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Abstract 

Shell-infill structures comprise an exterior solid shell and an interior lattice infill, whose closed features yield superior 
comprehensive mechanical performance and light weight. Additive manufacturing (AM) can ensure the fabrica-
tion of complex structures. Although the mechanical behaviors of lattice structures have been extensively studied, 
the corresponding mechanical performances of integrated-manufactured shell structures with lattice infills should 
be systematically investigated due to the coupling effect of the exterior shell and lattice infill. This study investigated 
the mechanical properties and energy absorption of AlSi10Mg shell structures with a body-centered cubic lattice infill 
fabricated by AM. Quasi-static compressive experiments and corresponding finite element analysis were conducted 
to investigate the mechanical behavior. In addition, two different finite element modeling methods were compared 
to determine the appropriate modeling strategy in terms of deformation behavior. A study of different parameters, 
including lattice diameters and shell thicknesses, was conducted to identify their effect on mechanical performance. 
The results demonstrate the mechanical advantages of shell-infill structures, in which the exterior shell strengthens 
the lattice infill by up to 2.3 times in terms of the effective Young’s modulus. Increasing the infill strut diameter can 
improve the specific energy absorption by up to 1.6 times.
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1  Introduction
Shell-infill structures generally comprise exterior solid 
shells and interior porous infill structures, whose closed 
features can generate superior mechanical performance, 
such as high stiffness-to-weight ratio, strength-to-weight 
ratio, energy and sound absorption  capacities [1–3]. 
Compared with conventional pure solid structures, shell-
infill structures can concurrently coordinate the design of 
the overall structure and interior infill configuration with 

greater design freedom, thereby maximizing the mechan-
ical performance and improving the light weight [4–6].

For shell-infill structures, many studies have focused 
on the infill configuration and investigated the effects of 
topology and geometric size on the structural mechani-
cal properties. Li [7] designed a honeycomb aluminum 
cell with different unit lengths to investigate the influ-
ence of the relative position on the energy absorption 
capacity. Zhang [8] compared the crushing performance 
of shell structures with triangular, hexagonal, and nega-
tive Poisson’s ratio (NPR) structures as porous infills; a 
huge difference was found in terms of energy absorption 
under both quasi-static compression and impact condi-
tions. Zeng et al. [9, 10] discussed the differences in the 
failure modes of shell-infill structures by changing the 
corrugation angle during compression and three-point 
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bending experiments. Muchhala et  al. [11] investigated 
the axial compressive deformation mechanism of ceno-
sphere-reinforced closed-cell hybrid aluminum foams at 
different strain rates. Vengatachalam et  al. [12] studied 
the initial yield response of closed-cell aluminum foams 
under both uniaxial and biaxial loadings. Cherniaev [13] 
analyzed the damage to sandwich panels with open-cell 
foam under impact to confirm the protective function of 
this type of structure. These types of shell structures with 
porous infills have been widely studied in terms of their 
compressive performance. Hu et al. [14] investigated the 
deformation, strength, and failure modes of woven tex-
tile sandwich composites (WTSCs). In addition to the 
infill configuration, Wang et al. [15, 16] also explored the 
buckling deformation mode of cylindrical shells under 
axial loads through experiments and numerical meth-
ods. Most structures mentioned above were fabricated by 
conventional manufacturing processes, such as stretch-
ing from honeycomb structures or casting for shell foam 
structures.

With the recent utilization of additive manufactur-
ing (AM), structures with complicated geometries, such 
as shell-infill structures, can be manufactured, provid-
ing greater design freedom [17–19]. As a promising 
infill porous structure, the lattice structure can achieve 
superior mechanical or multifunctional properties while 
maintaining an extremely light weight [20]. Maconachie 
et al. [21] reviewed and summarized existing studies on 
lattice structures and provided design guidance for devel-
oping controllable mechanical properties. Body center 
cubic (BCC) structures are the most widely studied lat-
tice type in terms of their mechanical response and elas-
toplastic deformation mechanism under quasi-static 
compression. Peng et  al. [22] numerically analyzed the 
mapping relationship between the relative density and 
mechanical properties of four lattice structures, includ-
ing the BCC structure. Li [23] investigated the tensile and 
compressive local stress distributions of stainless-steel 
BCC unit cells from a microscopic perspective. Smith 
et  al. [24] also reported the same progressive failure 
mode of BCC structures under quasistatic compression 
and blast loading conditions. Merkt et al. [25] performed 
compression tests and found that lattices manufac-
tured with titanium alloys demonstrated inferior energy 
absorption capacity compared to that of stainless steel. 
To control the deformation behavior, Maskery et al. [26] 
realized a gradient-density lattice along the loading direc-
tion to obtain progressive layer collapse while ensuring 
the same energy absorption capacity. Sufiiarov et al. [27] 
eliminated shear failure with a computationally generated 
variable density to strengthen the mechanical responses 
of lattice structures. Apart from the above mechanism-
based design methods, topology optimization can also be 

used to design cellular patterns or configurations based 
on the design requirements. Xu et  al. [28] employed 
topology optimization to obtain the material distribu-
tion for an improved BCC structure. Kang et  al. [29] 
combined topology optimization and a multilattice struc-
ture construction strategy to design sandwich-structured 
cores.

Most of the abovementioned studies related to the 
BCC lattice have focused on the multifunctional design 
of pure lattice structures in terms of mechanical proper-
ties and energy absorption capacities. However, lattice 
structures are usually covered by thin exterior densified 
shells, which can effectively prevent early-stage exces-
sive deformation and thus strengthen the load-carrying 
capacities [30, 31]. Cetin et  al. [32–34] investigated the 
energy absorption capacity of lattice-filled thin-walled 
tubes under impact conditions and determined the cor-
responding effects of uniform- and graded-lattice infills. 
Liu et  al. [35] investigated the mechanical behavior of 
lattice-filled thin-walled tubes with single and multi-
ple cells, in which a pre-manufactured lattice infill was 
inserted into the thin-shell tubes to form an assem-
bly. It is believed that the mechanical performance of 
this simple assembly is inferior because of the lack of 
mechanical joining between the two separate parts. The 
additively manufactured integrated shell-infill structure 
can effectively solve the above-mentioned problems and 
significantly enhance mechanical properties and energy 
absorption [36].

This study investigated additively manufactured inte-
grated shell structures with BCC-type porous infill in 
terms of their mechanical properties and energy absorp-
tion capabilities from both experimental and numerical 
perspectives. The remainder of this paper is organized as 
follows. The details of the experimental specimen, test-
ing scheme, and corresponding finite element model 
construction under quasi-static loading conditions are 
provided in Section  2. The experimental results for dif-
ferent strut diameters are presented and discussed in 
Section  3. Section  4 presents the finite element mod-
eling strategy selection by comparing  simulation results 
with experimental ones, based on which the shell thick-
ness  influnce is studied. Finally, some conclusions are 
drawn in Section 5.

2 � Materials and Methods
2.1 � Model Design
The corresponding infill configuration significantly influ-
enced the mechanical responses and deformation modes 
for shell structures with lattice infill. In this study, a BCC 
lattice was selected as the porous infill because of its 
simple topology and manufacturability. Considering the 
selective laser melting (SLM) process, a unit BCC cell with 



Page 3 of 13Bai et al. Chinese Journal of Mechanical Engineering          (2023) 36:143 	

dimensions of 5 mm × 5 mm × 10 mm was designed, as 
illustrated in Figure 1. The infill structure contained 8 × 8 
× 4 BCC cells, and the infill lattice structure was enclosed 
by a thin shell with a thickness of 0.5 mm, as illustrated in 
Figure 2. For comparison, three different strut diameters 
for the infill lattices were designed: 0.5, 1.0, and 1.5 mm, 
and the corresponding relative densities of the lattice infill 
were 0.082, 0.172, and 0.301, respectively.

To obtain material parameters that are more consist-
ent with the actual shell-infill structure, standard ten-
sile samples were designed to obtain the parent material 
according to the ASTM E8 standard. Considering that 
the infill structure dominated a large portion of the struc-
ture, the standard tensile samples were manufactured in 
an oblique direction in accordance with the strut manu-
facturing direction of the designed shell-infill structure. 
The details of the specimen and printing direction are 
presented in Figure 3.

2.2 � Materials and Fabrication
AlSi10Mg is a commonly used material for lightweight 
design and manufacturing and is also a widely devel-
oped AM material. All the specimens were prepared 
using AlSi10Mg powder with an average particle diam-
eter of 35  µm. A BLT-S210 SLM machine with a laser 
power of 340 W was used. The scanning speed was set to 
1400 mm/s, and the thickness of each layer was approxi-
mately 30  µm. To eliminate residual stress, all the sam-
ples were post-treated at a temperature of 280 ± 5 ℃ for 
2 h. The printing direction of the shell-infill samples was 

parallel to the z-axis, as illustrated in Figure 2. The print-
ing directions of the standard tensile samples are pre-
sented in Figure 3. All obtained samples are presented in 
Figure 4, and the sample details are presented in Table 1.

2.3 � Experimental Test Scheme
Tensile tests of the single-strut and compression tests of 
the shell-infill structures were performed using a uni-
versal testing machine (WDW-200, TE). As illustrated 
in Figure  5, a uniaxial tensile test of a single strut with 
a diameter of 1.0  mm was conducted at a displacement 
rate of 1 mm/min according to the ASTM E8-15a stand-
ard. For the compression test, the loading direction was 
perpendicular to the top surface at a displacement rate of 
0.5 mm/min in accordance with the ASTM E9-09 stand-
ard. A noncontact video extensometer (RTTS-100) was 
used to measure the deformation by tracing the relative 
displacement.

2.4 � Tensile Results of Single Strut Sample
Figure  6 presents the stress-strain curve of the stand-
ard strut sample. All samples expire in the three stages 
of elasticity, yielding, and failure. The average value of 
the experimental data obtained from the two obliquely 
printed samples was utilized as the basic material 
parameter and simulation input curve for subsequent 
simulations, with Young’s modulus of 66444.8 MPa and 
Poisson’s ratio of 0.33.

For the finite element analysis, the obtained experimen-
tal nominal stress and strain were converted to true stress 
and strain [37]. The true strain is expressed as follows:

Figure 1  Model details of unit cell

Figure 2  Model details of integrated structure

Figure 3  Standard tensile samples
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where εnom is the nominal strain, which can be obtained 
as

where l0 is the original length, l is the current measured 
length, all can be obtained from the test. Considering the 
incompressibility of plastic deformation, the relationship 
between true stress and nominal stress is expressed as

where σ is the true stress, and σnom is the nominal stress. 
As the strain obtained from the experimental data was 
the total strain of the samples rather than the plastic 
strain, it was necessary to decompose the total strain into 

(1)ε = ln(εnom + 1),

(2)εnom =
l

l0
− 1,

(3)σ = σnom(1+ εnom),

Figure 4  Additively manufactured experimental samples

Table 1  Geometry and mass information of shell-infill specimens

Strut diameter 0.5 1.0 1.5

Mass (g) 25.74 45.31 69.71

Length Design value (mm) 41 41 41

Actual value (mm) 41.35 41.37 41.32

Error (%) 0.85 0.90 0.78

Width Design value (mm) 41 41 41

Actual value (mm) 41.38 41.52 41.44

Error (%) 0.93 1.27 1.07

Height Design value (mm) 40 40 40

Actual value (mm) 39.75 39.79 39.85

Error (%) −0.63 −0.53 −0.38

Figure 5  Experimental setup to measure uniaxial tension

Figure 6  Stress-strain curve of tensile samples
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elastic and plastic strain components. The plastic  strain 
can be expressed as

where εpl represents plastic strain  and E is the  Young’s 
modulus. The plastic strain and true stress curves are 
illustrated in Figure 7.

2.5 � Finite Element Modeling Method
Shell or lattice structures can be simulated with well-
developed finite element modeling approaches; however, 
this method is unsuitable for integrated shell-infill struc-
tures owing to the large geometric and material gradi-
ents. The coupling effect between the exterior shell and 
interior lattice significantly affects the mechanical prop-
erties and energy absorption. This study systematically 
investigated two finite element modeling approaches to 
select the most appropriate approach: a beam-shell type 
and a solid element type.

(4)εpl = ε −
σ

E
,

ABAQUS/EXPLICIT-6.16 software package was 
employed to build the corresponding finite element 
model. In the beam-shell type finite element model, shell 
elements (S4R) were used for the exterior shells, whereas 
beam elements (B31) were used for the infill lattices. 
The total number of beam elements was 24576, whereas 
that of the shell elements was 25600. Constraints were 
applied at the connection nodes between the beam and 
shell elements (Figure  8). Detailed partition modeling 
was adopted for the solid element model to ensure model 
accuracy owing to the inherently large geometric gradi-
ent. The finite element models with 0.5, 1.0, and 1.5 mm 
strut diameters have 706722, 743563, and 782292 C3D8R 
elements, respectively (Figure  9). The boundary condi-
tions for the quasi-static analysis of both models are illus-
trated in Figure 10.

3 � Experimental Results and Discussions
3.1 � Experimental Results of Sample with Strut Diameter 

of 0.5 mm
The stress-strain curve of the shell-infill structure with 
a strut diameter of 0.5  mm is plotted in Figure  11. The 
compression history includes three typical stages: elastic 
damage, nonlinear damage, and densification. The elas-
tic phase occurred before the exterior shell bulking, in 
which the stress demonstrated a linear and rapid increase 
until a peak was reached at the buckling stress threshold. 
Subsequently, the structure entered the nonlinear dam-
age stage, and the load-bearing capability degenerated 
significantly with severe exterior shell buckling. With 
the collapse of the exterior shell, the stress of the entire 
structure reached the minimum value of the entire non-
linear stage, which was only 5% of the maximum stress 
value of the elastic stage (Figure  11(b)). The main load-
bearing part was switched from the exterior shells to the 
BCC infill structure at this stage. The tearing between 
the exterior shells started from the bottom, and the 
destruction of the internal BCC structures resulted in the 

Figure 7  True stress–strain curve obtained from simulation

Figure 8  Beam-shell type finite element model
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exterior shells in the lower half completely losing their 
load-bearing capacity. With an increase in the loading, 
the bottom of the upper half of the exterior shells was in 
full contact with the solid body; thus, the exterior shells 
became the main load-bearing part, causing the stress to 
reach the second peak, as illustrated in Figure  11(c). At 
this time, the tearing between the adjacent shells spread 
from the middle to the top. After buckling occurred, the 
middle of the structure expanded outward. It can also be 
noted that stress-strain curve has three smaller peaks for 
a strain range of 0.2–0.5, which is caused by the collapse 
of the BCC lattice infill.

Figure  12 presents the four other critical deforma-
tion modes. The first rupture occurred between adja-
cent shells in approximately half of the structure 
(Figure  12(a)), and the cracks gradually spread to the 
buckling parts of the shells (Figure  12(b)). As the dam-
age intensified, lateral deformation resulted in the tearing 
of the adjacent shells (Figure 12(c)). Finally, the exterior 
shells completely lost their load-bearing capacity, and the 
structure entered the densification stage.

3.2 � Experimental Results of Sample with Strut Diameter 
of 1.0 mm

As illustrated in Figure  13, four stress peaks were 
observed during deformation. The elastic stage of the 
1.0-mm sample was similar to that of the 0.5-mm sam-
ple; however, the initial buckling position of the exterior 
shells of the 1.0-mm sample was lower at the beginning 
of the nonlinear damage stage (Figure  13(b)). The adja-
cent perpendicular shells were torn from each other, as 
illustrated in Figure 13(c), owing to stress concentration. 

Figure 9  Solid-type finite element model

Figure 10  Boundary conditions for quasi-static analysis

Figure 11  Stress–strain curve of sample with 0.5-mm strut diameter

Figure 12  Critical deformations for sample with 0.5-mm strut 
diameter
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Subsequently, a second stress peak was observed after the 
exterior shell structure temporarily lost its load-bearing 
capability (Figure 13(d)). In Figure 13(e) and (f ), the front 
and rear shells share load bearing with the internal BCC 
structures, leading to the third and fourth stress peaks. 
Based on these observations, the buckling of the exterior 
shells for the sample with a 0.5-mm strut diameter was 
more severe than that for the sample with a 1.0-mm strut 
diameter.

3.3 � Experimental Results of Sample with Strut Diameter 
of 1.5 mm

Figure  14 presents the stress-strain curve of a sample 
with a strut diameter of 1.5 mm. Regarding the buckling 

positions, the experimental results were almost the same 
as those of the sample with a 1.0-mm strut diameter. 
After the exterior shells tear, the frontal exterior shells 
completely lose their load-bearing capabilities, as dem-
onstrated in Figure 14(b). In Figure 14(c), all the exterior 
shells at the third stress peak expand outward; thus, the 
interior BCC lattice structure changes to the main load-
bearing structure. When the lattice is crushed, the entire 
structure enters the densification stage.

3.4 � Comparison Discussions
Figure 15 compares the quasi-static compressive experi-
mental results for different strut diameters in terms of 
the stress-strain curve and specific energy absorption 

Figure 13  Stress–strain curve of sample with 1.0-mm strut diameter
Figure 14  Stress–strain curve of sample with 1.5-mm strut diameter

Figure 15  Comparison of quasi-static experiments with different strut diameter
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(SEA). The stress-strain curves share a similar changing 
trend with three stages: elastic, nonlinear damage, and 
densification. In addition, increasing the strut diameter 
significantly strengthened the load-carrying capacity of 
the entire structure. Table 2 presents the corresponding 
mechanical properties and energy absorption indicator 
(SEA) results. The effective Young’s modulus increases by 
57%, from 1711.57 to 2688.53 MPa, with increasing strut 
diameter. In terms of energy absorption, the SEA exhib-
ited a 156% increase from 12.94 to 33.17 J/g.

Furthermore, selected deformation values are provided 
in Table  3 for samples with different strut diameters. 

The shell-infill structure with thinner struts reached the 
maximum stress at a smaller strain; however, the initial 
tearing of the exterior shells occurred at a similar strain. 
The first tearing between the adjacent shells of the sam-
ple with a 0.5-mm strut diameter occurred in the mid-
dle of the structure, which was very different from that of 
the other samples. Therefore, the internal BCC structure 
can extend the elastic phase and increase the peak stress. 
With an increase in loading, the deformation mode of 
the BCC structure determines the collapse trend of the 
exterior shells, in which the coupling effect of the exterior 
shells and interior infill plays a very important role.

4 � Finite Element Analysis and Discussions
4.1 � Modeling Strategy Selection Based on Quasi‑static 

Compression Analysis
Because of their large geometric and material gradi-
ents, numerical simulations are challenging. This sec-
tion compares the beam-shell type and solid element 
models to determine an appropriate model for the 
mechanical properties. The stress-strain curves of the 
corresponding experiments, beam-shell simulation 

Table 3  Deformation comparison of compressive experiments

Selected deformation time Strut diameter (mm)

0.5 1.0 1.5

Strain of max stress

ε = 0.020 ε = 0.048 ε = 0.062

Strain of first damage

ε = 0.112 ε = 0.099 ε = 0.111

Strain of first tearing between adja-
cent shells

ε = 0.174 ε = 0.144 ε = 0.148

Table 2  Mechanical parameters of the samples

Strut diameter (mm) 0.5 1.0 1.5

Effective Young’s modulus (MPa) 1711.57 2175.58 2688.53

Specific modulus (MPa/g) 66.49 48.01 38.57

Ultimate strength (MPa) 21.65 44.94 79.31

SEA (J/g) 12.94 18.88 33.17
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results, and solid element simulation results are pre-
sented in Table  4. The beam-shell model can predict 
the three stages more accurately than the solid element 
model. For the solid element model, element dele-
tion was added to guarantee the stress-strain curve 
trend. However, the resulting penetration led to stress 

fluctuations during compression. The effective Young’s 
moduli for both the experiments and simulations are 
presented in Table  5. The simulation results obtained 
using the beam-shell model were closer to the experi-
mental values compared to those obtained using the 
solid element model.

In addition, the deformations of both experiments 
and two types of finite element simulations of the sam-
ple with a 1.0-mm strut diameter are shown in Table 6. 
The deformation of the beam-shell type model is more 
accurate, especially for the exterior shells. As the strain 
is within the range of 0.2–0.3, prediction results by the 
beam-shell type model are more accurate than those 
by the solid-type model. The deformation results of 
the solid element model revealed that the internal lat-
tice distribution largely affected the deformation of 
the model’s overall structure. The stress distribution is 

Table 4  Stress–strain curve of experimental and simulation results

Strut diameter (mm) Experimental and beam-shell simulation results Experimental and solid element simulation results

0.5

1.0

1.5

Table 5  Comparison of effective Young’s modulus between finite 
element analysis models and experiments (MPa)

Strut 
diameter 
(mm)

Experiment Beam-shell type 
simulated results

Solid element 
type simulated 
results

0.5 1711.10 1696.23 (0.87%) 2542.01 48.56

1.0 2175.58 2379.18 (9.36%) 3804.19 74.86

1.5 2688.53 2909.74 (8.23%) 6702.79 149.31
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consistent with the spatial arrangement of the filling 
structure. Based on the above comparison, the beam-
shell type modeling strategy is the most appropriate for 
shell structures with BCC lattice infills.

4.2 � Effects of Shell Thickness on Mechanical Performances
Based on the beam-shell modeling strategy, quasi-static 
compressive numerical simulations for shell thicknesses 
of 0.5, 1.0, 1.5, and 2.0 mm were performed with three 

Table 6  Deformation comparison between experiments and finite element models with 1.0-mm strut diameter

Strain Experiment results Beam-shell model simulation results Solid element model simulation results

0.1

0.2

0.3

Figure 16  Mechanical performances comparison with different geometric parameters (shell thickness and strut diameter)



Page 11 of 13Bai et al. Chinese Journal of Mechanical Engineering          (2023) 36:143 	

different strut diameters to investigate their effects on 
mechanical performance. The corresponding effective 
Young’s moduli and SEA are compared in Figure  16. 
The increase in shell thickness improved the effective 
Young’s modulus and SEA, particularly for lattice infills 
with smaller diameters. This is because the exterior 
shell was the main load-carrying structure during the 
early deformation stage. The effective Young’s modulus 
for a shell thickness of 2.0 mm can reach 3.3 times that 
for a shell thickness of 0.5 mm. It can also be observed 
that the effective Young’s modulus exhibits a larger dif-
ference for structures with thinner shells when the strut 
diameter is changed.

By contrast, there are fewer differences with a thicker 
exterior shell. For the SEA, both the exterior shell and 
the lattice infill contribute to the structural energy 
absorption capability through plastic deformation. 
Increasing the shell thickness and strut diameter can 
improve the energy absorption. Changing the strut 
diameter could improve the energy absorption by almost 
1.7 times because the plastic deformation of lattice infill 
can absorb more energy than the exterior shells.

4.3 � Comparison of Shell‑infill Structure and Lattice 
Structure

In this section, we discuss the results of quasi-static 
compression simulations of a pure BCC lattice structure 

Table 7  Comparison of deformation modes between shell-infill structure and lattice structure

Strain Deformation process

Shell-infill structure Lattice structure

Axonometric view Cross-sectional view

0.2

0.3

0.4

0.5
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containing only beam elements that were performed 
to investigate the effect of shell structures on the over-
all behavior and deformation modes. The differences in 
the stress-strain curves between a BCC-infilled shell 
structure and a pure BCC structure are illustrated in Fig-
ure  17. The stress of the shell-infill structure was much 
higher than that of the pure lattice structure, which gave 
the shell structure a significant strengthening effect on 
its overall structure. The maximum stress of the shell-
infilled structure was twice that of the pure lattice struc-
ture, leading to improved energy-absorbing capabilities. 
However, the buckling deformation of the exterior shell 
significantly reduced the load-carrying capacity. Mean-
while, the outward buckling of the shell generated 
self-contact and contact with the infill, causing stress 
fluctuations. However, the stress-drop amplitude of the 
pure lattice structure after the elastic stage was small, and 
the yield stage was relatively stable.

Table  7 presents a comparison of the deformation 
modes of the shell BCC filling structure and the pure 
lattice structure. The shell structure has an important 
impact on the deformation mode of the infill structure. 
The shear bands of both the BCC-infilled shell structures 
and pure BCC structures generally expand along their 
diagonals. In addition, the positions of the shear bands 
are different owing to the coupling effect of the exterior 
shell and in-filled lattice.

5 � Conclusions
We investigated the mechanical properties and energy 
absorption of shell structures with a BCC lattice infill by 
AM.

(1)	 Compression tests of the integrated AlSi10Mg addi-
tively manufactured samples demonstrated that the 
strut diameter significantly influences the equiva-
lent Young’s modulus and specific energy absorp-
tion.

(2)	 Two different types of finite element construc-
tion methods were systematically investigated: the 
beam-shell element model and the solid element 
model. Based on a comparison with experimental 
results, the beam-shell element model is found to 
be more appropriate for shell-infill structure mod-
eling for quasi-static analysis in terms of the effec-
tive Young’s modulus and SEA.

(3)	 The effects of shell thickness were further ana-
lyzed for the effective Young’s modulus and SEA, 
in which the shell thickness contributed largely to 
the effective Young’s modulus. By contrast, the strut 
diameter contributed largely to the SEA.

(4)	 The pure lattice structure was numerically com-
pared with the BCC-filled shell structure, and the 
influence of the shell structure on the mechani-
cal response and deformation mode of the overall 
structure was analyzed. The result shows that the 
shell structure had a significant strengthening effect 
on its overall structure.
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