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ABSTRACT: This study investigates the dynamic compressive behavior of three periodic lattice structures fabricated
from Ti-6Al-4V titanium alloy, each with distinct topologies: simple cubic (SC), body-centered cubic (BCC), and
face-centered cubic (FCC). Dynamic compression experiments were conducted using a Split Hopkinson Pressure Bar
(SHPB) system, complemented by high-speed imaging to capture real-time deformation and failure mechanisms under
impact loading. The influence of cell topology, relative density, and strain rate on dynamic mechanical properties,
failure behavior, and stress wave propagation was systematically examined. Finite element modeling was performed,
and the simulated results showed good agreement with experimental data. The findings reveal that the dynamic
mechanical properties of the lattice structures are generally insensitive to strain rate variations, while failure behavior is
predominantly governed by structural configuration. The SC structure exhibited strut buckling and instability-induced
fracture, whereas the BCC and FCC structures displayed layer-by-layer crushing with lower strain rate sensitivity.
Regarding stress wave propagation, all structures demonstrated significant attenuation capabilities, with the BCC
structure achieving the greatest reduction in transmitted wave amplitude and energy. Across all configurations, wave
reflection was identified as the primary energy dissipation mechanism. These results provide critical insights into the
design of lattice structures for impact mitigation and energy absorption applications.

KEYWORDS: Lattice structure; energy dissipation; Split Hopkinson Pressure Bar; dynamic mechanical behavior;
stress wave

1 Introduction
Traditional metallic materials have been widely used in aerospace, transportation, and protective

equipment. However, with the growing demand for lightweight materials offering high specific strength
in modern industry, the performance of these homogeneous materials is increasingly approaching their
operational limits. As a result, lattice structures have gained significant attention due to their unique
geometric configurations and material distribution, along with their high strength, stiffness, and exceptional
energy absorption capabilities [1–3]. Lattice structures are classified as artificially designed periodic porous
materials, consisting of regularly arranged and ordered unit cells. The core design principle involves
manipulating the failure mode through the anisotropic arrangement of internal struts, thereby promoting
stress dispersion and shear band offset in areas of stress concentration [4]. This design not only reduces
material usage while maintaining high strength but also effectively absorbs impact energy [5–9]. The
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unique physical properties of lattice structures give them broad application potential across many high-
tech fields [10–12], particularly in scenarios demanding resistance to high loads and rapid impacts [13–15].
The fundamental principle behind lattice materials is governed by their specialized, artificially designed
geometric configurations. By precisely adjusting lattice parameters, such as strut diameter, spacing, and
arrangement, material properties can be fine-tuned. Extensive research has focused on the design of lattice
structures and the modulation of their mechanical characteristics [16,17]. These studies have highlighted the
distinct advantages of lattice structures, showing that variations in densification strain and specific strength,
dependent on factors like porosity, unit cell dimensions, and connectivity, can be achieved by strategically
adjusting multiple influencing parameters.

With the advancement of additive manufacturing technology [18–21], lattice structures fabricated
through this process in metal forming offer distinct advantages, such as high precision, low cost, and
customization. These benefits have fostered increased research and application of various mechanical
properties and functional characteristics. Song et al. [22] utilized additive manufacturing to fabricate
bionic sponge lattice structures (SLS) and frame lattice structures (FLS), conducting both experimental
and numerical simulation studies. They analyzed the static and dynamic mechanical behavior, as well as
the deformation process, of these structures. As loading speed increased, the deformation mode of both
structures transitioned from global buckling to local buckling. Based on the body-centered cubic periodic
structure, Wang et al. [23] proposed a novel hierarchical topological design. By adjusting the diameter ratio
between the slave and main units, the hierarchical structure enabled tunability of mechanical and energy
absorption properties. Jin et al. [24] investigated the factors influencing the dynamic behavior of four lattice
structures and fitted the power law function of their mechanical properties concerning relative density.
Cao et al. [25] examined the dynamic compressive properties of an improved rhombic dodecahedron (RD)
lattice structure and introduced a structural shape parameter. Their results showed that as the parameter
increased from 0 to 0.3, the dynamic strength, platform stress, and energy absorption capacity of the structure
significantly improved. Xiao et al. [26] studied the compression behavior of Ti-6Al-4V lattice structures
with rhombic dodecahedral unit cells at four different strain rates. They analyzed the collapse behavior
using the rigid power-law hardening (R-PLH) model and predicted the critical velocity for deformation
mode transition.

The studies mentioned above demonstrate that there is still significant potential for performance control
of lattice structures in various fields. Although progress has been made in the design and research of lattice
structural materials [27–31], there is still a relatively limited body of work focused on the mechanical behavior
of these materials under dynamic loading conditions, as well as their effects on stress wave propagation and
energy absorption properties resulting from impact loads.

This study systematically investigates the dynamic mechanical behavior and stress wave attenuation
characteristics of three Ti-6Al-4V lattice structures using a combined experimental and numerical approach.
In this analysis, relative density and strain rate are considered as key influencing parameters. Section 2
introduces the three lattice structures and the Split Hopkinson Pressure Bar (SHPB) equipment. In Section 3,
a validated finite element model incorporating equivalent homogenization methodology is developed to
simulate the mechanical response. Section 4 discusses the results from both the experiments and numerical
simulations. Finally, the conclusion is presented in Section 5. It is worth mentioning that mesh-based
methods may face limitations when simulating large deformations, localized failure, or material fragmen-
tation. Other alternative approaches, such as the continuum particle method (CPM) introduced in [32],
have advantages in capturing complex failure modes and are not limited by mesh distortion. In addition,
recent advances in machine learning-based modeling techniques [33] provide powerful tools for learning
fracture behavior directly from data. These models can solve forward and inverse problems without spatial
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discretization, can incorporate uncertainties, and can help optimize material design. Future research can
explore the integration of these techniques to complement current physics-based methods and improve the
generalization and efficiency of the models.

2 Experimental Methodology

2.1 Lattice Structure Design and Material Composition
The lattice structure specimens in this experiment are simple cubic structure (SC), body-centered cubic

structure (BCC), and face-centered cubic structure (FCC). The size of the lattice structure is determined by
the size of the outer space cube. The size of all specimens is 9 mm× 9 mm× 9 mm. Three units are distributed
in the X, Y, and Z directions. The ratio of the mass of the lattice structure to the volume of the external space
occupied is called apparent density ρ, and the ratio to the density ρs of the matrix material is the relative
density ρ of the lattice structure. Under the premise of ensuring the size of the three structures remains
unchanged, we designed different diameters for the struts in the structure. Among them, the diameters of
the struts of the SC lattice structure are 0.86 and 0.115 mm, the diameters of the struts of the BCC lattice
structure are 0.78 and 0.105 mm, respectively, and the diameters of the struts of the FCC lattice structure are
0.60 and 0.82 mm, respectively. The relative density of the lattice structure corresponding to the diameter of
the two struts is 30% and 50%, respectively. A total of six specimens were obtained. As shown in Fig. 1.

Figure 1: Lattice structure model diagram: (a) SC-30%; (b) BCC-30%; (c) FCC-30%; (d) SC-50%; (e) BCC-50%;
(f) FCC-50%

In this experiment, all lattice structure specimens were fabricated from Ti-6Al-4V alloy. Ti-6Al-4V
powder with a particle size range of 15–53 μm was used as the raw material for fabricating the lattice
structures. The manufacturing process was carried out using a DC035 quasi-continuous CO2 laser system,
operating at a laser power between 200 and 320 W and a scanning speed of 600–800 mm/s. The layer
thickness and scan spacing were set to 0.05 mm, and the achieved dimensional accuracy was within 0.02 mm.
To mitigate the effects of residual stress introduced during the additive manufacturing process, the as-
fabricated specimens underwent post-process heat treatment in a vacuum tube furnace with high gas
tightness. The heat treatment was performed at temperatures ranging from 700○C to 900○C for durations of
1 to 5 h. The final specimen geometry is illustrated in Fig. 2. The measured parameters of the lattice structure
specimens are shown in Table 1.
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Figure 2: Lattice structure specimen diagram

Table 1: Parameters of lattice structure specimens

Type Measured dimensions (mm3) Relative density Mass (g)
SC 9.10 × 9.20 × 9.10 29.6% 1.01

BCC 9.20 × 9.20 × 9.10 29.3% 1.01
FCC 9.05 × 9.05 × 9.00 30.3% 1.00
SC 9.10 × 9.05 × 9.10 48.8% 1.64

BCC 9.05 × 9.00 × 9.10 49.7% 1.65
FCC 9.20 × 9.15 × 9.15 47.8% 1.65

2.2 Experimental Setup
The Split Hopkinson Pressure Bar (SHPB) system used in this study is illustrated in Fig. 3. It primarily

consists of an impact rod, an incident rod, and a transmission rod. The impact rod, housed within a barrel
connected to a pressurized air chamber, is propelled by adjusting the gas pressure inside the chamber, thereby
generating varying impact velocities and enabling the application of different impact loads. During testing,
the specimen is positioned between the incident and transmission rods. All three rods are made of high-
strength alloy steel, each with a diameter of 14.5 mm. The impact rod is 300 mm in length, while the incident
and transmission rods are each 1500 mm long. Their densities, Young’s modulus, and Poisson’s ratio are 4.47
g/m3, 210 GPa, and 0.3, respectively.

Figure 3: Separate Hopkinson pressure rod system and supporting device schematic diagram
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Before each test, the rods are meticulously aligned to ensure one-dimensional stress wave propagation.
Two strain gauges, each with a resistance of 120 Ω and a sensitivity coefficient of 2.16, are attached to the
mid-span of the incident and transmission rods, respectively. When the impactor strikes the incident rod,
an elastic stress wave is generated within it. As the wave propagates through the incident rod and reaches
the specimen, a material impedance mismatch causes the generation of a reflected wave, which travels back
along the incident rod, and a transmitted wave, which propagates through the specimen into the transmission
rod. These waves are recorded by an oscilloscope, converted into voltage signals, and used to calculate the
stress values of the incident, reflected, and transmitted waves through appropriate parameter conversions.
To capture the deformation and damage behavior of the specimen during the impact event, a high-speed
camera (Phantom V2012 model) was used. The camera was set to a frame rate of 100,000 frames per second,
corresponding to an image capture interval of 10 μs, with each frame having a resolution of 512 × 320 pixels.

In the current experimental setup, six discrete impact velocities (14.9, 17.3, 19.7, 22.3, 24.5, and 26.3 m/s)
were systematically applied to the impact rods to control the strain rate of the lattice structure specimens.

3 Finite Element Modeling and Simulation
In this section, the commercial finite element software LS-DYNA was used to construct numerical

models corresponding to the experimental setup. The impact rod, incident rod, lattice structure spec-
imens, and transmission rod were modeled to replicate the experimental configuration. Among them,
the impact rod, incident rod, and transmission rod are cylindrical bodies with lengths of 300, 1500,
and 1500 mm, respectively, and their diameters are all 14.5 mm. To accurately simulate the physical
impact conditions, all components were discretized using three-dimensional SOLID 164 elements. The
element is defined by eight nodes, each node having degrees of freedom with displacement, velocity,
and acceleration in the x, y, and z directions. A tangential friction coefficient of 0.2 was applied at the
interface between the rods and the specimens. Displacement constraints were enforced on all rods to restrict
motion along the Z-axis. The numerical model is shown in Fig. 4. For contact settings, the bidirectional
surface-to-surface contact algorithm (*CONTACT_AUTOMATIC_SURFACE_TO_SURFACE) was used
for interactions between the impact and incident rods, while the unidirectional point-to-surface contact
algorithm (*CONTACT_AUTOMATIC_NODE_TO_SURFACE) was used for the contact between the
specimen and the incident and transmission rods.

To ensure computational accuracy and efficiency, a mesh convergence analysis was conducted. As
illustrated in Fig. 5, the normalized peak compressive displacement ui of the left end of the lattice structure
specimen (in contact with the incident rod) was evaluated by varying the number of elements along the strut
diameter from 4 to 10, in increments of 2. The results were normalized concerning the displacement obtained
using the finest mesh (10 elements). It was observed that when the number of elements in the radial direction
exceeded 6, the variation in peak compressive displacement remained below 3.0%, indicating satisfactory
mesh convergence. Based on this analysis, the element size for the solid rods was set to 1.0 mm, while the
lattice structures were discretized with element sizes ranging from 0.06 to 0.1 mm, ensuring a minimum
of 8 elements across the strut diameter, with further details of the lattice structure element discretization
provided in Fig. 6 and Table 2.
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Figure 4: Finite element model for impacting lattice structure specimen

Figure 5: Mesh convergence analysis results

In the simulation, a step input of constant velocity is applied along the Z-axis to the impact rod to ensure
consistency with the experimental conditions. The velocity-time relationship curve is shown in Fig. 7. The
velocities were set to 14.9, 17.3, 19.7, 22.3, 24.5, and 26.3 m/s, respectively. The solution time was set to 600 μs,
ensuring that the stress wave propagates through the rods, reaches the specimen, reflects, and passes through
the specimen into the transmission rod.
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Figure 6: Element models of lattice structures with varying relative densities and diameters of struts: (a) SC-30%;
(b) SC-50%; (c) BCC-30%; (d) BCC-50%; (e) FCC-30%; (f) FCC-50%

Table 2: The total number of dividing elements for each rod and specimen

Model Elements
Impact rod 129,600

Incident rod 518,400
Transmission rod 518,400

SC-30% 1,389,312
SC-50% 1,140,480

BCC-30% 1,617,408
BCC-50% 1,364,688
FCC-30% 1,399,680
FCC-50% 1,179,216

In the analysis of the mechanical properties of the impact rod, incident rod, and transmission rod, it
is assumed that these components follow generalized Hooke’s Law and can be accurately modeled as ideal
linear elastic materials. Given that the impact velocity is less than 27 m/s, and considering the high-strength
materials typically used for the rods, this assumption is valid as the strain rates involved are not high enough
to induce significant plastic deformation. For the dynamic compressive behavior of Ti-6Al-4V, the Johnson-
Cook (JC) constitutive model is employed, as it effectively accounts for strain rate effects and incorporates
failure mechanisms. The yield stress is governed by strain hardening, strain rate hardening, and thermal
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softening. The yield stress can be calculated using Eq. (1).

σeq = (A+ Bεn) (1 + C ln ε̇
∗

) (1 − T∗m) (1)

where,

ε̇
∗

= ε̇/ε̇0 (2)

T∗m = (T − Tr) / (Tm − Tr) (3)

Figure 7: Load applied to the impact rod

A, B, C and n in the above formula belong to the material parameters of Ti-6Al-4V, which represent the
initial yield stress, hardening constant, strain rate constant, hardening index, and thermal softening index in
turn. ε is the equivalent plastic strain, and ε̇

∗

is the normalized equivalent plastic strain rate. ε̇ and ε̇0 are the
equivalent plastic strain rate and the reference strain rate, respectively. Tr , T and Tm represent the specimen
temperature, room temperature, and the melting point temperature of the matrix material, respectively. The
assumption of material isotropy is incorporated within the failure model, and the simulation accounts for
the material’s large deformations. Based on this isotropic assumption, the Johnson-Cook (JC) damage failure
model is employed. This model addresses large deformation problems by transforming material deformation
energy into thermal energy, while also accounting for the effects of stress state, strain rate, and temperature
on the material’s damage and failure processes. The equivalent fracture strain of the element is given by the
following relation:

εf = [D1 + D2 exp (D3σ∗)] (1 + D4 ln ε̇∗) (1 + D5T∗) (4)

where D1 − D5 is the material constant and σ∗ = −σm/σ . In the finite element numerical simulation, the
element’s damage failure of the elementis primarily determined by the cumulative strain accumulated at each
time step. Initially, the damage variable is set to zero. An element is deemed to have failed when the damage
variable reaches a value of 1. The damage variable D can be characterized as:

D = ∑(Δεeq/εf) (5)

where Δεeq denotes the equivalent strain increment at each time step. Furthermore, the model assumes that
damage does not influence the material’s strength. Furthermore, the model assumes that damage does not
affect the material’s strength. As a result, in the numerical simulation, failed elements are removed directly
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without accounting for strength degradation. In this study, the initial material parameters for the Johnson–
Cook model were obtained from Chen et al. [34] and are presented in Table 3.

Table 3: The material parameters in the Johnson-Cook model [34]

E (GPa) G (GPa) ρ (g/cm3) V A (MPa) B (MPa) C
110 43.7 4.46 0.37 913 250 0.032
m n D1 D2 D3 D4 D5

1.1 0.2 0 0.23 0.48 0.04 3.9

4 Results and Discussion

4.1 Stress-Strain Behavior and Strain Rate Effects
Fig. 8 presents the stress-strain curves obtained from both experiments (EXP) and simulations (Finite

Element Method, FEM) at an impact velocity of 17.3 m/s for SC-30%, SC-50%, BCC-30%, BCC-50%, FCC-
30%, and FCC-50%. The simulation results consistently show higher specimen strength values compared
to the experimental results. The deviation in strength between the simulation and experimental results is
within 10.3%, as listed in Table 4. The fabricated lattice structure specimens have rough surfaces, and the
struts are non-standard. For instance, in the SC structure, within the strain range of 0.1–0.15, there is a
noticeable difference between the experimental and simulation results. These inherent geometric imper-
fections may affect the mechanical properties of the specimens. Additionally, the idealized boundary and
loading conditions in the simulation may contribute to the observed discrepancies between computational
predictions and experimental measurements. As a result, differences in strength between the simulation and
experimental results are expected. However, judging by the overall trend of the stress-strain curves, there is
good consistency between the two, indicating that the simulation is reliable.

To investigate the dynamic mechanical response of Ti-6Al-4V titanium alloy lattice structures under
varying impact loads, the strain signals εR (t) and εT (t) are obtained by converting the incident, reflected,
and transmitted waves. In the SHPB experiment, stress wave propagation within the rods is treated as a purely
one-dimensional longitudinal wave, thereby neglecting lateral deformation and geometric dispersion of the
stress wave. This simplification assumes a one-dimensional stress state. The time-history curves for strain
rate, strain, and stress experienced by the specimen can then be derived using the following equations:

ε̇ (t) = C0
εI (t) − εR (t) − εT (t)

ls
(6)

ε (t) = C0 ∫
t

0

εI (t) − εR (t) − εT (t)
ls

dt (7)

σ (t) = A
2As

E (εI (t) + εR (t) + εT (t)) (8)

In the formula, ls and As represent the thickness of the specimen and the cross-sectional area of the spec-
imen, respectively. A, E and C0 represent the cross-sectional area, Young’s modulus, and one-dimensional
longitudinal wave propagation velocity of the rod, respectively.
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Figure 8: Comparison between simulation (FEM) and experimental (EXP) results for the SHPB experiment:
(a) SC-30%; (b) BCC-30%; (c) FCC-30%; (d) SC-50%; (e) BCC-50%; (f) FCC-50%

Table 4: The strength of lattice structures obtained from experiment and simulation

Exp/MPa FEM/MPa Deviation/%
SC-30% 319.4 343.4 7.5
SC-50% 454.5 501.2 10.3

BCC-30% 108.9 118.9 9.2
BCC-50% 230.5 245.6 6.6
FCC-30% 162.0 177.8 9.8
FCC-50% 311.8 328.9 5.5

This analysis provided the strain rates and corresponding stress-strain curves for lattice structure
specimens under each load condition. Fig. 9 illustrates the stress-strain diagrams for SC, BCC, and FCC
structural specimens with two relative densities at six distinct strain rates. The stress-strain curves for
these lattice structures exhibit a relatively stable stress plateau at lower strain rates. However, as the strain
rate increases, the curves begin to fluctuate and display multiple stress peaks. This phenomenon can be
attributed to the fact that, at low impact velocities, the structure does not fail immediately. As the impact
velocity increases, initial failure occurs within the specimen, but the impact process continues. Subsequent
compression leads to secondary failures. Each failure event produces a stress peak, reflecting the progressive
reduction of porosity as the lattice compacts under high-speed impact. Despite significant compaction, the
structure retains some strength, which contributes to the observed stress peaks.
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Figure 9: The stress-strain curves of lattice structure specimens under different strain rates are experimented:
(a) SC-30%; (b) SC-50%; (c) BCC-30%; (d) BCC-50%; (e) FCC-30%; (f) FCC-50%

The stress evolution patterns and rates of change differ significantly across the investigated lattice
structures. Specifically, for the SC structure, the stress plateau phase is brief, with the stress reaching its
maximum value at approximately 0.03 strain, followed by a rapid decrease. Notably, in the experimental
group with a 50% relative density, no discernible secondary stress peak was observed after the initial
stress reduction, irrespective of the applied strain rates. The stress-strain curves for BCC structures exhibit
variations depending on relative density. The specimen with a 30% relative density demonstrates a prolonged
stress plateau phase and enhanced energy absorption capabilities; however, it also experiences more pro-
nounced stress oscillations. In contrast, for the 50% relative density BCC structure, the secondary stress
peak following the initial failure approximates the magnitude of the first peak, which suggests a layer-by-
layer failure mechanism for the BCC structure. For the FCC structure, the specimen with a 30% relative
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density shows a gradual decrease after reaching the stress peak, followed by a plateau phase before unloading.
The stress-strain response of the 50% relative density FCC specimen is qualitatively similar to that of the
BCC-50% specimen.

Furthermore, to investigate the strain rate sensitivity of lattice structures, Zheng et al. [35] reported
that, under high-speed impact, changes in the yield strength of metallic porous materials result from shifts
in structural deformation and failure mechanisms. In addition, both the strain rate sensitivity of the matrix
material and the micro-inertia effects associated with the structural configuration [36] influence the strength
of lattice structures to some extent. Fig. 10 presents the yield strength of all lattice structure specimens across
a range of strain rates. Overall, within the experimental strain rate range examined, the variation in yield
strength for the BCC and FCC lattice structures is relatively minor.

Figure 10: The strength of lattice structure specimens under different strain rates

4.2 Deformation and Failure Modes
To elucidate the failure modes of the three lattice structures under impact loading, a high-speed camera

was employed to capture the full deformation process in real time. Figs. 11–13 present the deformation
behavior of SC, BCC, and FCC specimens with a relative density of 30% at impact velocities of 17.3
and 26.3 m/s, respectively. As shown in Fig. 11, in the SC specimens, dynamic compression initiates with
compression-induced bending of the horizontal strut (aligned with the impact direction) in the first cell at the
incident end. This local bending progresses into instability and plastic deformation as the compressive wave
propagates, leading to transverse slip deformation of the lattice. Consequently, crushing fractures and lateral
displacement occur, accompanied by a sharp stress drop, signifying sudden structural failure. As shown
in Fig. 9a, when the strain reaches approximately 0.043, the stress drops sharply, indicating the initiation
of fracture and failure in the SC structure, which leads to a rapid unloading of the stress carried by the
supporting struts. Following this unloading, the specimen transitions into a densification phase. During
this stage, ongoing plastic deformation and fracture generate crushed debris that accumulates within the
internal voids, reducing porosity and driving a progressive increase in stress with further strain. As the strain
exceeds 0.112, the stress begins to rise again, suggesting secondary contact or densification effects within the
damaged structure.
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Figure 11: Deformation and failure behavior of the SC structure during the impact process. (a) The impact velocity is
17.3 m/s; (b) The impact velocity is 26.3 m/s

Figure 12: Deformation and failure behavior of the BCC structure during the impact process. (a) The impact velocity
is 17.3 m/s; (b) The impact velocity is 26.3 m/s

At the higher impact velocity of 26.3 m/s, the deformation process intensifies. The specimen exhibits
increased strain, triggering a reloading and re-unloading sequence as the remaining longitudinal struts
undergo fracture. This stage is characterized by higher strain levels and pronounced damage localization,
particularly in the first layer near the incident end, where severe structural degradation occurs. As a result,
the overall strength of the specimen is substantially reduced. These observations highlight a transition from
initial elastic and plastic deformation to progressive crushing and eventual catastrophic failure, governed by
the interplay between structural instability, localized fracture, and densification under high strain rates.

As shown in Fig. 12, the BCC specimen exhibits distinctly heterogeneous compressive deformation
under impact loading. Initially, the struts near the first layer at the incident end undergo localized bending,
primarily concentrated at the nodal connections, leading to substantial compressive displacement along the
impact direction. As compaction progresses, deformation initiates in the struts adjacent to the transmission
end, marking a sequential collapse mechanism. With increasing impact pressure, deformation within this
region intensifies, eventually resembling the pattern observed at the end of the incident. Throughout this
process, damage remains predominantly localized at the end regions, while the central portion of the
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specimen experiences comparatively limited deformation. As shown in Fig. 9c, all curves exhibit a linear
elastic region followed by a smooth peak and a gradual stress reduction. Post-yield behavior is characterized
by a stable stress plateau with mild fluctuations, reflecting the progressive layer-by-layer crushing mechanism
typical of BCC structures. This failure pattern indicates that the BCC lattice absorbs impact energy through
progressive end-layer collapse, while maintaining structural integrity in the mid-section during the early and
intermediate stages of loading.

Figure 13: Deformation and failure behavior of the FCC structure during the impact process. (a) The impact velocity
is 17.3 m/s; (b) The impact velocity is 26.3 m/s

Fig. 13 illustrates the dynamic response of the face-centered cubic (FCC) lattice structure under com-
pressive loading. During impact, the angle between the central struts on the observation surface progressively
increases, indicating rotational deformation and reorientation of the lattice framework. Concurrently, the
struts initially in contact with the incident and transmission rods migrate inward toward the specimen’s
interior, driven by axial compressive forces. As the impact duration increases, fracture initiates at the nodal
junctions of the struts, reducing the overall porosity and signaling the onset of structural collapse. This
accumulation of damage and gradual reduction of void space marks the transition of the specimen. Fig. 9e
shows that a significant peak stress occurs at a strain of about 0.04–0.05. After reaching the peak, the stress
begins to decrease, and the rate of decrease is lower than that of the SC structure, indicating that the structure
has less damage, which may be due to the fracture of the internal strut. A quasi-stable stress platform is
observed in the post-peak region, reflecting the typical layer-by-layer collapse behavior of the FCC structure.

The open-source software Ncorr was employed to conduct Digital Image Correlation (DIC) analysis on
high-speed camera images, enabling the measurement of compressive strain along the impact direction of
the specimens. As illustrated in Fig. 14, the left end of the specimen corresponds to the incident rod, while the
right end connects to the transmission rod. The calculation domain covers the entire structural specimen,
excluding the pore regions. This method offers efficient and accurate extraction of the strain field during
dynamic compression. However, a notable limitation is that image recognition becomes unreliable once the
specimen undergoes severe damage, restricting the effective analysis to the earlier stages of deformation.
For the SC structure, significant strain localization was observed at the junction between horizontal and
vertical struts. This transition region is prone to strain concentration, often leading to instability and buckling
of the vertical members. In the BCC structure, elevated strain values were detected at both ends of the
specimen, while the central region exhibited relatively lower strain. This distribution pattern is attributed to
the geometry of the BCC structure and the spatial arrangement of its struts, which tend to concentrate stress
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near the boundaries. In the FCC structure, the strain was highest near the transmission end and gradually
decreased toward the incident end. This strain gradient suggests progressive stress dispersion throughout
the structure, resulting in a relatively uniform strain distribution.

Figure 14: DIC strain field distributions of lattice structures with 30% relative density under an impact velocity of
26.3 m/s: (a) SC; (b) BCC; (c) FCC

To further elucidate the failure process of the lattice structures, numerical simulations replicating the
experimental impact velocities of 17.3 and 26.3 m/s were conducted for the three lattice configurations with
a relative density of 30%. The resulting von Mises stress distributions are presented in Fig. 15a–f.

In Fig. 15a, corresponding to the SC structure, the initial stress concentration appears near the intersec-
tion with the incident rod. This is attributed to the abrupt change in wave impedance at the contact interface,
where the high-speed impact induces stress wave superposition, generating a local standing wave and a high-
stress zone. As shown in Fig. 15b, significant bending of the transverse struts is observed by t = 30 μs, while
the longitudinal struts remain subjected to relatively lower loads throughout the process.

Fig. 15c,d depicts the BCC structure. Similar to the SC specimen, stress concentration initially forms
near the intersection point. As loading progresses, bending and fracture initiate, interlayer pores are
gradually filled, and the stressed regions expand. Notably, as the structure densifies, the stress borne by
individual struts decreases progressively, reflecting the redistribution of load during the collapse process.

In Fig. 15e,f, representing the FCC structure, distinct differences emerge between low and high impact
velocities. At t = 30 μs under low-speed impact, stress remains concentrated at the intersection point,
while the distribution across the remaining areas is relatively uniform. However, under high-speed impact,
the stress amplitude progressively increases from left to right across the intersection region. This behavior
suggests that inertia effects become increasingly significant at higher velocities, delaying the structural
response in certain regions and resulting in uneven stress distribution. Furthermore, local variations in
strain rate may contribute to differing mechanical responses across the lattice, further exacerbating stress
non-uniformity.

A comparative analysis of the experimental and numerical simulation results reveals distinct deforma-
tion and failure patterns among the lattice structures. For the SC structure, failure initiates with bending
deformation of the longitudinal struts, which subsequently evolves into shear fracture as loading progresses.
In contrast, the deformation in the BCC and FCC structures is primarily localized to a single end layer under
impact loading. Specifically, densification in the BCC structure occurs near the incident end, while in the
FCC structure, it develops at the transmission end. The remaining portions of both structures exhibit limited
deformation and damage, indicative of a typical layer-by-layer compaction failure mechanism.
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Figure 15: The deformation process of lattice structure under different impact velocities is obtained by numerical
simulation: (a) SC-30%; (b) SC-50%; (c) BCC-30%; (d) BCC-50%; (e) FCC-30%; (f) FCC-50%
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Notably, a key discrepancy between the simulation and experimental observations lies in the extent of
damage at the transmission end. In the experiments, both structures exhibited a certain degree of fracture at
the transmission surfaces, whereas the numerical models showed comparatively minor cumulative damage
in these regions. This difference is likely attributable to inherent microscopic defects arising from the additive
manufacturing process, as well as surface roughness at the specimen–rod interfaces, which may promote
localized failure during impact loading.

Despite these differences, the overall deformation and failure behaviors of the lattice structures demon-
strate good agreement between the experimental observations and simulation predictions, underscoring the
reliability of the numerical model in capturing the fundamental response mechanisms.

4.3 Stress Wave Propagation and Energy Dissipation
Lattice structures demonstrate pronounced attenuation and energy absorption capabilities with respect

to stress wave propagation. To investigate the influence of SC, BCC, and FCC lattice configurations on stress
wave transmission at varying relative densities and strain rates, experimental analysis was conducted. Fig. 16
presents the amplitude of the rectangular stress waves generated during the collision between the impact rod
and the incident rod at various impact velocities. In SHPB experiments, a higher transmission amplitude
corresponds to lower attenuation, indicating that the specimen allows greater passage of the pressure wave.

Figure 16: The incident wave amplitude corresponding to different impact velocities

Fig. 17 illustrates the transmitted wave amplitudes after propagation through the different lattice
specimens. Among the three structures, the SC lattice exhibits the highest transmission amplitude and
displays the greatest sensitivity to strain rate, suggesting a lower capacity for wave attenuation. In contrast,
the BCC lattice exhibits the lowest transmission amplitude and is comparatively less affected by changes
in strain rate, indicating superior wave attenuation performance. The FCC structure exhibits intermediate
behavior between the SC and BCC lattices.

Additionally, for all three structures, transmission amplitude increases with both strain rate and relative
density, reflecting the reduced porosity and enhanced stiffness of the specimens under these conditions,
which facilitate greater wave transmission.

Numerical simulations were conducted to precisely determine the arrival and departure times of stress
waves within the lattice specimens. To ensure both accuracy and computational efficiency, a solution time
step of 0.5 μs was adopted for tracking stress wave propagation through the lattice structures. Based on these
results, the average stress wave propagation velocities were calculated, as shown in Fig. 18.
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Figure 17: The relationship between the amplitude of the transmitted wave corresponding to different specimens and
the strain rate: (a) SC-30%; (b) SC-50%; (c) BCC-30%; (d) BCC-50%; (e) FCC-30%; (f) FCC-50%

The analysis reveals that stress waves propagate more rapidly in lattice structures with higher relative
densities, attributable to reduced porosity and increased stiffness. Among the three lattice configurations,
the FCC structure exhibited the lowest propagation velocities, with measured values of 857.1 m/s for
FCC-30% and 1200 m/s for FCC-50%, both notably lower than those recorded for the SC and BCC lattices.
This indicates that the FCC structure possesses a superior capability to decelerate stress wave transmission
at comparable relative densities, highlighting its enhanced wave attenuation potential.
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Figure 18: The average velocity of stress wave propagation in the lattice structure

Investigating the energy dissipation characteristics of lattice structures under impact loading is of
critical importance, as it provides insight into their ability to mitigate dynamic forces. Energy dissipation
occurs through two primary mechanisms: conversion of energy into reflected waves and absorption via
structural deformation and failure. According to one-dimensional stress wave theory and the principle of
energy conservation, the energies associated with the incident, reflected, and transmitted waves can be
expressed as follows:

WI (t) = EAC0 ∫
τ

0
ε2

1 (t)dt (9)

WR (t) = EAC0 ∫
τ

0
ε2

R (t)dt (10)

WT (t) = EAC0 ∫
τ

0
ε2

T (t)dt (11)

here, WI (t), WR (t) and WT (t) denote the energy of incident stress wave, the energy of reflected wave and
the energy of transmitted wave, respectively, εI (t) and εR (t) denote the strain signal of incident wave and
reflected wave, respectively, εT (t) denotes the signal of transmitted wave. A represents the cross-sectional
area of the rod. E and C0 represent the Young’s modulus of the rod and the one-dimensional longitudinal
wave propagation velocity in the rod, respectively. τ represents the duration of the shock.

Fig. 19 illustrates the distribution characteristics of incident wave energy at various impact rod velocities,
while Fig. 20a,b presents the reflected and transmitted wave energies of the three lattice structures (BCC,
FCC, and SC) with a relative density of 30% under different strain rate conditions. Experimental results
indicate that, for all lattice structures, transmitted wave energy under impact loading is substantially lower
than reflected wave energy. The proportion of incident energy dissipated through reflection is quantified as
follows: SC (73.1%–86.6%), BCC (83.1%–93.3%), and FCC (81.1%–88.1%). These findings confirm that wave
reflection serves as the dominant energy dissipation mechanism across all structures.
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Figure 19: The amplitude of the stress wave corresponding to different impact velocities

Figure 20: The variation of reflected wave energy and transmitted wave energy with strain rate: (a) reflected wave
energy; (b) transmitted wave energy

Furthermore, an increase in strain rate leads to a gradual rise in reflected wave energy, accompanied by
a corresponding reduction in transmitted wave energy. Under identical impact conditions, the SC structure
consistently exhibits lower reflected wave energy and higher transmitted wave energy compared to the
BCC and FCC structures. High-speed imaging of the impact process suggests that the SC structure is more
susceptible to severe damage, which likely enhances its ability to absorb part of the reflected wave energy
through extensive plastic deformation and fracture.

Among the three configurations, the BCC structure demonstrates the lowest transmitted wave energy,
indicating superior energy dissipation capability with respect to one-dimensional stress wave propagation.

In view of the energy absorption characteristics of the lattice structure itself, as shown in Fig. 21a, the
kinetic energy of all three lattice structures initially increases rapidly due to the impact loading, reaching
a peak before declining sharply as energy is absorbed through deformation and damage. The SC structure
exhibits the highest kinetic energy peak and fastest decay rate, consistent with the early onset of buckling and
fracture observed in high-speed imaging. This indicates rapid structural instability and energy release. In
contrast, the BCC and FCC structures show more moderate peaks and gradual declines, reflecting a layer-by-
layer crushing process with delayed failure initiation. These differences in kinetic energy evolution align with
the distinct deformation modes captured in high-speed sequences, confirming the influence of topology on
dynamic response and energy dissipation behavior. Fig. 21b shows the corresponding internal energy curves.
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All structures experience a sharp rise in internal energy within the first 100 μs, consistent with energy being
absorbed through plastic deformation and fracture.

Figure 21: Time histories of (a) kinetic energy and (b) internal energy for SC, BCC, and FCC lattice structures with
30% relative density under an impact velocity of 26.3 m/s

5 Conclusions
This study comprehensively examined the dynamic mechanical properties, deformation and failure

behaviors, and stress wave propagation characteristics of three titanium alloy lattice structures using Split
Hopkinson Pressure Bar (SHPB) experiments combined with numerical simulations. The results reveal
distinct differences among the structures in their strain rate sensitivity, failure mechanisms, and energy
dissipation capabilities.

The Simple Cubic (SC) structure exhibits pronounced strain rate sensitivity, with failure dominated by
strut buckling, instability fracture, and subsequent layer-wise slippage. In contrast, the Body-Centered Cubic
(BCC) and Face-Centered Cubic (FCC) structures show relatively low strain rate sensitivity, with failure
primarily localized at the impact surface and strut nodes, progressing through layer-by-layer crushing.

In terms of stress wave propagation, the BCC structure demonstrates superior attenuation capability,
as reflected by its lower transmitted wave amplitudes. Although transmitted wave amplitudes increase
with strain rate and relative density across all structures, the FCC configuration effectively reduces wave
propagation speed at comparable relative densities, delaying wave transmission.

Energy dissipation analysis further confirms that wave reflection is the dominant mechanism, with
reflected wave energy increasing and transmitted wave energy decreasing as strain rate rises. Among the three
structures, the BCC lattice consistently exhibits the lowest transmitted wave energy, indicating its superior
ability to dissipate stress wave energy and mitigate dynamic loading.

Overall, the combined experimental and numerical results highlight the unique dynamic response
characteristics of each lattice configuration. Notably, the BCC structure offers optimal stress wave attenuation
and energy dissipation performance, while the FCC structure provides enhanced wave transmission delay
capabilities. These insights provide a valuable reference for the design and application of lattice structures in
impact mitigation and energy absorption scenarios.

Despite the insightful findings, this study has several limitations. The present study employs a finite
element–based approach with explicit modeling of the lattice structures using the Johnson–Cook material
model. While this method enables a direct comparison with experimental results and provides insights
into stress wave propagation and failure mechanisms, several simplifications were adopted. These include
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assuming homogeneous material properties, idealized boundary conditions, and omitting microstructural
heterogeneities. The dynamic deformation analysis focuses primarily on stress wave amplitude attenuation,
without considering frequency-domain effects such as dispersion or filtering.
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