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Abstract

Selective laser melting (SLM) is a widely adopted additive manufacturing process for the
preparation of metallic lattice structures. However, it causes a build-direction-dependent anisotropy
of morphologies, microstructures, and mechanical properties, making it difficult to predict the
behavior and performance of lattice structures. In this study, tensile samples with different
cross-sections and build directions (BDs) were fabricated by SLM. The anisotropic morphology,
microstructure, and tensile properties were observed and measured using optical microscopy,
scanning electron microscopy, and three-dimensional digital image correlation to determine the
effects of the size and BD of SLMed materials. The extracted data were sequentially used to modify
the geometric and physical models of the lattice. Body-centered cubic lattice structures were
fabricated by SLM, and compression tests were performed to verify the modified compression
model. In addition to the BD-related grains, the cross-sectional area of the SLMed sample affects its
mechanical properties. The small cross-section makes the microstructure finer because the
proportion of the contour path that uses higher power is no longer negligible. The sample with small
cross-section has more anisotropy because of the lack of tolerance to heterogeneity and macro
defects like roughness. In this study, by analyzing samples with small cross-sections, a model
consisting of an isotropic hardening law and Hill’s anisotropic yield function is established to
describe the yield and plasticity behavior of the as-built SLMed Ti—6Al-4V lattice. The simulated
and experimental data fit very well, verifying the methodology employed in this study.

Key words

Selective laser melting, Lattice structure, Size effect, Anisotropy, Numerical simulation

1. Introduction

Periodic metallic lattice structures are gaining popularity in the aerospace and medical
industries owing to their high stiffness-to-weight ratios and design freedom. Because of the
advantages in the preparation of complex features, additive manufacturing (AM) based on powder
bed fusion is widely adopted as a method for preparing lattice structures '\, As AM is a novel
preparation method developed in the recent decades, it is yet to be used in key applications,
particularly in the long term under varied loading owing to the severe lack of property and
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performance data. Simulation is a rapid and energy-conserving path for achieving abundant data by
predicting the performance of an AMed part, provided the property metadata used in the physical
model are correctly measured in the experiment.

However, the anisotropy of the AMed alloy is always significant and unpredictable. The main
reason for this is the extreme conditions of the AM. A high cooling rate (10°-10® K/s) and a large
temperature gradient, which are higher than those of the other preparation methods, leads to
inhomogeneous microstructures 11 n the case of Ti—6A1-4V alloy, the consequent epitaxial
growth of prior-f under such extreme thermal conditions results in the excessive formation of
large-size, columnar, and build-direction-paralleled grains 14171 " A5 a result, the strength of the
AMed-alloy in the direction perpendicular to the building direction (BD) is always 2-30% greater
than that along the BD, and cracks preferentially form along the periphery of these
through-thickness grains ' 18]

In addition to the thermal conditions, both sample and local feature size of the AMed part also
play an essential role in the microstructure and the consequent mechanical properties. It was
reported that the thickness of the o’-lath, the size of the prior-B grain of AMed Ti—6Al-4V, and its
strength and ductility depend on the sample size ',

Using the mechanical properties obtained from bulk AMed materials as the metadata of the
simulation may cause a mismatch. Moreover, the lattice can be either bending- or
stretching-dominated **' depending on the loading mode. This means that the true stress state in the
lattice structure could be intricate and polydirectional, and a mechanical model of the lattice should
be calculated more accurately.

In this study, the morphology, microstructure, and compression performance of body centered
cubic (BCC) lattice structures of selective-laser-melted (SLM) Ti—6Al-4V were observed and
quantitatively measured, and the effect of sample size on the microstructure and tensile properties
was determined. Tensile samples with different build orientations were examined. The
orientation-dependent mechanical properties were extracted from the tensile tests of small
cross-sectional Ti—6Al-4V. The plastic behavior of the SLMed small cross-sectional Ti—-6A1-4V
samples was quantitatively characterized using a digital image technique and was formulated using
Hill’s anisotropic yield function *"**!. The corrected computer-aided design (CAD) models and a
constitutive model were applied to a finite element (FE) model of uniaxial compression of the BCC
lattice structure and sequentially validated by experiments.

2. Materials and methods

2.1 Sample design and preparation

All the samples were fabricated by SLM on an EOS EOSINT M290 AM system. The chemical
composition of Ti-6Al-4V is presented in Table 1. During scanning, for each layer, the profile was
first scanned and the area within the profile was melted subsequently. The processing parameters
are presented in Table 2.

Table 1
Chemical composition (at.%) of Ti-6Al-4V powder.

Ti Al Vv O N H Fe C Y Other Elements




Bal. 644 415 0.07 <0.01 0.001 0.19 <0.01 <0.005 <0.40

Table 2
SLM printing parameters.
Laser power (P) Scanning speed  Hatch spacing  Layer thickness (d) ~ Scan rotation
(contour/ hatch) [W] (V) [mm/s] (h) [um] [um] [°]
280/180 1000 150 30 67
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Fig.1 (a) BCC lattice structure, designed and as-printed;
(b) small cross-sectional tensile specimen and (c) large cross-sectional tensile specimen, and their
preparation positions (angles) vs build orientations. Dimension unit is millimeter

A 5x5x5 unit BCC lattice structure was chosen for this investigation, as illustrated in Fig. 1a.
The length (L) and diameter (D) of each strut was 5.2 and 0.6 mm, respectively. After printing, the
lattices were ultrasonically cleaned to remove the loose adhesive powder. Both ends of the lattice
structure were polished to remove the support as well as to lower the lateral friction that could lead
to the barreling of the sample during the compression test.

Small cross-sectional tensile specimens (Fig. 1b) prepared with different angles vs. the BD are
denoted as the H-sample (horizontal sample, perpendicular to the BD), I-sample (45° angle inclined
sample vs. the BD), and V-sample (vertical sample, parallel to the BD). Five samples were
fabricated in each angle. A rectangular cross-section was chosen for measuring the reduction in
width and thickness during tension. To emphasize the size effect, the cross-section was designed to
be as small as 0.4 mm?’, physically simulating the dimension and thermal history of the lattice
structure. Tensile specimens with a larger cross-section of 19.6 mm? were prepared in two angles of
0° and 90°, with five samples each (Fig. 1c). Both types of tensile specimens were polished before
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testing to reduce the surface roughness. The number of each kind of tensile specimen is listed
below.

Table 3
The number of each kind of tensile specimen.

Building direction
0° 45° 90°

Cross-sectional 0.4mm?> 5 5 5

area 19.6mm?> 5 - 5

2.2 Characterization and testing

Samples were ground, polished, and etched using Kroll’s reagent (2% HF, 6% HNOs3, and 93%
water). The morphologies and microstructures were characterized using a digital optical microscope
(SDPTOP ICX41M).

To determine the uniaxial compressive properties of these lattice structures, quasi-static
uniaxial compression tests were performed using a WDW-100 electronic universal testing machine
equipped with a 100-kN force cell. A constant displacement rate of 1 mm/min was selected
according to the ISO 13314 standard. To determine the orientation effect on the compression
properties of the SLMed BCC lattice structure, six samples were divided into two groups and
compressed under a load parallel or perpendicular to the BD. The compression tests were
terminated at 40% compressive engineering strain. The compressive stress () was calculated by
dividing the compression force by the original contour area of 225 mm? and the strain (g) was
calculated by dividing the load cell displacement by lattice structure height (15 mm). The entire
compression process was recorded by a digital camera to capture the collapse behavior of the lattice
at different strain states.

Quasi-static uniaxial tensile testing of large cross-sectional samples was carried out using a
SUNS CMT5105 testing machine equipped with a 100 kN force cell, with a displacement rate of 1
mm/min. Quasi-static uniaxial tensile testing of the small cross-sectional tensile specimens was
conducted using a Shimadzu AGS-X testing machine equipped with a 5 kN capacity load cell, with
a displacement rate of 1 mm/min. All tensile tests were carried out after grinding the surface of the
sample to eliminate the influence of roughness. Non-contact full-field displacement measurements
were conducted using an XTOP 3D digital image correlation (DIC) system.

The plastic strain ratio (r) was calculated from the captured true plastic width strain (&,,) and
true plastic thickness strain (&,,) using Equation (1).

_ fob

)

£pa

2.3 Numerical simulation

The FE model for the simulation of uniaxial compression on the lattice structure was
established using ABAQUS®. Relevant elastic mechanical properties, such as the Young’s modulus
and Poisson’s ratio, were obtained from the tensile experiments of the small cross-sectional samples.
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A solid linear tetrahedral element C3D8 was used. Both the compressive plate and baseplate were
simplified and simulated with discrete rigid plates and meshed using rigid bilinear quadrilateral
elements (R3D4). A surface-to-surface contact with a ‘penalty’ friction was defined between the
lattice structure and the rigid plates in the tangential direction, and the friction coefficient was set as
0.1 based on the experimental data. A ‘hard’ type relationship is selected for the contact in the
normal direction. A displacement load that terminates at 20% compressive strain, with a smooth
step amplitude, was applied to the reference point of the rigid compressive plate. All the rotational
and translational degrees of freedom of the rigid baseplate were constrained at the reference point in
an ‘encastre’ state. Rigid body movements were removed by constraining the symmetry axis at the
top and bottom planes of the FE models.

3. Results and discussion

3.1 Microstructure and properties

The morphology of the struts is shown in Fig. 2. It can be observed in Fig. 2a that because of
the staircase effect **!, the cross-section of the strut is elliptical with a short axis (0.59 mm) and a
long axis (0.63 mm). Fig. 2b and 2c demonstrate the morphology of the strut projected on (11 2)
and (1 1 0) planes of the lattice, respectively; the latter is rougher and thicker with some small
particles (red dotted line in Fig. 2¢) attached to the lower si.

~ y { v

Unmelted
particles

200pm : 300pm e e
Fig. 2 The morphologies of struts on different surfaces (a) cross section;

(b) (112) projection plane; (c) (1 10) projection plane

The microstructure of the as-built lattice structure is also directly related (Fig. 3), and the
through-thickness prior-f grains exist in the strut (Fig. 3a) and node (Fig. 3b). These columnar
grains are several hundred microns high and a few tens of microns wide.

“

7 JSOpIﬁ



Fig. 3 The microstructure of as-built Ti-6Al-4V lattice structure

Single strut
(0.4mm?)
Contouring

area
hatching
area

Small tensile sample
(0.49mm?)

Large tensile sample
(19.6mm?)

Fig. 4 Dimensions of prior-f grain in (a) lattice struts, (b) small cross-section tensile sample, (c)
large cross-section tensile sample, and the proportion of their contour path to the cross section

The microstructures of the struts and the two types of tensile samples are compared in Fig. 4.
The size of the columnar prior-f grains of the small cross-sectional tensile samples (Fig. 4b) is
approximately 50 um and is close to that of the struts (Fig. 4a). However, the prior-f grain of the
large cross-sectional tensile sample (Fig. 4c¢) is far larger, with a dimension of hundreds of microns.
This phenomenon may be the result of the contour scanning of the samples used in this study. As
the size of the cross-sectional area decreases, the proportion of the contour path in the total
cross-sectional area increases as illustrated in Fig. 4. When the area was designed to be sufficiently
small at approximately 0.4 mm?, similar to the struts and small cross-sectional tensile samples in
this study, the area of the contour path accounted for more than 85% of the total cross-section, and
the difference between the contour laser power (280 W) and the hatch laser power (180 W) could
longer be neglected. The laser energy density (LED) ** (LED = P/(v - h - d)) increased with laser
power, and the microstructure determined by the LED changed. The higher temperature gradient
from the boosted LED, together with the higher solidification rate due to the high surface-to-volume
ratio, caused the microstructure to evolve from coarse to fine as the sample dimensions decreased.
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Fig. 5 Stress-strain curves for SLMed Ti-6Al-4V tensile samples with different size of cross section
and different orientation

Table 4
Tensile properties for SLMed Ti-6Al-4V specimens with different angles and cross-sectional areas.
0.49mm’ 19.6mm”
H-sample I-sample V-sample H-sample  V-sample
Yield strength (MPa) 1108.7 1084.7 1046.8 1133.8 1096.2
Ultimate tensile strength 12851 12431 11760 12713 12312
(MPa)
Elongation (%) 7.5 5.2 4.3 104 9.5
Ani .
nisotropy in yield strength 5.6 33
(%)
Ani . . )
nisotropy in ultimate tensile 2.5 39
strength (%)
Anisotropy in elongation (%) 42.7 8.7

The stress—strain analysis of the two types of tensile specimens with different cross-sectional

areas are presented in Fig. 5 and Table 4. We defined the anisotropy as @ x 100% *! where
H

oy and oy denoted the mechanical properties in the H-sample and V-sample, respectively. The
H-samples, either large or small, had higher strengths and elongations than the V-samples. A similar
tendency was found in 18Ni (300)-grade maraging steel 21 and 316L ¢ prepared by SLM,
suggesting that the defects formed among the layers played a major role in the simultaneous
decrease of strength and ductility. Meanwhile, compared to large cross-sectional samples, the
anisotropy of small cross-sectional samples was more significant, indicating that the small
cross-sections were more sensitive to heterogeneity and macro defects.



3.2 Lattice compression

The compression behavior of the as-built sample was investigated in both parallel and
perpendicular directions to BD, and two typical curves (Fig. 6) with obvious differences indicated
that the lattice was anisotropic because, due to symmetry, a 5 x 5 x 5 unit BCC lattice structure
should have shown the same curves regardless of the direction relative to the BD. Table 5 shows the
data extracted from the curves.

compression load # BD
— = -compression load L BD

(6]

10% 20% 30%
Compressive strain €

Fig. 6 Quasi-static uniaxial compressive stress-strain curves of SLMed BCC lattice structures along
different compression axes. (a, ¢) The crack bands initialized and (b, d) the crack bands closed

Table 5
Compressive properties of BCC lattice structure along different axes.
//BD 1BD
Elastic modulus [MPa] 348.8 248.3
compressive strength [MPa] 18.0 14.6
Energy absorption (30% strain) [MJ/m’] 2.9 3.2
Strain at maximum stress(%) 11.2 15.9

The two curves showed five typical stages, according to the tendency. Stage I was relatively
linear with a very short curved beginning. The linear part of this stage represented the elastic
behavior of the lattice structure, and the slope was the elastic modulus of the lattice. The curved
portion of stage I from 0 to ~1%, however, resulted from an accumulation term that occurred before
all the struts were completely contacted during compression. This portion was ignored in this study
because of its shorter length. Elastic modulus of the compression parallel to the BD is 40.5% higher
than that of the compression perpendicular to BD because the shape of the cross-section has
changed from circular to elliptical, with the long axis nearly parallel to the load. This increases the
moment of inertia of the struts and make them capable of resisting the bending induced by the
compression.

Once the elastic limit was reached, plastic deformation started as struts began to yield, and the
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curves entered stage II. The modulus started to decrease, but the strength increased until stage III,
where the stress increased to the first peak. The lattice compressed parallel to the BD stayed at the
peak for a shorter time, whereas that compressed perpendicular to the BD stayed longer, although
the value of the peak stress was lower. Subsequently, both curves decreased rapidly, and the parallel
and perpendicular lattices showcased a sharp descent at approximately 13% and 19% strain,
respectively. The stress of both samples dropped by approximately 80% after the first peak stress,
which was larger than the 56% reported in the literature 7 for a heat-treated Ti—6Al14-V lattice,
indicating its ductility. As we consider the area under the stress—strain curve as the energy
absorption capability 28] we found that the lattice compressed parallel to the BD has a higher peak
strength, whereas the one compressed perpendicular to the BD had a better energy absorption
ability of 11.5%. As the compression continued, the struts deformed so severely that contact with
others sometimes formed a fluctuant stage IV, until finally losing all the capability of compression
to form the final stage V.

The two compression directions had different modes, as shown in Fig. 6. When the
compression load was parallel to the BD, the lattice structures deformed uniformly up to 12% strain,
and then a diagonal crack band initialized at 45° to the loading direction (Fig. 6a). This holistic
destruction was catastrophic to the bearing capacity of the lattice structure, causing a steep stress
drop. The crack band (emphasized by the red dotted line in Fig. 6b) finally closed at a strain of
15.4%, which corresponded to the first valley of the stress—strain curve. The variation in the angles
of the struts in the first layer was small, within two degrees.

In contrast, when the compression load was perpendicular to the BD, the diagonal crack band
initialized much later (strain of 16.1%). At that time, the angles between the struts in the first layer
were reduced by more than 40% compared to that of the initial state (emphasized by the yellow
dotted line in Fig. 6¢). This suggested that the first layer which contacted the compressive plate was
crushed before the diagonal crack band was initialized. This local failure reduced the bearing
capacity of the entire structure, resulting in a smaller compressive strength and postponing the
holistic destruction. This different failure mode consequently enlarged the area under the stress
curve, implying a higher capacity for energy absorption.

3.3 Numerical simulation

Fig. 7 (a) The CAD model modification and (b) FE model

Based on the above discussion, it was necessary to modify the model both in geometrically and
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physically. First, the cross-section of the struts was modeled as an ellipse with a 0.72 mm long axis
and 0.58 mm short axis, as shown in Fig. 7a. Then, Hill’s function was adopted to establish an
anisotropic yield criterion using the data extracted from the DIC of small cross-sectional samples.

Hill's anisotropic function can be expressed in terms of rectangular Cartesian stress
components as follows:

Onin = \/F(Uzz — 033)%2 + G(033 — 011)% + H(0y1 — 02,)? + 2Loj; + 2Mo3, + 2Nof, 2)

where g;; is the stress component and F, G, H, L, M, and N are the Hill’s constants obtained
by tests of the material in different orientations, which are defined as:

@®?% 1 1 1
F = -t =
2 (‘7222 CES ‘7%1)’
@? 1 1 1
G = —+=—=
2 04 04 U%z)’
@?% 1 1 1
H= 2 6%, 05, 523),
_3,T 52
L= 2 (523) ’
3 TO 2
M= 2 (513) ’
N = 3 (i)Z (3)
2017

where d;; is the yield stress: when @ = j, it represents the tensile yield stresses, when i # j,

it represents the shear yield stress; ¢

is the reference tensile yield stress, which was taken from
the yield stress of 0° samples, 7° is the reference shear yield stress, and 7° = ¢°/+/3.

Eq. (3) can be rewritten as:

1,1 1 1
F=>(G+o %)
22 33 11
1,1 1 1
G=s(G +tm — )
33 11 22
1,1 1 1
H=-(G+5 %)
11 22 33
3
L=—,
2R33
3
M=—,
2R73
3
N =— 4)
2
2R%,)’

Where R;; are anisotropic yield stress ratios that are defined as follows:

O-ij

— Wheni=j

Rij =13, o (5)
— Wheni # j
T

Using mathematical relationships, the strain ratios can be converted into stress ratios. Hill’s
constants can be formulated by the true plastic ratios (r), which are also known as Lankford’s
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coefficients:

_ [Too(ro+1) _ _  [reo(ro+1) _ 3(ro+1)190
Rua = \ Totra0) Rez =1. Re3 = \ro(rso+1) Rz = N @ras+D(ra+730) ©
Based on the study of Bagherzadeh et al. ' and Mooney et al. '*!!, it is reasonable to assume

that Ry, = R3; = 1. Using this definition, the anisotropic constitutive model of the as-built small
cross-section was established, and the corresponding Hill’s constants are listed in Table 6.

Table 6
Hill’s constants for as-built small cross-sectional Ti-6Al-4V.
F G H L M N
0.38 0.51 0.41 1.37 1.5 1.5

20 T T T T T g T g T T N I B R L L B |
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g simulation simulation
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(a) Compressive strain ¢ (b) Compressive strain &

Fig. 8 Simulated and experimental stress-strain curves when compressed (a) parallel to BD,
and (b) perpendicular to BD

Fig. 8 depicts the predicted and experimental stress—strain curves under different loading
conditions. The simulated curve is good at predicting the compression and shows a perfect fit until a
strain of 12%. The difference between the simulated and experimentally measured curves can be
attributed to the absence of surface roughness in the CAD model. Some fluctuations observed in the
experimental curve may be attributed to the undesired breakage of a few random struts. The
simulation of compressing beyond 12% strain is not within the scope of this study and requires
further investigation.

Conclusions

In this study, a series of Ti-6A1-4V BCC lattice and tensile specimens with different building
directions and cross-sections were fabricated by SLM. The morphology, microstructure, and
mechanical behavior of the specimens were examined. The processing-induced anisotropy was
discussed, and a simulation model was constructed to predict the mechanical behavior of the lattice
structure.

® The effect of the BD angle: The mechanical properties of the SLMed Ti—6Al-4V tensile
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samples were measured as a function of the BD angle. As the BD angle decreased, the yield
strength, ultimate tensile strength, and elongation increased monotonically because of the
strongly textured prior-f grains parallel to the BD.

® The effect of cross-section: The size of the prior-f grain was positively associated with the
sample size of the specimens owing to different thermal histories, such as the solidification
rate and temperature gradient, and different ratios of the contour path, which lead to a
non-negligible anisotropy, particularly in small cross-sectional samples. Furthermore, the
unavoidable staircase effect led to an increase of one of the dimensions of the small
cross-section sample by 22% compared to that of the original design, resulting in an increase
in the anisotropy.

® Affected by the above anisotropies, the lattice structure showed an orientation-dependent
compression performance and the elastic modulus, strength, energy absorption ability, and
deformation behavior varied depending on the angles between the compression axis and the
BD. This will be helpful for better design and use of lattice structures in engineering.

® In this study, by developing an accurate simulation model, we demonstrate a way to predict
the mechanical properties of a lattice structure more precisely in the uniaxial compression
tests.
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