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ARTICLE INFO ABSTRACT

Handling editor: Prof. M Meyers Lattice structures have garnered significant attention due to their superior mechanical properties. However,
while maintaining the lightweight advantages of lattice structures, further enhancing their strength is of para-
mount research significance. This paper proposes an optimized Gyroid Sin Square (GSS) gradient structure and
fabricates composite materials and epoxy interpenetrating phase composites (IPCs) lattice structures using Laser
Powder Bed Fusion (LPBF) combined with Acoustic Fields (AF). The mechanical characteristics were examined
through uniaxial compression experiments. The findings suggest that the composite lattice shows remarkably
greater specific energy absorption (SEA) in contrast to the initial lattice. With the introduction of AF, the z-axis
gradient 5 wt% tungsten carbide (WC) composite GSS structure exhibited a 76.78% improvement in SEA
compared to the uniform original structure. The IPCs demonstrated the highest plateau stress, which can be
attributed to the physical interlocking between the epoxy resin and the substrate, effectively enhancing defor-
mation resistance. However, due to the earlier densification of IPCs during loading, SEA is somewhat reduced
compared to the composite structures. The addition of WC led to grain refinement and weakened the texture.
Meanwhile, the acoustic streaming and cavitation effects generated by the AF reduced residual stress, ultimately
improving the overall mechanical properties of the lattice structures.
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1. Introduction

Lattice structures, characterized by high strength, high specific sur-
face area, excellent thermal insulation, and energy absorption capabil-
ities [1-3], find extensive use in multiple fields like defense, auto
manufacturing, and medicine [4-6]. Typical lightweight lattice struc-
tures, such as honeycombs [7], and truss structures [8], although pos-
sessing significant advantages, often suffer from mechanical instability
due to stress concentration at the nodes, limiting further performance

enhancement. Therefore, the development of lattice structures with
excellent mechanical properties is crucial to meet complex engineering
demands. The fabrication of controllable lattices with internal structures
has been made possible by the application of additive manufacturing
technologies [9,10]. Laser powder bed fusion (LPBF) allows for the
layer-by-layer scanning of metal powder beds, achieving metallurgical
bonding through melting and solidification, thus producing
high-precision porous metal parts [11].

As lattice structures are becoming more common in engineering
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applications, improving their energy absorption performance has
become a key research focus. In recent years, inspired by natural
structures, triply periodic minimal surface (TPMS) have garnered sig-
nificant attention due to their periodic variation in three-dimensional
space, zero mean curvature, high porosity, and continuous surface
curvature characteristics, which effectively mitigate stress concentra-
tion [12,13]. Yang et al. [14] conducted an in-depth study on the
compressive fatigue behavior of Gyroid structure and found that the
specimen fractured at 45° along the diagonal under the fatigue loading
stress, while sandblasting could improve the fatigue resistance of the
specimen. Jin et al. [15] analyzed the effect of staggered Gyroid lattice
units on the mechanical properties of Ni-Ti, and the results showed that
at the same volume fraction with the results show that with the increase
of interlaced units at the same volume fraction the stress distribution of
the lattice structure is more uniform, and the improved lattice structure
has excellent superelasticity. Zhang et al. [16] studied TPMS structures
and traditional body-centered cubic (BCC) structures made from 316L
stainless steel (316L SS) using LPBF and found TPMS to outperform BCC
lattices in various performance metrics. However, biological materials
in nature, such as wood, pomelo peel, and bones, commonly exhibit
hierarchical structures [12,17,18]. Inspired by these natural examples,
functional gradient (FG) TPMS structures, which adjust pore distribu-
tion by varying structural parameters, have provided new avenues for
optimizing structural performance [19].Wu et al. [20] investigated the
mechanical response of homogeneous and gradient lattices of SiC pre-
pared by LPBF and found that gradient lattices have superior fatigue
properties and deformation resistance. Yang et al. [21] examined the
mechanical properties of Gyroid lattices made from LPBF 316L SS,
demonstrating that gradient structures gradually increase their
load-bearing capacity during compression and exhibit superior energy
absorption performance compared to uniform structures. Further studies
by Zhang et al. [22] and Wang et al. [23] have revealed the impact of
geometry and size on the mechanical behavior of TPMS lattices, as well
as the enhancing effects of continuous interface design in FG lattice
structures on deformation stability and load-bearing capacity.

It is noteworthy that the mechanical characteristics of lattice struc-
tures are influenced by factors such as cell type and volume fraction (p*)
[24,25]. Currently, methods to optimize the lattice structures primarily
include changing cell types and increasing relative density, but these
approaches often lead to reduced porosity, thereby sacrificing the
lightweight advantages of the structure. To enhance mechanical per-
formance without compromising the lightweight benefits, 3D-printed
TPMS lattice structures can be reinforced with a secondary phase ma-
terial. This approach combines the optimal features of solid components
to meet specific functional and mechanical requirements [26]. For
example, Luo et al. [27] designed heterogeneous honeycomb sandwich
structures using a combination of topology and material reinforcement,
finding that the reinforced heterogeneous honeycomb sandwich struc-
tures exhibited significantly improved compressive strength and elastic
modulus. Zhang et al. [28] studied in situ fabricated TiB/Ti6Al4V
gradient material Gyroid specimens, and the results showed that the
stiffness and strength of the gradient material structure were better than
the original structure. Furthermore, Guo et al. [29] proposed an aniso-
tropic heterogeneous scaffold design that simulates natural materials,
discovering that the improved scaffold model significantly enhanced
energy absorption performance.

However, the design flexibility of single lattice structures is relatively
limited and sometimes insufficient to meet specific engineering re-
quirements [30]. To address this issue, filling lattices with secondary
materials has emerged as an effective composite design method.
Designing interpenetrating phase composites (IPCs) topologies using
matrix and filler materials as design variables greatly increases design
flexibility. Guo et al. [31] conducted an in-depth study on hollow
P-lattices and their IPCs P-lattices, showing that the optimized P-lattices
exhibited superior strength and specific energy absorption (SEA)
compared to the original P-lattices. Jhaver et al. [32] prepared IPCs by
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permeating epoxy composite foam into open-cell aluminum foam and
found that the energy absorption was 50% higher than that of unfilled
samples. Duarte et al. [33] investigated the compressive performance
and energy absorption capabilities of open-cell aluminum foams filled
with different materials (such as polymers, epoxy resin (EP), and silicone
rubber). The results indicated that samples filled with EP had higher
compressive strength and energy absorption capabilities. Li et al. [34]
developed novel metal lattice-epoxy composites, which demonstrated
excellent strength enhancement effects.

The microstructure also significantly affects the mechanical proper-
ties of lattice structures [35,36]. Notably, the large thermal gradient in
the LPBF process generates residual stresses, which may lead to defects
such as cracks and porosity, ultimately compromising mechanical per-
formance. To address these issues, some researchers have proposed that
the cavitation and acoustic streaming effects induced by Acoustic Fields
(AF) can enhance melt pool flow, reduce residual stress, and increase
material densification, thereby optimizing the mechanical properties of
materials [37,38]. For example, Ning et al. [39]examined the impact of
AF on 17-4 PH steel manufactured by DED. The findings indicated that
with the addition of AF, the porosity was reduced from 0.68% to 0.35%.
Wang et al. [40] investigated the impact of AF-assisted DED on the
mechanical properties and microstructure of Inconel 718 alloys,
revealing that AF significantly refined the grain size of the alloy. Tilita
etal. [41] applied AF to the LPBF process and found that AF reduced the
anisotropy of 304L stainless steel. Therefore, introducing AF into the
LPBF process is an effective method for enhancing mechanical
performance.

Building on the above research, this study combines the advantages
of composite materials and EP to propose an internal and external
reinforcement method aimed at optimizing the mechanical properties of
TPMS structures. By introducing AF and incorporating second-phase
ceramic particles to reinforce 316L SS and using EP as a filling mate-
rial, we designed IPCs lattice structures to enhance strength while
maintaining lightweight characteristics. Uniform and gradient Gyroid
TPMS lattices along the z-axis and x-axis were fabricated using LPBF
technology, and their surface morphology was analyzed using scanning
electron microscope (SEM). Subsequently, uniaxial compression tests
were conducted to analyze the deformation mechanisms, mechanical
characteristics of different gradient TPMS lattices. Finite element anal-
ysis was also employed to study the stress-strain distribution.

2. Material and method
2.1. Design of the structure

The Gyroid structure can be generated utilizing implicit equations
[42], which generate a three-dimensional surface as the solution of a
level set function @, described as follows:

D¢ (x,y,z) = cos(wx)sin(wy) + cos(wy)sin(wz) + cos(wz)sin(wx) —t (1)
where x,y, z are coordinates, @ = 2x/l, L is the unit cell length.

The gradient variation in TPMS can be altered using different
gradient control functions. Using Flatt Pack software [42] to model the
Gyroid structure, the control function of the Gyroid structure is estab-
lished (Eq. (1)), and the gradient distribution is modified by adjusting
the position function t(x,y,z). The p* of the lattice structure is expressed
as the ratio of the volume of material in the lattice structure to the total
volume [43]. By establishing the relationship between the p* and the
sine function (Eq. (2)) and the sine squared function (Eq. (3)) along the
z-axis, nonlinear gradient lattice structures can be obtained.

Pin (2)=0.3 + 0.1 sin (272) @

p:in square (Z) =02+0.2 sin® (ZﬂZ) 3)

According to previous studies [44,45], the mechanical properties of
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the lattice structure can be reliably evaluated by using a5 x 5 x 5 lattice
arrangement when boundary effects are considered. In this study,
Gyroid structures with unit cell dimensions of 4 mm, 5 x 5 x 5 arrays
were designed. Since total weight is a critical attribute of lattice struc-
tures, comparisons between different configurations are only
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meaningful if the mass is the same. Therefore, in this study, p* is
designed to be 30% lattice structure as shown in Fig. 1 (a). As per Eq. (1),
Eq. (2), and Eq. (3), the Z-axis gradient change of the Gyroid sin (GSz)
and the Gyroid sin square (GSSz)structure can be obtained. Fig. 1 (c)
illustrates the methodology for generating these two Gyroid structures,

40%

20%

40%

20%

GSSx

GSSz

Fig. 1. Gyroid structure modeling methodology: (a) CAD (Computer Aided Design) representation of Gyroid unit cell; (b) CAD representation of Gyroid structures
with p* of 20%, 30% and 40%; (c) lattice structure design curves and CAD structural modeling along the build-up direction; (d) Gyroid structure with gradient
direction perpendicular to the z-axis.
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where ’a’ represents the baseline p*, and ’b’ represents the amplitude. In
Fig. 1 (d), the Gyroid structure is rotated 90° relative to the Y-axis and
denoted as GSx and GSSx to study the anisotropy of mechanical prop-
erties. For reference, uniform structures with p* of 20%, 30%, and 40%
(G20, G30, G40) were also fabricated, as shown in Fig. 1 (b). In this
paper, the gradient is defined as Gz for samples along the z-axis and Gx
for samples perpendicular to the z-axis.

2.2. Materials and manufacturing

Composite materials were prepared using 3-5 pm tungsten carbide
(WC) powder and 15-53 pm gas-atomized 316L SS powder. According to
the ball milling parameters from previous studies [11], the planetary
ball mill was used to mix WC and 316L SS powder, with the ball milling
process depicted in Fig. 2 (a). Fig. 2 (b) shows the particle size distri-
bution of 316L SS. Fig. 2 (c, d) shows the powder morphology observed
by SEM. The powders exhibited good sphericity and uniform particle
size distribution, with WC uniformly attached to the 316L SS powder.

Single-material and composite Gyroid structures were fabricated
using an LPBF machine (FS121 M, Farsoon Technologies Co., LTD,
China), with the processing parameters shown in Table 1. Fig. 3 (a) il-
lustrates the schematic of the AF-assisted LPBF process. It is important to
note that the acoustic field generator is installed at the angle above the
LPBF machine and composed of a power supply, diaphragm, permanent
magnet, power amplifier, and other auxiliary components. The acoustic
waves, along with accompanying mechanical vibrations, interact with

—= =
AR .Ev—"’lr |
NN -

) A, b

— 8 Mixed 3165 and WC
\\:\Q “_—/// particles

Q
o 316L SS particles

° Ball-milling
ball
" Element Content(wt%)
( c ) » Fe Bal.
Cr 17.32
Ni 11.26
Mo 2.62
Mn 0.69
Si 0.17
others

0.0663

(b) .)
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Table 1

LPBF processing parameters.
Laser Layer Scanning Hatch Oxygen
power thickness speed spacing content
200 W 30 pm 1000 mm/s 70 pm <0.1%

the melt pool, transmitting energy at a frequency of approximately 2000
Hz. This design aims to efficiently deliver energy to the melt pool in a
non-contact manner, enabling the achievement of specific process ob-
jectives. To reduce residual stress during processing, the laser was
rotated 67° for each layer alternately (Fig. 3 (b)). The printing process
was carried out in an argon atmosphere (Fig. 3 (c)). The prepared
samples are shown in Fig. 3 (d).

The specific types of samples prepared were as follows: specimens
prepared with 316L SS alone (GSz-AS, GSSz-AS, GSx-AS, GSSx-AS),
specimens prepared with 3 wt% WC composites (GSz-3% WC, GSSz-
3% WC, GSx-3% WC, GSSx-3% WC), specimens prepared with 5 wt%
WC composites (GSz-5% WC, GSSz-5% WC, GSx-5% WC, GSSx-5% WC),
specimens of 5 wt% WC composites with AF (GSz-5% WC-AF, GSSz-5%
WC-AF, GSx-5% WC-AF, GSSx-5% WC-AF), and specimens of 5 wt% WC
composites with AF and coated with EP (GSz-5%WC-AF-EP, GSSz-5%
WC-AF-EP, GSx-5%WC-AF-EP, and GSSx-5%WC-AF-EP). The coating
agent preparation process is detailed in the Supplementary Material, and
its main quality indicators are shown in Table S1 of the Supplementary
Material.

D=233:6.4
16 4 pm

14 4

-
~

-
=)

Volume (%)

20 25 30 40

Particle size (um)

Fig. 2. SEM images showing morphologies of schematic diagram of ball milling principle (a), 316L SS particle size distribution (b), 316L SS particles (c), and WC/

316L SS particles (d).
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Fig. 3. (a) Principle of the equipment; (b) Rotation 67° scanning strategy; (c) LPBF process; (d) As-built samples.

The configured impregnation agent was used to coat the TPMS
samples, forming a thin layer on their surfaces. To ensure the impreg-
nation agent had a sufficiently low viscosity and could fully contact the
part surfaces while preventing the resin from curing at high tempera-
tures, an infiltration temperature of 80 °C was selected. To ensure an
even coating, the samples were coated under negative pressure (—90
kPa) at 80 °C for 30 min in a vacuum drying oven. Finally, all samples
were cured in a 125 °C oven for 3 h and cooled to room temperature. The
detailed process is illustrated in Fig. 4.

STEP I
Preparation of
impregnating agent

STEP I
Vacuum defoaming

Coating
Completed

2.3. Measurements and characterization

The quasi-static compression test was conducted by WDW-300
testing machine with a test speed of 1 mm/min, as shown in Fig. 5
(a). To ensure consistency in the effect of print direction on material
properties, all samples were loaded in the same direction as the print
direction. Tests were terminated when the samples reached 75% strain
or the load limit, with a camera recording the entire compression pro-
cess. According to ISO 13314 [46], the elastic modulus (E) was defined

STEP III
Coating process

STEP IV
Curing process

Fig. 4. Diagram of impregnation coating process of impregnating agent.
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Velocity=Imm/min

Fixed
constraint

Fig. 5. (a) Compression test procedure; (b) FEA model.

as the slope of the linear portion of the stress-strain curve, and the yield
strength (o,) was defined as the 0.2% offset relative to E. The plateau
stress (op;) was calculated as the arithmetic mean of the stress in the
0.2-0.4 compression strain range.

To observe the microstructure, the TPMS samples were first polished
with SiC sandpaper up to 2000 grit, followed by polishing with a 1 pm
diamond suspension, and finally chemically etched for 15 s using aqua
regia (75% HCl, 25% HNOs3). X-ray diffraction (XRD) was used to
analyze the phase composition, with a scanning speed of 5°/min over a
range of 5~90°. A scanning electron microscope (GX4, Thermo Fisher,
Waltham, Massachusetts, USA), which is equipped with an energy
spectrometer (EDS), was employed to observe the surface morphology
and elemental distribution of the samples. Electron backscatter diffrac-
tion (EBSD, Oxford Nordlys max3) was used to analyze the micro-
structural features of the samples. The scanning speed was 1 pm/s, and
the test area was 1000 x 1000 pmz.

2.4. Finite element analysis

The stress-strain behavior of the Gyroid structure was simulated
using Abaqus software. To reduce computational costs and visually
display the stress distribution, a5 x 1 x 5 model was selected for finite
element analysis, which is widely accepted in the literature [47]. The
Gyroid model is generated based on the voxel mesh as shown in Fig. 5
(b). Two rigid plates were used to simulate the boundary conditions of
the compression process, and the friction coefficient was set to 0.2. The
bottom plate was fixed, while the top plate moved downward under a
displacement load at the same speed as the experiment (1 mm/min).

3. Results and discussion

3.1. Surface topography

Fig. 6 illustrates the surface morphology of the samples observed by
SEM. The geometrical features of the sample are clear and no defects
such as cracks and warps caused by 3D printing were found. The surface
of the structure shows incompletely melted powder particles due to the
layer-by-layer build process. Fig. 6 (a, b) show the upper surface
morphology of the samples, and the stepped structure is a result of un-
even thermal shrinkage of the preceding layer during each printing
cycle. Additionally, the top surface exhibits a small amount of unmelted
powder due to incomplete melting and solidification processes. Fig. 6 (c,
d) display the side surface morphology of the samples. When printing
complex surfaces without supports, loose metal powder fails to effec-
tively support the solidified metal particles at horizontal interfaces,
resulting in localized adhesion of metal powder and a rougher side
surface compared to the top. This phenomenon is attributed to differ-
ences in thermal diffusion coefficients between unmelted and melted
powders, as well as the enlargement and partial sinking of the melt pool
into the underlying powder layers [48].

For complex structures, besides deviations caused by the enlarge-
ment of melt pools and powder adhesion, the overhanging phenomenon
is also an important factor for localized deviations [49]. The formation
of unmelted particles and overhanging structures on support plate sur-
faces is attributed to a combination of factors including low angles of
support plates, the thermal influence zone of the laser beam, and the
inherent characteristics of LPBF manufacturing. These factors can lead
to geometric deviations between the designed and manufactured
samples.

Fig. 6. SEM images of TPMS lattice surfaces: (a) top surface; (b) localized magnification with respect to (a); (c) side surface; (d) localized magnification with respect

to ().
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3.2. Compression curves and mechanical properties

3.2.1. Stress-strain curve

The stress-strain curves of uniform and gradient structures are shown
in Fig. S1 and Fig. 7, respectively. In Fig. S1, it can be observed that the
stress-strain curves of uniform structures exhibit similar trends, char-
acterized by three distinct stages: initially, a linear elastic deformation
stage; followed by an elastic-plastic deformation stage where significant
energy is absorbed; and finally, entering a stage of rapid stress increase
indicative of densification. These stages are detailed in Section 3.5
(Fig. 16). Fig. 7 demonstrates that samples with different WC contents
within the same gradient structure exhibit similar stress-strain trends.
For the Gz structure, the load-carrying capacity gradually increases
during compression, with the stress-strain curve showing a distinct up-
ward trend. This is attributed to increased contact between the higher
porosity regions after deformation, providing effective support to the
remaining parts and thus enhancing post-failure load-carrying capacity.
In contrast, for the Gx structure, where the p* distribution in the y-z
plane remains uniform during loading, similar to the uniform structure,
the stress-strain curve exhibits a longer yield plateau after the elastic
stage. The gradient variation is the primary reason for the differences
observed in these curve trends.

On the other hand, the compression stress-strain curves of structures
prepared with composite materials and AF are higher than those pre-
pared with 316L SS alone, due to the increased stiffness imparted by the
composite materials. It is noteworthy that, influenced by both material
properties and structural factors, early contact between adjacent layers
weakens the stress variation between layers, resulting in compression
stress-strain curves without significant stress fluctuations. During the

(2)
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compression process, all structures exhibited continuous hardening
behavior without noticeable strength loss or pronounced peak stress,
which is a significant characteristic of sheet TPMS structures.

3.2.2. Mechanical properties

The mechanical performance of uniform TPMS structures is shown in
Fig. S2. It can be observed that the mechanical properties of the uniform
structures significantly improve with increasing p*. As the p* increases
from 20% to 40%, the elastic modulus increases from 1085.33 MPa to
2565.67 MPa, the plateau stress increases from 44.73 MPa to 157.20
MPa, and the yield strength increases from 29.09 MPa to 91.77 MPa.

The compressive properties of the samples derived from Fig. 7 are
shown in Fig. 8. Fig. 8 demonstrates that the mechanical properties of
the Gyroid structures are influenced by gradient distribution, relative
density distribution, and material composition. Due to the reinforcing
effect of WC, the mechanical performance of the Gyroid structures is
significantly enhanced. The structures with 5% WC reinforced by AF and
coated with EP exhibit superior mechanical performance compared to
those fabricated with single materials. Specifically, GSSx-5% WC-AF-EP
shows the highest elastic modulus at 2392 MPa, which is 24.77% higher
than the GSSx sample and 44.49% higher than the G30 sample. The
plateau stress of GSSx-5%WC-AF-EP reaches 152.33 MPa, which was
52.97% higher than that of the original sample and 59.74% higher than
that of the homogeneous sample. The reasons for these strength im-
provements will be detailed in Section 3.4.

In low-strain conditions, the Gz-type samples exhibit initial yielding
deformation in regions with higher porosity, with the elastic modulus
primarily determined by the performance of the thinner layers. In

contrast, the Gx samples demonstrate excellent elastoplastic
(b) w0
- GSSz-AS
GSSz-3%WC
- GSSz-5%WC
GSSz-5%WC-AF
= 950 b GSSz-5%WC-AF-EP
-
= :
- 200 ¢ P
@ g
@ 5
150 F
»n =
100 |
S0 N
0 . . \ : . . :
0.0 0.1 0.2 03 0.4 0.5 0.6 0.7 0.8
Strain
(d)
w0l ——GSSx-AS
GSSx-3%WC
56 |- GSSx-5%WC
GSSx-5%WC-AF /
< 550k GSSx-5%WC-AF-EP /
A & /
=
~200 |
w
S
=150 A
wn ////
100 -
50 1
0 1 1 L L L L L

00 01 02 03 04 05 06 07 08
Strain

Fig. 7. The compression curve of (a) GSz; (b) GSSz; (c) GSx; (d) GSSx.
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Fig. 8. Mechanical properties: (a) Modulus of elasticity; (b) Yield strength; (c) Plateau stress.

performance due to their consistent average p* across layers, leading to a
more uniform distribution of stress and plastic strain compared to other
samples. The elastic modulus represents the structural stiffness under
deformation; therefore, during the elastic stage, the Gx structure can
provide higher deformation resistance. The transition in relative density
does not compromise the integrity of the Gx-type samples, and this
different failure mechanism results in variations in mechanical
performance.

In summary, the material and gradient design can optimize the
mechanical properties of the lattice structure while keeping it
lightweight.

3.3. Deformation patterns

The deformation behavior of the specimens responded to the effect of
different structure types on the mechanical properties. The image of the
Gyroid structure captured by the camera under strain (0, 0.15, 0.3, and
0.5) is shown in Fig. 9. Under stress, the lattice yields and collapses, and
plastic hinge contacts are formed at the unit support sections or joints,
which absorb a large amount of energy under approximately constant
pressure.

Notably, the deformation behavior is primarily influenced by geo-
metric gradient variations. Under compressive loading parallel to the
gradient direction, Gz structures initially deform in regions with lower
p*, exhibiting periodic collapse corresponding to variations in porosity.
As deformation accumulates, after self-contact occurs in the low-p* re-
gions, deformation progresses to involve regions with higher p*.

When the gradient direction is perpendicular to the compressive
load, the change in gradient has no effect on the deformation, resem-
bling uniform structures by exhibiting overall collapse. This is because
Gx structures have consistent p* along the z-axis, which is equivalent to
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the layers being subjected to compressive stresses together. The GSz
structure has a cycle of gradient change, i.e., there is a trough zone
whose location corresponds to the p* minimum. During compression,
the GSz structure first deforms in the upper part with higher porosity,
with a rapid increase in strain, followed by a downward transfer, with a
periodic trend of change with the value of the design function. The GSSz
structure, on the other hand, has three trough zones, located on the two
sides and in the middle, which leads to a gradual weakening of the hi-
erarchical periodicity effect of the strain. Unlike the deformation
behavior of conventional linear gradient structures, this nonlinear
gradient structure exhibits periodic compressive deformation behavior.
All samples did not fracture after compression, showing high toughness
characteristics for energy absorption applications.

The Mises stress and LE strain distributions of the Gyroid structure at
20% strain were obtained from finite element simulations, as shown in
Fig. 10. The results show that the stresses are mainly concentrated near
the nodes. The uniform structural equivalent stress is lowest at the edges
of the structure, while the stress concentration is larger at the center.
Therefore, the deformation initially starts from the center region of the
structure. For the Gx structure, a uniform stress distribution can be
observed due to the uniform distribution of the p* in the y-z plane. This
indicates that all the cells share the load and the gradient distribution
perpendicular to the loading direction has no effect on the deformation
characteristics of the structure. On the contrary, for the Gz structure, the
stresses are concentrated in the regions with lower p* due to the
gradation of the p* along the z-axis. Although cell layers with the same
p* in different layers still bear equivalent stresses, only the part of cell
layers with lower p* resist the load in the elastic phase, which further
confirms the reason for the lower modulus of elasticity.
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Fig. 9. Uniaxial compression test images of different Gyroid lattices at 0.2 strain level.

3.4. Micro-organizational strengthening mechanisms

Fig. S4 shows the phase composition of the samples detected by XRD
analysis. According to the XRD results, the sample predominantly ex-
hibits diffraction peaks corresponding to (111), (200), and (220),
consistent with the austenite phase of 316L SS. The presence of WC
phase was not detected due to the low WC addition. Therefore, the
addition of WC did not alter the phase composition of 316L SS. To
confirm the presence of WC, EDS analysis was conducted on the sample
with 5 wt% WC addition, and its distribution is shown in Fig. 11.

Fig. 12(a—f) depict SEM images of 316L SS, 316L SS-5%WC, and 316L
SS-5%WC-AF samples. The images reveal typical austenitic grain
structures. Due to rapid melting and solidification during the LPBF
process, this results in an uneven temperature distribution in the melt
pool. The center of the melt pool typically has a higher temperature than
the edges, leading to significant surface tension gradients and resulting
in Marangoni convection [50]. This phenomenon causes cellular and
dendritic grain growth within the melt pool [51,52]. In Fig. 12(c-d), WC
is observed within the melt pool, closely integrated with the 316L SS
matrix. Due to the extremely short duration of laser exposure and the
high thermal conductivity of WC compared to 316L SS [53], significant
temperature gradients form around the WC particles. These gradients
facilitate the transfer and redistribution of heat flow within the melt
pool, creating rapid solidification zones around the WC particles (Fig. 12
(d)), which promotes the formation of fine-grained microstructures. This
refinement of grains is beneficial for optimizing the mechanical prop-
erties of the material. In Fig. 12(e—f), the application of AF results in
clearer and straighter melt pool boundaries, revealing denser cellular
and columnar substructures. This improvement is attributed to AF pro-
moting convection and stirring within the melt pool, leading to a more
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uniform temperature distribution, which helps reduce microstructural
inhomogeneities and subsequently enhances the mechanical properties
[54,55].

Fig. 13 illustrates the grain orientation of 316L SS and 316L SS-5%
WC specimens. As observed in Fig. 13(a-c), there are different grain
orientations and grain sizes for the samples with and without WC. Due to
the great temperature gradient generated during the LPBF process,
grains typically grow in the direction of the maximum temperature
gradient. Fig. 13 (a) shows the grain orientation of 316L SS, where the
grains mainly show columnar crystals with major grain orientations of
<001> and <111>. The inverse pole figure(IPF) (Fig. 13 (m)) confirms
a strong <001> orientation in the build direction (BD), with a maximum
texture index of 6.14. When the grain orientation tends toward <001>,
the samples exhibit poorer mechanical properties [56]. With the addi-
tion of 5% WC (Fig. 13 (b)), significant grain refinement is observed,
promoting a transition from columnar to equiaxed grains. The grain
orientation shifts from predominantly <001> to a coexistence of
<001>, <101>, and <111>. This change reduced the texture index to
2.58 (Fig. 13 (n)), weakening the texture and reducing stress concen-
tration, which leads to more isotropic mechanical properties. Although
the addition of 5% WC and the application of AF lead to a tendency
toward <001 > orientation, the maximum texture index is only 2.04. For
FCC phase 316L SS, the mechanical properties of grains oriented in
<101> and <111> directions are superior to those in the <001> di-
rection. This is a key reason why the mechanical properties of the ma-
terial are optimized with the addition of WC [57,58].

From Fig. 13(d-f), it can be seen that, compared to the 316L SS
samples (with an average grain size of 11.46 pm), the grain size de-
creases to 6.82 pm after the addition of 5% WC, and further decreases to
4.11 pm with the application of AF. This reduction in grain size is
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Fig. 10. Von Mises stress and LE strain distribution of Gyroid structure at 20% strain.

attributed to the heterogeneous nucleation points formed by WC, which
promote grain refinement, along with the acoustic streaming and cavi-
tation effects generated by AF, which reduce the temperature gradient
and facilitate nucleation while inhibiting grain growth. This further
demonstrates that WC can increase the number of grain boundaries,
effectively impeding the propagation of dislocations and cracks, thus
contributing positively to the enhancement of strength. Additionally,
the application of AF promotes melt pool flow, further validating its role
in reducing the temperature gradient that influences grain refinement.

Grain boundary orientation difference is another crucial indicator of
the microstructural characterization of the material, typically classified
into low-angle grain boundaries (LAGBs, angle <15°) and high-angle
grain boundaries (HAGBs, angle >15°). Fig. 13(g-1) show the
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histogram of the number and orientation angle distribution of HAGBs
and LAGBs. After the addition of 5% WC and the application of AF, the
proportion of HAGBs significantly increased to 62.8%, compared to only
19.0% in the 316L SS samples. This difference is attributed to the grain
refinement caused by the addition of WC, which increases the density of
HAGBs. On the other hand, the presence of large thermal stresses,
shrinkage stresses, and phase transformation stresses during the LPBF
process induces localized plastic deformation. The application of AF
facilitates the gradual evolution of previously formed LAGBs into HAGBs
[59,60]. HAGBs can impede dislocation motion, thereby enhancing the
strength of the material.

The distribution of the recrystallized grains (blue) and substructure
grains (yellow) is shown in Fig. S5. The addition of WC particles and the
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Fig. 11. SEM micrographs and corresponding EDS of 316L SS-5%WC samples.

application of AF facilitated recrystallization during the LPBF process.
After adding 5 wt% WC particles and applying AF, the proportion of
recrystallization increased to 7.3%. This further indicates that the WC
particles in the melt pool act as heterogeneous nucleation sites [61]. In
this process, the transition from LAGB to HAGB is facilitated by the in-
crease in subgrain rotation and grain boundary misorientation angle
[62]. The HAGBs and WC particles provide effective barriers for the
growth of recrystallized grains, allowing dislocations to remain at the
HAGBs.

Fig. 14 shows the kernel average misorientation (KAM). KAM is
closely related to LAGBs and HAGBs, regions with a high density of
LAGB:s indicate significant dislocation accumulation, resulting in higher
KAM values. Conversely, regions with a high density of HAGBs exhibit
lower KAM values. After the addition of WC, the average of KAM
decreased from 0.56° to 0.52°, while the average of KAM remained
unchanged with the application of AF. This indicates that both WC and
the application of AF can improve dislocation accumulation, thereby
reducing the generation of stress concentrations to some extent.

Fig. 15 shows the mechanism of acoustic field influence on the
molten pool during the LPBF process. The blue arrow indicates the di-
rection of heat conduction, which is opposite to the direction of grain
growth. When no acoustic field is applied, the grains grow as columnar
crystals perpendicular to the solid-liquid interface in the opposite di-
rection of heat conduction. After the introduction of the acoustic field,
the acoustic flow has a significant effect on grain refinement. Argon as a
protective gas, and the melt pool solution acoustic impedance is
different, under the action of the acoustic field, the interface due to
acoustic energy reflection, refraction to produce a pressure difference,
drive the liquid metal in the melt pool to form an acoustic flow. This
acoustic flow will change the natural convection pattern originally
caused by surface tension gradient and laser. The acoustic flow induced
by the acoustic field creates additional annular or vortex flow in the
liquid metal in the melt pool, accelerating the migration of solute atoms
and making the composition of the melt pool more homogeneous. At the
same time, it quickly disperses the localized heat accumulation, sup-
presses the temperature gradient, and promotes uniform heating.
Entering the solidification stage, the acoustic flow breaks the growing
larger grains through fluid shear, and triggers local energy and
composition fluctuations, generating more nucleation sites, and ulti-
mately effectively refining the grains.

In short, the mechanical properties of the material are influenced by
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KAM, grain size, and texture index. When the grain orientation in the IPF
is uniform and the grain size and KAM are low, the samples will exhibit
optimal mechanical properties. In these aspects, the WC composite
structures with the application of AF outperform the original structures.

Fig. 16 presents the morphological characteristics and thickness of
the polymer coating analyzed by SEM. In Fig. 16 (a), red arrows and
dashed lines indicate the coating surface. The cross-section of the coated
structure reveals two distinct regions with a clearly identifiable inter-
face. The impregnating agent covers the structure surface, forming an
epoxy layer with a thickness of 30~60 pm. The coating adhered well to
the substrate, effectively filling micropores on the structure surface. The
polymer coating improves the deformation resistance of the structure by
effectively physically interlocking with the rigid TPMS structure to form
a coherent interface. In contrast, the SEM image of the uncoated TPMS
surface in Fig. 16 (b) shows a higher surface roughness. These results
indicate that enhancing the deformation resistance of TPMS structures
by filling their surface micropores with polymers to form a homoge-
neous physical interlock is an effective method of extrinsic
reinforcement.

3.5. Energy absorption

The cumulative energy absorption per unit volume (W,), calculated

by numerical integration method:
e

w, = / o(e)de “4)
0

where o(g) is the stress associated with ¢ and ¢4 is the densification

strain.

During the deformation of lattice structures, energy absorption is
usually quantified and ¢4 is considered as the practical limit of energy
absorption applied to lattice structures [63]. There are two ways to
determine &4: (i) the maximum value of the efficiency curve of the
hardened structure; and (ii) the strain corresponding to the peak of the
energy absorption efficiency defined for fully plastic structures [64].
Since the fabricated Gyroid structures do not undergo brittle fracture
and exhibit plastic deformation throughout the deformation process, the
second method is used to calculate &4, defined as follows:

(5)
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Fig. 12. SEM images of (a) 316L SS; (b) localized high magnification images in (a); (c¢) 316L SS-5%WC; (d) localized high magnification images in (c); (e) 316L SS-5%

WC-AF; (f) localized high magnification images in (e).

©

e=gq

SEA indicates the amount of energy absorbed per unit mass of a
structure and is an important measure of energy absorption.

E= f " F(s)ds @
0
E
SEA:IT/I 8)

where S, is the displacement corresponding to the densification strain, F
(S) and S are the force and displacement acting on the structure,
respectively, E is the energy absorption, and M represents the mass of the
structure. Taking the G30 structure as an example, Fig. 17 illustrates the
relationship between force and energy absorption.

Fig. 18 and Fig. S3 show the W, — ¢ curves for gradient and uniform
lattice structures. These curves are fitted with a function whose fitting
exponent represents the growth rate of W, under compressive loading
[65]. It can be observed that the fitting exponent for the Gz sample is
higher than that of the Gx and uniform samples, indicating that the
energy absorption characteristic of Gz sample is better than that of Gx
sample. The main reason for this is that during compression, the
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layer-by-layer deformation of the Gz structure and the gradual increase
in its load-bearing capacity enable it to absorb more energy. This
gradient structural design effectively regulates the transfer and distri-
bution of stresses by providing different stiffnesses and strengths in
different areas, and this stress distribution helps to improve the overall
energy absorption capacity of the structure. For example, Choy et al.
[66] studied the energy absorption capacities of honeycomb and cubic
lattices with different diameters and densities, finding that the exponent
values for gradient structures were higher than those for their respective
uniform structures. The results of the study show that the direction of
the gradient has a significant effect on the index value. Different
gradient distributions lead to different deformation patterns between
the structures, which affects the energy absorption. Therefore, varying
the gradient direction can modulate the lattice structure energy
absorption.

Although the designed Gyroid lattice structures have the same p*,
their densification strain is significantly influenced by the gradient
distribution. As shown in Fig. 9, the Gz samples has a large densification
strain. In contrast, the Gx structure, due to its p* gradient being
perpendicular to the load direction, has a lower overall densification
strain. After adding WC, the energy absorption of all samples improved
to varying degrees. Among them, the GSSz-5%WC-AF sample had the
highest W, at 109.17 MJ/m?, which is 51.16% higher than the GSSz
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200 pm

Fig. 14. KAM distribution histograms of 316L SS (a, b), 5

sample, 87.55% higher than the G30 sample, and 26.44% higher than
the G40 sample. Despite the samples coated with the impregnating agent
having the highest plateau stress, Table 2 shows that the coating reduced
the densification strain of the samples, resulting in slightly lower energy
absorption compared to the samples prepared with composite materials.
This is due to the fact that the coating leachate affects the structural
porosity to some extent. Usually the energy absorption of a structure is
obtained from the strain before densification, and the coating causes the
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structure to densify earlier, but the reduction in energy absorption is
limited. The purpose of coating with an immersion agent is to allow the
structure to provide greater resistance to deformation in the small strain
range and protection from large strains on large deformations. This
approach provides a good trade-off in terms of energy absorption.

To evaluate the energy absorption performance of the designed
TPMS, the results of this study were compared with experimental results
from the literature. As shown in Fig. 19, the GSSz-5%WC-AF sample in
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Fig. 16. SEM image of the lattice surface of Gyroid: (a) Morphology of the coated surface and (b) Uncoated surface morphology.
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this study exhibited the highest SEA, reaching 43.54 J/g. This represents
a 76.78% increase compared to the uniform G30 structure of 24.63 J/g
and a 55.33% increase compared to the G40 structure of 28.03 J/g.
Clearly, the GSSz lattice with a 30% p* designed in this study demon-
strates significant potential in terms of energy absorption.

In summary, this study proposes an internal and external
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reinforcement method for lattice structures by introducing AF to fabri-
cate composite lattice structures and applying a permeating agent,
significantly enhancing their mechanical properties. The addition of AF
and WC results in grain refinement and texture weakening. WC particle
reinforcement significantly improves the toughness of the structure by
increasing the hardness and resistance to crack extension of the mate-
rial. WC particles are able to increase the compressive strength of the
material by refining the grains and enhancing the interfacial bonding,
which increases the ability to carry external loads. The enhancement of
mechanical properties is mainly duo to the optimization of the micro-
structure and the resistance to deformation provided by the external
physical interlocking structure. Overall, the IPCs lattice structure
designed in this study enhances mechanical properties while ensuring
lightweight construction.

4. Conclusions

In this work, Gyroid lattices with excellent mechanical properties
were prepared using the LPBF process in combination with AF. The print
quality of the fabricated samples was evaluated by SEM, and the me-
chanical response and microstructure strengthening mechanisms of the
pristine and composite structures were explored via compression tests,
finite element simulations, and EBSD. The major conclusions are pre-
sented as follows.

(1) The SEM revealed that the Gyroid structures fabricated using the
LPBF process exhibited good print quality, with no obvious de-
fects. However, due to structural design and process
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Table 2
Gyroid structure energy absorption.
GSz GSSz GSx GSSx
€ W, (MJ/m®) € W, (MJ/m°) € W, (MJ/m®) €4 W, (MJ/m®)
AS 0.6594 68.35 0.6656 72.22 0.5831 54.84 0.5882 58.54
3%WC 0.6683 90.24 0.6524 90.31 0.5997 74.83 0.6169 78.91
5%WC 0.6713 97.75 0.6793 104.09 0.6276 86.54 0.6108 85.47
5%WC-AF 0.6757 103.40 0.6799 109.17 0.6234 88.29 0.6096 88.49
5%WC-AF-EP 0.6420 97.56 0.6326 97.22 0.5842 80.44 0.5985 85.13
characteristics, there is powder adhesion on the surface, which resulting in a slightly lower SEA compared to the composite
leads to some deviation of the print from the designed sample. structure.
(2) The improved Gyroid lattice outperformed the original Gyroid
lattice in both strength and SEA, exhibiting excellent energy ab- CRediT authorship contribution statement
sorption performance. The SEA of the GSSz-5% WC-AF sample
reached up to 43.54 J/g, which is approximately 76.78% higher Shuai Guo: Conceptualization, Data curation, Writing — original
than that of the G30 lattice. draft. Xianliang Sheng: Conceptualization, Data curation, Investiga-
(3) The WC and the application of AF resulted in significant grain tion, Writing — original draft. Anfu Guo: Investigation, Methodology,
refinement and weakened texture intensity. The introduction of Writing — review & editing. Wenlu Yang: Methodology. Xiaolin Zhao:
WC particles promotes the formation of grain boundaries, Resources. Shang Sui: Methodology, Software. Jiaqiang Li: Data
thereby optimizing the microstructure of the structure and curation, Investigation. Yufan Zhao: Data curation, Formal analysis.
enhancing its mechanical properties. Meng Wang: Conceptualization, Investigation. Xin Lin: Supervision,
(4) The composite structure exhibited a densification strain of up to Writing — review & editing.

~0.67. The combination of high densification strain and high
plateau stress endowed the lattice with superior energy absorp-
tion capacity. Although the coating of the impregnating agent
contributed to the strength, it also led to earlier densification,
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