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Abstract

In this study, in order to realize the application of the electron beam melting (EBM) technology
for the printing of large components, the microstructure and mechanical properties of a big-sized
Ti-6Al1-4V plate (6 mmx180 mmx372 mm) additively manufactured by EBM were investigated.
The paper focused on the graded microstructure and anisotropic mechanical properties by using
x-ray diffraction, optical microscope, scanning electron microscope, microhardness and tensile
test. A gradual change in microstructure with an increase in build height was observed. The
formation of a graded microstructure was observed and discussed based on the thermal history
experienced during printing. The mechanical properties were influenced accordingly by the
graded microstructure. Moreover, the specimens which were printed parallel and perpendicular
to the printing directions exhibited high elongation of ~18% and ~14%, respectively. The
anisotropy in ductility was also observed and discussed according to the columnar prior 3
structure and grain boundary o phases present.

Introduction

Additive manufacturing (AM) technologies shorten the design to product time and reduce the
process steps involved [1-3] thus overcoming some limitations of the traditional manufacturing
methods like casting [4], forging [5, 6] and rolling [7]. In particular, AM technologies have
exhibited promising applications in high value added industries [1, 8, 9]. Electron beam melting
(EBM) is one of the layer-by-layer AM techniques, which has the capability of producing near-
net shaped parts with complex geometries. Furthermore, due to its vacuum controlled process
and high energy electron beam, it can be used to process high melting point and reactive metallic
materials. Therefore, it is suitable for fabricating Ti alloy parts for the aerospace and biomedical
applications [10, 11].

Layer-by-layer fusion step in EBM introduces rapid thermal cycles, which results in a
different microstructure as compared to their cast or wrought counterparts. Moreover, the
previous layers experience a thermal history during printing and this further introduces a
different thermal history for each subsequent layer. In order to ensure the use of these printed
parts in structural applications, their mechanical properties must be characterized. Therefore,
many researchers have focused on understanding the microstructure and mechanical properties
of Co-Cr-based alloys [12], Ti alloys [11, 13, 14] and Ni-based alloys [15] fabricated by EBM
technology. Although these results exhibited excellent mechanical properties, the previous



investigations only focused on small build samples and/or parts with short build heights.
However, for industry applications, in particular, aerospace applications, a big-sized part with
complex shape is of actual industrial need. Recently, graded microstructure and mechanical
properties were reported by Tan ez al. in a 10 mmx100 mmx 30 mm block [16]. However, there
is still lack of understanding with regards to the microstructure and mechanical properties of big-
sized parts. Moreover, anisotropic tensile behavior of directed energy deposition additive
manufactured Ti-6A1-4V was reported [17]. It is suggested that the presence of grain boundary o
phase plays a critical role on the anisotropic ductility. Therefore, it is reasonable to predict that
anisotropic mechanical properties may also appear in the EBM-built parts. Accordingly, in the
present study, the effects of build height on the microstructure and mechanical properties of a
big-sized plate were investigated. The anisotropic mechanical properties were also discussed.

Experimental procedures

An Arcam A2X EBM system with a build envelope of 200mm X200mm X 380mm was used
(software version 3.2, accelerating voltage 60,000 V, layer thickness 50 pm, Arcam AB standard
build theme for Ti-6Al-4V alloy) to print four plates (6 mm>X 180 mm X372 mm in thickness,
length and height, respectively) centered on a 210 mm X 210 mm stainless steel start plate. Fig. 1
(a) shows an as-built plate. The pre-alloyed Ti—-6Al1-4V (Grade 5) virgin powder with a nominal
composition of Ti-6A1-4V-0.03C-0.1Fe-0.150-0.01N-0.003H supplied by Arcam AB, was used
in the present study. After ~1 hour vacuum, the 10 mm thick start plate was heated when both a
chamber pressure and an electron beam column pressure reached to below 5X 10 mbar and 5 X
10°° mbar, respectively. The four big-sized Ti-6Al-4V plates were directly built on the preheated
start plate once the bottom temperature that was measured by a thermal couple placed beneath
the start plate reached 730 “C. High-purity helium was applied to regulate a vacuum of ~2x1073
mbar during the building process.

In order to examine the microstructure and mechanical properties of the printed plate, tensile
specimens were wire-cut from the plate in two orientations (parallel and perpendicular to build
direction). In each orientation, they were divided into three groups of specimens that were taken
from the bottom, middle and top sections, respectively (Fig. 1 b). The dimensions of tensile
specimens were illustrated in Fig. 1 (¢). The surface of all the tensile specimens was smoothened
by plunge grinding. The tensile test was conducted at room temperature in air, at an initial strain
rate of 3.3x10* 57!, using the Instron 4505 universal tensile testing machine with a load cell
capability of 100 kN. In addition, an extensometer was applied to measure the strain.
Microhardness tests were conducted on the polished specimens by using a micro hardness tester
(Mitutoyo MVK-G350AT) with a load of 300 gf and a dwell time of 15 seconds. The specimens
for microhardness tests were cut at a build height of ~13 mm (Fig. 1 b).

Phase identification was carried out using the X-ray diffraction (XRD), at room temperature
with Cu Kq radiation operated at 40 kV and 40 mA. Microstructural observation was conducted
using an optical microscope (OM) after etching by the Kroll’s reagent. Scanning electron
microscopy (SEM) was also used for microstructural analysis.

Results

Some small spherical pores (Fig. 2 a) with an average diameter of ~12 um and irregular pores
(Fig. 2 b) were occasionally observed. This is a common phenomenon in AM Ti-6Al-4Vparts



[17-19] due to the eargon during the production of gas atomized Ti-6Al-4V powder and the lack
of fusion during layerwise melting [10, 18]. It is also worth noting that any spherical or irregular
pores are supposed to be detrimental to fatigue properties while those small spherical pores in
Fig. 2a may not significantly affect the tensile properties.

13mny

R6

Fig. 1 (a) Picture of plate fabricated by EBM, (b) schematic illustration of locations of
tensile specimens and microhardness specimens cut from plate, and (¢) dimensions of
tensile specimens in mm. The tensile specimens was divided into two groups, parallel to Z
axis and perpendicular to Z axis. The microhardness was measured along the red round dot
lines, which was ~13 mm high. It is noted that the microhardness specimens were cut from
another plate as continuous microhardness values across the plate (from the left edge) were
desired.

The microstructures at the bottom (Fig. 3 a and d), middle (Fig. 3 b and e) and top (Fig. 3 ¢
and f) regions in the Ti-6Al-4V plate were shown in Fig. 3. Regardless of the build height (Fig. 3
a-c), columnar grain structures were clearly observed in all the three specimens. The columnar
prior B grain is a typical feature of EBM-built Ti-6Al-4V part because of the high thermal
gradient along Z axis, which has been reported eleswhere [13, 16]. The microstructure contained
grain boundary o and transformed o + § microstructure within the columnar prior 3 grains. Only
~8 layers were shown in Fig. 3 (a) because the build layer thickness is 50 pm. However, the
columnar prior [ grains obviously grow across many layers, which differs from that
manufactured by selective laser melting and laser aided additive manufacturing.



Fig. 2 Optical microscopy images of (a) the typical pore and (b) lack of fusion pore observed in Ti-
6AI4V plate fabricated by EBM.
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Fig. 3 Optical microscopy images of (a, d) bottom, (b, e) middle (c, ) top regions in the
Ti-6Al-4V plate fabricated by EBM. (a-c) show columnar structure by using low
magnification and (d-f) show a + B microstructure by using high magnification.

Fig. 3 (d-f) show the high magnification optical micrographs from the bottom region to the
top region. Only o phase and B phase were observed, regardless of the build height. Because
phase constitution and their distribution strongly influenced the mechanical properties [4, 13, 20]
and o martensitic phase may exist in the EBM-built Ti-6Al-4V [11, 21], XRD measurements
[22] and SEM analysis were carried out. It is confirmed that only a phase and a relatively small
fraction of B phase exist in the present plate. However, the o lath width increased with an
increase in build height. In particular, the a lath width was observed to increase from the middle
region (Fig. 3. e) to the top region (Fig. 3 f). The graded microstructure was also observed in Co-
Cr alloy fabricated by EBM [12]. This is caused by the effect of different thermal histories on
different build heights. The increase of o lath width is attributed to the slower cooling rate in the
top region. Since the bottom build directly connects to the stainless steel start plate, the heat



inside the bottom region is easily transferred to the start plate and then spread out. However, with
the increase in build height, it becomes challenging to transfer the heat to the bottom region as
quickly as compared to the stainless steel start plate due to the low thermal conductivity of Ti-
6Al-4V solid, which is even worse for the case of Ti-6Al-4V powder [23]. A long exposure at
higher temperatures on the top region resulted in the coarser o phase lath widths.

Fig. 4 shows the microhardness values measured from left edge to center at a build height of
~13 mm. All the measured values were around 340 HV and no significant difference was
observed at the same build height. These results indicated that the tensile specimens wire-cut
from the plate (Fig. 1 b) will yield the same tensile properties because those designated layers
underwent the same thermal history in the present study.

Fig. 5 shows the Young’s modulus at different build heights and orientations. It was observed
that their Young’s modulus values in the present study were almost constant, which is consistent
with the finding of the previous report [10].
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Fig. 4 Trend of microhardness values across the EBM printed Ti-6Al-4V plate (from the
lett edge), at a height of -- 13mm from the start plate.
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Fig. 5 Trend of Young’s modulus values of the EBM printed Ti-6Al-4V plate (from the
base of'the start plate).

Fig. 6 shows the stress-strain tensile curves at room temperature. Similar to the commercial
wrought Ti-6A1-4V, only a weak work hardening phenomenon was observed. Both the yield



strength and ultimate tensile strength were found to be dependent on the build height and
orientation. These strength values were comparable to the results reported by S.S. Al-Bermani et
al. [13] and that of the wrought Ti-6Al-4V according to ASTM 1472-14 [24]. Moreover, the
yield strength and ultimate tensile strength were observed to decrease with an increase in build
height. This is attributed to the finer o + f microstructure. It has been reported that the yield
strength decreased with the increase of o lath width in Ti-6Al-4V alloys [13].
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Fig. 6 Stress-strain curve of (a) parallel and (b) perpendicular to Z-axis specimens cut from
Ti-6A1-4V plate fabricated by EBM.

On the other hand, more than 14% deformation strains were obtained in all the EBM printed
specimens, regardless of their build height and orientation. These values were higher than that of
the wrought form (ASTM 1472-14, 10%) [24]. It should be noted that the plastic strain in
parallel orientation (~18%) was higher than that of perpendicular orientation (~14%). It is
suggested that the anisotropy in ductility is mainly attributed to the appearance of the grain
boundary o phase. The grain boundary o phase (Fig. 3 a-c) provides a preferential path for
damage accumulation along the grain boundary. When a load is applied to the orientation
perpendicular to the prior B grain boundary, a tensile opening mode is subjected to accelerated
damage [17]. Therefore, a low plastic strain was observed in the perpendicular orientation (Fig.

6).
Conclusions

The graded microstructure as well as the anisotropic mechanical properties of a big-sized Ti-6Al-
4V plate (6mm X 180mm X 372mm) were investigated. The following conclusions can be drawn.
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(1) Columnar grain structure containing grain boundary o phase and transformed a + f
microstructure within the prior B grain were observed, regardless of the build height.

(2) Only o phase and a relatively small fraction of  phase were detected in the microstructure
of the as-built Ti-6Al-4V specimens. The o phase lath width increased with an increase in
build height.

(3) With the increase in build height, the yield strength and ultimate tensile strength of the
specimens were found to decrease. This is attributed to the increase of o lath width due to
the different thermal histories along the build height.

(4) Anistropic mechanical properties was observed because of the presence of grain boundary a.
A low deformation strain (~14%) was obtained in the perpendicular orientation and a high
deformation strain (~18%) was obtained in the parallel orientation.

(5) The yield strengh and ultimate tensile strength of all the examined specimens were
comparable to that of the wrought material and their elongations were even higher (ASTM
1472-14).
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