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Abstract: In this paper, the compression behavior of a triply minimal periodic surface (Shwartz
Diamond) fabricated by selective laser melting (SLM) under different loading rates was studied. A
quasi-static strain rate of 2.22 × 10−3/s was tested using a universal testing machine, and a strain
rate of 650/s was tested by Hopkinson pressure bar (SHPB). The results showed that the yield stress
of all structures increased under dynamic load, and the DIF of sheet structure was higher than that of
the skeleton structure, among which the DIF of GSHD was the largest and most sensitive to strain
rate. However, the normalized SEA of USHD was the highest.

Keywords: diamond structure; compression; strain rate; specific energy absorption

1. Introduction

With the increasing maturity of additive manufacturing technology, lattice structures
with a triply periodic minimal surface (TPMS) can be fabricated to further their applications
in lightweight [1], filtration [2], energy absorption [3], and Bio-implants [4]. Researchers
usually use selective laser melting (SLM) and electron beam melting (EBM) to prepare
lattice structures, including truss structures [5–8] and TPMS structures [9–12] due to their
high fabrication accuracy. TPMS structures have a clean mathematical representation and
a very convenient gradient design process. Their advantages are having a continuous
topology that can avoid stress concentration and have good mechanical properties, and
having a surface with zero mean curvature that is similar to natural structures (e.g., porous
bone) and thus excellent bionic properties. The commonly used TPMS structures such as
Primitive, Diamond and Gyroid structures have attracted researchers’ interest. Researchers
have found that the gradient structure exhibited superior energy absorption capacity, larger
strain before densification, and significantly different deformation behavior compared
to the uniform structure. Yang et al. [13] investigated the effect of loading direction on
the compressive properties of gradient Gyroid structures and developed a mathematical
model to predict the mechanical properties of gradient structures. The gradient skeletal
Gyroid structure had a greater initial densification strain, and the energy absorption
was greater than that of the uniform skeletal structure. Additionally, the deformation
behavior of the gradient structure changed with a changing loading direction. Liu et al. [9]
investigated the deformation behavior of gradient cell-size Diamond and Gyroid, and the
results showed that 45 shear damage occurred first to the larger cell. Zhang et al. [14]
investigated energy absorption characteristics and established energy absorption diagrams
of three 316L sheet TPMS structures under compressive loading using experiments and
finite element simulations. The results showed that Diamond structures exhibited better
mechanical properties and energy-absorption capabilities. Therefore, it was necessary
to study the mechanical behavior and deformation mechanism of gradient sheet with a
Diamond structure.
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The dynamic compression behavior of porous materials was very important when
they were used for energy absorption, intrusion resistance and blast protection [15]. The
dynamic compression behavior of foams has been thoroughly investigated by researchers.
Deshpande et al. [16] investigated the high strain rate compression behavior of two foams
(Alulight and Duocel) and showed that the platform stress and densification strain were
independent of the strain rate but were sensitive to the relative density. However, the
results of ALPORAS aluminum foam showed a high strain-rate sensitivity for platform
stresses. Duarte et al. [17] reduced the high dispersion of mechanical properties caused by
structural defects by adding a skin to the aluminum foam surface and found that the foam
density and pore size distribution have a significant effect on the mechanical properties of
the foam cubes. Mukai et al. [18] showed that the yield stress of ALPORAS aluminum foam
exhibited significant strain rate sensitivity and the per-unit volume energy absorption was
50% higher at high strain rates than at quasi-static rates. Ozdemir et al. [19] showed that
the lattice structure was able to diffuse the impact load and reduce the peak impact stress
in time. Novak et al. [10] investigated four common 316L uniform sheet TPMS structures
and found that the platform stress of Diamond structure was the largest under quasi-static
and dynamic loading. However, strain rate hardening caused an increase in platform stress
and specific energy absorption. Yin et al. [20] investigated the crushing behavior of four
316L sheet TPMS structures under dynamic loading using experiments and finite element
simulations, and the results showed that the specific energy absorption, average crushing
force, and peak crushing force of all structures increased with the increase in shell thickness.
TPMS structures had a continuous surface, which was accompanied by energy absorption
during surface deformation and therefore had superior energy absorption performance.

Steel is one of the most widely used metallic materials due to its superior mechani-
cal properties, such as corrosion resistance, compression hardening and high strain rate
sensitivity. Park et al.’s results [21,22] showed that ellipsoidal pores inside the foam led to
anisotropy of stainless steel foam, the yield strength of foam steel was sensitive to strain
rate at higher strain rates, and the corrugation of cell walls in foam steel changed the
dependence on the density. A study by Zong et al. [23] showed that the impact toughness
of SLM-prepared 316L stainless steel cross-section was 62.69% higher than that of the
longitudinal section due to lower tough-brittle transition temperature by grain refinement
perpendicular to the building direction. A study by Cao et al. [24] showed that the SLM-
prepared rhombic dodecahedron 316L lattice structure had a higher compressive strength,
platform stress and specific energy. Additionally, the mechanical properties had a certain
dependence on the strain rate. The porous structure might be subjected to impact load or
explosion load, and the mechanical behavior and deformation behavior under a dynamic
load were more complex. However, the dynamic compression characteristics of TPMS
structures manufactured by additive manufacturing were less studied. Additionally, the
reason for stress enhancement and deformation mechanism of TPMS structures under
dynamic load was not clear, especially for skeleton-based TPMS and gradient TPMS struc-
tures. Therefore, it was necessary to study the properties of skeleton-based TPMS and
gradient TPMS structures under dynamic loading.

Therefore, this paper discusses the mechanical properties of SLM-manufactured 316L
gradient sheet Diamond (GSHD), gradient skeletal Diamond (GSKD), uniform sheet Dia-
mond (USHD), and uniform skeletal Diamond (USKD) structures under nominal strain
rates ranging from 2.22 × 10−3/s to 650/s. Additionally, dynamic performance was tested
using the split Hopkinson pressure bar (SHPB).

2. Materials and Methods
2.1. TPMS Lattice Structure Design

In this work, we used MATLAB 2019a, which has strong programming and plotting
capabilities, to generate Diamond-equivalent surface cells described by mathematical
expressions as shown in Equation (1). The STL format of the solid model can be generated
in Materialise magic 22.0 by complementing, thickening, intersecting, and aggregating the



Crystals 2022, 12, 447 3 of 10

Diamond equivalent surface. We designed a total of four structures, namely uniform sheet
diamond (USHD) structure, uniform skeletal diamond (USKD) structure, gradient sheet
diamond (GSHD) structure, and gradient skeletal diamond (GSKD) structure, as shown
in Figure 1. USHD and USKD structures were composed of 5 mm × 5 mm × 5 mm unit
cells arrayed three times in x-, y-, and z-directions to obtain the total structure size. The
relative density of GSHD and GSKD unit cells varied uniformly in the z-direction, and
GSHD and GSKD structures with relative density ranging from 30% at the top to 10% at
the bottom were designed. GSHD is obtained by subtracting USKD with a relative density
of 10% from GSKD with a relative density of 40–20%, and USHD is obtained by subtracting
USKD with relative density of 40% from USKD with relative density of 20%. In order to
keep the relative densities of the four structures consistent, the relative densities of uniform
sheet diamond (USHD) and uniform skeletal diamond (USKD) were both 20%.

D(x, y, z) = sin 2πx
Lx

sin 2πy
Ly

sin 2πz
Lz

+ sin 2πx
Lx

cos 2πz
Ly

cos 2πz
Lz

+

cos 2πx
Lx

sin 2πy
Ly

+ cos 2πz
Lz

+ cos 2πx
Lx

cos 2πy
Ly

sin 2πz
Lz

= C
(1)

where C is the value of the equation controlling the position of the equivalence surface, and
Lx, Ly, and Lz are the unit length values in the x-, y-, and z-directions, respectively.
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Figure 1. Front view of the four designed Diamond structures.

2.2. Diamond Structure Prepared by SLM

Diamond lattice structure samples were prepared from 316L powder of AVIMETAL
AM. The chemical composition of 316L powder is shown in Table 1. As analyzed by
Mastersizzer (S3500, Microtrac, Osaka, Japan), its particle size distribution ranged from
20.91 µm (D10) to 56.62 µm (D90), with an average particle size of 33.71 µm, as shown
in Figure 2. Samples of 316L of Diamond porous structures were fabricated by EP-M150
(E-PLUS 3D, Beijing, China) in a building chamber of Φ150 × 150 mm2. The SLM system
was equipped with a maximum power of 500 W water-cooled fiber laser with a beam
diameter of 70 µm. The specimens were manufactured on 304 substrates. The SLM process
parameters were as follows: laser power 185 W, layer thickness 30 µm, hatch forming 110,
hatch type rotation 10◦–352◦–19◦–344◦–31◦–326◦–43◦–315◦, and scanning speed 620 mm/s.
The SLM process was carried out in high-purity argon gas to avoid oxygen contamination
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(O2 ≤ 100 ppm). These parameters were given by the equipment manufacturer to obtain the
highest density and low concentration of surface defects (e.g., spherification). Subsequently,
the fabricated samples, shown in Figure 3a, were removed from the substrate by electric
discharge machining (EDM) followed by ultrasonic cleaning with pure ethanol to remove
the powder from the sample pores and impurities left on the sample surface after EDM
cutting. A SU5000 (Hitachi, Tokyo, Japan) SEM was used to characterize the microstructure
of the 316L Diamond structure. Figure 3b shows the front view of a strut node, in which
incomplete melting of powder and significant step effect were evident. This was mainly
caused by the rapid transition of the Diamond structure at the node. The microstructure
of GSKD structure contained honeycombed grains with a size of about 1 µm, as shown
in Figure 3c. In general, the smaller the grain size, the higher the strength of the material.
Therefore, the strength of the Diamond structure prepared this time was relatively high.

Table 1. Chemical composition of 316L.

Alloying
Element Fe Cr Ni Mo Mn Si P S C O

Wt (%) bal 17.16 12.2 2.71 1.45 0.56 0.01 0.008 0.022 ≤0.07
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2.3. Mechanical Properties Experiments

Uniaxial compression tests were carried out on CMT5101 Electronic Universal Testing
Machine (MTS, Eden Prairie, USA) at room temperature with a speed of 2 mm/min.
Additionally, the loading direction was opposite to the construction direction. The dynamic
compression test was performed using a split Hopkinson compression bar as shown in
Figure 4. The lengths of the bullet, incident rod, transmission rod, and absorption rod
used in this test were 500 mm, 2500 mm, 2500 mm, and 1000 mm, respectively, all with
a diameter of 37 mm. The two strain gauges used to collect and output signals were
located at 1250 mm from the test-incident–rod interface and the projection-rod–sample
interface, respectively, as shown in Figure 4. Additionally, the construction direction of
the sample was opposite to the impact direction. The strain gauges collected the incident
stress wave and the transmission wave signal. The signals were processed and amplified
by the dynamic strain test device and then recorded and displayed on the computer. The
mechanical properties of the impacted dotted structure were measured at strain rate of
650/s. The relevant mechanical derivation was as follows.

ε(t) =
2C0

l0

∫ t

0
εr(t)dt (2)

.
ε(t) =

2C0

l0
εr(t) (3)

σ(t) = − AE
A0

εt(t) (4)



Crystals 2022, 12, 447 6 of 10

where εr(t) and εt(t) are the obtained reflected and transmitted waves, respectively. E, A,
and C0 are the modulus of elasticity, cross-sectional area and wave velocity (5050 m/s)
of the steel rod, respectively. A0 and l0 are the initial surface area and length of the
specimen, respectively.
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According to the standard IOS 13314:2011, the yield strength was the stress corre-
sponding to 0.2% plastic deformation in the quasi-static experiments, and the dynamic
experiments all show significant yielding with the initial peak stress as the yield strength.
The energy absorption capacity of the structure was assessed using the specific energy
absorption (SEA) [20,25,26], which is defined as follows.

SEA =
W
ρ

(5)

W =
∫ ε

0
σ(ε)dε (6)

where W is the energy absorbed per unit volume, ρ is the density of the 316L stainless steel,
σ is the stress, and ε is the strain.

3. Results and Discussion

In order to reduce the effect of signal fluctuations, the stress–strain curves at nom-
inal strain rates of 650/s were obtained by smoothing the obtained incident wave with
170 points, as shown in Figure 5. Unfortunately, the densification of the lattice structures
was not seen due to the low dynamic loading speed.
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It can be seen from Figures 5 and 6 that, at nominal strain rates of 650/s, all four
structures exhibited significant yielding and stress drop, while under quasi-static loading,
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only the GSKD structure experienced a stress drop. This might be due to the strain rate
effect of the structure. The strain-hardening properties of the 316L substrate led to an
overall rise in stress after a stress drop. In the work of Li et al. [25], the Gyroid structure
also showed a stress drop in the SHPB experiment. Saremian et al. [27] suggest that the
reflection of stress waves within the cell structure caused slight fluctuations after the stress
drop. The energy absorption–strain curve under dynamic load was closer to a straight
line, excluding a GSKD structure. However, the energy absorption–strain curve under
quasi-static load was closer to a parabola. This might be mainly caused by strain rate effect.
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Wang [28] defined a dimensionless parameter-stress drop factor λ to quantify the
degree of stress drop, i.e., λ = ∆σ/σd, where ∆σ is the interpolation of the initial stress
peak and valley and σd is the initial stress peak. The corresponding stress drop factors of
the dotted structure under different velocity loading can be obtained in Table 2, and it can
be clearly seen that the GSHD structure had the smallest stress drop factor of 0.06 and the
GSKD structure had the largest of 0.65. This was mainly due to the fact that the GSKD had
the lowest relative density, where the deformation occurred first and was more difficult to
contact with the adjacent parts’ site.

Table 2. Stress drop factor and dynamic increase factor of the lattice structures.

Structure GSKD GSHD USKD USHD

Dynamic
increase factor

(DIF)
0.38 0.98 0.60 0.84

Stress drop
factor (λ) 0.65 0.06 0.22 0.13

There were four main reasons recognized by researchers for strain rate sensitivity [29,30]:
the sensitivity of the matrix material itself to strain rate, the local deformation of the
structure, inertial effects, the action of gases within the closed-cell foam, and the magnitude
of the strain rate. Dynamic increase factor (DIF, the ratio of the difference between dynamic
and static collapse strength to static collapse strength) was one of the important parameters
to measure whether the material was sensitive to strain rate. The Dynamic increase factor
of the four structures are given in Table 2, and it can be clearly seen that the GSHD structure
had the largest value of stress enhancement factor (0.98) and the highest sensitivity to
strain rate. Similarly, the GSKD structure has the lowest sensitivity to strain rate. This was
mainly due to the different material distribution characteristics of the four structures and
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unique stress-distribution law. A study by Yin et al. [20] showed that the shell thickness
had a significant effect on the performance of TPMS structures under dynamic loading. In
addition, the air in our added protective casing contributed to the strain rate sensitivity of
the structure.

Previous studies have shown that TPMS structures exhibit excellent performance in
terms of energy absorption. The results of Novak et al. [10] showed that sheet Diamond
structures of the same relative density exhibit the highest energy absorption due to their
extremely high plateau stress. In our quasi-static experiments, the SEA of the USHD
structure was 5.42 J/g. However, the initial densification strain was not reached due to the
short loading time of the SHPB experiment. We analyzed the energy absorption of the four
structures at ε = 0.03 and ε = 0.08, as shown in Figure 7. Interestingly, the SEA of USHD
was lower than that of GSHD at quasi-static loading at ε = 0.03; however, the opposite
result was exhibited under dynamic loading. This was mainly due to the stress fluctuations
under dynamic loading. As shown in Figure 8, all SEAs are normalized by corresponding
quasi-static SEAs. The normalized SEA of the USHD structure was the largest, and that of
GSKD was the smallest. This was mainly due to the higher stresses in the USHD structure.
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4. Conclusions

In this paper, four Diamond lattice structures with different material distributions were
prepared using a selective laser melting technique. The mechanical behavior of gradient
structure under quasi-static and dynamic loads was studied and compared with that of
uniform structure. The following conclusions were made.

1. When the strain rate was 650/s, all structures showed a stress drop, and the stress
drop factor of GSKD structure was the largest, mainly because the relative density
of GSKD at the beginning of deformation was the lowest and it took a long time to
contact the adjacent parts.

2. At nominal strain rates of 650/s, the DIF of sheet structures was higher than that of
the skeleton structure, and the DIF of GSHD structure was the largest, reaching 0.98,
which was the most sensitive to strain rate. Additionally, the USHD structure showed
the best energy absorption capability.

3. After the corresponding static SEA normalization, SEA showed different rules at
ε = 0.03 and ε = 0.08, which was mainly caused by the different structural stiffness.
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