoni convection and the recoil
pressure. The stable keyhole mode (D/W ~0.59, D/L ~3.1) enhanced the laser energy
absorption and provided a large penetration depth. The unstable keyhole mode (D/W ~
0.75, D/L ~ 3.5) was accompanied by more turbulent molten pools, which promoted
elemental migration and resulted in better interfacial bonding strength. At the C/A
interface, the molten pool transformed from the conduction mode (D/W~0.41, D/L~1.3) to
the transition mode (D/W ~0.44, D/L ~2) at a higher energy density, reducing the defects.
The underlying diffusion zone was covered by the upper Ag7.5Cu layer, resulting in a
narrower diffusion zone and reduced the interfacial bonding strength.
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