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Effect of Building Height on Microstructure and Mechanical Properties of
Big-Sized Ti-6Al-4V Plate Fabricated by Electron Beam Melting
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Abstract. Electron beam melting (EBM) is a layer by layer additive manufacturing technology, which has the
capability of producing near-net shaped parts with complex geometries. It is also suitable for handling high melting
point and reactive metallic materials, such as Ti alloy, which is widely used in the aerospace and biomedical
applications. The present study focused on the relationship between the microstructure and mechanical properties of
big-sized Ti-6Al-4V parts. A plate (6mm×180mm×372mm) was additively manufactured by EBM. The microstructure
evolution and variation of mechanical properties were investigated by using the x-ray diffraction, optical microscope,
scanning electron microscope and tensile test. The results revealed that with an increasing in the build height, there was
a variation in the microstructure and the mechanical properties of the build plate. Although only ĮSKDVHDQGDUHODWLYHO\
VPDOOIUDFWLRQRIȕSKDVH were detected in both the bottom and top specimens of the build plate, yield strength and
ultimate tensile strength decreased with an increase of build height. This was attributed to the increase of Į lath width
which was caused by the different thermal histories along the build height of the plate.

1 Introduction

Ni-based alloys [11] fabricated by the EBM technology.
Although these results exhibited excellent mechanical
properties, the investigations only focused on small build
samples and/or parts with a short build height. However,
for industry applications, in particular, aerospace
applications, a big-sized part with complex shape is of
actual industry need.
Accordingly, in the present study, the effect of build
height on the microstructure and mechanical properties of a
big-sized plate was investigated. To the best of our
knowledge, no related study has been published to correlate
the microstructure and properties of big-sized parts
fabricated using the EBM process. Researchers have only
reported the microstructure and mechanical properties
along building orientation by using small samples and/or
parts [6,12,13]. One of the reasons could be attributed to
the use of much more powder in the building of a large/high
build part. Hence, the present study focuses on bridging
this research gap to better understand the
microstructure-properties relationship of big-sized plates
printed using the EBM process.

The traditional manufacturing technology, such as casting,
forging, rolling, etc., though has fuelled the industrial
revolution in the past decades, has its inherent limitations
which are challenging to avoid. Additive manufacturing
(AM) technologies aid to overcome some of the limitations,
such as shortening the design to product time and reducing
the process steps involved. Moreover, AM technologies
have exhibited promising applications in high value added
industries [1-5]. 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, EBM 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 [6,7].
In comparison with their cast or wrought counterparts,
the microstructure of EBM printed is drastically different
due to the layer-by-layer fusion step which introduces rapid
thermal cycles. Moreover, the previous layers experience a
thermal history during printing and this further introduces a
2 Experimental Procedure
different thermal history for each subsequent layer. In order
to ensure the use of these printed parts in structural
Arcam A2X EBM system with a build envelope of
applications, their mechanical properties must be
200mm×200mm×380mm was used (Fig.1a) to fabricate a
characterized. To date, several researchers have focused on
Ti-alloy plate (6mm×180mm×372mm) centered on a
understanding the microstructure and mechanical
210mm×210mm
stainless steel start plate (Fig.1b). The
properties of Co-Cr-based alloys [8], Ti alloys [7,9,10] and
a
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pre-alloyed Ti–6Al–4V virgin powder with a nominal
composition
of
Ti-6Al-4V-0.03C-0.1Fe-0.15O-0.01N-0.003H was used in
the present study.

characterized using the X-ray diffraction (XRD), at room
temperature with Cu KD radiation operated at 40kV and 40
mA. Microstructural analysis was conducted using an
optical microscope (OM). For the OM observation, the
polished specimens were etched in a Kroll’s reagent.
Scanning electron microscope (SEM) was also used to
observe the fracture surface after tensile test.

3 Results and Discussion
For Ti alloys, the present of phases and their distributions
strongly influenced the samples’ resultant mechancial
properties [9,14-16]. Therefore, the micorstructures of both
bottom and top specimens were measured by XRD and OM.
Fig. 3 shows the XRD patterns of the as-printed Ti-6Al-4V
plate.

Fig. 1 Photos of the (a) Arcam A2X EBM system installed at the
Singpore Institute of Manufactruing Technology and (b)
as-printed Ti-6Al-4V plates.

Fig. 3 XRD patterns of the as-pinted Ti-6Al-4V specimens.

Fig. 2 Schematic illustration of specimens cut from the as-printed
Ti-6Al-4V plate.

In order to investigate the effect of build height on the
microstructure and mechanical properties, two groups of
specimens along the build orientation were taken from the
bottom-most and top-most sections of the plate respectively
for evaluation (Fig. 2). Before the tensile test, the surface
layer of the tensile specimens was removed by plunge
grinding. The tensile test was conducted at room
temperature in air, at an initial strain rate of 3.3 × 10-4s-1,
using the Instron 4505 universal tensile testing machine
with a load cell capability of 100 kN. The dimensions of the
tensile specimens were illustrated in the inset of Fig. 2. In
addition, an extensometer was applied to measure the strain.
More than three specimens were tested under each
condition and their yield strength (YS), ultimate tensile
strength (UTS), elongation and Young’s modulus were
determined. The phases present in the specimens were

The results exhibited that the phases present in the
specimens are independent of their build height. Both
bottom and top specimens FRQWDLQHG RQO\ Į SKDVH DQG D
UHODWLYHO\VPDOOIUDFWLRQ RI ȕ SKDVH 7KLV LV in agreement
with the previous studies that no Į´ phase was observed
because of high preheating temperature and relatively big
thermal mass resulting in a long exposure at the elevated
temperature [6,9,12,13]. AlWKRXJK Į́ phase was also
observed in some small samples with thin wall [7] or on the
top surface of short samples (1 mm) [9] due to the fast
cooling speed without enough exposure in the elevated
temperature. Fig. 4 shows the optical micrographs of the
as-printed Ti-6Al-4V plate. In agreement with the XRD
UHVXOWVQRPDUWHQVLWLFVWUXFWXUHZDVREVHUYHGDQG RQO\ Į
SKDVH DQG ȕ SKDVH ZHUH REVHUYHG Furthermore, typical
columnar structure was observed both bottom and top
specimens. However, it was observed that the ĮODWKZLGWK
increased with an increase of build height and this will
affect the mechanical properties [9]. Sun et al. [8] reported
a gradient microstructure in the Co-Cr alloy fabricated by
EBM and this is due to the effect of different thermal
histories on the different build height. The LQFUHDVHRIĮODWK
width was attributed to the faster cooling speed on the
bottom specimen, as compared to that of the top specimen.
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Fig. 4 Optical microsopy of (a) bottom and (b) top specimens from the as-printed Ti-6Al-4V plate.

Fig. 5 shows the room temperature tensile stress-strain
curves of the as-printed Ti-6Al-4V specimens. Similar to
the commercial wrought materials, only a weak work
hardening was observed. More than 17% plastic strain was
obtained in both the bottom and top specimens. The
Young’s modulus (118.8 ± 7.8 GPa for bottom specimen
and 116.1 ± 4.0 GPa for top specimen) calculated from the
stress-strain curve in the present study was comparable
with the previous reports [6]. Fig. 6 shows the YS and UTS
of as-printed Ti-6Al-4V specimens. Independent of build
height, both the YS and UTS of the top and bottom
specimens were comparable to the results reported by S.S.
Al-Bermani et.al [9] and that of the wrought Ti-6Al-4V
according to ASTM 1472-14 [17]. Moreover, both YS and
UTS decreased with an increase in build height (Fig. 6) and
this is due to the presence of FRDUVHUĮSKDVHODWh width (Fig.
4). It was reported that the YS decreased with the increase
RIĮSKDVHODWKZLGWKLQ7L-6Al-4V alloys [9]. On the other
hand, the elongation exhibited a slight increase, from 17.9
± 0.7 % to 18.8 ± 2.5 % with the increase in build height.
These values were higher than that of the wrought specimen
(ASTM 1472-14, 10%) [17]. Fig. 7 shows the fracture
surfaces of bottom and top specimens. They all exhibited
ductile fracture features. Small dimples and tear ridges
were also observed, indicating good ductility in both sets of
specimens.

and UTS of the specimens decreased. This is
DWWULEXWHG WR WKH LQFUHDVH RI Į ODWK ZLGWK GXH WR WKH
different thermal histories along the build height.
(3) The YS and UTS of both bottom and top specimens
were comparable to that of the wrought specimens
(ASTM 1472-14) and the elongation of both sets of
specimens was higher than that of the wrought
specimens (ASTM 1472-14).

Fig. 5 Stress-strain curves of as-printed Ti-6Al-4V plate.

4 Summary
The microstructure evolution and mechanical properties
variation
of
big-sized
Ti-6Al-4V
plate
(6mm×180mm×372mm) were investigated using the XRD,
OM, SEM and tensile test.
(1) Only ĮSKDVHDQGDUHODWLYHO\VPDOOIUDFWLRQRIȕSKDVH
were detected in the as-printed specimens. The Į
phase lath width increased with an increase of build
height.
(2) Tensile properties exhibited a variation along the
build height. With the increase of build height, the YS

Fig. 6 Yield strength and ultimate tensile strength of as-printed
Ti-6Al-4V plate.
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Fig. 7 Fracture surfaces of (a) bottom and (b) top specimens of as-printed Ti-6Al-4V plate.
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