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Abstract

Lattice structures, inspired by the crystal lattice, are periodically arranged structures
composed of rods and nodes, featuring buffering, energy absorption, and excellent thermal
insulation properties. Five types of unit cell structures were tested and the diamond lattice
structure exhibited relatively smoother stress–strain curve, and its compression failure
process was more stable. The diamond lattice structure was then subjected to the quasi-
static compression test at temperatures of −40 ◦C, 25 ◦C, 100 ◦C, and 170 ◦C. It was found
that there is a significant plateau stress during compression, and the magnitude of this
plateau stress can be adjusted by changing the rod diameter. Subsequently, its thermal
insulation performance was tested, and it was found that as the rod diameter increases,
the plateau stress increases, but the thermal insulation performance decreases. Therefore,
when designing shock absorber filler materials, the relationship between plateau stress
and thermal insulation performance should be balanced, and the parameters with the best
comprehensive performance should be selected.

Keywords: lattice structure; cushioning and energy absorption; plateau stress; thermal
insulation performance; shock absorber

1. Introduction
Spent nuclear fuel, also known as irradiated nuclear fuel, is nuclear fuel that has been

exposed to radiation and utilized. Typically, spent nuclear fuel is produced by nuclear
power plants’ nuclear reactors. The treatment of spent nuclear fuel mainly includes storage,
transportation, reprocessing, and deep geological disposal, among other processes. It is
important to note that shock absorbers that prevent drop damage during transportation
are important pieces of equipment in the transportation of spent nuclear fuel. The filler
material inside the shock absorber should exhibit superior energy absorption and heat
insulation properties.

The commonly used filler materials for shock absorbers include wood, polyurethane
foam, and foam aluminum, among others. Shell-type shock absorbers that utilize wood as
a filler material are a mature and widely used structural form. Typically, lightweight woods
such as balsa, mahogany, pine, and spruce are chosen as buffer materials [1–3]. Although
wood as a buffer material has the advantages of being lightweight and having good energy
absorption, it also has inherent flaws such as anisotropy and poor resistance to moisture and
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heat [4]. Currently, experts and scholars are exploring various new alternative materials.
Some spent fuel transport containers also utilize rigid polyurethane foam, honeycomb
aluminum, and other engineering materials as buffer materials for shock absorbers [5–8]. In
the United States, the T-3 type transport containers have shock absorbers at both ends made
of low-carbon steel shells with an interior filled with rigid polyurethane foam material,
which protects the ends of the container from structural impacts and thermal damage.
The U.S. Hi-STAR100 spent fuel container primarily consists of a 304 stainless-steel shell
and honeycomb aluminum as the buffer material, filled with unidirectional honeycomb
aluminum material in areas that only undergo unidirectional impact loads. The Spanish
ENUN 32 spent fuel transport container’s shock absorbers also employ a design that
combines honeycomb material with polyurethane foam. However, currently, the use of
these two filler materials is limited due to the low strength of polyurethane foam and the
anisotropic buffering performance of honeycomb aluminum [9].

The lattice structure is a type of periodic arrangement structure inspired by the crystal
lattice, composed of rods and nodes [10–12]. Due to its excellent energy absorption capacity
and lightweight nature, it is widely used in industrial fields such as aerospace, transporta-
tion, and mechanical equipment. Wang et al. proposed a lattice structure with a negative
Poisson’s ratio, placing it at the bottom of the aircraft cabin to simulate landing conditions
during an emergency landing of an aircraft. Experimental results show that the concave
hexagonal lattice structure has outstanding energy absorption performance [13]. Inspired
by spider webs, Liang et al. [14] evenly distributed a three-dimensional lantern-shaped
lattice structure at the bottom of new energy vehicle batteries. This can effectively prevent
damage to the car battery from road debris while driving at high speeds. Shen et al. [15]
compared the quasi-static and low-speed impact behavior of stainless steel/titanium alloy
lattice, aluminum honeycomb, and aluminum foam reinforced sandwich panels. The re-
sults indicate that the lattice sandwich panel has superior impact resistance compared to
the honeycomb core sandwich panel. Yao et al. [16,17] proposed an arched lattice structure
based on the characteristics of a high-strength load-bearing arch structure and conducted
research on its quasi-static compression and high-speed impact performance. It has been
confirmed that its load-bearing capacity is higher than that of conventional lattice struc-
tures such as BCC and FCC. Many researchers have proposed different types of lattice
structures, applied to helmet linings, engine covers, anti-impact hydraulic supports, lander
footpads, car anti-collision beams, energy absorption boxes, and blast-resistant sandwich
panels [18–20]. Seong Je Park et al. pointed out that mixed lattice structures can effectively
overcome the energy absorption limitations of single lattice structures, proving that mixed
lattice structures have great potential for applications [21]. Panagiotis Stavropoulos and
Panagis Foteinopoulos pointed out the key issues in additive manufacturing, providing
excellent guidance for researchers [22].

The internal filling of the lattice structure demonstrates that its performance is partic-
ularly noteworthy and widely applicable, making it a focal point of research in the field
of energy-absorbing structures. The density and plateau stress values of existing lattice
structures are summarized in Table 1. China Nuclear Power Engineering Co., Ltd. (Beijing,
China). has provided preliminary design requirements, with a density of filling material
≤1 g/m3 and adjustable plateau stress in the range of 5–40 MPa. Therefore, it is necessary
to find a lattice structure with an actual density of less than 1 g/cm3 and a plateau stress of
5–40 MPa, where the plateau stress is relatively smooth.
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Table 1. Density and plateau stress of different types of lattice structure.

Lattice Structure Material Actual Density of
Lattice Structure Plateau Stress

RD [23] 316 L stainless
steel 1 g/cm3 15 MPa

BCC [24] IN625 1.04 g/cm3 11 MPa
BCCZ [24] IN625 1.16 g/cm3 25 MPa
FCCZ [25] TC4 0.9 g/cm3 38 MPa, the stress fluctuation is relatively large
BCCZ [25] TC4 0.9 g/cm3 35 MPa, the stress fluctuation is relatively large
Gyroid [26] TC4 2.475 g/cm3 250 MPa, the stress fluctuation is relatively large

BCC [26] TC4 2.475 g/cm3 170 MPa, the stress fluctuation is relatively large
Curved surface
diamond [26] TC4 2.475 g/cm3 260 MPa, the stress fluctuation is relatively large

It is evident that lattice structures with excellent damping performance are expected
to become a novel type of filler material with high designability for shock absorbers used
in the transportation of spent nuclear fuel. This study selected Ti-6AL-4V as the main
material for the filler structure of the shock absorber for transporting spent nuclear fuel,
considering factors such as weight, cost, and mechanical properties. The structures are
manufactured using Selective Laser Melting (SLM), and the type of lattice structure chosen
is diamond-shaped based on quasi-static compression tests. Finally, the load-bearing
and thermal insulation performances of the Ti-6AL-4V diamond-shaped lattice structure
are tested. Firstly, through actual compression testing, the TC4 material diamond lattice
structure was selected as the type of lattice structure with relatively smooth plateau stress.
Then, the plateau stress of the diamond lattice structures with different strut diameters was
calculated through finite element simulation. Subsequently, actual compression tests were
conducted on diamond lattice structures with different strut diameters, and compression
stress–strain curves were obtained. The simulated average plateau stress was compared
with the actual tested average plateau stress. Finally, the thermal insulation performance of
diamond lattice structures with different rod diameters was tested.

2. Materials and Methods
2.1. SLM Process

Ti-6Al-4V (the specific strength exceeds 0.2 × 106 (N·m)/kg, and the elongation at
break reaches 17%) is selected as the main material in this study considering factors such
as weight, cost, and mechanical properties. The raw Ti-6Al-4V powders used for this
work were commercially available spherical Ti-6Al-4V powders (AVIC Maite Additive
Technology (Beijing) Co., Ltd., Beijing, China). The powder size distribution was measured
using the Hydro 2000 MU (A) (Malvern Panalytical Ltd., Malvern, UK) after being dispersed
in water, based on the principle of laser diffraction. The Ti-6Al-4V powders had a D10 of
21.4 µm, D50 of 37.7 µm, and D90 of 60.4 µm.

The SLM processes were conducted on LiM-X260A machine (Xinjinghe Laser Tech-
nology Group Co., Ltd., Tian Jin, China) with a Ti-6Al-4V substrate. Process parameters
of the SLM process are as follows: power 350 W, scanning speed 1100 mm/s, hatch space
0.1 mm. A zig-zag scanning strategy and 67◦ layer-wise rotation was applied and the layer
thickness was 40µm.
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2.2. Finite Element Simulation

To accurately simulate the mechanical behavior of the Ti-6Al-4V lattice structure
under loading, the Johnson-Cook (J-C) plasticity model and damage criteria were used for
numerical simulation. The J-C constitutive model and failure model are defined as follows:

σY =
(

A + Bεn
eq

)(
1 + Cln

.
ε
∗
)
(1 − T∗m) (1)

ε f = [D1 + D2exp(D3σ
∗)]

[
1 + D4ln

.
ε
∗
]
[1 − D5T∗], (2)

where
σY: Flow stress (MPa);
A: Initial yield stress of the material under reference strain rate and reference tempera-

ture (MPa);
B: Plastic strain hardening modulus of the material under reference strain rate and

reference temperature (MPa);
n: Plastic strain hardening index under reference strain rate and reference temperature;
εeq: Equivalent plastic strain;
C: Material strain rate strengthening parameter;
.
ε
∗: Dimensionless equivalent plastic strain rate;

T∗: Dimensionless temperature parameter;
m: Material thermal softening parameter;
ε f : Equivalent fracture strain;
D1 − D5: J-C damage model parameters;
σ*: Triaxial stress (MPa).
The constitutive model parameters and failure model parameters for the numeri-

cal simulation are shown in Tables 2 and 3. And 25 ◦C is used as the environmental
temperature.

Table 2. Constitutive model parameters for the numerical simulation of the Ti-6Al-4V lattice
structure model.

Density
(kg/m3)

Elastic
Modulus

(GPa)

Poisson’s
Ratio

Specific Heat at
Constant

Pressure J/(kg·K)
A B n m C Melting

Temperature (◦C)

4430 114 0.34 670 1186 734 0.36 0.82 0.025 1630

Table 3. Failure model parameters for the numerical simulation of the Ti-6Al-4V lattice structure
model.

D1 D2 D3 D4 D5

−0.09 0.25 −0.5 0.014 3.87

In finite element analysis, the upper and lower plates are set as rigid bodies, and only
the lattice structure is meshed. The calculated duration and plateau stress were assessed
under different grid accuracies of lattice structure with D = 0.6 mm (as shown in Table 4).
When the number of elements increased from 85,950 to 213,457, the plateau stress decreased
from 12 MPa to 6 MPa, and as the number of elements continued to increase, the plateau
stress did not change significantly. Therefore, considering the calculation time, the number
of grids 213,457 was selected for finite element simulation.
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Table 4. Grid independence verification of model (D = 0.6 mm).

Serial Number Grid Size
(mm)

Number of
Elements

Calculate
Duration

Plateau Stress
(MPa)

1 0.7 85,950 52 min 12
2 0.6 113,640 1 h and 35 min 10
3 0.5 213,457 2 h and 31 min 6
4 0.4 354,892 3 h and 10 min 7
5 0.3 487,956 5 h and 57 min 6

The manuscript adopts the displacement convergence criterion, setting displacement
convergence tolerance to 0.05%. When the displacement convergence tolerance is less
than 0.05%, it is considered to have converged. The boundary conditions are as follows:
the lower plate remains stationary and is fixedly constrained to the lower surface of the
lattice structure, while the upper plate moves downwards at a speed of 0.5 mm/s to
compress the lattice structure. The software of ANSYS workbench 20 is used for finite
element simulation.

2.3. Quasi-Static Compression Test

The quasi-static compression test was carried out on a microcomputer-controlled
electronic universal testing machine (10 t). The compression test was conducted along
the X/Y direction (as shown vertically to the plane of the study in Figure 1). The lattice
structure was fixed on the lower plateau. The upper plateau moved downward at a speed
of 0.05 mm/min. The compression process is shown in Figure 2. It is worth mentioning
that all these structures exhibited varying degrees of anisotropy. Preliminary compression
tests revealed that compressing along the Z direction resulted in significant fluctuations in
the stress–strain curve, making the compression process unstable. Therefore, the focus is on
studying the compression performance in the X/Y directions. The quasi-static compression
tests were conducted on the lattice structure at different environmental temperatures of
−40 ◦C, 25 ◦C, 100 ◦C, and 170 ◦C. The strut diameters of the lattice structure were 0.66 mm,
0.9 mm, 1.12 mm, and 1.2 mm, respectively. High-temperature compression performance
tests (at 100 ◦C and 170 ◦C) were conducted using a radiation heating furnace. The constant
temperature zone of the furnace is at least twice the length of the sample. The furnace space
does not hinder temperature measurement. The measured temperature and the specified
temperature deviation are less than or equal to ±3 ◦C. Low-temperature compression
performance tests were conducted in an unheated furnace. Liquid nitrogen was sprayed
inside the furnace for cooling, ensuring an internal temperature of −40 ◦C ± 5 ◦C. After the
workpiece reached the set temperature range, it was stabilized for 5 min before conducting
the quasi-static compression test.

Figure 1. Schematic diagram of quasi-static compression of the lattice structure.
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(a) Radiative high-temperature heating system 

  
(b) Temperature sensor testing method (The red circles represent 

the positions of temperature sensors 1–4 respectively) 

 
(c) Experimental process 

Heating side 

Measurement side 

Figure 2. Thermal insulation performance test of the lattice structure.

2.4. Thermal Insulation Test

The radiation heating system setup is shown in Figure 2a, the sensor attachment
method is shown in Figure 2b, and the heating test process is depicted in Figure 2c. The
lattice sandwich structure consists of upper and lower panels with a lattice core in the
middle. Five temperature sensors, ranging from −200 ◦C to +1200 ◦C, were attached to one
side of the lattice structure, while the other side was subjected to radiant heating, using
high-temperature insulating wool to block radiant heat from heating the other four surfaces.
The test temperature was set to 800 ◦C. Once the temperature of the heated side reached
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800 ◦C, it was maintained, and the temperature changes on the other side were measured.
The patch type PT100 temperature sensors are used for measuring temperature.

3. Results and Discussion
3.1. Study on the Compression Properties of the Ti-6Al-4V Diamond Lattice Structure

To ensure a stable compression process of the lattice structure, a suitable form of lattice
structure must be chosen. This study selected five types of unit cell structures based on
printability—BCC, BCCZ, FCC, FCCZ, and diamond—for quasi-static compression tests,
aiming to identify the most stable type of lattice structure during compression with the
smoothest stress–strain curve.

The stress–strain curves for different types of lattice structures during actual compres-
sion are shown in Figure 3. It can be seen that the BCCZ, BCC, FCC, and FCCZ exhibited
noteworthy fluctuations during compression, and the diamond exhibited smaller fluc-
tuations. The fracture elongation of SLM Ti-6Al-4V material was about 17%. When the
local deformation reached 17%, the micro-struts of the lattice structure fractured, losing
their constraining function, which manifested as fluctuations in the stress–strain curve.
As shown in Figure 4a, the stress concentration of various types of lattice cells during
compression along the X direction is near the red node, which is also the critical point of
failure. The angle between each strut at the red node of BCC, BCCZ, FCC, and FCCZ lattice
cells is 90◦, while at the red node of diamond lattice structure, the angle between the two
struts in the vertical plane (XZ plane) and the two struts in the horizontal plane (YZ plane)
is 60◦. When compressed along the X direction, the two struts in the horizontal plane of
diamond lattice structure will reinforce and strengthen the two struts in the vertical plane.
The lattice structure struts will only fracture after significant plastic deformation, and the
failure process will be steadier.

Figure 3. Compression stress–strain curves of lattice structures.

It is evident that, during compression along the X/Y directions, compared to the
other four types of lattice structures, the diamond lattice structure exhibited a relatively
smoother stress–strain curve, indicating a more stable compression failure process. In
order to quantitatively compare the fluctuation of stress–strain curves, Formula (3) was
used to solve the stress standard deviation of strains in the 0.1–0.6 (plateau interval). The
stress standard deviations of diamond, BCC, BCCZ, FCC, and FCCZ lattice structures were
6.94, 12.62, 13.55, 13.84, and 13.37, respectively. It can be seen that the diamond lattice
structure has the smallest standard deviation and the stress plateau segment is smoother.
As such, the diamond lattice structure, when used as a filler material in shock absorbers
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for transportation, provides better protection for spent nuclear fuel. Therefore, this study
primarily focuses on the study of compression and thermal insulation performance of the
Ti-6Al-4V diamond lattice structure.

α =

√
∑n

i=1(xi − σ)2

n
(3)

where α is the stress standard deviation of lattice structure; σ is stress; n is the amount
of data.

     

BCC BCCZ FCC FCCZ Diamond 
(a) Lattice unit cell structures 

     
BCC BCCZ FCC FCCZ Diamond 

(b) Physical specimens of lattice structures 

Figure 4. Various types of lattice structures.

Ti-6Al-4V diamond lattice structure was designed with a unit cell size of 5 × 5 × 5 mm.
The strut diameters, corresponding porosities, and densities of this lattice structure are
shown in Table 5. In order to improve the stability of additive manufacturing, while
ensuring that the plateau stress of the lattice structure is greater than 5 MPa, the strut
diameter of the lattice structure should not be too thin. This paper designs the minimum
diameter of the lattice structure to be 0.6 mm for research. The density of the lattice structure
is 0.26 g/cm3. The maximum strut diameter of the lattice structure is 1.27 mm, with a
density of 1 g/cm3. It can be seen that the density of the lattice structure increases with the
increase in strut diameter. By adjusting the strut diameter, the density and load-bearing
capacity of the lattice structure can be adjusted.

Figure 5 shows the portion of the simulation calculation process. As the compression
process progresses, the elements near the upper and lower pressure plates of the lattice
structure undergo deformation first, and stress concentration occurs near the strut nodes.
The local maximum stress reaches 2216.2 MPa as the lattice structure is gradually compacted.
Extract the total force and area of the upper and lower pressure plates and calculate the
macroscopic stress–strain curve of the lattice structure as shown in Figure 6. It can be
observed that during the middle stage of compression, the stress of the lattice structure
exhibited a distinct plateau. This is consistent with the typical characteristic of a plateau
stress in porous materials with low relative densities. Under external loads, the porous
structure underwent localized instability and collapse, forming a deformation zone. This
deformation zone gradually expanded to encompass the entire structure under constant
stress. This compression characteristic endowed the material with excellent properties such
as impact resistance and energy absorption. As the strut diameter of the lattice structure
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increased, the plateau stress of the diamond lattice structure also increased. When the
strut diameter was 0.66 mm, the plateau stress was approximately 7 MPa. When the strut
diameter reached 0.9 mm, the plateau stress was approximately 22 MPa. When the strut
diameter was 1.12 mm, the plateau stress was approximately 47 MPa. When the strut
diameter reached 1.2 mm, the plateau stress was approximately 62 MPa.

Table 5. Parameters of lattice structures with different strut diameters.

No. Strut Diameter (mm) Density (g/cm3)

1 1.27 1
2 1.24 0.96
3 1.2 0.91
4 1.16 0.86
5 1.14 0.83
6 1.12 0.80
7 1 0.66
8 0.9 0.54
9 0.8 0.44
10 0.7 0.34
11 0.66 0.31
12 0.6 0.26

  
(a) Initial (b) Strain (16%) 

  

(c) Strain (33%) (d) Strain (50%) 

  

(e) Strain (66%) (f) Strain (80%) 

Figure 5. The portion of the simulation calculation process.
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Figure 6. Stress–strain curves by finite element calculation in the X direction.

The unit cell size is 5 mm × 5 mm × 5 mm, and each sample size is 55 mm × 55 mm
× 55 mm. The typical compression process of the diamond lattice structure of TC4 material
is shown in Figure 7. As shown in Figure 5, during the compression process, the lattice
structure close to the upper and lower plates undergoes plastic deformation and fracture
first, followed by plastic deformation and fracture in the middle part of the lattice structure.
However, as shown in Figure 7b, during the actual compression process, the random defects
inside and on the surface of the lattice structure during additive manufacturing cause local
stress concentration, which can lead to premature fracture of the lattice structure in the
middle. The struts of the lattice structure do not fracture uniformly, and random fractures
may occur due to internal defects and surface states in additive manufacturing, resulting in
fluctuations in the stress–strain curve as shown in Figures 8–11. The strain is obtained by
dividing the true compression by the total height, which is significantly different from the
smooth plateau stress exhibited by 316ss lattice structure in reference [16]. The reason for
this is that the fracture elongation of TC4 material is relatively small, and it is possible to
fracture after small plastic deformation. When compressed, the same layer of struts in the
lattice structure do not fracture simultaneously. When a small number of struts fracture,
small fluctuations occur, and the stress curve shows a sawtooth shape (as indicated by the
black dashed box in Figure 8). When multiple struts fracture simultaneously, the stress
curve shows larger fluctuations (as indicated by the green dashed circle in Figure 8).

Based on Figures 8–11, the correspondence between the measured plateau stress in
X/Y directions for different lattice structures is shown (as in Table 6).

Table 6. Average measured plateau stresses of different lattice structures (X/Y direction).

No.
Lattice Structure
Strut Diameter

(mm)

25 ◦C
Calculated

Value

Average Measured Plateau Stress (MPa)

−40 ◦C 25 ◦C 100 ◦C 170 ◦C Mean
Value

Standard
Deviation

1 0.66 7 8 7 8.5 8 8 2.34
2 0.90 22 26 24 27 23 25 9.78
3 1.12 45 52 50 55 50 52 18.93
4 1.20 62 68 65 65 65 66 19.52
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(a) initial (b) partial fracture of strut (c) approaching compaction 

Figure 7. Typical compression process in the X-direction of TC4 diamond lattice structure (The area
surrounded by the red line is the strut fracture zone).

 
 

(a) D = 0.66 mm lattice structure stress–
strain curve at −40 °C (measured, X/Y-di-

rection compression) 

(b) D = 0.66 mm lattice structure stress–
strain curve at 25 °C (measured, X/Y-direc-

tion compression) 

  
(c) D = 0.66 mm lattice structure stress–

strain curve at 100 °C (measured, X/Y-di-
rection compression) 

(d) D = 0.66 mm lattice structure stress–
strain curve at 170 °C (measured, X/Y-direc-

tion compression) 

Figure 8. Stress–strain curves of the D = 0.66 mm lattice structure at different temperatures.
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(a) D = 0.90 mm lattice structure stress–

strain curve at −40 °C (measured, X/Y-direc-
tion compression) 

(b) D = 0.90 mm lattice structure stress–
strain curve at 25 °C (measured, X/Y-direc-

tion compression) 

  
(c) D = 0.90 mm lattice structure stress–

strain curve at 100 °C (measured, X/Y-direc-
tion compression) 

(d) D = 0.90 mm lattice structure stress–
strain curve at 170 °C (measured, X/Y-direc-

tion compression) 

Figure 9. Stress–strain curves of the D = 0.90 mm lattice structure at different temperatures.

Table 6 shows that there is little difference in plateau stress for lattice structures
with the same strut diameter between −40 ◦C and 170 ◦C. The plateau stress at 170 ◦C is
basically the same as that at 25 ◦C. It can be seen that for Ti-6Al-4V, 170 ◦C is not sufficient
to cause obvious phase transformation or coarsening of precipitates, so its mechanical
properties have not changed significantly. Overall, there is little change in the mechanical
properties of the lattice structure within the range of −40 ◦C to 170 ◦C. This indicates
that the TC4 diamond lattice structure maintains good mechanical stability within this
temperature range.

As shown in Figure 12, the measured value of the X/Y direction plateau stress closely
matched the calculated value, the differences all within 12%, hereby confirmed that the
J-C constitutive model and failure model is a suitable tool to design the shock absorber
considering its compression properties.
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(a) D = 1.12 mm lattice structure stress–

strain curve at −40 °C (measured, X/Y-di-
rection compression) 

(b) D = 1.12 mm lattice structure stress–strain 
curve at 25 °C (measured, X/Y-direction com-

pression) 

  
(c) D = 1.12 mm lattice structure stress–

strain curve at 100 °C (measured, X/Y-di-
rection compression) 

(d) D = 1.12 mm lattice structure stress–strain 
curve at 170 °C (measured, X/Y-direction 

compression) 

Figure 10. Stress–strain curves of the D = 1.12 mm lattice structure at different temperatures.

The lattice structure absorbs energy through the bending, fracture, collapse, and
friction of the struts in the compression process. The energy absorbed by the lattice
structure can be evaluated by the energy absorbed per unit mass Wm.

Wm =

∫ ε
0 σ(ε)dε

ρ
(4)

where ρ is the density of lattice structure; ε is strain; σ is stress.
The mean Wm of lattice structures with different strut diameters is shown in Figure 13.

As the deformation increases, the energy absorption of the lattice structure gradually
increases. And as the diameter of the lattice structure rod increases, its energy absorption
also gradually increases. This is because during the compression process, the lattice
structure gradually undergoes elastic deformation, plastic deformation, fracture, and
friction, thereby continuously dissipating energy. The larger the rod diameter, the greater
the energy consumption due to failure, and the greater the energy absorption per unit mass.
Therefore, when weight allows, larger strut diameters should be used as much as possible
to increase energy absorption performance.
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(a) D = 1.20 mm lattice structure stress–

strain curve at −40 °C (measured, X/Y-di-
rection compression) 

(b) D = 1.20 mm lattice structure stress–
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Figure 11. Stress–strain curves of the D = 1.20 mm lattice structure at different temperatures.

Figure 12. Comparison chart of finite element simulation calculated values and average measured
values of plateau stress.
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Figure 13. Mean energy absorbed per unit mass.

3.2. Study on the Thermal Insulation Properties of the Ti-6Al-4V Diamond Lattice Structure

Lattice structures, when used as filler materials for shock absorbers in transporta-
tion, not only need to provide shock absorption and impact resistance but should also
possess good thermal insulation performance to prevent the internal transfer of external
high temperatures, which could harm spent nuclear fuel. In this study, a radiation-based
high-temperature heating system was used to heat one side panel of the lattice structure,
while temperature sensors were attached to the other side panel to test the thermal insula-
tion performance of the lattice structure. The entire testing process was conducted in an
air environment.

Heat transfer in a lattice sandwich structure primarily occurs through three methods:
panel heat radiation, strut heat conduction, and core heat convection. As shown in Figure 14,
when the heating surface was at 800 ◦C, the maximum temperatures of the conductive
surface of the lattice structure were below 200 ◦C for strut diameters of 0.66 mm and
0.9 mm; 230 ◦C for a strut diameter of 1.12 mm; and 250 ◦C for a strut diameter of 0.20 mm.
This suggests that as the density of the lattice structure and plateau stress increased, the
maximum temperature of the conductive surface tended to rise, indicating a gradual
decrease in thermal insulation performance. Regardless of whether at room temperature
or at a high temperature of 800 ◦C, as the plateau stress of the lattice structure increases,
the porosity of the lattice structure (a porous material) decreases, the air gaps reduce, the
metallic solid portion increases, and the thermal conductivity increases.
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(a) D = 0.66 mm X/Y-direction conduction surface tem-

perature–time curve 
(b) D = 0.90 mm X/Y-direction conduction surface tempera-

ture–time curve 

  
(c) D = 1.12 mm X/Y-direction conduction surface temper-
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(d) D = 1.20 mm X/Y-direction conduction surface tempera-

ture–time curve 

Figure 14. Thermal insulation performance of lattice structures with different strut diameters (1#, 2#,
3#, and 4# represent the temperatures measured by sensors 1#, 2#, 3#, and 4# in Figure 2b).

4. Conclusions
Considering the compression yield strength, weight, cost, and manufacturability of

porous materials, the Ti-6Al-4V lattice structure has potential applications as a filler material
for shock absorbers in the transportation of spent nuclear fuel. Actual compression tests on
various types of lattice structures have confirmed that the diamond lattice structure has a
relatively smoother stress–strain curve, and its compression failure process is more stable,
making it a better protective filler material for shock absorbers handling spent nuclear fuel.

The Ti-6Al-4V diamond lattice structure offers excellent energy absorption and thermal
insulation performance. With densities below 1 g/cm3, by adjusting the strut diameters,
lattice structures with different plateau stresses can be designed to meet the requirements of
shock absorbers under different operating conditions. While the plateau stress in the lattice
structure increases with density, thermal insulation performance decreases with density.
Therefore, when designing filler materials for shock absorbers, it is necessary to balance the
plateau stress and thermal insulation performance to achieve the best overall performance.

In the future, the influence of internal and surface defects in additive manufacturing
on mechanical properties and stability should be fully considered, and material failure
model parameters should be obtained to ensure good consistency between finite element
simulation results and actual measurement results throughout the entire dynamic compres-
sion process. In order to further promote the application of lattice structure in nuclear spent
fuel transportation shock absorbers, the local lattice structure rod diameter size should be
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optimized based on the strong designability of lattice structure, forming a gradient struc-
ture, and achieving the best overall buffering and energy absorption effect by reasonably
arranging the direction of lattice structure.
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