
ORIGINAL ARTICLE

Quasi-static analysis of mechanical properties of Ti6Al4V lattice
structures manufactured using selective laser melting

Qixiang Feng1 & Qian Tang1 & Ying Liu2
& Rossi Setchi2 & Shwe Soe2 & Shuai Ma1 &

Long Bai1

Received: 17 January 2017 /Accepted: 8 August 2017 /Published online: 7 September 2017
# Springer-Verlag London Ltd. 2017

Abstract Selective laser melting (SLM) is a transformative
manufacturing process due to its ability to manufacture com-
plex metal parts directly from various bulk powders. With the
capability of reducing powder consumption and decreasing
fabrication times, lattice structures, which are used as infilling
materials within hollow parts, offer an effective solution for
decreasing the high costs that currently impede the wider ap-
plication of SLM in various industries. The assessment of
mechanical properties of SLM-built lattice structures, howev-
er, remain challenging due to their complicated geometries,
while pursuing experimental studies proves to be time-
consuming due to the requirement of numerous part fabrica-
tion and physical testing. To address these research chal-
lenges, this study proposes an analytical modelling approach
conducting quasi-static analysis on Ti6Al4V (Ti64) lattice
structures. In order to investigate the structures’ mechanical
properties, dynamic balance equation of the structures under
compression loads were first established, and the stress distri-
bution of the structures was calculated explicitly using central
difference method. The modelling approach was validated by
conducting uniaxial compression tests on samples fabricated
using SLM. The experiments showed that the equivalent elas-
tic modulus (E*) and the ultimate stress (UTS) values of the
Ti64 structures predicted by the analytical method were in
good agreement with the experimental results. The paper also
discusses the design principles of SLM-built lattice structures

(mainly the selection of proper topologies and relative densi-
ties) and examines the necessity and flexibility of the pro-
posed analytical approach compared with conventional theo-
retical methods and their experimental studies in the context of
SLM process.
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1 Introduction

Complex metallic parts fabricated using selective laser melt-
ing (SLM), has been widely used for various applications in
the aerospace [1] and medical industries [2]. Commercial
SLM systems generally use fibre lasers of 200 W to 1 KW
to selectively melt metal powders layer by layer in a build
chamber filled with nitrogen or argon to prevent an oxidation
reaction from occurring with the metal powders. Laser power,
scanning speed, laser spot diameter, hatching space and layer
thickness are some of the key processing parameters. To guar-
antee the final part’s density, the thickness of each melting
layer is usually set to be in the range of 20–100 μm (as deter-
mined by the laser power) once the bulk powder type is se-
lected. Various bulk materials have been shown to be suitable
for this manufacturing process, including titanium [3, 4], co-
balt chrome alloy [5], aluminium [6, 7], stainless steel [8, 9],
invar [10] and even pure gold [11]. Of the wide range of
powders used in SLM, Ti6Al4V (Ti64) powders have been
successfully applied in fabricating parts with superior proper-
ties such as high strength-to-weight ratio, erosion-resistance
and biocompatibility.

The high cost of SLM processes remains an impediment to
wider industrial implementation of SLM-built Ti64 parts, due
to a high consumption of the powders and the depreciation
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expense of the system. Like other laser-based powder-bed
fusion/melting systems, a SLM process is time-consuming,
since its highest fabrication rate is ~ 100 cm3/h (e.g. EOS M
400-4, an ultra-fast SLM system with four lasers). Today, the
fabrication of dense Ti64 parts at the centimetre scale usually
requires at least 10 h of processing time, thus leading to ex-
travagant depreciation expenses. Because both industry and
academia have long sought to manufacture large Ti64 compo-
nents at the metre scale, it is necessary to explore an effective
solution for lowering powder consumption and decreasing
manufacturing times (and thus costs).

This challenge may be addressed during the Ti64 parts’ de-
sign stage. One advantage of SLM, for instance, is that compo-
nents could be designed to be hollow-like and lightweight using
an infilling method, where the shape is unchanged and the inner
section is in-filled with porous structures [12], if the components
are to be used in low-stress applications. Lattice structures, which
consist of well-organised microscale unit cells, are quite suitable
to be the filled medium for the data-driven SLM process.

Numerous experimental studies have been conducted in
order to better understand the mechanical properties of the
SLM-built Ti64 lattice structures. However, this trial-and-
error approach is expensive, since it requires numerous
SLM-built samples to be printed and tested. In order to
decrease the costs of experimental studies and to better
guide the design of SLM-built Ti64 lattice structures, this
paper hence proposes an analytical modelling approach
for conducting quasi-static analysis on compression be-
haviours of the structures. Since the deformation and
stress distribution of the structures were obtained by solv-
ing explicitly the dynamic balance equation of the com-
pressed structures, which includes complex geometrical
features, large deformation and complicated contact, using
this approach can better ensure that the solution process is
stable and easy to converge.

The remainder of this paper is structured as follows.
Section 2 discusses related works on SLM-built Ti64 lat-
tice structures, Sect. 3 introduces a quasi-static analytical
modelling approach that was applied on two typical lattice
structures, and Sect. 4 presents quasi-static tensile and
compression experiments in order to verify the feasibility
of the proposed method. Sections 5 presents an analysis of
the results and a discussion of the study. The final section
includes conclusions and discusses opportunities for fur-
ther research.

2 Related works

This section reviews relevant research on SLM-built Ti64 lat-
tice structures, with a particular focus on the SLM process and
the methods used to predict mechanical properties of metallic
lattice structures.

2.1 The SLM process used for Ti64 lattice structures

Metallic lattice structures have been manufactured using con-
ventional manufacturing processes such as casting [13–15];
however, these conventional processes have certain draw-
backs. First, they require various complicated and time-
consuming procedures, and the geometrical features and
unit-cell sizes are both limited [16]. Second, because conven-
tional processes require metallic materials with good manu-
facturability, it is difficult to fabricate Ti64 lattice structures
under these conditions. In contrast, metal additivemanufactur-
ing (AM) processes, such as powder-feed AM (e.g. the robot-
ized laser-based metal AM [17]), electron beam melting
(EBM) [18] and selective laser melting (SLM), allow the fab-
rication of Ti64 lattice structures in relatively short times (thus
saving on costs) and at the micrometre scale. SLM and EBM
are powder-bed system, loose powders supporting melting
parts during a fabrication process, and hence, SLM and
EBM can manufacture complex 3D porous structures, while
it is difficult to fabricate these structures using powder-feed
AM processes due to a lack of effective supporting structures.
Meanwhile, when fabricating Ti64 parts, SLM-produced sam-
ples exhibit better surface accuracy, higher tensile strength and
higher fatigue limit than EBM-produced samples [19].
Therefore, these SLM-built Ti64 microstructures are widely
used to design bone substitutes in biomedical studies, for ex-
ample, due to these structures’ modulus-matching abilities
with peripheral tissues [20], good bioactivity after proper
surface-treatment procedures [21] and adequate fatigue be-
haviour in vivo environments [22, 23].

SLM-built Ti64 parts also exhibit several unique mechan-
ical properties compared with their counterparts fabricated by
traditional means. The rapid-heating-and-cooling manufactur-
ing process induces martensitic α′ microstructures in as-
produced Ti64 parts [24], which leads to a high elastic mod-
ulus in excess of 900 MPa within SLM-built dense Ti64 parts
[25]. As a consequence, the as-produced Ti64 lattice struc-
tures provide high strength, thus providing superior light-
weight properties compared to their SLM-built stainless-steel
counterparts.

Ti64 lattice structures exhibit brittle behaviour when frac-
ture analysis is conducted [25], which suggests that the Ti64
structures are suitable in supporting applications. In addition,
the mechanical properties of Ti64 structures are dependent on
the build orientation [26]. In order to fabricate Ti64 structures
that are free from obvious pores and stratification, the process
parameters must be optimised, similarly to the measurements
conducted with dense Ti64 parts [27]. In addition, because
bulk powders easily adhere to the adjacent melting pools dur-
ing the manufacturing process, rough surfaces and geometric
discrepancies between computer-aided design (CAD) models
and as-produced parts are engendered [28], such as uneven
geometrical and mechanical properties along the struts of Ti64

2302 Int J Adv Manuf Technol (2018) 94:2301–2313



structures [29]. This geometric discrepancy between CAD
models and as-produced structures can be minimised by con-
trolling the process parameters to decrease the adhered pow-
ders on struts [30, 31], or by modifying the design sizes of the
CAD models according to the images obtained by use of a
micro-CT-based design method [32].

2.2 Prediction of the mechanical properties of SLM-built
lattice structures

Mechanical properties of Ti64 lattice structures built using
SLM can be accurately assessed using experimental study
[33]. However, the necessity for repeated tests when
conducting experimental studies leads to high manufacturing
costs. Therefore, there is a need to conduct a theoretical anal-
ysis or analytical simulations prior to conducting expensive
sample tests. Common theoretical methods treat the strut as an
Euler-Bournelli or Timoshenko beam and estimate the struc-
ture’s mechanical properties based on the deformation of unit
cells when the structure undergoes a stress condition [34–36].
However, this approximation method cannot provide detailed
stress-distribution characteristic at joints and constraints.
This method also requires the use of structures with good
symmetrical properties at the strut level, such as body-
centred cubic (BCC)-type and diamond-type structures.
Additionally, this method states that the structure needs to
be homogeneous in nature consisting of straight struts only,
and as a consequence, it is impractical to analyse more com-
plicated structures consisting of curved struts (such as is the
case with gyroid-type structures) [37] or the variable-
density lattice structures [38].

These various drawbacks indicate that this theoretical
method lacks universality, since lattice structures with various
geometrical features have been fabricated using SLM in past
studies. With an increase in computational efficiency, re-
searchers have been able to employ analytical modelling
methods to evaluate the mechanical performance of complex
lattice structures [16, 39]. The complexity involved in a lattice
structure generation, however, depends on the cell type, size,
the number of repeat units required to fill the empty volume
and the conforming desirability of the adjacent boundaries.
The successful analytical simulation requires many consider-
ations such as the adaptation of correct analysis type, the se-
lection of right material model and finally the trade-off be-
tween the accuracy demanded and economical solution
achievable.

Therefore, to improve the computing speed and reliability
of the simulation, this paper proposed a quasi-static analytical
method to calculate the mechanical properties of SLM-built
Ti64 lattice structures. The dynamical model of the structures,
which are sustaining compression loads, was established first.
Then, the displacement matrices of the structures were solved
using the central difference method. The stress and the strain

matrices were calculated and the stress-strain curves of the
structures were obtained. These curves were compared with
their counterparts obtained via quasi-static compression tests.
Both the validity and any shortcomings of the proposed sim-
ulation method were evaluated.

3 Proposed analytical modelling approach for Ti64
lattice structures.

This section presented an analytical modelling approach that
was developed to model the mechanical properties of two
types of SLM-built Ti64 lattice structures and to estimate the
stress distribution of these structures. The section first intro-
duced the selection of topologies of the structure before pre-
senting in detail the proposed analytical modelling method.

3.1 Topology characterisation

Although BCC lattice structures are quite common in the de-
sign of SLM-produced lattice structures, few previous studies
have explained the rationale of adopting this typical topology.
A BCC unit cell may be obtained by connecting a set of
feature points on a cube. As Fig. 1a–c shows, the feature
points in a cube are categorised as one body-centred point,
eight peaks, eight face-centred points and 12 midpoints of
12 edges, as shown in Fig. 1. A strut is then obtained by
connecting two feature points, which results in numerous unit
cells.

Due to the symmetry of the shape, it is reasonable to con-
sider only one-eighth of the previous cube, which yields a new
cube with eight peaks in this case, as shown in Fig. 1d. Thus,
as Fig. 1e shows, the most complicated unit cells are obtained
in cases where all eight feature points are connected to one
another as possible struts. All the struts perpendicular to three
axes are removed by considering the poor manufacturability
of the cantilever beams, then this complicated unit cell is sim-
plified to the more commonly seen BCC unit cell. The BCC
lattice structures are obtained using a repeat-and-stack meth-
od, as shown in Fig. 1f, g. The BCC structures are isotropic
following this process. The equivalent elastic modulus (E*)
can then be calculated proximately as shown in Eq. (1), which
was obtained based on the beam-theory method proposed in
[28]:

E* ¼ 9
ffiffiffi
3

p
Eπ

4 l
.
d

� �2
3þ 8 l

.
d

� �2
� � ð1Þ

where E is the elastic modulus of the bulk material, and l and d
represent the length and diameter of the strut, respectively.
Equation (1) is rewritten as follows when l > > d:
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where C is a constant.
In certain applications that require a large unidirectional

bearing capability (which BCC structures cannot provide),
some additional struts are superposed on a BCC unit cell to
form a so-called unidirectional reinforced lattice structure. As
Fig. 2a shows, an fcc-BCC unit cell is obtained when an FCC
unit cell (yellow colour) is added to an enclosed BCC unit cell
(in grey). As Fig. 2b shows, this results in more complicated
structures, which would be difficult to calculate using the sim-
ilar equation that are adopted with BCC structures. The quasi-
static analytical method proposed in the following subsection,
however, can solve this problem.

3.2 Quasi-static analytical method for SLM-built Ti64
lattice structures

CAD models of the aforementioned two types of Ti64 lattice
structures were built, and each type of structure had four relative
densities. For each BCC-type structure, the aspect ratio (AR) of
the struts (the ratio of the strut length to its diameter) was set to
be 10, 8, 6 and 4. For each fcc-BCC-type structure, the AR was
defined as the ratio of the length to the diameter of the longest

struts. The sizes of the unit cells were determined by consider-
ing themanufacturing accuracy of the used SLM system. In this
paper, the edge size of the unit cell was 5mm, and theminimum
diameter of the struts in the structure with AR = 10 was
~ 0.43 mm. As Figs. 1g and 2b show, there were six unit cells
along the directions of length and width, while there were three
unit cells in the height direction, which was parallel to the build
orientation in the SLM system.

Due to the symmetry of the CADmodels, one-quarter sym-
metric analytical models were established, as shown in Fig. 3.
To obtain internal stress distribution of a lattice structure when
sustaining compressive load, its dynamic balance equation
was established as

M½ � €uf g þ C½ � u˙
� �þ K½ � uf g ¼ Pf g ð3Þ

where [M], [C] and [K] are mass matrix, damping matrix
and stiffness matrix, respectively. €uf g, u˙f g, and {u} are
acceleration matrix, velocity matrix and displacement ma-
trix, respectively. {P} is the force matrix sustained by the
structure.

{u}, u˙f g and €uf g were calculated analytically at any given
time t through the above equation using central difference
method, where €uf g and u˙f g at time t are

Fig. 1 The formation of the
BCC-type lattice structures based
on the feature points of a cube

Fig. 2 The fcc-BCC unit cell and
the fcc-BCC lattice structures
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€uf gt ¼
1

Δt2
uf gt−Δt −2 uf gt þ uf gtþΔt

	 
 ð4Þ

u˙
� �

t ¼
1

2Δt
uf gtþΔt − uf gt−Δt

	 
 ð5Þ

When t = 0,

u˙
� �

0−Δt ¼ uf g0−Δt u˙
� �

0
þ Δt2

2
€uf g0 ð6Þ

The above-mentioned analytical method requires a definite
total analysing time period, which was determined by
conducting frequency analysis on the corresponding structure.
Let [C] and {P} be zero, then

M½ � €uf g þ K½ � uf g ¼ 0 ð7Þ

The general solution of Eq. (7) is

uf g ¼ ϕf gsinwt ð8Þ
where {ϕ} is a eigenvector, and w is natural frequency corre-
sponding to {ϕ}.

From Eqs. (7) and (8), let λ = ω2, then

K½ �−λ M½ �ð Þ ϕf g ¼ 0 ð9Þ

By solving Eq. (9), the second-order natural frequency of
the structure was obtained, and the second-order frequency
was then used to calculate the minimum time period (MTP).
The actual time period of each model was set to be two or
three times that of the MTP, thus ensuring the success of the
quasi-static analysis and avoiding a time-consuming analyti-
cal process due to arbitrary and unreasonable time periods.

The analytical models for prediction of lattice structures
were established using ABAQUS. As shown in Fig. 3, two
symmetric boundary conditions were established. The com-
pression load was applied using the displacement technique.
Two rigid surfaces with two reference points (RPs) were built
to simulate the compression head and the bottom surface of the
testing machine. During the simulation process, RP1 moved
downward by 5 mm, while RP2 remained in place. The dis-
placement load was applied gradually in order to guarantee the
accuracy of the quasi-static analysis, which complied with a
smooth-step curve related to the above-mentioned time period.

4 Experimental study

This section presents the quasi-static tensile tests that
were conducted on SLM-produced Ti64 tensile specimens

Fig. 3 Quasi-static analytical
model of a BCC lattice structure
and its boundary conditions

Fig. 4 Ti64 parts on a substrate
fabricated via SLM
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in order to obtain the material properties required by Eq.
(3). The CAD models which were established in Sect. 3
were exported as STL files and imported to an SLM sys-
tem (EOS M280). As Fig. 4 shows, the tensile specimens
and lattice structure samples were fabricated on a sub-
strate board.

The manufacturing parameters that were adopted are
shown in Table 1. The specimens and samples were subjected
to a stress-relief heat treatment, where the fabricated parts
were heated to 750 °C; the temperature was then maintained
for 2 h and cooled in a vacuum. Quasi-static compression tests
were then conducted on BCC-type and fcc-BCC-type Ti64
lattice structures, respectively.

4.1 Quasi-static tensile test

The tensile specimens were modelled in accordance with
ASTM E8/E8M-15a: ‘Standard Test Methods for Tension
Testing ofMetallicMaterials’; the specimens were categorised
as sub-size specimens. After fabrication via SLM, the three
identical specimens were machined to meet ASTM size stan-
dards. To avoid any slippage between the specimen and the
clamps during the tensile process, sandblasting was conducted
on the surfaces of the two ends of each specimen, and an
extensometer was used to accurately record the displacement
of the specimen, as shown in Fig. 5a, b. The tensile rate was
2 mm/s for all three of the tests that were conducted on the
three tensile specimens.

4.2 Quasi-static compression test

Figure 6 shows the SLM-built Ti64 lattice structures and an
image of the quasi-static compression test that was conducted
on a structure sample. The compression rate was 1 mm/min,
and the compression load was applied along the build

orientation of structures. The reaction force that was sustained
by the compression crosshead and its displacement were re-
corded during each test; the nominal stress-strain diagrams
were then plotted based on this data.

5 Results

This section first illustrates the material properties of the
SLM-produced Ti64 parts. The subsections that follow
then compare the mechanical properties of the lattice struc-
tures—including the equivalent elastic modulus (E*) and
the ultimate strength (UTS)—that were obtained via the
quasi-static analytical method and experimental study.
After presenting the stress distribution of Ti64 lattice struc-
tures obtained via the quasi-static analysis, the section con-
cludes with a general discussion of some of the design
principles of Ti64 lattice structures based on the results
presented in this paper.

5.1 Characterisation of Ti6Al4V tensile specimens

Figure 7 shows the nominal stress-strain curves of the three
identical specimens that were obtained after conducting the
quasi-static tensile tests. The three curves show good repeat-
ability. From the nominal curves, the E* was shown to be
~ 118 GPa, yield stress was ~ 944 MPa and UTS was
~ 1058 MPa.

Table 2 shows the true stress and plastic strains according
to the specimen2 curve. The Ti64 specimen was ductile, as
Fig. 7b shows, because of the obvious necking phenomenon
that occurred on the tensile specimen during the tensile test.
This conclusionwas verified by the fact that the nominal strain
of the three specimens was ~ 0.08.

Table 1 Manufacturing
parameters adopted in the SLM
process

Laser power Laser diameter Scanning speed Hatching space Layer thickness

170 W 100 μm 1250 mm/s 100 μm 30 μm

Fig. 5 a SLM-built Ti64 tensile
specimen. b The quasi-static
tensile test
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5.2 Stress-strain curves

Figure 8 shows the plotted stress-strain curves of the lattice
structures that were obtained from the beam-theory-based Eq.
(1) (Equ), the proposed quasi-static analysis (Ana) and the
experimental study (S1 and S2, which represent two identical
samples, respectively). For each sub-figure, the number in the
title indicates the aspect ratio (AR) of the strut. The
elastoplastic properties of these curves were estimated using
the following measures. The slope of the linear part of each
curve was calculated to be the corresponding equivalent E*. In
this study, the UTS of each curve that was obtained from
quasi-static analysis was prescribed as follows: first, we found
the strains corresponded to the UTS values of the S1 and S2
curves in each sub-figure; second, we found the stress on the
Ana curve based on the mean value of the above-mentioned
two strains.

As Figs. 8 and 9 show, the stress-strain curves for each
analytical model began with a steep rise during the elastic stage;
in comparison, the curve for each SLM-built lattice structure
sample started with a nonlinear curve followed by a steep rise,
which resulted from the unstable contact condition during the
initial stage of the compression process. The experimental
stress-strain curves were sharply reduced after they reached
the UTS points; no obvious platen phenomenon was observed,
which demonstrates that SLM-built Ti64 lattice structures, even
when using pre-conducted heat treatment, will show brittleness
when they sustain uniaxial compression loads.

The SLM-built Ti64 lattice structures were observed by
using an optical microscope, and the actual diameters of the
struts of the SLM-built structures are shown in Fig. 10. Table 3
shows the equivalent elastic moduli E* and UTS values of the
Ti64 lattice structures that were obtained via the three
methods: Eq. (1) (Equ), quasi-static analysis (Ana) and exper-
imental tests (S1 and S2). For the BCC-type lattices, when the
relative densities increased from 4 to 21%, the E* values pre-
dicted by quasi-static analysis increased from 27 to 1321MPa,
while theUTS values predicted increased from 1.7 to 48MPa.
For the fcc-BCC-type lattices, when the relative densities in-
creased from 7 to 33%, the E* values predicted by quasi-static
analysis increased from 316 to 5000 MPa, while the UTS
values predicted increased from 7.6 to 136 MPa. Hence, we
see obvious variations in the mechanical properties of the Ti64
lattice structures as the relative densities vary. In addition,
when comparing the E* and UTS values of the BCC-type
and fcc-BCC-type lattices with the same strut diameters (or
the same aspect ratios), fcc-BCC lattices demonstrated much
higher loading capacities, which means that using the
superposed-like measure is an effective way to enhance the
mechanical properties of Ti64 lattice structures. For example,
when the strut diameter (d) was 0.54 mm (aspect ratio 8), then
the E* and UTS of the BCC lattice predicted by quasi-static
analysis were 70 and 4 MPa, while the same values of the fcc-
BCC lattice structure were 566 and 14 MPa, respectively.

The diagrams for E* and UTS vs aspect ratio (l/d) were then
plotted according to the values shown in Table 3, as Fig. 11

Fig. 6 a SLM-built Ti64 lattice
structures. b The quasi-static
compression test

Fig. 7 a Necking phenomenon
of a Ti64 tensile specimen. b
Experimental stress-strain curves
of three identical specimens
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shows. The values of the mechanical properties of the structures
increased alongside the increase in aspect ratios. The E* values
of both types of structures estimated by quasi-static analysis
correlated well with those calculated by the experimental study
when the aspect ratio was l/d ≥ 6 (in the case of slender struts).
When l/d = 4, this analytical method predicted much larger
values compared with those predicted by other analytical mea-
sures. The UTS values that were predicted by quasi-static anal-
ysis agreed well with those predicted by the experimental stud-
ies, regardless of whether the struts were slender or thick.

5.3 Stress distribution

Figure 12 shows the Von Mises stress distribution of the BCC-
type lattice structureswhen the nominal compressive strainswere
0.1, where plastic deformations had occurred in the structures
presented in Fig. 8. As Fig. 12 shows, high-stress zones were
located in the vicinity of the joints, while low-stress zones were
located in the vicinity of the middle of the struts; for example, the
stresses near the joints were 1054 MPa, while the stresses
near the middle of the struts were only ~ 300 MPa. When
the aspect ratios varied from 10 to 4, the high-stress-zone
values increased. Another noticeable conclusion that we

drew from Fig. 12 is that the deformation of each strut in
the lattice structures was homogenous, which demon-
strates that the BCC-type structures underwent global de-
formation rather than local deformation in the strut scale
when sustaining compressive loads.

Figure 13 shows the Von Mises stress distributions of the
fcc-BCC-type lattice structure; the figure shows that the aspect
ratio was 6 when the nominal compressive strains were 0.05,
and plastic deformations had occurred in the structures previ-
ously shown in Fig. 9. Similarly, to the BCC-type structures,
the high-stress and low-stress zones (respectively) were locat-
ed near the middle of the struts, as Fig. 13a, b shows. The
struts in the fcc-BCC unit cells sustained heterogeneous
stresses, however. Figure 13c shows a z-plane cut view of
Fig. 13b, which shows that nearly all the stresses on the su-
perposed struts (those belong to the superposing FCC unit
cell) were ~ 1054 MPa, which indicates that these struts had
yielded completely; the other struts belonging to the super-
posed BCC unit cells presented similar stress distributions as
the struts in the BCC lattices shown in Fig. 12 did. Due to the
heterogeneity of the strut deformation mentioned above, the
fcc-BCC-type lattice structures underwent local deformation
within the strut scale.

Table 2 The true stresses and
plastic strains of a Ti64 tensile
specimen

True stress (MPa) 944 973 996 1015 1029 1040 1047 1054

True plastic strain 0 0.002 0.007 0.011 0.016 0.05 0.025 0.03

Fig. 8 Nominal stress-strain
curves of BCC lattice structures
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6 Discussion

This study has shown that the proposed analytical modelling
approach is valid when calculating complex SLM-built Ti64
lattice structures. Although the beam-theory-based theoretical
method was able to provide accurate results compared with
the testing results, the validity of this method is limited to use
with a few structures with simple topologies and straight struts
(the BCC type, in this paper). When either (1) the struts in a
lattice structure that is consisted of straight struts show dif-
ferent deforming characteristics (as was the case with fcc-
BCC in this study), (2) the struts are complicated and curved
(e.g. gyroid-type [37]) or (3) unit cells with different topolo-
gies exist in a lattice structure (so-called variable-density
structures [38]), it becomes quite difficult to calculate the
mechanical properties of the lattice structures. The proposed

quasi-static analytical method is still practical and accurate,
however, and it can theoretically model arbitrary SLM-built
structures.

From the results exhibited above, the fcc-BCC type illus-
trated better lightweight and uniaxial properties than the BCC
type. Therefore, this superposing process—by which addi-
tional features are superposed to a commonly used unit
cell—is a valid and effective method for designing high-
performance SLM-built lattice structures with various topolo-
gies. The powder-bed nature of the SLM process limits the
capability of fabricating the novel structures that are obtained
in this process, however. Because, the SLM process requires
large enough angles between the surfaces to be melted in the
parts and the substrate in the chamber, and the minimum an-
gles will differ according to different metal powders. This
superposing process is generally only practical along the

Fig. 9 Nominal stress-strain
curves of fcc-BCC lattice
structures

Fig. 10 Diameters of the struts of
the as-produced structures
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uniaxial direction parallel to the build orientation (in this
study, for example, the fcc struts were superposed along the
y-axis).

Additionally, due to that the strut diameter of the as-
produced structures is larger than that of the CAD models,
as shown in Fig. 10 and Table 3, the E* values of the structures
should be larger than the analytical results. However, the re-
sults show that the proposed quasi-static model predicted
higher E* values of the structures compared with correspond-
ing experimental data, and obvious discrepancies were found
when the aspect ratio (AR) is smaller than 6. This contradic-
tion can be attributed to the following reasons. Firstly, the
adhered powders increased the diameters of the struts [37],

however, due to the properties of lower density; these loose
powders did not improve the stiffness of the structures.
Moreover, the adhered powder increased the roughness of
the as-produced struts, which easily causes the stress concen-
tration and decrease the stiffness of the structures as a conse-
quence. Secondly, when the diameters of the struts are larger
(AR ≤ 6), the deformation of the struts are governed by com-
plicated loading conditions including bending, shearing,
compressing and stretching. Compared with the case when
AR is larger (≥ 8), in which struts can be deemed slender
beams and only bending deformation occurred in the struc-
ture, complex deformation occurred in the structures with
AR ≤ 6 may cause easily complicated stress concentration

Table 3 E* and UTS values of BCC and fcc-BCC Ti64 structures

Topology AR RD (%) d (mm) E* (MPa) UTS (MPa)

CAD Sample Equ Ana S1 S2 Ana S1 S2

BCC 4 21 1.08 1.16 683 1321 800 800 48 56 56

BCC 6 10 0.72 0.79 137 220 160 160 12 14 15

BCC 8 6 0.54 0.63 43 70 70 65 4 5.7 4.6

BCC 10 4 0.43 0.52 18 27 25 50 1.7 1.6 2.55

fcc-BCC 4 33 1.08 1.14 – 5000 2800 2800 136 156 144

fcc-BCC 6 17 0.72 0.79 – 1400 986 1000 36 49 50

fcc-BCC 8 10 0.54 0.64 – 566 417 375 14 20 17

fcc-BCC 10 7 0.43 0.52 – 316 260 260 7.6 8.4 9

Fig. 11 E* and UTS vs aspect
ratio (l/d) of the BCC-type and
fcc-BCC-type SLM-built Ti64
lattice structures
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phenomena, which resulted in larger discrepancy between re-
sults obtained from the quasi-static analysis and the experi-
mental study.

One of the main challenges of future studies is to improve
the process’s accuracy by premediating the SLM process’s
effects on sizes and to decrease the computation time of the
quasi-static analysis in order to adapt parts with large scales of
unit cells. Another challenge that thus far has puzzled re-
searchers and has impeded wider application of SLM-made
metallic lattice structures is that although SLM-built lattice
structures are generally simple and symmetric, an effective
solution has yet to be proposed for selecting the most suitable
structural type to be used in actual applications. In other
words, we need to establish a comprehensive method in order
to find the optimal lattice structure by considering the struc-
ture’s mechanical properties, computation and bulk-material
costs and the adaptability of the shape of the designed part.

7 Concluding remarks

The design of hollow-like Ti64 parts in-filled with lattice
structures is an effective solution to decrease the high
fabrication costs associated with the current SLM process.
In order to estimate the mechanical properties of SLM-
built Ti64 lattice structures, this study has first proposed
an analytical modelling approach conducting quasi-static
analysis on two types of Ti64 lattice structures. It then
conducted quasi-static tensile and compression tests in
order to calculate essential bulk-material properties and
to verify the feasibility of the proposed analytical method.
The results are as follows.

1. When the aspect ratios of BCC structures decreased from
10 to 4, the structures’ relative densities increased from 4
to 21%. As the results obtained from quasi-static analysis

Fig. 12 Von Mises stress distribution of BCC lattice structures (nominal strain = 0.1). a BCC 4. b BCC 6. c BCC 8. d BCC 10

Fig. 13 Von Mises stress distribution of the fcc-BCC6 structure (nominal strain = 0.05)
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showed, the equivalent elastic module (E*) increased from
27 to 1321 MPa, and the ultimate stress (UTS) values
increased from 1.7 to 48 MPa. These values agreed with
the theoretical calculations and the experimental studies
when the aspect ratio (AR) > 6. In the cases of smaller AR
values, the UTS values were predicted accurately com-
pared with the testing results, while an obvious discrep-
ancy occurred when the E* values obtained from quasi-
static analysis were compared with those of the experi-
mental studies.

2. When the AR of fcc-BCC structures decreased from 10 to
4, their relative densities increased from 7 to 33%. The E*

increased from 316 to 5000 MPa, and the UTS increased
from 7.6 to 136 MPa. The matching quality between the
prediction by quasi-static analysis and the testing results
was similar to that of the BCC case. The stiffness and
strength values of the fcc-BCC structures were three times
larger than their counterparts in the BCC structures when
their ARs were equal, while their relative densities had
increased by less than 80%.

3. The proposed quasi-static analytical modelling approach
is valid and effective for use with different kinds of SLM-
built Ti64 lattice structures, and, as expected, it can pro-
vide guidance when conducting expensive sample tests,
thus reducing costs in the designing stage. In addition,
when designing SLM-built Ti64 lattice structures, the na-
ture of the powder-bed system should be taken into ac-
count before determining the topologies and sizes of the
structures. In this way, all the micro-features, such as the
struts, can be fabricated successfully (the warping effect is
avoided) and accurately (the adhering powders are small
enough for the strut sizes).

Although the mechanical properties of a given type of
Ti64 lattice structure can be predicted using the proposed
analytical method, the design of the hollow-like parts in-
filled with lattice structures is still difficult to accom-
plish. Because numerous types of lattice structures have
been manufactured due to the manufacturing capacity of
the SLM process, designing the best-suited topologies
and sizes of the lattice structures in-filled in hollow parts
for actual applications is still a time-consuming process
that is mainly done by trial and error. This challenge
requires a feasible design method that would be suitable
for additive manufacturing, which will be examined in
follow-up research.
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