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Abstract
In modeling lattices, the material flow stress equation, such as the Johnson and Cook (JC) equation, is usually determined 
from the mechanical tests conducted on bulk, relatively large test size specimens which were manufactured using the same 
process parameters with the lattices. However, the flow stresses of struts were shown in several studies to be significantly 
lower than those of large size test specimens. To overcome this discrepancy, a novel approach that combined the strut com-
pression test, the strut double shear test (DST) and the numerical model of the strut DST using the JC equation was proposed. 
The study confirmed that the flow stress determined from the machined bulk tension test specimens overestimated the 
experimental compression stress–strain behavior of a body centered cubic (BCC) Ti6Al4V lattice. The flow stress parameters 
determined from the compression stress–strain curves of the as-printed strut specimens, on the other side, showed the best 
match to the experimental compression stress–strain behavior of the BCC lattice. The fidelity of the determined parameters 
of the JC equation was further verified with the experimental and numerical DSTs. It was also shown that the numerical 
iterations of DST model could be used for the fine-tuning the flow stress parameters.
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1  Introduction

Additive manufacturing (AM) has enabled researchers to 
design, manufacture and test various kinds of structures that 
were not possible previously through conventional tech-
niques. The structured parts obtained from the AM tech-
nique in many cases require less additional post-processing 
steps than their conventional counterparts. The AM pro-
duced parts rely on the layer-by-layer manufacturing tech-
nique in which a design is divided into finite slices which 
are then realized through the melting of powder with a heat 
source. Electron-beam melting (EBM) is a subcategory of 

AM in which the material is melted inside the vacuum cham-
ber with the help of high powered electron beam. The pow-
der–beam interaction results in the melting of the powder 
resulting in a strong bond between the layers. In metallic 
materials, the EBM of lattice structures is mostly focused 
on titanium, aluminum, iron-based alloys and nickel alloys 
[1]. Ti6Al4V (Ti64) is among the widely investigated mate-
rial that provides the best strength-to-weight ratio among 
the alloys currently being produced using EBM technology 
[2, 3]. The microstructure of EBM produced Ti64 is mainly 
composed of the α + β lamellar microstructure, giving it a 
high strength and an elongation to failure [4]. Ti64-based lat-
tices have been reviewed extensively and have applications 
in aerospace, protective equipment, military, automobile, 
etc., where the high strength-to-weight ratio is an important 
prerequisite [5].

One of the most important relations while studying lat-
tices is a power law correlation found between the relative 
density and strength proposed by Gibson and Ashby model 
[6, 7]. Several researchers have investigated the tensile, com-
pressive and fatigue properties of Ti64 lattices and found a 
correlation between the strut size or cell wall thickness to 
the mechanical response [8]. The printing of lattices in the 
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ranges of several micrometers to millimeters often results in 
imperfections in the final produced shape including porosi-
ties, lack of fusion, irregular surface and many others [9]. 
These imperfections have significant effect on the deforma-
tion behavior and energy absorption capacity. Literature 
show that these imperfections can be somehow avoided 
through carefully selecting the process parameters such as 
the melt strategy, layer thickness and energy density [10]. In 
addition, the waviness of the as-designed cylindrical struts 
has also been viewed in a few studies, and it was shown that 
the printing direction has a huge effect on efficiency in terms 
of capturing the full design geometry [11].

In modeling lattice structure (LS), the material consti-
tutive equations including the flow stress and damage are 
usually determined from the mechanical tests conducted 
on bulk, large size test specimens which are manufactured 
using the same process parameters with lattices. However, 
the flow stresses of struts were found significantly lower 
than those of large size bulk test specimens [12–14]. This 
discrepancy may result from the variations in (a) residual 
stresses, (b) microstructures, and (c) surface roughness 
between large and small-size test specimens. To obtain rep-
resentative material models of LSs, micro-tensile and in situ 
micro-tensile tests on individual or multiple struts were fur-
ther applied [15–18]. Another approach is to calibrate the 
numerical models with the experiments [19]. All these are 
noted to increase the physical-testing and computational 
efforts. The challenges encountered when deploying EBM 
lattice structures in real-world robust applications must be 
carefully analyzed and resolved, in addition to manufactur-
ing considerations. The present work aims to address the 
challenges related to the application of EBM produced LSs 
by providing a simple alternative test and numerical method 
that eliminates extensive testing and computational require-
ments by directly testing the struts under compression and 
in a miniaturized double shear test (DST) apparatus. DST’s 
with different test assemblies have been used previously to 

assess the mechanical performance of metals and ceramics 
[20, 21]. A relatively recent study published by Meyer and 
Halle [22] also emphasizes the importance of using shear 
tests in several industrial applications and impact processes. 
They have also pointed out that the DST can be employed 
for the evaluation of flow behavior of the material and can 
be used for higher strain-rate studies [23]. The DST is easy 
to conduct and simulate, resulting in efficient workflow and 
is found to be useful in situations where extensive testing 
equipment or computational devices are not available. In 
this study, the constitutive equation obtained from the indi-
vidual strut compression test was dually verified with the 
DST’s simulations and afterwards were used to simulate the 
mechanical behavior of a bigger lattice. It also explains the 
inaccuracies while obtaining a constitutive equation through 
bulk samples.

2 � Experimental methodology

The body centered cubic (BBC) lattices with face sheets 
were printed in an ARCAM EBM A2X device using Ti64 
ELI Grade 5 spherical powder of 30–110 µm. The strut 
samples for DST were prepared by cutting the struts from 
these as-printed BBC sandwich lattices using a diamond saw 
under continuous flow of water. The EBM process param-
eters used to fabricate the BCC lattices were: the beam speed 
was 40.5 m s−1; the hatch depth was 70 µm; scanning layer 
thickness was 90 µm; the scan speed was 4530 mm s−1; the 
hatch distance was 200 µm and the pre-heat temperature was 
700 °C. A straight contour of scanning was used for print-
ing the samples. The face sheets on both the top and bottom 
of the sandwich BCC design were 1 mm in thickness and 
the building direction is parallel to the face sheets as seen 
in Fig. 1. The lattices had 5 × 5 × 5 cells (total 125 cells) 
with a cell length of 10 mm and strut thickness of 1 mm. 
Bulk cylindrical samples in 10 mm diameter and 80 mm in 

Fig. 1   The pictures of the fab-
ricated BCC sandwich lattices, 
building direction and dimen-
sions of the cells and face sheets
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length (building direction through the long axis) were also 
fabricated using the same process parameters with the lattice 
to determine bulk specimen material flow stress model by 
performing tension tests.

The mechanical tests on the machined bulk tension 
specimens, as-received BCC lattices and cut–strut speci-
mens were conducted in a Shimadzu 300 kN test machine 
with a video extensometer attachment. The larger tension 
specimens were in 20 mm in gage length and 5 mm in gage 
diameter as depicted in Fig. 2a. Smaller size machined speci-
mens, 14 mm in gage length and 2.5 mm in gage diameter, 
were also tested to the see the specimen size effect. The 
compression load was applied to the upper face sheet of the 
BCC lattices as seen in Fig. 2b. The micro-scale compres-
sion tests were employed on small-size cylindrical struts, 
1 mm in diameter and 1.5 mm in length, to find the consti-
tutive equations (Fig. 2c). These strut specimens were cut 
again from the as-received BCC lattice sandwich structures 
for DSTs. In tension and compression tests, the strain rate 
was 1 × 10–3 s−1. The pictures and technical drawings of DST 
apparatus are shown in Fig. 3a–d. The parts of the apparatus 
were machined from a tool steel according to the military 
standard (MIL-STD-1312-13/NASM 1312-12). The appa-
ratus is composed of two parts: the upper moving part and 
the bottom stationary part (Fig. 3a). The compression load 
is applied from the upper part and the strut is placed to the 
bottom part as seen in Fig. 3b. The diameter of the strut 
specimen is 1 mm and the length is 6.67 mm. The load is 
applied from the upper part while the bottom part remains 
stationary. The applied force until about shear failure of the 
test specimen was recorded and the displacement was meas-
ured both from the machine stroke and using a video exten-
someter. The height and width of the bottom stationary part 
and upper part are 10 mm (Fig. 3c and d) and the lower end 
of the upper part moves freely in the bottom part (1.9 mm). 
The cross-head speed was 0.035 mm s−1.

3 � Numerical simulations

The compression of the BCC lattice and DST on the strut 
specimens were modeled using the Johnson–Cook (JC) flow 
stress and damage model. The flow stress �y in the JC flow 
stress model is [24]:

where A , B , n , c , and m are sequentially the yield stress, 
hardening modulus, strain hardening coefficient, strain rate 
sensitivity and thermal softening parameters,𝜀∗ =

(

𝜀̇ep

𝜀̇0

)

; 
where �ep , 𝜀̇ep and 𝜀̇0 are sequentially the equivalent plastic 
strain, strain rate and reference strain rate; T∗ =

(

T−Tr

Tm−Tr

)

; 
where T  is the temperature, Tm is the melting temperature, 
and Tr is the reference or room temperature. The plastic 
strain at fracture (�pf  ) in the JC damage model is [25]:

where D1–D5 are the parameters determined experimentally 
and �∗ is the stress triaxiality, which is �h

�e
 ; where �h is the 

hydrostatic stress and �e is the equivalent stress. The damage 
model parameters used in the lattice deformation and DST 
models in the present study were taken from a similar EBM-
Ti64 alloy given in the reference [14]: D1 = 0.1, D2 = 0.142 
and D3 = 1.5. These damage parameters at the reference 
strain rate of 1 × 10–3 s−1 and the reference temperature of 
25 °C were shown to well present the failure of the BCC 
lattices with 2 mm strut diameter.

Commercial software LS-DYNA was used to simulate 
quasi-static (1 × 10–3  s−1) compression tests of lattices. 
Figure 4 shows the 125-cell (5-cells/edge) of the compres-
sion model. The moving and stationary plates were mod-
eled with constant stress solid elements of the material 
definition (E = 210 GPa, = 7800 kg m−3, and the Poisson’s 
ratio = 0.33). One-point nodal pressure tetrahedral elements 
(solid 164) were used to model the struts and face sheets. 
The mesh size was determined 0.25 mm size after a detailed 
mesh sensitivity analysis. The hourglass rigidity definition 

(1)𝜎y =

(

A + B𝜀n
ep

)

[

1 + cIn
(

𝜀∗
)][

1 − (T∗)
m
]

,

(2)𝜀pf =
[

D1 + D2e
D3𝜎

∗][

1 + D4ln(
̇𝜀∗)
][

1 + D5T
∗
]

,

Fig. 2   The pictures of a larger 
bulk tension (dimensions in 
mm), b BCC lattice and cs 
small-size strut compression 
test specimen
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of Flanagan–Belytschko was used. The contact was defined 
as SINGLE_SURFACE_CONTACT for the struts (Contact 
1 in Fig. 4), while the SURFACE_TO_SURFACE_CON-
TACT was defined for rigid compression platens and lattices 
(Contact 2 in Fig. 4). The distinct features such as the cell 
edge where struts meet, cell surface edge and the cell surface 
face sheets corner can also be seen in the figure. Significant 
mass scaling was required to achieve a correct solution in 
less time. The coefficients of static dynamic friction were 
0.3 and 0.2, respectively.

The model of the DST apparatus with a strut specimen is 
shown in Fig. 5. The upper moving parts and bottom station-
ary part were modeled using approximately 0.3 million con-
stant stiff solid elements (E = 210 GPa, = 7800 kg m−3, and 
Poisson’s ratio = 0.33). A fine mesh is used near the contact 
of specimen and rigid parts as seen in Fig. 5. The speci-
men 6.67 mm in length and 1 mm in diameter was modeled 
using 42,000 elements with a mesh size of 0.035 mm. The 
contact between specimen and steel apparatus was defined 

Fig. 3   The pictures of DST 
apparatus: a upper and bottom 
part and b bottom part with a 
strut specimen and the techni-
cal drawings and dimensions 
(in mm) of c the bottom and d 
upper part

Fig. 4   Lattice compression test model
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by the SURFACE_TO_SURFACE_CONTACT. The veloc-
ity of the upper moving part in the model was the same as 
the tests. The static and dynamic friction coefficients values 
remained unchanged.

4 � Results and discussion

Figure 6a shows the surface quality of the as-built strut 
and the front view of the as-built lattices with face sheets. 
Partially melted powder particles can be seen attached to 
the surface as marked in Fig. 6b. As the lattice sample 
is being built inside the chamber, the struts are not only 
inclined (overhanging) at an angle to the build direction, 
but they are also moving inwards and outwards from the 

Fig. 5   DST model

Fig. 6   A picture of a BCC lattice, b cell edge corner and c strut cross-section
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viewing plane making it difficult for the printer to follow 
the contours perfectly which results in a rough surface. 
Also, it has been shown in previous research that the print-
ing of thin features always results in imperfections as the 
mass error (with as-designed CAD design) keeps increas-
ing moving from bigger diameter cylinders to smaller 
ones [26]. From the polished cross-section of a strut, it 
becomes evident that the as-built design is far from the 
as-designed CAD geometry with pointy corners and pro-
trusion of the partially melted powder particles attached 
to the surface. Figure 6c shows the thickness of the strut 
from the cross section as in some areas the 1 mm designed 
strut is reduced to 725 μm with the pores inside as also 
seen in previous studies [26]. The presence of cracks or 
porosities inside or at the surface result in the deteriora-
tion of mechanical performance. For an elliptical pore, 
the maximum stress at the tip ( �max)-Inglis solution 1913 
[27], is given as:

Here, ρ is the radius of curvature and a is the radius of the 
pore of the tip of porosity and σ is the uniform tensile stress. 
The ratio 

√

a

�
 plays a crucial role as the ellipse becomes 

more elongated resulting in a higher maximum stress. The 
addition of such porosities and irregularities significantly 
reduces the mechanical properties especially the energy 
absorption of lattice as most of the struts when loaded, go 
through a mix of tensile, compression and shear failure. In 
addition, surface roughness, especially with sharp features 
at short distances, leads to stress concentrations. These stress 
concentrations can initiate cracks and plastic deformation, 
reducing the mechanical strength [28]. Studies also show 
that the overhanging designs result in porosities inside the 
structure which coalescence with the surface features result-
ing in reduced mechanical performance [29]. All these fac-
tors point to a fact that the thick sectioned printed samples 

(3)�max = �

(

1 + 2

√

a

�

)

.

cannot effectively represent the mechanical performance of 
a lattice structure having thin-walled cylinders [14].

The quasi-static tensile engineering tensile stress–strain 
and true stress–true plastic strain curves of the larger and 
smaller size specimens are shown in Fig. 7a and b, respec-
tively. The larger size specimens (5 mm in gage diameter) 
exhibit higher flow stresses than those of the smaller size 
specimens (2.5 mm in gage diameter). The yield strengths 
of 5 mm and 2.5 mm size specimens are 1000 and 870 MPa 
and the ultimate tensile strengths 1115 and 1000 MPa on the 
average, respectively. The determined JC parameters of A, 
B and n are also tabulated in Fig. 7b. The strut compression 
true stress–plastic true strain curves and the fitted JC param-
eters are further shown in Fig. 7b for comparison. The yield 
strength of the strut is lower than those of the 2.5- and 5-mm 
diameter tension specimens. These results clearly indicate 
that as the diameter of the test specimen decreases the flow 
stress parameters A and B also decrease.

The experimental (3 tests) and numerical force–displace-
ment curves of DST are shown in Fig. 8a. As is noted in the 
same figure that experimental and numerical strut samples 
show yielding before shear failure. The experimental test 
samples also show significant variations in the force values 
after yielding but if we compare the results of flow stress 
obtained from the strut compression, it is closer to the exper-
iments whereas the 5 mm and 2.5 mm diameter tension test 
specimens yields higher forces than the experimental force 
values. It was also noted that the experimental and numeri-
cal DST samples fail almost at a similar final strain, ~0.11. 
This also proves the validity of the used damage model 
(D1 = 0.1, D2 = 0.142, D3 = −1.5). The constitutive equations 
obtained from the bigger and smaller sized bulk specimen 
also show an over estimation in the overall material strength 
and overlook the irregularities on the surface of the as-built 
samples. After the numerical and experimental validation of 
the constitutive equation on a single strut, the constitutive 
model was tested for the bigger 5 × 5 × 5 BCC lattice. Fig-
ure 8b shows the experimental and numerical compression 

Fig. 7   The quasi-static a 
engineering tensile stress–strain 
curves of larger and smaller 
specimens and b true stress–
true plastic strain tensile curves 
of the larger and smaller size 
specimens and true stress–true 
plastic strain compression curve 
of strut
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stress–strain graphs of the BCC lattices. The JC flow stress 
equations parameters determined from the smaller and big-
ger bulk specimens overestimate the stress values of the 
experimental tests as seen in the previous tests. The strut 
compression (DST verified) model showed a comparable 
stress behavior to the experimental stresses (peaks and val-
leys). Mechanical properties comparison of different models 

and their difference with the experiments are tabulated in 
Table 1. The DST verified model shows a 7% difference 
with the first peak stress as compared to 22.4% and 28.5% 
of the smaller and larger bulk JC models, respectively. The 
differences in densification strain �D and energy absorbed 
(EA) of DST and experiments are also the smallest as shown 
in Fig. 9.

To view how the specimen is shearing is also important as 
it affects the equivalent stress. Figure 10 shows the numeri-
cal DST deformation profile of the strut. The strut shows 
perfect (pure) shear from both sides with a relatively brittle 
failure. The strut shears at both sides simultaneously. Table 2 
compares the experimental and numerical deformation pic-
tures of the BCC lattice compression at different strains 
(%). Despite the differences in the stress values, each model 
shows a good match to the experiments in the deformation/
crushing profile which can be due to the similar damage 
parameters as dictated by the JC model. A strut diagonal 
shearing (V-shape) prevails initially and then followed by the 
X-shape which can be seen in both experiments and numeri-
cal simulations. Inside the formed shear bands, the broken 
struts are seen, proving the brittle type of the failures of the 
studied BCC lattices.  

An interesting thing to note here is that even though the 
material, printing conditions, apparatus and powder sizes 
were similar, a difference in the constitutive equation was 
seen going from larger bulk samples to 1 mm. The results 
shown here are backed by several studies proving that the 
flow stress of a material changes when the thickness of the 

Fig. 8   Experimental and 
numerical a strut DST force–
displacement curves and b 
lattice compression stress–strain 
curves

Fig. 9   Energy absorption comparison (experiments vs numerical 
models)

Table 1   Comparison of 
mechanical properties of 
different flow stress models

Material model  1 st peak stress  1 st peak stress% diff to 
experiments

Densification 
strain �

D

EA (J)

Experiments average 2.12 MPa - 0.667 189.32
Big bulk model 2.95 MPa 28.5 0.721 308.86
Small bulk model 2.72 MPa 22.4 0.659 270.29
DST model 2.27 MPa 7 0.679 204.51
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thin-walled strut is decreased but the failure pattern remains 
similar as also seen in Fig. 7b where the A and B values 
have effectively reduced [30]. It is also an understandable 
fact that the effect of stress decrease on a 1 mm strut would 
be higher than that of the bulk dog-bone sample because of 
the irregularities on the surface of EBM built samples are in 
the range of 150–300 μm which effectively is a significant 
portion of the 1 mm strut structure.

The present results also show that compressing the as-
printed strut specimens well estimates the flow stress behav-
ior of the BCC lattices. This is further verified with the DST 
and DST numerical models. A further model parameter 
adjustment can also be made by the iterations of the flow 
stress parameters using the DST model in the numerical 

software. It should also be noted that the compression test-
ing of struts may be difficult for very small diameter struts 
(1.5 mm height and 0.5 mm radius). In this case, the results 
of the DST can be iterated for the parameter that provides a 
best match to the experimental force–displacement curves 
of the DST.

5 � Conclusions

A novel approach that combined the strut compression 
test, the strut DST and the numerical model of the strut 
DST using the JC equation was proposed. The approach 

Table 2   Deformation profile comparison of different models to the experiments

Strain Experiment DST model Smaller specimen model Bigger specimen Model

0.01

0.15

0.25

0.4
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eliminated the use of bulk test specimens to extract the 
flow stress behavior of the BCC lattices under compres-
sion. The following were concluded:

The flow stresses determined from the machined bulk 
tension test specimens overestimated the BCC lattice 
compression stress–strain behavior. This was ascribed 
to the size-dependent mechanical response of the EBM 
specimens.

•	 Compression testing the as-printed strut specimens, 
on the other hand, showed the best estimation of the 
flow stress behavior of the compression tested BCC 
lattice which was also verified with the experimental 
and numerical DST.

•	 The DST numerical model and the experimental test 
results could be used for fine-tuning the flow stress 
model parameters through numerical iterations.
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