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Abstract
Laser additive manufacturing (AM) of lattice structures with light weight, excellent impact
resistance, and energy absorption performance is receiving considerable attention in aerospace,
transportation, and mechanical equipment application fields. In this study, we designed four
gradient lattice structures (GLSs) using the topology optimization method, including the
unidirectional GLS, the bi-directional increasing GLS, the bi-directional decreasing GLS
and the none-GLS. All GLSs were manufactureed by laser powder bed fusion (LPBF).
The uniaxial compression tests and finite element analysis were conducted to investigate the
influence of gradient distribution features on deformation modes and energy absorption
performance of GLSs. The results showed that, compared with the 45◦ shear fracture
characteristic of the none-GLS, the unidirectional GLS, the bi-directional increasing GLS
and the bi-directional decreasing GLS had the characteristics of the layer-by-layer fracture,
showing considerably improved energy absorption capacity. The bi-directional increasing GLS
showed a unique combination of shear fracture and layer-by-layer fracture, having the optimal
energy absorption performance with energy absorption and specific energy absorption of 235.6 J
and 9.5 J g−1 at 0.5 strain, respectively. Combined with the shape memory effect of NiTi alloy,
multiple compression-heat recovery experiments were carried out to verify the shape memory
function of LPBF-processed NiTi GLSs. These findings have potential value for the future
design of GLSs and the realization of shape memory function of NiTi components through
laser AM.

Keywords: additive manufacturing, laser powder bed fusion, gradient lattice structures,
deformation behavior, shape memory effect
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1. Introduction

Lattice structures are generally defined as porous structures
obtained by the repeated arrangement of unit cells in space
[1]. As a favorable functional material, lattice structure has
remarkable mechanical properties and unique advantages,
such as lightweight [2], high specific strength and rigidity
[3], excellent energy absorption capacity [4], heat dissipation
[5], electromagnetic shielding [6], and biocompatibility [7].
Therefore, lattice structures have been widely used in
aerospace industries [8], biomedical science [9] and transport-
ation engineering [10]. As the basic elements in lattice struc-
tures, unit cells greatly determine the performance and func-
tional properties of the overall structures. Tamburrino et al
classified the 3D unit cell structures into three categories [11]:
(a) triply periodic minimal surfaces [12, 13]; (b) truss and node
arrangement (truss) [14–18]; (c) 3D custom structures, such as
bionic unit cells [19–21].

The innovative designs of unit cell configurations promote
the research and development of lattice structures. The design
methods of unit cells mainly include the primitive-based
method [22], the implicit surface-based method [23], and the
topology optimization (TO)method [24]. The primitive- based
method is a straightforward approach relying on the combina-
tion of basic geometric elements [25]. The implicit surface-
based method uses mathematical formulations to quantitat-
ively describe the geometric characteristics of the unit cell
[26]. However, these two methods still have some limita-
tions such as limited software packages for structural design
optimization and unpredictable mechanical properties [27].
TO is a mathematical method capable of optimizing structural
material distribution and maximizing performance based on
boundary constraints and loading conditions [28, 29]. TO can
reasonably distribute materials according to the optimal force
transmission path to optimize the structure, which has a high
degree of designability and can realize the design of lattice
structures [30, 31]. The unit cells with different relative dens-
ities can be obtained based on the TO method. For example,
Xiao et al [32] designed three different lattice structures with
high strength and rigidity by changing the load position in
the TO process. Zhang et al [33] used the TO method and
laser powder bed fusion (LPBF) to design andmanufacture the
lightweight and high-performance lattice structure, which can
achieve a high energy absorption efficiency of 67.9% at a strain
of 0.15. TO has become a widely used method for designing
lattice structures.

Gradient lattice structures (GLSs) can realize different
deformation modes and mechanical properties by varying the
spatial relative density distributions [34], having potential
applications in aerospace, transportation, and medical devices
[35, 36]. Previous design methods to achieve variable dens-
ity in space [37–39] are mainly changing strut diameter, strut
length, wall thickness, or unit cell (changing the size of the
unit cell or combining multiple unit cell structures). The com-
bination of gradient design and the TO methods provides the
possibility to further improve the mechanical and functional
properties of the lattice structures.

The traditional manufacturingmethods of porous structures
mainly include powder metallurgy, melt foaming, and invest-
ment casting [40]. However, they are limited in forming lattice
structures with complex unit cells and high forming accuracy.
Laser powder bed fusion (LPBF) is a typical additivemanufac-
turing (AM) technology [41, 42], in which powders are rapidly
melted and solidified under the action of the laser, enabling the
integrated fabrication of components [43]. The high manufac-
turing precision of LPBF improves the formability of complex
lattice structures [44–46].

At present, the materials used in LPBF of metallic lat-
tice structures mainly include stainless steel, Al alloys, and Ti
alloys [14, 16, 47]. These traditional elastic-plastic materials
usually have the disadvantage of being difficult to reuse after
plastic deformation, leading to the inability of these materials
to meet the needs of multi-functional and multiple-recycled
components. NiTi shape memory alloy is expected to over-
come these shortcomings and become a new material for lat-
tice structure. NiTi alloy has the advantages of shape memory
effect, superelasticity, and biocompatibility. Due to the form-
ing hysteresis energy dissipation loops during loading and
unloading processes, NiTi also exhibits the characteristic of
high energy absorption [48, 49]. To satisfy the application
requirements of the lattice structures in the energy-absorbing
components of aerospace field (such as soft-landing space-
craft), it is necessary to improve the deformation recovery
function of the lattice structures. NiTi alloy can be used to
manufacture the lattice structures that have the functions of
bearing and deformation recovery simultaneously.

In this paper, the TO method based on different weight
reduction conditions was applied to obtain the unit cells with
different relative densities. By reasonably arranging unit cells
in the gradient direction, the design process of GLSs was fur-
ther simplified to reduce the design complexity and calcula-
tion cost. Four kinds of NiTi GLSs were processed by LPBF
to study the influence of the gradient distributions of unit cells
on mechanical properties and energy absorption capacity. The
deformation and fracture mechanism during the compression
process were studied by compression experiments and finite
element analysis (FEA). The shape memory behavior of NiTi
lattice structures was studied by multiple compression-heat
recovery experiments.

2. Experimental procedure

2.1. TO and GLS design

The topological optimization module of ANSYS Workbench
software was used in this work to optimize the cubic structure
with the side length of 5 mm. The mathematical expression of
topological optimization is as follows [50]:


minF(x) = c(x)
s.t K(x)u= f
V(x)/V0 ⩽ Vf

0< xmin ⩽ xi ⩽ 1, i= 1, . . . ,n

. (1)
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Figure 1. Topology optimization processing and model reconstruction of obtained topology structures: (a) load boundary conditions for
topology optimization, (b) mesh partitioning model with 25 × 25 × 25 eight-node brick elements, (c) topology optimized structure based
on 70% weight reduction, (d)–(h) reconstructed topology optimization structures with the volume fraction of 20%, 25%, 30%, 35% and
40%, respectively.

x is the design variable of relative density; F(x) represents the
total strain energy function; c(x) represents the global com-
pliance; u represents the displacement; K(x) represents the
global stiffness; V(x) and V0 are the initial volume of the
design area and the volume after TO, respectively; the con-
straint Vf is the volume fraction after TO; n is the number of
variables. TO was used as a design method for lightweight
load-bearing structures, and the parameters of nonlinear shape
memory alloy material were not considered in the TO model.
The base material parameters were referred to the previous
report [51].

TO process and results are presented in figure 1. A force
of 5000 N in a 45◦ direction was loaded on the center of each
edge of the cube (red arrows in figure 1(a)), and displacement
constraints were applied to all eight endpoints (blue triangles
in figure 1(a)). The eight-node hexahedral element was adop-
ted to mesh the model (figure 1(b)), where the total number of
elements was 15 625. The part where the load was applied was
marked as the non-design area. The material in the non-design
area will be retained in the TO process to ensure that the optim-
ized structure has a good connection. Total strain energy and
volume fraction (VF) were set as responses in the TO process.
The total strain energy is the sum of the strain energy of all
grid elements, which determines the flexibility of the structure.
The VF represents the ratio of the structure volume obtained
by the TO method to the original volume, which is used to
constrain the number of iteration steps and the final topology
configuration. In this study, the volume of the optimizedmodel
was constrained to 20%, 25%, 30%, 35%, and 40% of the ori-
ginal volume under the condition of minimum strain energy
(figure 1(c) is the optimization result when the VF was 30%).
3D design software SolidWorks was used to reconstruct topo-
logy optimized unit cell structures to eliminate irregular edges
and corners. As shown in figures 1(d)–(h), the relative densit-
ies of the five kinds of unit cells were 0.2, 0.25, 0.3, 0.35, and
0.4, respectively.

Four types of GLSs, namely the unidirectional GLS, the
bi-directional increasing GLS, the bi-directional decreasing
GLS and the none-GLS were designed by using SolidWorks.
The size of the GLSs was 25 mm × 25 mm × 25 mm. The
CAD models and profiles (gray area) are shown in figure 2,
where the red dashed lines are the positions of the profiles.
The relative density of the unidirectional GLS varied unidirec-
tionally from 0.40 to 0.20 along the build direction, where the
bottom layer had the largest relative density (figure 2(a)). The
relative density of the bi-directional increasing GLS increased
bidirectionally from 0.20 to 0.35, with the lowest relative dens-
ity in the middle layer (figure 2(b)). The relative density of the
bi-directional decreasing GLS decreased bidirectionally from
0.40 to 0.25, with the highest relative density in the middle
layer (figure 2(c)). The none-GLS consisted of unit cells with
densities of 0.30 was designed as a comparison (figure 2(d)).
The average relative density of the four GLSs was 0.3. In this
study, the TO design of the unit cell was considered a minim-
ization of compliance, while the gradient design was aimed at
improving the energy absorption capacity of the lattice struc-
ture. The combination of TO and gradient design not only
facilitated the design of the GLS, but also realized the com-
bination of high bearing capacity and high energy absorption
capacity of the lattice structure.

2.2. LPBF processing

NiTi pre-alloyed powder with a nominal composition of
Ni50.6Ti49.4 and particle size distribution of 15–53 µm was
selected (figure 3(a)). NiTi lattice structures were processed
by the LPBF-150 equipment. The LPBF system (figure 3(b))
mainly consisted of a YLR-500-WC ytterbium fiber laser
(IPG Laser GmbH, Germany), a powder spreading device,
an inert argon gas protection system, and an automatic pro-
cessing control system. The maximum power of the laser
can reach 500 W, and the spot diameter is 70 µm. Due to
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Figure 2. CAD models (left) and profiles (right) of the GLSs: (a) unidirectional GLS; (b) bi-directional increasing GLS; (c) bi-directional
decreasing GLS; (d) none-GLS.

the overhanging characteristics of the GLSs, the bottom sur-
face of the GLSs and the substrate were placed at an angle
of 45◦ during the LPBF process to avoid internal support
(figure 3(c)). Process parameters used in this work were as
follows: laser power of 250 W, powder layer thickness of
30 µm, scanning speed of 1200 mm s−1, and hatch spacing
of 50 µm. The as-fabricated GLSs components are shown in
figure 3(d).

2.3. Forming quality characterization and mechanical
properties testing

The surface forming quality of LPBF-processed GLSs was

observed by field emission scanning electron microscopy
(FE-SEM, Hitachi, Japan). As shown in figure 4(a), the
CMT5205 testing machine (MTS Industrial Systems, China)
was used to perform uniaxial compression tests with a
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Figure 3. (a) The morphology of the NiTi pre-alloy powder; (b) the schematic of LPBF system; (c) relocation of the imported model;
(d) as-fabricated NiTi components.

displacement rate of 1 mm·min−1 at room temperature. The
fracture morphologies after the compression tests were detec-
ted by FE-SEM.

Based on compression force–displacement curves of com-
ponents, energy absorption (EA) and specific energy absorp-
tion (SEA) can be calculated. EA represents the energy
absorbed by the structure at a specific compressive displace-
ment. SEA represents theEA per unit mass of components. The
calculation formulas are as follows:

EA(l) =

lˆ

0

F(x)dx (2)

SEA(l) =
EA(l)
m

(3)

where l represents the amount of compression displacement;
x is the instantaneous displacement value; F(x) represents the
applied force value; m represents the mass of components.

2.4. Finite element simulation

The deformation behavior and stress distribution of the GLSs
were simulated by ANSYS LS-DYNA module. The FEA
model is shown in figure 4(b). The model mainly included
the flexible lattice structure and the rigid plates, in which the
displacement constraint was set on the bottom plate. The dis-
placement of the top plate was set as 15 mm. The number of

nodes and elements of the model was 141 465 and 484 585,
respectively. Material parameters of NiTi were obtained
through standard tensile experiments. Dog-bone shape com-
ponents according to the ISO 6892-1:2019 standard for tensile
tests (MTS Industrial Systems, China) were fabricated along-
side the lattice structures using identical process paramet-
ers. The tensile stress–strain curve of the dog-bone shape
component at room temperature is shown in figure 4(c), and
the obtained material parameters from figure 4(c) are shown
in table 1. Referring to the previous report [52], Poisson’s
ratio is also listed in table 1. The elastic-plastic material con-
stitutive model was applied in the FEA model. After the yield
point, the plastic stage was defined by the data obtained from
tensile stress–strain curve of the LPBF-processed NiTi sample
(figure 4(c)). FEA was used to analyze the stress distribution
and the compressive deformationmode of the structure. There-
fore, the obtained parameters of NiTi (table 1) ignored the
effects of phase transitions or twinning processes [53, 54].

2.5. Phase transition analysis and shape memory effect
experiments

The phase composition of NiTi samples was characterized
by the x-ray diffractometer (XRD) (Bruker AXS GmbH,
Karlsruhe, Germany) over a range of 2θ = 30◦–90◦, and
the scan rate was 4◦ min−1. The differential scanning calor-
imeter (DSC, METTLER TOLEDO, Switzerland) with the
model of DSC 3 was used to measure the phase transition

5
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Figure 4. (a) Compression process image; (b) FEA model; (c) the uniaxial tensile stress–strain curve of NiTi alloy at room temperature.

Table 1. Material parameters of LPBF-processed NiTi components at room temperature.

Density (g·cm−3) Young’s modulus (GPa) Poisson’s ratio Yield stress (MPa) Ultimate stress (MPa)

6.5 43.6 0.33 228 605

temperature of NiTi alloy powders and LPBF-processed NiTi
components. The DSC test temperature range was set from
−70 ◦C to 140 ◦C and the heating/cooling rate of the DSC
tests was 10 ◦C min−1. Based on DSC curves, four transform-
ation temperatures, at which the solid-state phase transform-
ation occurred in NiTi, can be obtained. The start and finish
temperatures of martensite and austenite transformation were
defined as Ms, Mf, As and Af, respectively.

Compression-heat cycle experiments were carried out to
study the shape memory effect of NiTi components. Based
on the compression force–displacement curve of components,
appropriate loads were determined to carry out compression-
heat cycle experiments to prevent fractures of components. In
each cycle, the original height of the component was meas-
ured as L(n). The component was loaded at room temperat-
ure (25 ◦C). The displacement rate was 1 mm·min−1. After
unloading, the component was removed from the compres-
sion platform and its height was measured as L1(n), where n
represented the number of cycles. Afterwards, the compon-
ent was heated up to 20 ◦C above Af with a heating platform.
Then the temperature was maintained for 10 min. Finally, the

component was removed from the heating platform and cooled
to room temperature to eliminate the effects of thermal expan-
sion, and its height was measured as L2(n). The procedure was
repeated for six times.

During each cycle, the recoverable displacement rate,
accumulative irrecoverable displacement, and accumulative
irrecoverable strain were chosen to characterize the shape
memory effect of components, which were denoted as ηrec,
Lirrec and εirrec, respectively. The calculation formulas are
presented as follows:

ηrec (n) =
L2 (n)−L1 (n)
L(n)−L1 (n)

× 100% (4)

Lirrec (n) =
n∑
i=1

(L(n)−L2 (n)) (5)

εirrec (n) =
Lirrec (n)
L(1)

. (6)
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3. Results and discussion

3.1. Forming quality

The surfacemorphologies and dimensional accuracy of LPBF-
processed GLSs was shown in figure 5. The mass of the four
GLSs was measured (table 2). The front of the unit cells
with the relative of 0.3 (figure 5(a)) and 0.2 (figure 5(b))
are shown in the SEM images. Morphology characteristics of
the hole (the white dash line) can be further observed from
figure 5(c), which is the high-magnification image of the rect-
angular region in figure 5(a). Surface morphology of the thin
wall can be further detected fromfigure 5(d), which is the high-
magnification image of the rectangular region in figure 5(b).
There were partially melted particles adhered on the compon-
ent, which would increase the surface roughness of the com-
ponent and reduce the forming accuracy to a certain extent.
As shown in figure 5(c), the processed profile of the hole was
well consistent with the designed profile, apart from some par-
tially melted powder, indicating that the LPBF with appro-
priate parameters can well process round-hole structures and
guarantee the processing quality. The dimensions of the uni-
directional GLS, bi-directional increasing GLS, bi-directional
decreasing GLS and none-GLS were measured, which were
W, L, and H respectively. Measured results are shown in
figure 5(e). Since the presence of adhered powder on the 45◦

hanging surface, the length L and height H of the four com-
ponents were larger than the design value, and the relative
error was within 1.4% and 1.6%, respectively. W was the
length between two surfaces perpendicular to the substrate, so
it was the closest to the design value, and the relative error was
within 0.7%.

3.2. Mechanical properties and deformation process

Compressive force–displacement curves of the four GLSs are
shown in figure 6(a). The compression process of four com-
ponents had gone through the linear elastic stage, the fluc-
tuate stage and the final densification stage. Combined with
the tensile stress–strain curve of NiTi alloy in figure 4(c),
the phase transformation behavior of the component was
analyzed. Firstly, in the initial stage of deformation, elastic
deformation of austenite and a small amount of martensite
occurred. As the stress gradually increased, it mainly included
the elastic deformation of the stress-induced martensite and
the reorientation of part of the martensite. With the fur-
ther increase of deformation, the reorientation of martensite
increased, and the twinning and plastic deformation increased
gradually until fracture, which led to a rapid decrease in struc-
tural strength. The curves showed that compression character-
istics were affected by the gradient distributions. Before the
densification stage, only one peak was observed in the force–
displacement curves of the bi-directional increasing GLS
and the none-GLS. However, for the unidirectional GLS and
bi-directional decreasing GLS, multiple peaks were observed,
which may be caused by layer-by-layer fracture character-
istics. Figure 6(c) presents the first peak crush force of the
components. The bi-directional increasing GLS exhibited the

largest first peak crush force of 34.10 kN, followed by the
none-GLS (28.50 kN), unidirectional GLS (15.66 kN), and
bi-directional decreasing GLS (15.25 kN). The EA and SEA
of each component are illustrated in figures 6(b) and (d),
respectively. Before the initial fracture, the deformation of the
GLSs reached 1.89 mm (for the unidirectional GLS), 2.83 mm
(for the bi-directional increasing GLS), 2.51 mm (for the bi-
directional decreasing GLS), and 3.09 mm (for the none-
GLS), respectively. Both the bi-directional increasing GLS
and the none-GLS had higher peak fracture force and deform-
ation at fracture, indicating that the bi-directional increasing
GLS and the none-GLS would absorb more energy in the
elastic stage. The EA of the bi-directional increasing GLS,
bi-directional decreasing GLS and unidirectional GLS gradu-
ally exceeded that of the none-GLS, when their displacements
exceeded 1.87 mm, 6.55 mm and 10.15 mm, respectively. The
EA and SEA of the GLSs when displacement= 12.5 mm were
shown in figure 6(d). The bi-directional increasing GLS had
the highestEA (235.6 J) among four structures, followed by the
bi-directional decreasing GLS (205.1 J), unidirectional GLS
(175.8 J), and the none-GLS (165.6 J). The measured mass of
the GLSs (listed in table 2) was used to calculate the SEA.
The bi-directional increasing GLS still had the largest SEA
(9.5 J·g−1), followed by the bi-directional decreasing GLS
(8.8 J·g−1), the unidirectional GLS (7.2 J.g−1) and the none-
GLS (6.9 J·g−1). It can be summarized that the bi-directional
increasing GLS had the highest energy absorption capacity.
Meanwhile, three other GLSs showed better energy absorp-
tion ability than the none-GLS.

The video frame images of the unidirectional GLS, bi-
directional increasing GLS, bi-directional decreasing GLS
and none-GLS during compression experiments are shown
and compared in figures 7(a)–(d), respectively. Five charac-
teristic displacement values were extracted from the com-
pressive force–displacement curves, which were displace-
ment = 0 mm, displacement at the first peak crush force,
displacement at the end of the first peak crush force (for the
unidirectional GLS, the displacement at the second peak crush
force), displacement at the beginning of densification, dis-
placement = 12.5 mm. The GLSs showed significant differ-
ences in the fracture modes. For the none-GLS, the abrupt
shear fracture occurred in the component, and a shear band
at 45◦ angle was formed throughout the whole component
(marked by the red circle in figure 7(d)). The thin walls under-
went large plastic deformation and fractured along 45◦, which
resulted in a sharp decrease in the stiffness of the none-
GLS (figure 6(a)). The video frame images of the unidirec-
tional GLS and bi-directional decreasing GLS showed that
the fracture first occurred in the low-density layer. With the
increase of displacements, fractures extended to layers with
higher relative density, leading to the layer-by-layer fracture
process (marked by the white circle in figures 7(a) and (c)).
There would be a stage of force decline when each layer
was fractured. As the displacement increased, the compres-
sion process of the next layer had gone through the densi-
fication and fracture stage, which in turn made the strength
of the structure reach the maximum and then decrease rap-
idly, thus forming multiple peak values of force (figure 6(a)).

7
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Figure 5. SEM micrographs and dimensional accuracy of the LPBF-processed GLSs: (a), (b) low-magnification images of the unit cell with
VF of 0.3 (a) and 0.2 (b); (c), (d) high-magnification images of the unit cell with VF of 0.3 (c) and 0.2 (d); (e) dimensional accuracy of
different components.

Table 2. The mass of LPBF-processed NiTi components.

Structure Unidirectional GLS Bi-directional increasing GLS Bi-directional decreasing GLS None-GLS

Mass 24.55 ± 0.02 g 24.69 ± 0.01 g 23.37 ± 0.01 g 24.00 ± 0.01 g

8
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Figure 6. (a) Compressive force–displacement curves of four GLSs; (b) EA versus displacement curves; (c) the first peak crush force of
four GLSs; (d) the EA and the SEA of four GLSs.

Figure 7. Deformation of the LPBF-processed GLSs with different gradient distributions during compression tests: (a) unidirectional GLS;
(b) bi-directional increasing GLS; (c) bi-directional decreasing GLS; (d) none-GLS.

9
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Figure 8. Experiment and FEA force–displacement curves of different GLSs: (a) unidirectional GLS; (b) bi-directional increasing GLS;
(c) bi-directional decreasing GLS; (d) none-GLS.

As the relative densities of the different layers of the struc-
ture gradually increased, the peak compressive forces of
the structure increased sequentially. Such observations have
been reported previously [39, 55]. This deformation beha-
vior was very favorable for the uni-directional impact absorp-
tion applications [37]. Interestingly, the video frame images
of the bi-directional increasing GLS showed the combination
of shear fracture and layer-by-layer fracture (marked by the
red circle and the white circle in figure 7(b), respectively). In
the early stage of deformation, layers with the lowest relat-
ive density in the bi-directional increasing GLS first fractured,
showing the characteristics of layer-by-layer fracture.With the
increase of displacement, fracture layers were gradually dens-
ified, and then densified fracture layers and unfractured layers
with high relative density were sheared together. This unique
fracture method made the bi-directional increasing GLS not
only had the characteristics of higher first peak crush force
but also had the characteristics of better energy absorption
capacity.

The FEA of the compression deformation process of
the four GLSs was conducted to research the influence of
gradient distributions on stress distributions and deforma-
tion mode. The ANSYS LS-DYNA module was used in the
FEA, which was shown in section 2.4. First, to verify the
accuracy of the FEA model, FEA force–displacement curves
of the four GLSs were compared with force–displacement
curves obtained from compressive experiments. As shown in

figures 8(a)–(d), force–displacement curves of FEA and exper-
iments had a similar trend. In force–displacement curves of
FEA, the first peak crush forces of the bi-directional increas-
ing GLS and none-GLS were greater than that of the uni-
directional GLS and bi-directional decreasing GLS, which
was consistent with experimental results. In addition, FEA
force–displacement curves of the unidirectional GLS and bi-
directional decreasing GLS also had multiple peaks crush
forces, verifying the compressive behavior of the layer-by-
layer fracture. Although the FEA results can better predict the
actual compressive force–displacement relationship in the ini-
tial stage of structural deformation, the unconsidered phase
transforming and twinning process still brought a certain devi-
ation to the force prediction [56, 57].

Figure 9 showsVon-Mises stress distributions and deforma-
tion of the four GLSs at the displacement of the first peak crush
force. For the unidirectional GLS, the stress mostly concen-
trated around the top of the lattice structure and the edge of the
circular holes. Besides, the deformation of the unidirectional
GLS mainly occurred in the second layer with low relative
density (figure 9(a)). Significant plastic deformation occurred
in the second layer region, the circular hole region of the unit
cell changed to an elliptical shape, and the edge of the struc-
ture experienced obvious pressure-induced expansion, which
was consistent with the deformation behavior observed in
figure 7(a). For the bi-directional increasing GLS, the stress
concentration area expanded from the middle region to both
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Figure 9. Von-Mises stress distributions and deformation of the GLSs during compression: (a) unidirectional GLS
(displacement = 2.25 mm); (b) bi-directional increasing GLS (displacement = 4.35 mm); (c) bi-directional decreasing GLS
(displacement = 2.55 mm); (d) none-GLS (displacement = 3.75 mm).

ends. The simulation results indicated that the deformation
of the bi-directional increasing GLS mainly occurred in the
middle region, such as the middle layer with the lowest rel-
ative density and the circular holes (figure 9(b)). When the
middle layer with the smallest relative density began to frac-
ture, the surrounding low-density layer also underwent large
plastic deformation, and the area around the circular hole was
more prone to stress concentration and cracks. The cracks
between the different layers propagated each other to form an
oblique fracture zone, so the structure tended to shear frac-
ture (figure 7(b)). On contrary, for the bi-directional decreas-
ing GLS, the stress concentration area expanded from both
ends to the middle layer. The deformation of the bi-directional
decreasing GLS mainly took place in the top and bottom
regions (figure 9(c)). Correspondingly, during the compres-
sion of the bi-directional decreasing GLS, it was observed
that the top and bottom layers were broken first (figure 7(c)).
For the none-GLS, the stress concentration area and deforma-
tion had significant uniformity. The deformation started from
the bending of the region near the circular holes of unit cells
(figure 9(d)). The shear failure of the structure occurred when
the unit cells were compacted gradually (figure 7(d)). It can
be seen that the gradient distributions affected the stress dis-
tributions, thereby affecting the deformation mode of lattice
structures. The low-density layer structure tended to preferen-
tially fracture during compression, which affected the stress
distribution and deformation of the surrounding area. Based
on the gradient distribution design of the lattice structure, the
optimization of the deformation mode and the improvement of
the mechanical properties can be realized.

To further explore the fracture mode, the fracture morpho-
logy of the bi-directional increasing GLS was selected as an
example (figure 10). The fracture was mainly generated in the
low-density layer, as illustrated in figure 10(a). A ‘river pat-
tern’ can be observed from figures 10(b) and (c), which was
due to the crack propagation caused by stress concentration,
indicating that the component had undergone brittle fracture.
Further observation of the connection area of the cleavage
plane, the fine dimples and typical ductile fracture feature were
distributed inside the section (figure 10(d)). Fracture analysis
indicated that the fracture of the bi-directional increasing GLS
was a mix of ductility and brittleness, and the brittle fracture
was dominant.

3.3. Phase transition behavior and shape memory effect

The XRD spectra of the initial NiTi powder and NiTi LPBF-
processed sample are shown in figure 11(a). Three main peaks
were observed in the powder and LPBF-processed sample,
with orientations of (110), (002), and (211), respectively. The
peak B2 phase (110) exhibited the highest intensity. NiTi pre-
cipitation phases and other impurity phases were not detected
in the powder and sample. In the XRD spectra of the LPBF-
processed sample, some weak peaks of monoclinic martensite
(B19′) were observed. XRD spectra showed that austenite and
martensite exist simultaneously in the NiTi LPBF-processed
sample. During the LPBF process, the evaporation and pre-
cipitation of Ni led to the uneven distribution of the elements,
resulting in the microstructure with the coexistence of austen-
ite and martensite [58].
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Figure 10. The fracture surface of the LPBF-processed bi-directional increasing GLS: (a) the image of the bi-directional increasing
GLS after compression test; (b) low-magnification images (marked by red dash circle); (c) high-magnification images (region C);
(d) high-magnification images (region D).

Before studying the shape memory effect of the NiTi com-
ponents, the phase transition temperature of the material was
measured to determine the appropriate experimental heat-
ing temperature. DSC curves of NiTi alloy powder and the
sample cut from the NiTi LPBF-processed component are
shown in figures 11(b) and (c). The phase transition tem-
peratures extracted from those curves are listed in table 3.
The curve of NiTi powder showed multiple peaks, which
were attributed to the non-uniformity of the powder com-
position, indicating that the phase transition behavior of B2
(austenite)↔ R (R phase) ↔ B19′ (martensite) had occurred.
This was consistent with the previous report [59] about
NiTi materials. During the heating and cooling of LPBF-
processed NiTi components, a reversible transformation of
low-temperature martensite (monoclinic with low symmetry)
to high-temperature austenite (body-centered cubic with high-
symmetry) occurred, which made the NiTi components have
shapememory effect under thermal stimulation. Therefore, the
transformation temperature between austenite and martensite
was the focus of the study of shape memory effect. The phase
transition temperatures of LPBF-processed components were
higher than that of the powder sample, which was related
to the high-energy laser beam during the LPBF process. Ni
has a lower boiling point (3186 K) than Ti (3560 K), so Ni
is more likely to evaporate at higher temperatures [60]. The
high energy input caused a sharp increase in temperature,

leading to the evaporation of nickel and the enrichment of
titanium. The decrease of Ni content will lead to a signific-
ant increase in phase transition temperature [61]. Therefore,
the Af of the NiTi LPBF-processed sample was higher than
that of NiTi powder. In the DSC curves, the phase transition
peaks of the LPBF-processed NiTi sample showed an obvious
broadening phenomenon. The differences in the composition,
microstructures and residual stress of the molten pool of the
LPBF-processed NiTi sample will lead to the difference in
phase transformation temperature, thereby broadening the
phase transition peaks [58].

The components with the shape memory characteristics of
NiTi often bear complex cyclic loads in practical applications.
Therefore, the effect of cycle numbers on the shape memory
effect of NiTi components needed further study. Based on
the compression force–displacement curves, the compressive
peak forces for the four GLSs were 10 kN (for the unidirec-
tional GLS), 18 kN (for the bi-directional increasing GLS),
10 kN (for the bi-directional decreasing GLS), and 18 kN (for
the none-GLS), respectively. As can be seen from table 3, the
Af of the LPBF-processed NiTi components was 45.18 ◦C,
so the heating platform was set to 90 ◦C in each cycle (more
than 40 ◦C higher than Af). Figures 12(a)–(d) show the force–
displacement curves of the four GLSs under cyclic compress-
ive loading. In the first compression cycle, the displacement
of the four GLSs was 0.624 mm (for the unidirectional GLS),
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Figure 11. Phase transition behavior: (a) XRD spectra of the NiTi powder and NiTi LPBF-processed sample; (b) DSC curve of NiTi
powder; (c) DSC curve of LPBF-processed NiTi sample.

Table 3. The phase transition temperatures of NiTi alloy powder and NiTi LPBF-processed sample.

Mf (
◦C) Ms (◦C) As (◦C) Af (

◦C)

Powder −52.43 6.85 −31.89 20.83
LPBF sample −11.20 45.53 1.24 77.61

1.027 mm (for the bi-directional increasing GLS), 1.023 mm
(for the bi-directional decreasing GLS) and 1.670 mm (for
the none-GLS), respectively. The residual displacement of
the four GLSs after unloading was 0.282 mm (for the uni-
directional GLS), 0.528 mm (for the bi-directional increas-
ing GLS), 0.651 mm (for the bi-directional decreasing GLS)
and 1.145 mm (for the none-GLS), respectively. After heating,
the recoverable displacement rate of the four GLSs reached
91.49% (for the unidirectional GLS), 89.77% (for the bi-
directional increasing GLS), 89.09% (for the bi-directional
decreasing GLS) and 89.52% (for the none-GLS), respect-
ively. As shown by the red lines in figures 12(a)–(d), after six
cycles, the recoverable displacement rates of the four GLSs
reached 99.47% (for the unidirectional GLS), 99.15% (for the
bi-directional increasing GLS), 99.58% (for the bi-directional
decreasing GLS), and 99.42% (for the none-GLS), respect-
ively. Figure 12(e) shows the recoverable displacement rate

and accumulative irrecoverable strain of the four GLSs after
each cycle. The recoverable displacement rates of the GLSs
increased greatly in the first three cycles, and slowed down
gradually in the last three cycles, tending to 100%. The accu-
mulative irrecoverable strain of each component in each cycle
is shown in figure 12(f). With the increase of cycle number,
the increase of the accumulative irrecoverable strain gradu-
ally slowed down and stabilized finally. In the first cycle, the
none-GLS had the largest irrecoverable strain, followed by the
bi-directional decreasing GLS, bi-directional increasing GLS
and unidirectional GLS. All the GLSs had a large irrecover-
able displacement. With the increase of cycle number, the ori-
entation texture enhanced along the loading direction, which
reduced the generation of irreversible twins and slowed down
the growth trend of accumulative irrecoverable strain [51].
Results showed that the none-GLS had the largest accumu-
lative irrecoverable strain. When the cycle number reached
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Figure 12. Shape memory effect of the LPBF-processed NiTi GLSs: (a)–(d) force–displacement curves of cycling tests of the unidirectional
GLS, bi-directional increasing GLS, bi-directional decreasing GLS and none-GLS, respectively; (e) recoverable displacement rates of
different GLSs; (f) accumulative irrecoverable strain of different GLSs.

6, the accumulative irrecoverable strain of the unidirectional
GLS, bi-directional increasing GLS, bi-directional decreas-
ing GLS and none-GLS stabilized at around 0.192%, 0.506%,
0.568% and 0.834%, respectively, indicating that the NiTi
LPBF-processed GLSs had outstanding shape memory effect
and functional stability.

The NiTi LPBF-processed GLSs can achieve better shape
recovery within a certain displacement range. However, due
to different gradient distribution designs, the displacement
recovery intervals and the accumulative irrecoverable strain of
the structures were different. Gradient design made the lattice
structure have a larger deformation space in the compression
process, so the displacement recovery intervals of the unidirec-
tional GLS, bi-directional increasing GLS and bi-directional

decreasing GLS (figures 12(a)–(c)) were larger than that of
the none-GLS (figure 12(d)). At the same time, since the
none-GLS deformed uniformly as a whole during the com-
pression process, its stress concentration and plastic deform-
ation area were larger than those of the unidirectional GLS,
bi-directional increasing GLS and bi-directional decreasing
GLS, resulting in a larger accumulative irrecoverable strain
(figure 12(f)).

4. Conclusions

In this work, four kinds of GLSs were designed via the
TOmethod. The unidirectional GLS, bi-directional increasing
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GLS, bi-directional decreasing GLS and none-GLS were
obtained by the different arrangements of the topology-
optimized unit cells and then manufactured with LPBF. The
energy absorption performance and shape memory effect of
these components were studied. The main conclusions are as
follows:

(a) The experimental compression results showed that four
kinds of GLSs had excellent compression energy absorp-
tion performance. The bi-directional increasing GLS
had the highest energy absorption capacity with EA of
235.6 J and SEA of 9.5 J·g−1 at 0.5 strain, respectively.
The unidirectional GLS, bi-directional increasing GLS
and bi-directional decreasing GLS showed better energy
absorption ability than none-GLS. For the unidirectional
GLS and bi-directional decreasing GLS, as the relative
densities of the different layers of the structure gradually
increased, the peak compressive forces of the structure
increased sequentially and the collapse occurred layer-by-
layer. For the none-GLS, the abrupt shear fracture occurred
in the component and a shear band at 45◦ anglewas formed
throughout the whole component. For the bi-directional
increasing GLS, the collapse process was performed with
the combination of the shear fracture and the layer-by-
layer fracture.

(b) The phase transformation temperatures of NiTi LPBF-
processed samples were higher than that of NiTi powder
due to the Ni evaporation during the LPBF process. The
NiTi LPBF-processed samples at room temperature were
mainly composed of austenite and a small amount of
martensite.

(c) After six cycles, the recoverable displacement rates of
the four GLSs reached 99.47% (for the unidirectional
GLS), 99.15% (for the bi-directional increasing GLS),
99.58% (for the bi-directional decreasing GLS), and
99.42% (for the none-GLS), respectively. The accumu-
lative irrecoverable strains of the four GLSs started to
stabilize at around 0.192% (for the unidirectional GLS),
0.506% (for the bi-directional increasing GLS), 0.568%
(for the bi-directional decreasing GLS) and 0.834% (for
the none-GLS), respectively. The NiTi LPBF-processed
GLSs showed outstanding shape memory effect and func-
tional stability. The gradient design made the lattice struc-
ture have a larger displacement recovery interval and a
smaller accumulative irrecoverable strain.
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