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A B S T R A C T

The NiTi lattice structure has great application potential in biomedical and aerospace fields, due to the shape 
memory effect, hyperelasticity and other characteristics. According to the research purpose and material 
behavior, cyclic compression is divided into hyperelastic cyclic compression and fatigue cyclic compression. 
Many studies have been conducted, but either to improve the hyperelastic cyclic compression performance or to 
improve the fatigue cyclic compression performance, no study has yet revealed the connection between the two. 
Therefore, in this study, hyperelastic cycles (1, 8, 15) were conducted before fatigue cyclic compression, while 
fatigue cycles (104, 5 × 104, 105) were conducted before hyperelastic cyclic compression. The results show that 
the fatigue cyclic compression pretreatment of 104 and 5 × 104 cycles helps to improve the hyperelasticity of the 
lattice structure, while too many fatigue cycles will reduce the hyperelasticity of the structure. Furthermore, the 
bearing capacity of the sample is enhanced by 104 cycles of fatigue cyclic compression pretreatment. On the 
contrary, the fatigue life of the sample can be increased by 2.49 times after 8 cycles of hyperelastic cyclic 
compression pretreatment, due to reducing the grain size. This study reveals the interaction mechanism between 
hyperelasticity and fatigue performances of NiTi lattice structures.

1. Introduction

The NiTi lattice structure has excellent specific strength, good energy 
absorption performance and damping performance, excellent biocom
patibility and impact protection functions[1]. Due to its significant 
mechanical advantages in low-density structures, it has been often uti
lized in biological bone implants, shock absorbers[2,3]. As the high- 
accuracy manufacturing characteristic, laser powder bed fusion (LPBF) 
is the most commonly used additive manufacturing (AM) technology to 
fabricate the NiTi lattice structures [4].

However, when the NiTi lattice structures are loaded, their micro
structure may undergo irreversible changes, which in turn affect the 
overall structural performance[5]. Therefore, it is important to under
stand and optimize the properties of these NiTi lattice structures to 
ensure the reliability of their work in various environments. There have 

been many studies on structural design and process treatment, which 
have improved the mechanical and fatigue properties of NiTi lattice 
structures[6,7]. Structural design is an important means to improve the 
mechanical properties of lattice structures. By optimizing the geometry 
and arrangement of the unit cell, a more uniform stress distribution can 
be achieved. Gyroid is a kind of Triply Periodic Minimal Surface (TPMS) 
with complex geometry and uniform pore distribution[8]. Compared 
with strut-based lattice structures, TPMS lattice structure has a more 
uniform stress distribution [9] and better fatigue life[10]. The forming 
quality and mechanical properties of the lattice structure can be 
significantly improved by process treatment (process parameters and 
process methods). Zheng et al. [11] explored the effect of nickel plating 
post-treatment process on the mechanical properties of lattice struc
tures. Hussain et al. [12] studied the effects of additive manufacturing 
process parameters on the microstructure characteristics and solid phase 
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distribution in the sample. Liu et al.[13]found that adjusting the process 
parameters can make NiTi shape memory alloy have high hyperelastic 
cycle stability. Sun et al. [14] found that the lattice structure prepared 
by the pressureless infiltration process has higher damping capacity and 
strength. Kara et al.[15,16] studied the effect of cryogenic treatment on 
the processing properties of materials. Ren et al. [17]have shown that 
annealing treatment can enhance the energy absorption capacity of 
lattice structures. Process treatment technology plays an important role 
in improving the mechanical properties of lattice structures.

Researchers have conducted many studies on the hyperelasticity and 
fatigue performances of NiTi lattice structures through cyclic compres
sion experiments. Cyclic compression refers to the process in which a 
material or structure is subjected to repeated compressive loads over a 
period of time. According to the research purpose and material behavior, 
it can be divided into hyperelastic cyclic compression and fatigue cyclic 
compression[18]. Hyperelastic cyclic compression: The macroscopic 
reversible deformation characteristics of materials during repeated 
loading and unloading are studied, focusing on the recoverability and 
energy absorption efficiency of materials. Kan et al.[19], Safdel et al.
[20], Wang et al.[21], Yan et al.[22]and Zhang et al.[23] studied the 
hyperelasticity of NiTi alloy by hyperelastic cyclic compression test, and 
summarized the change rule of hyperelasticity and its damage. Fatigue 
cyclic compression: The phenomenon that the material gradually ac
cumulates damage and eventually leads to failure during repeated 
loading and unloading is studied, focusing on the fatigue life and dam
age mechanism of the material [24]. Kelly et al.[25] and Yang et al.[26]
studied the fatigue properties of Gyroid by fatigue cyclic compression 

test, and summarized the change rule and strengthening of fatigue 
properties.

In the past few decades, many cyclic compression tests have been 
performed on NiTi alloys[27]. Researchers only focus on the hyper
elasticity or fatigue properties of the NiTi lattice structure itself. How
ever, in engineering applications, the NiTi lattice structure may be 
subjected to both hyperelastic cyclic compression and fatigue cyclic 
compression. It is not comprehensive to only focus on the hyperelasticity 
or fatigue properties of the NiTi lattice structure itself. The existing 
papers have not studied the relationship between hyperelasticity and 
fatigue performance.

Therefore, the aim of this paper is to systematically investigate the 
effect of hyperelastic cyclic compression on fatigue performance, as well 
as, the effect of fatigue cyclic compression on hyperelastic performance.

This study adopts the design idea of hyperelasticity and fatigue 
interaction. The relationship between mechanical and fatigue properties 
of NiTi Gyroid lattice structure under cyclic compression was investi
gated. The structural evolution of NiTi Gyroid lattice structure under 
cyclic compression and its influence on macroscopic mechanical 
behavior are revealed.

2. Methodologies

2.1. Design and fabrication

Fig. 1 shows the design idea of the interaction between hyperelastic 
cyclic compression and fatigue cyclic compression.

Fig. 1. The design idea of the interaction between hyperelastic cyclic compression and fatigue cyclic compression.
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The Gyroid rod structure is selected for research. The Gyroid surface 
can be expressed by the following equation: 
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Among them, a refers to the size of the unit cell, and t refers to the 
volume range surrounded by the minimal surface. As shown in Fig. 1, 
the volume fraction of both the model and the sample is 10 %. The unit 
cell size is 5 mm, stacked along the direction of the spatial geometric 
coordinate system (x, y, z), the model size is 20 mm. The implicit 
function modeling of TPMS lattice structure can be carried out by 
inputting the surface equation of Gyroid into Matlab software. This 
study uses TPMS_Scaffold_Generator software to design, which is a 
TPMS lattice structure modeling software developed by Lin et al[28].

Samples were prepared by the DiMetal-100 (Laseradd Co., Ltd, 
China). The particle size of NiTi alloy powder is 15–53 μm, and the 
atomic ratio of Ni to Ti is 1:1 (Avimetal Powder Metallurgy Technology 
Co., Ltd., China). After process optimization, the selected process pa
rameters are shown in Table 1. The scanning mode is set to X/Y alter
nating mode. The whole process needs to be carried out under the 
protection of argon gas.

As shown in Table.2, different pretreatment and post-processing 
schemes are applied to the Gyroid rod structure, which can be divided 
into 8 different schemes: H0F, H1F, H2F, H3F, F3F, F1H3, F2H3, F3H3.

The hyperelastic cyclic compression process is recorded as Hn. H0, 
H1, H2, and H3 denote the number of hyperelastic cycles of 0,1,8 and 15, 
respectively. Jin et al. [29] studied the hyperelasticity of NiTi lattice 
structure. A total of 15 hyperelastic cyclic compression experiments 
were carried out. The unrecoverable strain curve has a turning point at 
about the 8th time. As shown in Fig. 3(d)~(i) and Fig. 4(a), the strain of 
the NiTi lattice structure changes slowly from the 8th cycle under the 
hyperelastic cyclic compression. Therefore, the number of hyperelastic 
cycles of 0,1,8 and 15 were selected for this study.

The fatigue cyclic compression process is recorded as Fn. F0, F1, F2, 
and F3 represent the number of fatigue cycles of 0, 104, 5 × 104 and 105, 
respectively. The study of Liu et al.[30] showed that the NiTi lattice 
structure with a volume fraction of 10 % will break under certain con
ditions after 2 × 105 cycles of fatigue cyclic compression. In this paper, 
5 %, 10 % and 50 % of the fatigue life (2 × 105) are selected as the fa
tigue pretreatment cycle conditions (104, 5 × 104 and 105). As shown in 
Fig. 5(b), when the fatigue loading stress is 3.23 Mpa, the fatigue life of 
the NiTi lattice structure is 190,020 cycles. In order to save the time 
consumed by the fatigue test, this study selected a fatigue loading stress 
value of 3.23 Mpa for fatigue cyclic compression pretreatment.

2.2. Measurement and characterization

The size of samples was measured using a vernier caliper (minimum 
scale increment of 0.01 mm). The weight of samples was measured using 
an electronic balance (minimum scale increment of 0.1 mg). The relative 
density and actual volume fraction of the lattices can be calculated by 
characterizing the size and mass. The design volume fraction (Vdesign) is 
10 %, and the actual volume fraction (Vactual) can be obtained by 
Archimedes' principle[31]. The actual density ρa and relative density RD 
(Relative density) of the sample entity can be obtained by the following 
formula [31]: 

ρa =
m1

m1 − m2
ρ0 (2) 

RD =
ρa

ρpower
× 100 (3) 

Among them, m1 is the dry weight of the sample, m2 is the floating 
weight of the sample, and ρ0 is the density of the liquid. In this study, 
ρ0 represents industrial alcohol with a density of 0.81 g/cm3, and ρpower 
is the density of NiTi alloy powder, which is 6.45 g/cm3.

Scanning electron microscopy (SEM) was used to observe the 
microstructure of the samples (Field emission scanning electron micro
scope JSM-7600F, Japan). SEM is very powerful in providing high- 
resolution topography images. The NiTi samples can be directly put 
into the loading table for testing after being cleaned by vacuum cleaner.

The electron backscattered diffraction (EBSD) technique was used to 
characterize the internal grain distribution of the sample (Zeiss Sigma 
300, Oxford spectrum ULTIM MAX 40, Oxford EBSD C-SWIFT, British), 
and the experimental step was 1. Firstly, the samples were cut into small 
samples of 8 mm × 8 mm × 5 mm by wire electrical discharge 
machining. Then the surface of the sample was treated by argon ion 
polishing technology. Finally, the samples were put into the equipment 
for experiments.

2.3. Mechanics and fatigue performance test

The mechanical properties of the structure under uniaxial compres
sion were tested by material performance testing machine (AG-IC 100 
kN, Japan). According to ISO 13314: 2011 [32], metal materials are 
subjected to compression tests at a strain rate of 0.1 %S-1. All samples are 
placed in the same way and the compressive loading speed was set to be 
1.2 mm / min. Two samples were tested in each group.

The hyperelastic cyclic compression test was carried out by material 
performance testing machine (AG-IC 100 kN, Japan). The test needs to 
set the cyclic compression displacement, compression speed and the 
number of cycles. The cyclic compression displacement is 8 % of the 
designed size of the sample, the compression speed is 1.2 mm / min, and 
the number of cycles is 1,8 and 15, respectively. The upper compression 
platform moves back and forth to achieve the set number of cycles.

The fatigue test was carried out by hydraulic test frame (EHF- 
UV100k2-040-1A, Japan). The loading frequency is 30 Hz, and the load 
ratio R is 0.1. In this experiment, 106 cycles were selected as the end 
cycle of the experiment. Set the lower limit position to control that the 
machine will stop immediately after the sample fails. In this study, a S-N 
diagram of NiTi Gyroid sample with a volume fraction of 10 % treated by 
H0F was constructed. The corresponding fatigue loading stress points are 
shown in Table.3. σy refers to the strength limit when the external force 
is pressure. In this study, the fatigue loading condition selected by Fn is 
the loading stress value of 0.35σy (3.23 MPa).

2.4. Finite element analysis

The ideal lattice structure model was meshed by HyperMesh (2019 
version) and divided into 70,590 C3D10M units. C3D10M is an 
improved version of the quadratic tetrahedron element, which can 
accurately describe complex surfaces (such as the curved surface of the 
TPMS structure)[33]. The use of C3D10M element can significantly 
improve the simulation accuracy and convergence of complex structures 
such as TPMS in large deformation and contact analysis[29]. The 
meshed model is imported into ABAQUS (2020 version), and the explicit 
dynamic analysis is adopted[29].

Table 1 
LPBF process parameter.

Layer 
thickness

Scanning 
strategy

Energy 
density

Laser 
power

Scanning 
speed

(mm) (J/mm3) (W) (mm/s)

0.04 Post-output 56.1 220 1400
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3. Results and discussion

3.1. Forming quality

The relative density of the sample is shown in Fig. 2(a). Six groups of 
samples were selected. The minimum relative density was 99.28 %, 
indicating that the samples studied in this paper had good forming 
quality[34].

The volume fraction can reflect the manufacturing fidelity[35]. As 
shown in Fig. 2 (b), six groups of samples were selected, and the actual 
volume fraction of each group of samples was above 10 %. The actual 
volume fraction of the sample is higher than the design volume fraction 
of the model, which is mainly due to the expansion of the molten pool 
and the adhesion of the powder particles[36]. Yang et al.[37]showed 
that the degree of powder adhesion was positively correlated with the 
specific surface area (the ratio of surface area to volume) of the lattice 
structure.

Fig. 2(c1)~(c4) shows the SEM images of NiTi Gyroid sample nodes 
and pillars. The surface of the sample is rough, while the contour is 
complete without obvious defects. The samples characterized by SEM 
experiments are before loading. As shown in Fig. 2(c1) and (c2), yellow 
line segments illustrate that some stripes can be observed on the upper 
surface of the lattice structure pillars and nodes in the main view, that is, 
the step effect of the additive manufacturing process[38]. As shown in 
Fig. 2(c3) and (c4), the lower surfaces of the joints and struts are rougher 
and the phenomenon of powder adhesion is rather serious.

3.2. Effect of fatigue cycles on hyperelasticity and bearing capacity

3.2.1. Uniaxial compression and hyperelastic cyclic compression
As shown in Fig. 3(a), the mechanical response of NiTi Gyroid sample 

during compression is divided into three stages[39]: elastic deformation 
stage, elastic–plastic deformation stage and stress fluctuation stage. The 
stress–strain images of the same samples prepared in this study are 
consistent, which indicates that the samples prepared by LPBF have 
good repeatability.

The static simulation analysis of NiTi Gyroid structure is shown in 
Fig. 3(b). The red area of the stress cloud diagram indicates that the 
structure has a large stress concentration here. The results of the stress 
cloud diagram show that there is a greater stress concentration in the 
middle of the pillar when subjected to compressive load. This result is 
also consistent with the fracture situation in Fig. 3(c). The NiTi Gyroid 

Table 2 
Naming rules of samples.

processing steps H0F H1F H2F H3F F3F F1H3 F2H3 F3H3

Pretreatment cycle Hyperelastic 
cyclic

0 1 8 15 0 0 0 0

Fatigue 
cyclic

0 0 0 0 105 104 5 × 104 105

post-processing Hyperelastic cyclic 15 times no no no no no yes yes yes
Fatigue 
cyclic

yes yes yes yes yes no no no

Table 3 
Fatigue loading stress selection of NiTi Gyroid sample.

Sample 0.3σy 0.35σy 0.4σy 0.45σy

(MPa) (MPa) (MPa) (MPa)

NiTi Gyroid 2.76 3.23 3.69 4.15

Fig. 2. Forming accuracy and surface morphology of NiTi Gyroid samples: (a) relative density; (b) volume fraction; (c) surface morphology.
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sample fractured along the middle of the pillar, forming a 45◦ fracture 
zone.

H1, H2 and H3 indicate that the samples are subjected to 1,8 and 15 
cycles of hyperelastic cyclic compression, respectively. Fig. 3(d)~(f) 
represent the cyclic compressive stress–strain curves corresponding to 
the hyperelastic cyclic compression process of H1, H2 and H3, respec
tively. The cyclic compressive stress–strain curve of Fig. 3(d) is consis
tent with the first cycle of Fig. 3(e). The cyclic compressive stress–strain 
curve of Fig. 3(e) is consistent with the first 8 cycles of Fig. 3(f). This 
shows that the mechanical properties of the same samples manufactured 
by additive manufacturing are similar.

F1H3, F2H3 and F3H3 represent that the samples undergo fatigue 
cyclic compression of 104, 5 × 104 and 105cycles, respectively, and then 
undergo hyperelastic cyclic compression of 15 cycles. Fig. 3(g)~(i) show 
the cyclic compressive stress–strain curve corresponding to 15 cycles of 
hyperelastic cyclic compression processes of F1H3, F2H3 and F3H3 sam
ples. The stress–strain curve of the sample shifts to the right with the 
increase of the number of cyclic compression cycles. However, after the 
8th cycle of cyclic compression, the subsequent cyclic compression 
stress–strain curve of the sample almost does not change. In this study, 
1,8 and 15 cycles were selected as the number of hyperelastic cyclic 

compressions mainly for this reason. The results of Fig. 3(g)~(i) show 
that with the increase of the number of pretreatment fatigue cycles, the 
bearing capacity of the structure decreases.

3.2.2. Further discussion on hyperelastic enhancement
As shown in Fig. 4(a), with the increase of hyperelastic cycles, H2 and 

H3 have the same change trend. It is obvious that the strain of F1H3 in 
each cycle is less than that of H3, indicating that the fatigue cycle has 
positive effect on the hyperelastic performance. However, the unre
covered strain of each cycle of F3H3 is much higher than that of H3. This 
may be due to the fact that the internal structure of the sample is more 
prone to large deformation after 105 cycles of fatigue cyclic compression 
pretreatment.

As shown in Fig. 4(b), H2 and H3 have the same change trend with 
the increase of the number of cycles. It is worth noting that the stress 
change values of H2 and H3 are between 7.5 MPa and 8.0 MPa. The stress 
of F1H3 in each cycle is greater than that of the other four samples, which 
may be due to the fact that the fatigue cyclic compression of 104 cycles 
hardens the microstructure inside the sample. However, with the in
crease of the number of cycles, the stress of F1H3, F2H3 and F3H3 grad
ually decreases. The stress values of F2H3 and F3H3 are less than that of 

Fig. 3. Uniaxial compression performance and hyperelastic cyclic compression performance: (a) stress–strain curve of uniaxial compression; (b) stress cloud; (c) 
fracture diagram; (d) H1；(e) H2；(f) H3；(g) F1H3；(h) F2H3；(i) F3H3.
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Fig. 4. Hyperelastic analysis: (a) the change of unrecovered strain with the number of cycles; (b) the stress corresponding to the strain of 8 % changes with the 
number of cycles; (c) unrecovered strain; (d) unrecovered strain contrast diagram.

Fig. 5. Strain accumulation and fatigue life: (a) test platform; (b) cumulative strain of different samples; (c) cumulative strain of H0F under different stress con
ditions; (d) S-N diagram of H0F(N refers to the number of cycles in this study); (e) fatigue life improvement diagram; (f) fatigue fracture of the samples.
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H3. This indicates that the fatigue cycle compression of 105 and 5 × 104 

cycles cause the internal structure of the sample to be destroyed.
To further investigate the change of the hyperelasticity, the unre

covered strain of the NiTi lattice structure is studied. Fig. 4(c) shows the 
first-cycle cyclic compression and the fifteenth-cycle cyclic compression 
of C3. For H3, the first cycle is the initial cyclic compression cycle, and 
the 15th cycle is the final cyclic compression cycle. The unrecoverable 
strain of the initial cyclic compression cycle is defined as the initial 
unrecoverable strain, and the unrecoverable strain of the final cyclic 
compression cycle is defined as the final unrecoverable strain[40].

Fatigue cyclic compression pretreatment can enhance the hyper
elasticity of NiTi lattice structure. Fig. 4(d) shows the unrecovered strain 
comparison of F1H3, F2H3, H3 and F3H3 samples. As shown in the orange 
and white numbers, F1H3 is compared to H3. The initial unrecovered 
strain decreased by 12.0 %, and the final unrecovered strain decreased 
by 6.1 %. F3H3 is compared to H3. The initial unrecovered strain 
increased by 31.9 %, and the final unrecovered strain increased by 16.3 
%. The initial unrecovered strain and the final unrecovered strain of 
F1H3 and F2H3 are smaller than H3, which indicates that the fatigue 
cyclic compression of 104 and 5 × 104 cycles can improve the hyper
elasticity of NiTi Gyroid samples.

3.3. Effect of hyperelastic cycles on fatigue properties

3.3.1. Fatigue performance enhancement
At the beginning of the test, the operation of the fatigue equipment 

was unstable. As shown in Fig. 5(a), the equipment operation under the 
loading condition of 3.23 MPa (0.35σy) is shown. At the beginning of the 
test, the force applied by the device to the sample will suddenly increase, 
and then change rapidly and stabilize to the set load value. The fatigue 
test equipment reaches stability in the 3000th cycle.

H0F indicates that the sample is directly subjected to fatigue cyclic 
compression. F3 indicates that the sample only undergoes 105 cycles of 
fatigue cyclic compression, while, F3F indicates that the sample was 
suspended during 105 cycles of fatigue cyclic compression, and then 
subjected to fatigue cyclic compression. H1F, H2F and H3F indicate that 
the samples are subjected to 1,8 and 15 cycles of hyperelastic cyclic 
compression, respectively, and then subjected to fatigue cyclic 
compression. Fig. 5(b) shows the cumulative strain-period curves cor
responding to six different fatigue processes. The comparison of the 
cumulative strain curves of F3 and F3F shows that the cumulative strain 
of the structure will be significantly increased by suspending the 
experiment after 105 cycles of fatigue without replacing the sample and 
restarting the fatigue experiment. The comparison of the cumulative 
strain curves of H1F, H2F and H3F shows that the fatigue cumulative 
strain of the sample with 1 cycle of hyperelastic cyclic compression is 
small during fatigue. Moreover, the sample has the smallest cumulative 
strain after 15 cycles of hyperelastic cyclic compression. The fatigue 
cumulative strain of the sample after 8 cycles of hyperelastic cyclic 
compression is large. Hyperelastic cyclic compression pretreatment is 
beneficial to enhance the deformation resistance of the NiTi lattice 
structure.

Fig. 5(c) shows the cumulative strain-period curves of H0F under 
different stress conditions. With the increase of load value, the cumu
lative strain of H0F shows a trend of increasing. However, the cumula
tive strain of H0F under the load condition of 3.69 MPa (0.4σy) is higher 
than that of 4.15 MPa (0.45σy). This is closely related to the “functional 
fatigue” mechanism of materials under high stress[41,42].

The S-N curve of NiTi Gyroid sample with volume fraction of 10 % 
after H0F treatment is shown in Fig. 5(d). The higher the stress level, the 
lower the fatigue life of the NiTi Gyroid sample. In this study, 3.23 MPa 
(0.35σy) was selected as the fatigue loading condition, and the fatigue 
life comparison diagram of NiTi Gyroid samples corresponding to five 
different cyclic compression pretreatments at 3.23 MPa (0.35σy) was 
constructed, as shown in Fig. 5(e). In Fig. 5(f), the fatigue fracture di
rections of the samples are all along 45◦.

The fatigue life of F3F is close to H0F, which indicates that the fatigue 
life of the sample is less affected by the suspension of fatigue after 105 

cycles. However, the error bar of fatigue life is larger. The fatigue life of 
H3F is much lower than that of H2F, which may be due to the destruction 
of the internal structure of NiTi Gyroid sample after 15 cycles of 
compression. In Fig. 4(a), it is noted that the unrecovered strain of the 
NiTi Gyroid sample does not change after 8 cycles of hyperelastic cyclic 
compression. This shows that after 8 cycles of hyperelastic cyclic 
compression, the internal structure of the NiTi Gyroid sample may be 
destroyed, which in turn causes a change in fatigue life. The fatigue life 
of H1F is slightly improved compared with that of H0F. It is worth noting 
that the fatigue life of H2F and H3F is greatly improved compared with 
H0F. The fatigue life of H2F is 2.49 times that of H0F. The fatigue life of 
H3F is 1.73 times that of H0F. This shows that the hyperelastic cyclic 
compression greatly improves the fatigue life of NiTi Gyroid samples.

3.3.2. Hysteresis curve and fatigue damage
The hysteresis curves of six different fatigue processes were obtained 

from the fatigue test data under the stress level of 3.23 MPa (0.35σy). As 
shown in Fig. 5(a), the change of load and indenter position of fatigue 
test equipment is not stable at the beginning, and it is stable in the 
3000th cycle. In order to obtain more accurate results, the hysteresis 
curve analysis of NiTi Gyroid sample starts from the 5000th cycle. Fig. 6
(a) ~ (c) show the hysteresis curves of H0F, F3 and F3F. The hysteresis 
curves shift to the right with the increase of period, showing obvious 
cyclic ratchet effect. It is worth noting that the span of the hysteresis 
loop is getting larger and larger in the final stage of the hysteresis curve 
of F3F. Fig. 6 (d) ~ (f) show the hysteresis curves of H1F, H2F and H3F. 
The hysteresis curves of H1F and H3F move right along the strain axis. 
However, when 5000 ≤ N ≤ 200000, the hysteresis curve of H2F shifts to 
the left along the strain axis. When 200000 ≤ N ≤ 400000, the hysteresis 
curve of H2F shifts to the right along the strain axis.

The strain region of H2F hysteresis curve is significantly smaller than 
that of H0F, H1F and H3F. With the increase of the cycle period, the 
hysteresis curves of H0F and H1F change more violently. H2F has a 
strong ability to resist deformation. H0F, F3, F3F, H1F and H3F have fa
tigue crack initiation and propagation during fatigue[43].

The cyclic ratcheting strain and fatigue damage strain of six different 
fatigue processes were calculated from the hysteresis curve, as shown in 
Fig. 6(g)~(l). In this study, the cyclic ratcheting strain curve and fatigue 
damage strain curve of NiTi lattice structure are based on the 5000th 
cycle. The cyclic ratcheting strain is defined as the offset of the minimum 
strain of the hysteresis curve of each cycle relative to the minimum 
strain of the reference cycle (the 5000th cycle), which can represent the 
material damage caused by the accumulation of plastic deformation. 
The fatigue damage strain is defined as the variation of the maximum 
and minimum strain difference of the current cycle relative to the base 
cycle (5000th cycle), which can represent the material damage caused 
by the accumulation of fatigue damage[44].

The cyclic ratcheting strains of H0F, F3 and F3F are higher than the 
fatigue damage strains. This shows that the cyclic ratcheting strain plays 
a leading role in the fatigue failure of these three structures. The cyclic 
ratcheting strains of H1F and H3F are higher than the fatigue damage 
strains at lower cycles. This shows that the cyclic ratcheting strain plays 
a leading role in the failure of the two structures at lower cycle times. For 
H2F, the cyclic ratcheting strain is lower than the fatigue damage strain. 
This shows that the fatigue damage strain plays a leading role in H2F 
fatigue failure. Hyperelastic cyclic compression changes the fatigue 
failure mode of NiTi lattice structure.

It can be seen from Fig. 5(e) that the fatigue life of H2 is 473,316 
cycles, and the fatigue life of H0 is 190,020 cycles. The fatigue life of the 
NiTi lattice sample after 8 cycles of hyperelastic cyclic compression is 
2.49 times that of the sample without any pretreatment. The fatigue 
performance of the NiTi lattice can be improved by hyperelastic cyclic 
compression pretreatments with appropriate cycles.

In order to explore the effect of hyperelastic cyclic compression and 
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fatigue cyclic compression on the internal structure of NiTi Gyroid 
samples, EBSD test was carried out in this study, and the grain distri
bution of the samples was obtained. Fig. 7 shows the microstructure of 
NiTi Gyroid structure under hyperelastic cyclic compression and fatigue 
cyclic compression. Among them, the EBSD test analyzes planes inside 
the sample. The planes are parallel to the additive manufacturing 
forming plane. The planes are perpendicular to the direction of cyclic 
compression loading.

Fig. 7(a1)~(d1) show the secondary electron diagrams (secondary 
electron, SE) of the samples after argon ion polishing. The volume 
change caused by the liquid–solid transition during the solidification 
process did not supplement in time, resulting in micropores [45].

Inverse Pole Figure (IPF) is a commonly used crystal orientation 
visualization tool in electron backscatter diffraction technology, which 
is used to display the relationship between the orientation distribution 
of grains in the sample and a specific reference direction[46]. As shown 
in Fig. 7, IPF-1 is the crystal orientation distribution image of all elec
tronic image shooting areas, and IPF-2 is the crystal orientation distri
bution image of small electronic image shooting areas. There are coarse 
grains and fine grains in the microstructure of LPBF NiTi lattice [47]. A 
large number of fine grains appear on the boundary of coarse grains. The 
results of (a3) ~(d3) in Fig. 7 show that the long coarse grains become 
finer after the hyperelastic cyclic compression pretreatment.

3.3.3. Further discussion on fatigue performance improvement
As shown in Fig. 8, the grain size distributions of IPF-1 region and 

IPF-2 region were calculated. The change and distribution of grain size 
under hyperelastic cyclic compression and fatigue cyclic compression 
are shown. D50 represents the grain size when the area-weighted frac
tion cumulation percentage is 50 %. As shown in Table.4, the area 
weighted average of the grain size in the IPF-1 region is calculated.

Compared (a1) and (b1) in Fig. 8, the D50 values of H0 and H2 are 
consistent. However, there are obvious differences in the distribution of 
grain size, and the distribution range of grain size of H2 is small. 
Compared (a2) and (b2) in Fig. 8, the D50 value of H2 is larger and the 
distribution range of grain size is smaller. The data in Table.4 show that 
the area weighted average of the grain size of H2 becomes smaller. This 
shows that after 8 cycles of hyperelastic cyclic compression pretreat
ment, the area weighted average of the grain size of the sample de
creases, and the grain size distribution range becomes smaller.

Compared (a1) and (c1) in Fig. 8, the D50 value of H0F is larger, the 
distribution range of grain size is larger, and there are more large-sized 
grains. Compared (a2) and (c2) in Fig. 8, the D50 value of H0F is larger 
and the distribution range of grain size is larger. The data in Table.4
show that the area weighted average of the grain size of H0F becomes 
larger. This shows that after the fatigue cyclic compression treatment, 
the area weighted average of the grain size of the sample increases, and 
the grain size distribution range becomes larger.

Compared (b1) and (d1) in Fig. 8, the D50 value of H2F is smaller and 
the distribution range of grain size is smaller. Compared (b2) and (d2) in 
Fig. 8, the D50 value of H2F is smaller and the distribution range of grain 
size is smaller. The data in Table.4 show that the area weighted average 

Fig. 6. Hysteresis curve: (a) H0F；(b) F3；(c) F3F；(d) H1F；(e) H2F；(f) H3F. Cyclic ratcheting strain and fatigue damage strain: (g) H0F；(h) F3；(i) F3F；(j) H1F； 
(k) H2F；(l) H3F.
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of the grain size of H2F becomes smaller. This shows that after 8 cycles of 
hyperelastic cyclic compression pretreatment and fatigue cyclic 
compression treatment, the area weighted average of the grain size of 
the sample decreases, and the grain size distribution range becomes 
smaller. Compared with the results of H0F, it is found that the hypere
lastic cyclic compression will further affect the change of the grain size 
of the sample during fatigue and narrow the range of grain size 
distribution.

Hyperelastic cyclic compression improves the fatigue life of NiTi 
lattice structure by reducing the area weighted average of the grain size 
and reducing its size distribution range. This shows that the fatigue 
performance of LPBF NiTi lattice structure can be further affected by 
reducing the grain size.

3.4. Interaction of hyperelasticity and fatigue performances

3.4.1. Introduction of the interaction
Fig. 9 shows the interaction between hyperelastic cyclic compression 

and fatigue cyclic compression. Fig. 7 shows that there are coarse grains 
and fine grains in the NiTi lattice structure of additive manufacturing, 
and fine grains are distributed on the boundary of coarse grains. Fig. 8
shows that the grains of NiTi lattice structure change after cyclic 
compression.

The changes in the internal structure of the NiTi lattice structure 
after hyperelastic cyclic compression are shown in Fig. 9(a). It is mainly 
reflected in that the long coarse grains become finer, the area weighted 

average of grain size becomes smaller, and the distribution range of 
grain size becomes smaller.

The changes in the internal structure of the NiTi lattice structure 
after fatigue cyclic compression are shown in Fig. 9(b). It is mainly re
flected in that the long coarse grains become coarser, the area weighted 
average of grain size becomes larger, and the distribution range of grain 
size becomes larger.

This study summarizes the interaction between hyperelastic cyclic 
compression and fatigue cyclic compression. As shown in Fig. 9(c), the 
NiTi lattice structure after hyperelastic cyclic compression was sub
jected to fatigue test, and the fatigue performance was significantly 
improved. It is worth noting that the hyperelastic cyclic compression has 
a higher priority, the hyperelastic cyclic compressed NiTi lattice struc
ture after fatigue, the area weighted average of grain size of the sample 
decreases, and the grain size distribution range becomes smaller. After a 
certain number of cycles of fatigue cyclic compression, the hyperelastic 
test of NiTi lattice structure was carried out, and the hyperelastic energy 
was significantly improved, and its bearing capacity was enhanced.

3.4.2. Further discussion on the interaction
Song et al.[48] proposed that grain refinement can enhance the 

resistance to fatigue crack initiation and propagation through grain 
boundary strengthening and dislocation strengthening. The experi
mental results of Fintová et al.[49] show that materials with fine- 
grained or ultrafine-grained structures exhibit better fatigue life than 
coarse-grained materials. The fundamental reason is the enhancement of 

Fig. 7. Microstructure of NiTi Gyroid structure: (a1)~(a3) H0；(b1)~(b3) H2；(c1)~(c3) H0F；(d1)~(d3) H2F.
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grain boundary strengthening effect and the significant delay of crack 
initiation process. The beneficial effect of grain refinement on fatigue 
properties is highly consistent with the expected physical mechanism 

under cyclic hyperelastic deformation conditions.
In hyperelastic alloys, highly reversible stress-induced phase transi

tions promote the formation of subgrain structures and low-angle grain 
boundaries. These substructures can be used as effective nucleation sites 
for further grain refinement in subsequent cyclic loading, and their 
evolution behavior is similar to the dynamic recovery and dynamic 
recrystallization processes reported in cyclic deformation studies[50]. 
The H2F sample subjected to pre-hyperelastic cyclic refinement exhibits 
further local grain refinement after fatigue, which is due to the fact that 

Fig. 8. Grain size statistics: (a1) ~ (d1) statistical results of grain size in IPF-1 region; (a2) ~ (d2) statistical results of grain size in IPF-2 region.

Table 4 
The area weighted average of the grain size in the IPF-1 region.

NiTi Gyroid sample H0 H2 H0F H2F

Area weighted average of grain size/(μm) 118.34 98.68 191.97 66.51
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its original subgrain structure provides support for further plasticity- 
induced refinement during cyclic loading. In contrast, the H0F sample 
showed grain growth during fatigue loading due to the coarse initial 
grains and the lack of pre-formed subgrain network. This result is 
consistent with the observation results in other material systems, that is, 
at room temperature, cyclic loading can induce significant grain coars
ening under the action of continuous stress field through mechanisms 
such as grain rotation and coalescence[51].

In the context of hyperelastic cyclic compression, moderate pre- 
hyperelastic cycles (H2F) can introduce beneficial microstructural fea
tures[48] that delay crack initiation and early propagation. This is 
consistent with the findings of Mroziński et al.[52]. However, excessive 
pre-hyperelastic cycles (H3F) will produce additional defects and reduce 
the beneficial effects of microstructure refinement[53]. Pelton et al.[54]
also supported this behavior, pointing out that the effect of pre-strain 
may be beneficial or harmful, depending on the evolution of the 
microstructure. The fatigue life trend observed in this study: H2F ach
ieves the best balance between beneficial microstructure modification 
and avoiding excessive accumulation of defects; H3F still benefits from 
pre-cycles, but to a lesser extent; H1F is not enough to completely ho
mogenize the microstructure; H0F lacks any microstructure adjustment, 
resulting in the shortest fatigue life.

4. Conclusion

In this study, the interaction between hyperelastic cyclic compres
sion and fatigue cyclic compression was designed, and the mechanical 
properties and fatigue properties of NiTi Gyroid lattice structure under 
cyclic compression were discussed. The main conclusions are as follows: 

(1) The relative density of the sample reached more than 99 %. The 
NiTi Gyroid lattice structure fabricated by LPBF process has good 
forming quality.

(2) The fatigue cyclic compression pretreatment of 104 and 5 × 104 

cycles is helpful to improve the hyperelasticity, while too many 
fatigue cycles will reduce the hyperelasticity. The bearing ca
pacity of the sample is enhanced by 104 cycles of fatigue cyclic 
compression pretreatment, but shows a downward trend with the 
increase of the number of fatigue cycles.

(3) The appropriate cycles of hyperelastic cyclic compression pre
treatment can enhance the fatigue resistance and deformation 
resistance of the NiTi lattice structure. The fatigue life of H2F (the 

sample undergoes 8 cycles of hyperelastic cyclic compression and 
then fatigue cyclic compression) is 2.49 times that of H0F (the 
sample is directly subjected to fatigue cyclic compression), and 
the fatigue life of H3F (the sample undergoes 15 cycles of 
hyperelastic cyclic compression and then fatigue cyclic 
compression) is 1.73times that of H0F.

(4) The fatigue performance of LPBF NiTi lattice structure can be 
further affected by reducing the grain size. There are coarse 
grains and fine grains in the microstructure of NiTi lattice pre
pared by LPBF. Hyperelastic cyclic compression improves the 
fatigue life of NiTi lattice structure by reducing the area weighted 
average of the grain size and reducing its size distribution range.
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[41] Sedmák P, Šittner P, Pilch J, et al. Instability of cyclic superelastic deformation of 
NiTi investigated by synchrotron X-ray diffraction. Acta Mater 2015;94:257–70.

[42] Chen J, Liu F, Fang G, et al. Intermittent healing for alleviating the functional 
fatigue and restoration of the elastocaloric effect in superelastic NiTi shape 
memory alloy. Journal of Materials Science & Technology 2025;227:289–303.
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