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ABSTRACT

Bulk Ti-6Al-4V material and its lattice structures with rhombic dodecahedron unit cells are
fabricated by electron beam melting (EBM) and selective laser melting (SLM) method
respectively. The effect of part size on the compressive properties and failure modes of the
material is taken into consideration. Electronic universal testing machine and Split Hopkinson
pressure bar (SHPB) system are adopted for experiments, and the compressive behavior of the
additively manufactured materials is investigated accordingly. Meanwhile, multiscale
observations are conducted to reveal the macro- and microscopic deformation mechanism. The
results showed that the mechanical response of the dense struts as well as micro-lattice structures
manufactured by the two processes are quite different. The yield strength of the EBM printed
parts, in which the grain size distributions and texture between the center and the edge regions
seem to be different, are more sensitive to the specimen size. The geometric imperfections are
also considered to reduce the strength of the undersized struts prepared by EBM. The specimens
fabricated by both of the two approaches exhibit elastic-plastic deformation. Besides, the SLM
made material is found to be more sensitive to strain rate especially for that below 1000/s than
the EBM parts.

Keywords: Ti-6Al-4V; electron beam melting; selective laser melting; mechanical behavior;
microstructure

1 Introduction

Titanium alloys have been widely used as structural components in the aerospace, automotive
and shipbuilding industries due to their combination of many excellent properties such as low
weight, superior mechanical performance and prominent thermal/corrosion resistance [1]. Ti-6Al-
4V alloy, which is a type of ‘a+f’ dual-phase material, has been the most popular titanium alloy for
industrial application. In Ti-6Al-4V alloy, the softer a-phase provides Ti-6Al-4V workability while
the harder f phase provides its high strength [2]. Besides, the a/f interface is also reported to
influence the fracture behavior of the material [3]. Currently, the rapid development of additive
manufacturing (AM) provides a new approach to fabricate Ti-6Al-4V alloy and the corresponding
structural equipment, but numerous investigation on the properties of materials need to be conducted
before they can be applied extensively.

Selective laser melting is a kind of AM method which uses laser as the heat source. Four main
parameters during the fabrication process are the laser power, scan speed, hatch speed and layer
thickness [4]. Detailed description of SLM processes has been presented by Kruth et.al [S]. Some
literature about the research on SLM manufactured Ti-6Al-4V has been reported. It has been
presented that the SLM-printed Ti-6Al-4V consists of a fine acicular martensite phase (o’ phase),
which relates to a high yield strength (almost 1GPa) and ultimate tensile strength with low ductility
(less than 10%) [6,7]. Facchini et.al [8] indicated that the low ductility of SLM Ti-6Al-4V
components was caused by the residual stress and the martensitic microstructure. Attar [9] and
Chlebus [10] attributed the anisotropic behavior of the SLM parts to the defects inside the materials.

1 Corresponding author. Tel: +86-10-68914152
E-mail address: swdgh@bit.edu.cn


mailto:swdgh@bit.edu.cn

Simonelli et.al [11] investigated the effect of build orientation on the tensile properties of Ti-
6Al-4V, and discussed the mechanical anisotropy and fracture mechanisms in relation to the
crystallographic texture. Khorasani et.al [12] conducted detailed research to detect the influence of
SLM processing parameters including the laser power, scan speed, hatch space, laser pattern angle
coupling and post-heat-treatment on the hardness, density, mechanical performance and surface
quality of the printed parts. Vrancken et.al [13] examined the effect of heat treatment on the
mechanical behavior and microstructure of SLM processed Ti-6Al-4V, in which the influence of
temperature, time and cooling rate were discussed. Qiu et.al [14] tested the Ti-6Al-4V samples with
stress relief treatment and hot isostatically pressed (HIPed), and found that the HIP treatment could
help to improve the ductility but the strength was reduced. Yang et.al [15] explored the formation
and evolution mechanisms of martensites in SLM Ti-6Al-4V, and investigated the effect of
processing parameters such as hatch spacing and scanning velocity on the martensitic size, which
demonstrated that the martensitic size could be controlled by adjusting the SLM processing
parameters.

Electron beam melting (EBM) is another kind of AM method using electron beam as the heat
source. When the high speed electron beam interacts with the powder layer, kinetic energy is
converted into thermal energy and results in the melting of the powder [4]. Compared with SLM,
the penetration depth into the irradiated material by the electron beam is much greater [16]. Main
parameters during EBM process include inter-build variations (such as chemistry and build plate
temperature) and intra-build variations (such as energy input, location, part size and build
orientation) [17, 18]. Hrabe et.al [17] indicated that the distance from the build plate had no
influence on the processed parts, but the part size might affect the yield strength (YS) and ultimate
tensile strength (UTS) slightly. Besides, they also found that higher energy input led to lower YS,
UTS and microhardness, while the build orientation only influenced the elongation [18]. Al-
Bermani et.al [19] found that the microstructure and mechanical properties of EBM Ti-6Al-4V
exhibited significant dependent on the build temperature. Tan et.al [20] observed that the £ phase
formed as discrete flat rods were embedded in continuous « phase, and the material exhibited graded
microstructure as the § grain width and f phase interspacing increased continuously with the build
height. Due to the graded microstructure, the mechanical properties of EBM printed Ti-6Al-4V were
found to be graded. Murr et.al [21] compared the EBM fabricated Ti-6Al-4V with wrought Ti-6Al-
4V, concluded the graded properties of EBM products and better ductility than the wrought samples.
Lu et.al [22] systematically analyzed the microstructure transformation of Ti-6Al-4V during EBM
process, which provided helpful strategy for Ti-6Al-4V microstructural optimization. Some other
researchers investigated the effect of surface quality and post-treatment on the mechanical properties
of EBM printed parts. Formanoir et.al [23] paid attention to the effect of surface finish on the tensile
properties of EBM produced Ti-6Al-4V, and found that the surface defects might decrease the yield
strength which could be modified by mechanical polishing (removal of the surface defects).
Additionally, they also proposed that the chemical etching treatment could increase the relative
stiffness of electron beam melted Ti-6Al-4V octet-truss lattice structures as the surface roughness
of the strut was significantly decreased [24]. Lhuissier et.al [25] conducted detailed research on the
evolution of the strut morphology and the elastic mechanical properties of the specimens with the
etching time, which provided an effective method to minimize the surface defects and promote the
mechanical behavior of EBM produced complex stuctures.

Although the microstructures and mechanical properties of Ti-6Al-4V components
respectively manufactured by SLM and EBM have been compared [4, 6], limited research has been
conducted to compare the differences with the part size varies. Additionally, testing system with
high precision is needed to investigate the compressive properties of specimens at a micrometer
scale. Metallic micro-lattice structures, which comprise an assembly of micro-struts, can be adopted
to evaluate the basic properties of the material with tiny sizes due to their properties are related to a
single strut. Up to today, a number of studies have also been performed to discuss the properties of
additively manufactured Ti-6Al1-4V lattice structures[26-35]. Mines [26] fabricated cellular Ti-6Al-
4V and stainless steel with Body-Center-Cubic (BCC) structure by adopting SLM technology, found
that the surface quality of Ti-6Al-4V strut was much worse than that of stainless steel strut. Leva
[27] investigated the influence of energy input on the porosity, constituent, microstructure and
mechanical properties of porous titanium parts obtained by SLM. They found that higher energy
input could lead to parts with better mechanical properties. Tancogne-Dejean et.al [28] researched
the dynamic performance of SLM manufactured metallic micro-lattice structure, analyzing the strut



orientation dependency of material texture.. Xiao et.al [33, 34] tested the compressive behavior of
EBM processed Ti-6Al-4V lattice structures under different loading velocities, revealed that the
manufactured material can be applied as energy absorber at elevated temperature. They also
measured the dynamic response of graded Ti-6Al-4V lattice structures fabricated by SLM method
[35]. However, the comparison between the micro-lattice structures fabricated by these two method
has been scarcely reported.

This study aims to investigate the compressive behavior and microstructural characteristics of
Ti-6Al-4V with various dimensions manufactured by EBM and SLM processes, respectively. Dense
Ti-6Al-4V cylinders with four different sizes and open-cell rhombic dodecahedron Ti-6A1-4V lattice
structures are fabricated for experimentally research. Quasi-static and dynamic tests are conducted
to obtain the compressive stress-strain relationships and failure modes of the struts and lattice
structures. Metallographic observations and EBSD analysis are conducted to reveal the
microstructure and texture of the specimens. Afterwards, the effect of fabrication processes as well
as specimen size on the macroscopic behavior of the additively-manufactured materials is discussed.

2 Experimental procedures
2.1 Material fabrication

Ti-6Al-4V alloy and the corresponding micro-lattice materials in the present study are
manufactured through EBM and SLM processes. The EBM process is performed on an ARCAM
A2 system which has been introduced elsewhere [36, 37]. The particle diameter of gas-atomized
extra low interstitial (ELI) grade Acram Ti-6Al-4V powder adopted for fabrication varies from
30um to 120pum with an average data of 100um. The powder-bed is with a depth of 50pm and the
layer thickness adopted here is 70um. Before being melted, the powder is preheated to 720~730°C
layer by layer with a scanning velocity ranging from 0.2 to 10m/s. The electron beam is accelerated
with a voltage of 60kV while the beam current is not greater than 35mA. During the melting process,
the beam current is reduced to 18mA and the scanning speed is about 0.5m/s. The SLM process is
conducted on a BLT-S300 system provided by Xi'an Bright Laser Technologies LTD. The Ti-6Al-
4V powder is supplied by EOS with an average diameter of about 100um. The power of laser used
for melting is 400W and the beam diameter is 100um. The layer thickness adopted for fabrication
is 50um and the scanning speed is approximate 1.5m/s. As the powder is not preheated in SLM
process, heat treatment has to be conducted after the manufacture process. Duplex anneal is the most
common treatment to achieve stable microstructure and properties of titanium alloys. Firstly, the as-
built materials are heated to 650°C (2 10°C) in a vacuum environment and kept for 2~4 hours which
are cooled in the furnace filled with Argon gas. In this step, the microstructure of the material keeps
unchanged and the residual stress in the built parts can be primarily relieved. Afterwards, the
materials are heated to 800°C (£ 10°C) again in a vacuum environment for 2 hours and followed by
the same cooling steps as above. During this process, the residual stress in the materials can be
totally eliminated and the metastable S phase is completely decomposed to obtain the homogeneous
microstructure and property. The above heat treatment parameters are optimized by the specimen
supplier (Xi'an Bright Laser Technologies LTD).

2.2 Macro- and microscopic characterization

In order to determine the properties of additively-manufactured fully dense Ti-6A1-4V alloy,
four groups of cylindrical Ti-6A1-4V struts with four different diameters (@2mm, ®4mm, ®6mm,
@8mm) and a uniform length of 80mm are manufactured by the two additive manufacture methods
initially. The strut dimensions are measured after manufacturing using a 0.02 mm precision Vernier
caliper. The deviations between the designed diameter and the measured value are presented in
Table.1, which verifies that the EBM and SLM processes can guarantee excellent repeatability and
high precision.

Table.1 Comparison between the designed diameter and measured data

Designed Diameter obtained Deviation (%) Diameter obtained
diameter(mm) by EBM (mm) ’ by SLM (mm)

Deviation (%)




8 8.04 0.5 8.02 0.25
6 5.96 -0.6 6.03 0.5
4 4.04 1 4.02 0.5
2 2.04 2 2.03 1.5

Metallographic specimens are sectioned from the cylindrical Ti-6Al-4V parts along both their
building axis and in-plane direction which are displayed in Fig.1. Before being etched by Kroll’s
reagent (2% HF + 6% HNO; + 92% H>0), the specimens are mechanically ground and polished.
Afterwards, optical microscopy (OM) and scanning electron microscopy (SEM) are adopted for
microstructural characterization. OM is conducted on an Olympus optical microscope while SEM
is carried out on a scanning electron microscope Hitachi S4800. SEM-EDS (energy dispersive
spectroscopy) is used to compare the compositional differences in characteristic zones. In order to
reveal the crystal characteristics such as the crystal size and texture of the materials, electron
backscattered diffraction (EBSD) analysis is performed with an integrated Oxford/NordlysNano
EBSD detector. A step size of 0.2um is chosen to optimize the resolution without increasing too
much acquisition time, and the EBSD data are analyzed by Channel 5 software. Additionally,
transmission electron microscopy (TEM) observation is applied on the deformed specimens to
examine their microscopic deformation mechanism. The TEM samples are prepared by ion
bombardment thinning process and then the observation is performed on a high-resolution electron
microscope JEM 2010.

Compression direction

Original sample - @ Samphn;, posmon

Sdmphn pUblthn @

Fig.1 Schematic of compression sampling

2.3 Mechanical experiments

2.3.1 Specimens

Cylinder specimens of fully dense Ti-6A1-4V alloy with their axis parallel to the build direction
are used for static and dynamic compression tests. The specimens are cut from the initially fabricated
struts directly via wire cutting with a height-diameter ratio of 1.

Cubic micro-lattice specimens along the build direction are prepared directly through EBM
and SLM for static compression tests. The micro-lattice structures comprise assembly of thombic
dodecahedron unit cells, which have been described in our previous study [33-35]. Table 2 exhibits
the detail parameters of the fabricated lattice specimens, where the relative density p is calculated
by p=m/(vps). Here, m and v represent the mass and volume of the specimens respectively, ps is the
density of the bulk material. The strength of the micro-lattice structure can be simply determined by

V6 [d
o,=—0,

3
=72 I_j =0.21o,p"* 1)

where o is the yield strength of a single strut, d and / denote the diameter and length of a single

strut respectively.

Table.2 Comparison of basic specifications between the two groups of specimens

Sample Designed Actual Relative Fabrication
o L Mass(g) ,
number dimensions(mm?) dimensions(mm?) density method

1# 153 1524 X 152X 14.42 2.23 0.152 SLM



1523 X 1522 X

2 2.2 0.155
i 14.39 7
3# 1524 X 15.28 X 14.9 2.46 0.161
1524 X 1528 X EBM
4 2.4 161
i 14.92 6 0.16

2.3.2 Uniaxial compression testing procedure

Quasi-static compression experiments on the cylinder and cubic lattice specimens are carried
out using the WDW-300 electronic universal testing machine. The loading processes are controlled
by the movement of the upper indenter while the testing speed can be determined by the specimen
height and a default strain rate of 1 X 103/s. The loading force F during the testing process can be
captured by the 300KN load cell, and the displacement ¢ of the incident can be recorded by the
photoelectric encoder with a high resolution of 0.001mm and a low relative error of £0.5%. Then
the engineering stress-strain (o.-¢.) and true stress-strain (o-¢) relation of the dense materials could
be obtained via

{O‘e=|:/AS ond {G:Ge(l—ge) o

&, =0, e=-In(1-¢,)

where 4, and /; represent the initial cross-section area and height of the specimens. For the testing
of the micro-lattice specimens, a digital camera is adopted to capture the deformation evolution with
a frame rate of 30fps.

2.3.3 Dynamic compression testing procedure

The dynamic compressive experiments are performed on a Split Hopkinson Pressure Bar
(SHPB) system which has been commonly used for testing the dynamic behavior of materials at the
strain rates ranging from 10>~10%/s. As shown in Fig.2, the SHPB apparatus consists of a striker, an
incident bar and a transmission bar. All bars in the experiments are made of high strength maraging
steel with a diameter of 13mm. The strikers are with two different lengths, namely, 300mm and
200mm respectively, while the incident and transmission bars are both 1000mm. The tested
specimens are sandwiched between the incident and transmission bars. When the incident bar is
impacted by the striker, a compressive stress pulse is generated at the interface and propagates
toward the other end of the incident bar. The duration of the stress pulse ¢ is associated with the
length of the striker / and the sound speed of the bars Co by =2// Co. The stress pulse is divided into
a tensile pulse which reflects back to the incident bar and a compressive pulse transmits to the output
bar when it reaches the specimen section. During the loading process, all the bars remain elastic
while the specimens deform plastically. Strain gages are located at the center of the incident and
transmission bars to record the corresponding stress pulses. The signal is processed and amplified
by a dynamic strain indicator, and recorded by an oscilloscope afterwards.

Speedometer

Gas gun mm mm
e R e T ———
I N | mStram gage [ W Strain gage | |
T, | Incidentbar | Transmission barl——— Absorption bar
Projectile

Dynamic

strain gauge

[ Oscilloscope

[ ]

Fig.2 Schematic of SHPB apparatus

A basic assumption for SHPB testing is the equilibrium state at the bar-specimen interface,
which indicates that



g (t)|+& (t)=&(t) 3)

where &(f), &(f) and () denote the incident wave, reflected wave and transmission wave obtained
by the strain gages respectively. Then the dynamic engineering stress o, , strain &, and strain rate

<]
& can be derived according to the one-dimensional elastic wave theory as

Ez-zlﬁgr (t)
S RLE )
o, :%q (t)

here Ez and Ap are the elastic modulus and cross-section area of the bars respectively. Afterwards,
the true stress ¢ and strain & can be dealt with Eq.(2). A 100 point smoothing algorithm is
applied to minimize the oscillation on the pulse signals recorded by the strain gages in the present
manuscript. Fig.3 displays the typical curves after being processed to verify the equilibrium
condition in our experiments. The related strain rates calculated by Eq.(4) are exhibited in Fig.4,
which demonstrates that the strain rates during loading process, especially for those under low
velocity impact are not constant. Thus, all the strain rates stated in this paper are determined as the
rough average value during the plastic deformation process.

0.8 0.0020
] Transmitted pulse
06| Incident _
k! 0.0015
pulse
0.4 0.0010 |-
?.3 3 —=— Incident wave
%ﬁ 02 2 0.0005 - —es—Reflected wave
o g —a— Transmitted wave
> 0.0 = 0.0000 —v— Incident+reflected wave
021 -0.0005
Reflected pulse
(@ )
S04 1 . ) | h . 1 . -0.0010 . . ! " . . L
-0.05 0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 040 000 002 004 006 008 010 012 014 0.16
Time/ms Time/ms

Fig.3 SHPB signals and calculated curves: (a) typical signals obtained from the strain gages; (b) wave-form
separation figure for verifying the equilibrium condition
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Fig.4 Imposed strain rate history corresponding to different strain rates

3 Results

3.1 Microstructural characterization of the printed materials

3.1.1 Cylinder dense specimen

As the additively-manufactured materials undergo very high cooling rates, the corresponding
microstructure evolution is different from that processed by traditional methods. Fig.5(a)~(b)
depicts the optical microstructure of EBM printed Ti-6Al-4V. It can be observed that the structure
exhibits a typical basket weave pattern consists of a-lamina (white part) inside a f-phase (dark part)
matrix. The images also present different grain arrangements at different locations in the specimens.
Massive phase (circled by the red curve) is observed near the edge of the specimens which is absent
at the specimen center. The massive phase grains have also been reported previously by Lu et.al.[22].
They attributed the formation of the massive phase to the low cooling rate of the EBM which led to
the massive transformation. The optical microstructure of SLM printed Ti-6Al-4V is exhibited in
Fig.5(c)~(d). The metallographic figures demonstrate that the microstructure of SLM parts is similar
to that of EBM parts. Exactly, resulted from the fast cooling rates, the typical microstructure of Ti-
6Al1-4V obtained by SLM is martensitic (a”) [12]. Due to the heat treatment after processing, the
martensitic phase a” has decomposed to a+f phases, which makes the microstructure more similar
to that of the EBM samples. Meanwhile, the microstructure in SLM parts is quite homogeneous at
different locations as no massive phase has been detected. Moreover, the observation also implies
that the materials printed by EBM and SLM method in the present study exhibit high density as
nearly no micro-pores can be detected from the OM images.

(b)




© (d)
Fig.5 Optical micrograph of additively-manufactured Ti-6Al1-4V perpendicularly to the build direction: (a) at
the center of EBM printed material; (b) near the edge of EBM printed material; (c) at the center of SLM printed
material; (b) near the edge of SLM printed material (light phase = a, dark phase =5)

Fig.6 shows the scanning electron (SE) images of the EBM- and SLM-printed specimens,
which can reflect the a+f dual phases with basket weave organization more apparently. The grain
distributions and orientations of the additively-manufactured Ti-6Al-4V alloy are characterized by
EBSD analysis. The representative maps of the [0001] HCP crystal plane orientation in Fig.7
apparently reflect a highly heterogeneous polycrystalline structure. Significant discrepancy in the
texture between the struts fabricated by the two different approaches is concluded from the
corresponding pole figures in Fig.7(c) and (d). In the EBM components, evident texture can be
identified with Euler angles of (90°, 70°, 20°) and (90°, 70°, 75°), which also indicates that the
material is anisotropic. This is related to the scanning strategy as the grains grow preferentially along
the direction of powder stacking. The grain distribution in the SLM samples is similar to that of
EBM parts. Nevertheless, the recrystallization annealing treatment may influence the texture of
titanium alloy, which results in the nearly isotropic SLM strut as the texture is relatively weak.

(a) (b)
Fig.6 SEM observations in the build direction on polished dense samples made by: (a) EBM; (b) SLM (dark
phase = a, light phase =f)
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Fig.7 EBSD analysis of additively-manufactured Ti-6Al-4V alloy (®4mm X 4mm) in the build direction: (a)
grain orientation map of EBM samples; (b) grain orientation map of SLM samples; (c) pole figures for EBM
samples; (d) pole figures for SLM samples (all the data are measured at the center of the cross section)

The average a lamella sizes of the additively-manufactured Ti-6Al-4V are also measured
during the EBSD analysis, which are plotted in Fig.8. The statistical data reveals that the SLM
printed specimens with @4mm X 4mm possess smaller lamellas with an average value of 1.3um as
most sizes locate in 0.5~2.0um (approximate 87%). For EBM printed materials with the same
dimension, the fraction of lamellas larger than 2pm is about 45%, which leads to an average value
of about 2.5um. It can also be concluded from Fig.8(b) and Fig.8(d) that the lamellar size of EBM
parts exhibit obvious size effect. The average grain size decreases from 2.50um to 2.36um with the
component dimension shifting from @4mm X 4mm to @2mm X 2mm, which is caused by the higher
cooling rate in the undersized struts [17]. For the SLM parts, the lamella size is slightly influenced
by the part size (changing from 1.3um to 1.33um) due to the post heat-treatment.
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Fig.8 Grain size distribution of Ti-6A1-4V samples captured by EBSD: (a) with @4mm X 4mm printed by
EBM; (b) with @4mm X 4mm printed by SLM; (¢) with @2mm X 2mm printed by EBM; (b) with @2mm X

2mm printed by SLM (all the data are measured at the center of the cross section)

3.1.2 Cubic micro-lattice specimen

The perfect micro-lattice model used for fabrication is a cube comprised of 5X 5 X5 unit cells
(15X 15X 15mm?), but the measured specimen height is smaller than the in-plane dimensions,
especially for the EBM-printed samples. The discrepancy leads to the deviation of relative density
between the materials prepared by different processes. Fig.9 reveals the microstructure of the
additively-manufactured micro-lattice structures and individual struts obtained by SEM observation.
The images prove that the struts fabricated by EBM have complex structures with visible micro-
defects such as varying diameters, non-molten powders and porosity. The poor surface quality can
be influenced by the input energy. Low input energy leads to insufficient heating which results in
unmelted powders and defects, while high input energy will induce balling caused by large surface
tension of metal droplets generated from the melted powder. Some other factors such as slicing
method and thickness of powder also affect the quality of fabrication. By contrast, the quality of
specimens obtained from SLM is slightly better. However, the shape of all the struts manufactured
by the two processes appear to deviate from the target shape which should be perfect cylinder.

Fig.9 The SEM image of unpolished samples: (a) and (b) for the Ti-6Al-4V lattice structure and a single strut
fabricated by EBM method; (d) and (e) for the Ti-6Al-4V lattice structure and a single strut fabricated by SLM
method; (c) and (f) for the fracture surface morphology of struts fabricated by EBM and SLM method
respectively

3.2 Stress-strain response of the dense materials

The true stress-strain curves of the bulk Ti-6Al-4V alloy obtained from static and dynamic
compression experiments on the middle size specimens (@4mm X 4mm) are depicted in Fig.10. It
can be observed that both the printed materials exhibit the strain rate sensitivity. The measured
quasi-static yield strength at 0.2% plastic strain of EBM-printed Ti-6Al-4V alloy is about 863MPa,
which is elevated to 1080MPa and 1156MPa under strain rates of 1500/s and 3000/s respectively.
For the SLM-printed specimens, the yield strength are 935MPa, 1134MPa and 1453MPa under
strain rates of 0.001/s, 1300/s and 3000/s respectively. The results indicate that the SLM-printed
dense materials exhibit higher strength than the EBM-printed specimens. Besides, the SLM parts
also appear to be more sensitive to strain rate when elevated from 0.001/s to 3000/s. The results also
reveal that the EBM parts feature a hardening modulus of 1346MPa over the strain interval [0.05,
0.15] under quasi-static compression, which turns to 86MPa under a strain rate of 1500/s. When the



strain rate is elevated to 3000/s, the EBM-printed sample is totally softened due to the thermal effect
and the failure of the material. It is noted that even though the same alloy the SLM parts present a
distinct hardening behavior. The related hardening modulus almost keeps unchanged (1699MPa and
1492MPa) when compressed from 0.001/s to 1300/s, and decreases to 700MPa under a strain rate
of 3000/s.
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Fig.10 Dynamic compressive stress-strain curves of Ti-6Al-4V alloy with #4mmx4mm: (a)
printed by EBM; (b) printed by SLM

Fig.11 summaries the yield strength of the 3D-printed dense struts with different dimensions
and strain rates. The results denote that the SLM printed struts exhibit superior strength over the
EBM fabricated ones with various dimensions. For the EBM parts, evident decline in the strength
can be captured when the specimen size is below 4mm, which signifies that the compressive
behavior of the EBM components present size sensitivity. For the SLM parts, the size effect on the
material strength is relatively slight. The results also suggest that both of the two method processed
materials display apparent strain rate sensitivity, but some differences should be noted. For the EBM
parts, the strength enhancement is not significant when the strain rate is below 1000/s. The
amplification is about 5% when the strain rate is elevated from 0.001/s to 800/s for the EBM
fabricated struts. When the strain rate is higher than 1000/s, the strength of the material increases
sharply. By contrast, the SLM parts are more sensitive to the strain rate.
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Fig.11 Yield strength of 3D printed struts with dimensions ranging from @2mmx2mm to @8mmx>8mm under
different strain rates



3.3 Stress-strain response of the micro-lattice materials

Fig.12 shows the quasi-static compressive stress-strain curves of Ti-6Al-4V lattice materials
fabricated by EBM and SLM respectively. The different stress-strain curves exhibit similar patterns
which can be divided into three regions. Firstly, the stress increases linearly with the strain as the
struts undergo elastic deformation. Afterwards, a plateau stress region emerges where the struts enter
the plastic deformation. Finally, the stress increases rapidly when all the struts are compacted
together and the lattice materials behave as bulk solids. Significant reduction can be observed in
both EBM and SLM curves after the initial peak stress.
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Fig.12 Quasi-static stress-strain curves of printed Ti-6Al-4V micro-lattice structures

Fig.12 also presents the deformation modes of the lattice specimens with a nominal strain of
0.3. It can be noted that both of the specimens fabricated by different methods deformed in a same
pattern. Visible localization resulted from the yielding and fracture of struts emerged along the 45°
direction in the lattice structures. The localization was quite similar to the shear band in isotropic
solids subjected to uniaxial compression. Cheng.et.al [30] has explained the crush band in this lattice
structure according to the force analysis on rhombic dodecahedron unit cell. The experimental
results demonstrated that the deformation mechanism of rhombic dodecahedron Ti-6Al-4V lattice
structure had not been affected by the two different manufacture process.
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Aiming at judging the discrepancy between the two preparation procedures, collapse strength
and plateau stress are chosen for comparison as exhibited in Fig.13(a). Collapse strength is defined
as the first peak stress which can reflect the load capacity of structure, while plateau stress is an
important parameter to evaluate the energy absorption capacities of the cellular materials. It can be
easily concluded that the collapse strength and plateau stress of the SLM manufactured Ti-6A1-4V
lattice structures are almost twice as much as those of the EBM components. Consequently, the
energy absorption characteristics of the specimens prepared by SLM is also more excellent than
those of EBM parts (Fig.13(b)). The dynamic response of the same EBM-printed Ti-6A1-4V micro-
lattice structures has been investigated in our previous study[34]. The corresponding dynamic
collapse strengths are plotted in Fig.13(c), which indicates that the micro-lattice structures are also
sensitive to strain rate. Similar to the dense material (@6mm X 6mm) in Fig.11, the dynamic
strengths of the lattice structures present a two-stage variation. The rate sensitivity is not obvious
when the strain rate is below1000/s and turns to be more apparent with the increase of strain rate.
Although the dynamic behavior of the SLM-printed micro-lattice structures has not been tested, the
related experiments have been performed on the graded samples with the same cells and fabrication
process[35]. The collapse strengths depicted in Fig.13(c) demonstrate that the SLM components are
more sensitive to strain rate than the EBM processed specimens, which is accordance with the trend
of the dense material in Fig.11.

4 Discussions

Our research has revealed that the mechanical properties of the prototype bulk material vary
substantially with different fabrication approaches. The comparison between the EBM-made and
SLM-made dense specimens demonstrates that the difference in processing methods can result in a
yield strength difference of almost 10%. The comparison for the lattice structures are in line with
the results from the dense material, which reveals that the two different fabrication processes can
lead to differences in the collapse strength and plateau stress of about 50%. The results also indicate
that with the decrease in specimen size, the discrepancy between the materials manufactured by the
two fabrication approaches becomes more apparent. The above discrepancy may be caused by the
different microstructure and geometric defects in the printed materials treated by different processes,
which will be discussed in this section.

4.1 The effect of microstructure on the mechanical properties

The microstructure of crystalline materials is significantly related to their mechanical
properties. It has been displayed in Fig.8 that the lamellar size distributions of EBM-made and SLM-
made material are quite different. The lamellar spacing of EBM-printed material is sensitive to the
part size, while the SLM-printed material is not. According to Hall-Petch relation [38,39], the
strength of crystalline metal materials can be evaluated by the lamellar spacing as:

o, =04+ kd 2 ®)

where o, is the yield strength of the material, oy is the yield strength of the corresponding single



crystal material, d represents the average grain size (or lamellar spacing) and & the constant. For the
same material, the yield strength can be significantly affected by the grain size which can be
quantified by the k£ value. By following an approximate Hall-Petch relationship, the mechanical
properties of lamellar Ti-6Al-4V has been reported to be improved with the lamellar spacing
decreases[40]. The literature data [6, 40-47] as well as the present data on yield strength vs. the
inverse square root of a lamellar spacing for Ti-6Al-4V is plotted in Fig.14. The image demonstrates
that most of the data satisfies the Hall-Petch relationship, and the yield strengths obtained in the
present study also match well with this relationship. Consequently, the coarse-lamella results in the
lower strengths of EBM-part compared with the specimens fabricated by SLM process. Meanwhile,
the yield strength of SLM-part nearly keeps unchanged with the part size decreases as the o lamellar

spacing is similar.

1200
1100 |- .
= -7 A Ref[41]
& A o & Ref[42]
E_ 1000 - e v Ref[43]
= Y . & Ref[d4)
= 9 @ Ref[6
5 = ¥ 7 Reﬂ|[4]5|
S 900r o ® Ref[46]
= ,ﬁm’ A Ref[47)
= L7 ® Ref[40]
- 800 2 * ® Present: EBM(@4x4)
P Present: SLM(@4x4)
v *  Present: EBM(@2%2)
o Present: SLM(2x2)
700 L . L A X h )

0.0 0.5 1.0 1.5 2.0 2.5 3.0

Inverse square root of a lamellar spacing/pm™”
Fig.14 Yield strength vs. the inverse square root of o lamellar spacing for Ti-6Al-4V

4.2 The effect of geometric defects on the mechanical properties

Although comparison between the SLM-printed and EBM-printed parts with @4mmx4mm
exhibits that the yield strength is analogous to the Hall-Petch relationship, it should be noted that
the strength of EBM parts decreases significantly when the specimen is smaller than @4mmx4mm.
The average lamellar spacing shown in Fig.8 decreases from 2.50pum to 2.36um with the EBM-
component getting smaller from @4mmx4mm to @2mmx*2mm, which should result in the elevation
of yield strength according to the Hall-Petch relation. The contradiction between the experimental
data and the theoretical prediction is considered to be resulted from the geometric irregularity. With
the diameter of the EBM printed strut decreases, the shape of transverse cross section tends to be
more irregular which may produce imperfections on the surface and reduce the material properties.
More apparent geometric defects such as strut waviness, strut thickness variation and strut
oversizing or undersizing are reflected from EBM struts as shown in Fig.9. Although some micro-
defects can also be observed on the SLM struts, the extent of strut thickness variation is much lower
than that of EBM struts. Liu et.al. [48] found that the compressive strength of lattice structures is
very sensitive to the imperfections including strut waviness and especially for strut thickness
variation, which means that the strength of EBM lattice structures will be lower than that of SLM



lattice structures.

Another type of defect should be taken into consideration is the surface roughness. Compared
with the SLM-made struts, the EBM struts exhibit much rougher surface caused by the sintered
particles during the pre-heating process which cannot be removed during the powder-blowing
process. The different surface roughness can be easily identified from Fig.16. These powders only
increase the diameter of the struts but cannot contribute to their load bearing capacity. Thus, the
rough layer near the surface should be considered as mechanically inefficient and the percentage of
the inefficient part is larger for the slenderer strut. Therefore, the yield strength of EBM-printed
struts decreases sharply when the diameter is smaller than 4mm. The collapse strength of the EBM
lattice structures is much lower than that of the SLM-printed structures as well although their
relative densities are quite close. The effect of surface finish on the yield strength has been
demonstrated by Formanoir et.al [23]. In their study, the area of the inefficient region was removed
when they calculated the stress-strain curves of the EBM-printed specimens, and the results matched
well with those of the polished specimens. In addition, they also concluded that the mechanical
performance of the lattice structure could be promoted by chemical etching as the surface roughness
was significantly improved [24]. Wang et.al. [49] also reported that the part size had an obvious
effect on the tensile properties of EBM Ti-6Al1-4V specimens when the diameter was less than 4mm,
nevertheless, their specimens were well polished before experiment which led to the conclusions
contrary to our results.

4.3 Failure mechanism of the printed materials

The fracture characteristics and mechanisms of the AM materials are identified by OM and
SEM/TEM observations on the deformed specimens. An arc-shaped shear band can be observed
from the top view of both the SLM and EBM printed samples (Fig.15(a)). Fig.15(b) demonstrates
that the fracture in the specimens occurred along the plane inclined at an angle of 45° plane to the
compression axis. Such failure modes are observed during both quasi-static and dynamic
compressive deformations. This fracture mechanism has been explained by Ran et.al. [50] in their
investigation on the fracture behavior of Ti-55511 alloy. As shown in Fig.15(c), localized shear
bands emerge on the 45° plane to the axis of compression corresponding to the maximum shear
stress orientation when uniaxial loaded. Meanwhile, a hoop stress is generated at the equatorial
plane of the cylindrical surface when a bulge exists on the specimen, which leads to a tensile loading
state. The above stress states result in the coexistence of tension-shear-compression region (denoted
as 1) and shear-compression region (denoted as 2) in the fracture surfaces [50]. Similar phenomenon
has also been reported by Lee end Lin [51]. It should also be noted that due to the border effect
(friction between sample surface with the platens of the machining test), the fracture started at the
surface in contact with the rigid platen. This can be avoided by adjusting the size of the specimen,
for which the height of the sample should be 1.5~2 times its diameter.
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As the EBM parts exhibit obvious size effect on the macroscopic mechanical properties, the
microstructure on the fracture surface with different sample dimensions also captured our interest.
Fig.16 shows the typical fracture morphology of EBM manufactured Ti-6Al-4V alloy with
O4mmx4mm and ®2mmx2mm under quasi-static compression loading (0.001/s). Apparent
parabolic dimples elongated along the shear direction can be observed in both specimens, which
indicates that the specimens undergo large plastic deformations. As shown in Fig.16(b) and
Fig.16(d), the larger size and depth of the parabolic dimples in the specimens with ®2mmx>2mm
than those in the specimens with ®4mm 4mm verifies that the ductility of the EBM parts increases
with the enhancement of the specimen size. It can also be observed from Fig.16(c) that apparent
boundary exists in the smaller specimens. It can also be concluded that the ductility of the SLM
components needs to be improved as the dimples are shallower than those of the EBM parts. This
is also supported by the observation on the micro-lattice struts shown in Fig.9(c) and (e).
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Fig.17 Microscopic deformation mechanism of additively manufactured Ti-6Al1-4V: (a) and (b) for EBM parts;
(c) for SLM parts

Fig.17 exhibits the TEM observations on the deformed samples subjected to compressive
loadings. The images indicate that large amounts of dislocations appear in both EBM and SLM
printed materials. Nevertheless, twinning is also captured in the struts fabricated by EBM, which is
absent in the SLM struts. Consequently, the lower active stress of twinning leads to a lower yield
strength of EBM struts. Usually, the emergence of twinning will become the barrier to dislocation
movement which leads to the hardening on the post-yielding behavior of the material. But it seems
to have limit influence on the hardening of the EBM fabricated material since the twinning density
is relatively low. In addition, the emergency of twinning may also contribute to the ductility of the
material. For the hep crystals, the slip systems are quite few which make the slip difficult. Twinning
can coordinate grain deformation which makes the previously unfavorable slip systems shift to
favorable positions, then the slip deformation will continue to obtain a higher deformation. It has
also been stated by Zhang et.al [52] that the twinning can provide pathways for the easy motion of
dislocations which leads to the larger deformation than the material without twinning.

5 Conclusions

The compressive behavior of additively-manufactured titanium alloy and its micro-lattice
structures is investigated via experiments. Two fabrication processes including EBM and SLM are
taken into consideration. Electronic testing machine is used for quasi-static tests and higher loading
velocities are performed by using SHPB. Microstructural characterization is conducted by
metallographic observation and EBSD analysis. The influences of different fabrication processes
and part sizes on the mechanical properties of Ti-6Al-4V are revealed. Some conclusions have been
drawn as follows:

(1) Comparing with the EBM printed Ti-6Al-4V struts and micro-lattice structures, the SLM
printed parts exhibit higher strength. Nevertheless, the failure mechanism of the specimens is not
affected by the fabrication method.

(2) The EBM parts exhibit apparent size sensitivity as the mechanical performance is largely
reduced when the specimen size is smaller than 4mm. But the size effect can be ignored in the SLM
parts.

(3) The geometric irregularities is attributed to the reduction of the material strength. The
surface irregularities of the EBM samples are more significant than those found in the SLM samples.
This deleterious effect is greater with the sample size decreases, which results in the large



discrepancy between the mechanical behavior of the lattice structures fabricated by these two
approaches.

(4) The EBM parts are anisotropic as apparent texture can be captured, while the SLM
components tend to be isotropic. The TEM observation indicates that twinning appears in the
deformed EBM parts which is absent in the SLM struts.

(5) The strengths of the EBM parts are not sensitive to the strain rate below 1000/s, while the
sensitivity becomes apparent when the strain rate is above this value. However, the strain rate
sensitivity of the SLM parts keeps identical with the strain rate varies. This phenomenon needs to
be further investigated in our subsequent study.
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