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Microstructure and tensile properties of Ti­48Al­2Cr­2Nb (at%) rods fabricated by electron beam powder bed fusion (EB-PBF) process
were investigated by changing input energy density (ED) which is one of the important factors affecting formation of the melt pool. We found
that unique layered microstructure consisting of an equiaxed £ grain layer (£ band) and a duplex region can be formed by EB-PBF with ED in the
range of 13 to 31 J/mm3. It is interesting to note that the width of the £ band and the volume fraction of the £ phase in the duplex region decrease
with increasing ED. On the other hand, the ¡2/£ lamellar grain in the duplex region increases with increasing ED. These morphological changes
in the layered microstructure are attributed to variation of temperature distribution from melt pool caused by increasing ED. Moreover, we also
found for the first time the strength of the alloys can be improved by decreasing width of the £ band and increasing of the ¡2/£ lamellar grain in
the duplex region. Whereas, the width of the £ band and the fraction of the equiaxed £ grain in the duplex region should be increased to enhance
ductility of the alloys. [doi:10.2320/matertrans.MT-MLA2022015]
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1. Introduction

Metal 3D printing which is referred to as metal additive
manufacturing (AM) has attracted attention in recent
years.1­3) Metal components have mainly been fabricated
by machining, die forging or casting to this day. These
conventional fabrication methods are called as subtractive
manufacturing because the excess portions of materials are
removed to obtain the desired shape of the final parts. On the
other hand, in metal AM, the desired component is fabricated
by melting and layering metal powders based on 3D-CAD
data. Powder bed fusion (PBF) is a metal AM technique
in which metal powder beds are selectively melted and
solidified using focused electron or laser beams as heat
sources. The PBF is a prospective next-generation manu-
facturing method for fabricating complex and custom-shaped
metal components for aerospace and medical device.4­6)

Thus, fabrication technologies using the PBF have been
developed for several varieties of structural materials, such as
Ti alloys,7­9) Ni-based superalloys,10­12) stainless steels13,14)

and £-TiAl alloys.15­17)

Another important feature of PBF is unique micro-
structures induced by unusual solidification conditions,
thermal history and scan strategies including directional or
orthogonal scans during the process.18­27) For example, it
has been reported that the shape of the melt pool and the
solidification speed during the PBF processes of Ti
alloys28­33) and Ni-based superalloys34­36) can be controlled
using appropriate process conditions and scanning strategies.
Consequently, a single-crystal-like microstructure or a unique

crystallographic lamellar microstructure can be obtained. The
alloys with these unique microstructures exhibit excellent
mechanical properties than conventional alloys. These reports
suggest that the PBF is a useful process for controlling the
shape and mechanical properties of the metal components.

£-TiAl alloys are light-weight heat-resistant alloys that are
composed of Ti3Al (¡2), TiAl (£) and TiAl (¢) phases with the
D019, L10 and B2 structures, respectively. These alloys are
expected to replace Ni-based superalloys because of their
excellent specific strength. In general, the microstructures of
Ti-rich TiAl alloys depend strongly on the heat treatment
temperature as follows: (i) a fully ¡2/£ lamellar structure, (ii)
a duplex structure and (iii) a near £ structure. The ¡2/£
lamellar structure that satisfies the Blackburn orientation
relationship is known as a strengthening structure of £-TiAl
alloys. The duplex structure is composed of fine equiaxed £

and ¡2/£ lamellar grains. It is important to note that the
mechanical properties of the alloys can be improved by
controlling the morphologies of these microstructures. Our
research group has developed fabrication processes for £-
TiAl alloy components using the electron beam powder bed
fusion (EB-PBF),37­43) focusing on the shape and micro-
structure. In EB-PBF, high-melting-point metallic materials
can be fabricated in vacuum using an electron beam as the
heat source. The input energy density (ED) of EB-PBF can be
controlled by varying the process conditions such as beam
current and scanning speed according to the following
equation,

ED ¼ I � U

v� h� d
ð1Þ

where I is the beam current, U is the beam voltage, v is the
scanning speed, h is the scanning pitch and d is the layer
thickness. By varying ED, the maximum temperature and the
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temperature gradient at the melt pool and temperature
distribution of its vicinity can be altered significantly, which
in turn affects the structural integrity and microstructure of
the specimens.44,45) In a previous study using the ¢ phase-
containing £-TiAl alloy, it was found that a massive ¡

transformation can be induced by an increase in cooling rate
near the melt pool at lower ED.41) Through this massive ¡

transformation, an ultrafine ¡2/£ lamellar structure with a
lamellar spacing of only approximately 30 nm can be
obtained. The alloys with ultrafine lamellar grains show
greater high-temperature strength than cast alloys.41,42)

Furthermore, we also found out that it is possible to fabricate
Ti­48Al­2Cr­2Nb (at%, hereafter 4822) alloys with a unique
layered microstructure composed of the duplex structure and
near £ structure regions.37,43) The near £ structure region is
referred to as the £ band. The formation of the layered
microstructure is closely related to the repetition of melting of
raw powders and a temperature distribution from melt pool
formed at each melting. Therefore, the layered microstructure
can be oriented in any direction by changing the building
direction. In particular, the alloy with the layered micro-
structure oriented 45° to the loading direction shows
excellent high-temperature strength and fatigue strength.38,39)

Even more importantly, it overcomes the low ductility issue,
which has been challenging for conventional alloys.37,40)

These previous studies imply that the mechanical properties
of the alloys with the layered microstructure depend strongly
on the morphologies of the £ band and duplex region.
However, the relationship between process conditions and
the morphology of the layered microstructure has not been
clarified in detail. Thus, the purpose of this study is to
quantitatively investigate the effects of ED on the
morphology of the layered microstructure of 4822 alloys,
focusing on the width of the £ band and the volume fractions
of the £ and ¡2/£ lamellar grains in the duplex region. In
addition, their effects on the strength and ductility of the alloy
at room temperature were examined.

2. Experimental Procedure

Cylindrical rods, 90mm in length and 10mm in diameter,
were prepared by EB-PBF using gas-atomized 4822 alloy
powder. The average particle diameter of the raw powder is
around 100 µm. The layer thickness was 90 µm, and the
longitudinal direction of the rods was set parallel to the
building direction (Fig. 1(a)). Furthermore, ED that can be
determined using eq. (1) was set to 13, 20 and 31 J/mm3.
Hereafter, samples fabricated at different ED are referred to
as low ED rod (13 J/mm3), medium ED rod (20 J/mm3) and
high ED rod (31 J/mm3). The defect ratio originating from a
lack of fusion is less than 1.5% (low ED rods: 1.5%, medium
ED rods: 1.3% and high ED rods: 1.2%). The porosity
derived from the atomization gas trapped in the raw powder
(Ar gas pore) is less than 0.6% (low ED rod: 0.5%, medium
ED rod: 0.6%, and high ED rod: 0.2%). Here, it should be
noted that all rods used in this study were not subjected to
aging or hot isostatic pressing (HIP) treatments.

The longitudinal section of each rod was observed by a
scanning electron microscopy (SEM) for microstructure
analysis. The specimens for the SEM observation were

mechanically polished with waterproof emery papers of up to
#2000 grit and subsequently electrically polished in a HClO4:
butanol: methanol (6:35:59 vol%) solution. The micro-
structure was quantitatively investigated using the image
analysis software ImageJ. Four SEM images at ©600
magnification were used for this analysis, and the mean
value and standard deviation of each evaluation parameter
that characterizing the morphology of the layered micro-
structure were obtained.

To evaluate the tensile properties of the rods, tensile test
specimens were cut from each rod with the longitudinal
direction as the load axis direction, as shown in Fig. 1(a). The
dimensions of the tensile specimen are presented in Fig. 1(b).
Tensile tests were conducted under vacuum at room
temperature at a strain rate of 1.7 © 10¹4 s¹1. Tensile tests
were conducted at least three times for each rod, and yield
stress (·y) and elongation (EL) were obtained from the
average of these tests. In addition, the nanoindentation
hardness of the £-band and the duplex region was
investigated by nanoindentation tests. The maximum load
was set to 58.8mN, and the hardness of each region was
calculated from the average of measurements taken at more
than 10 locations. The specimens for the mechanical tests
were polished mechanically using both waterproof emery
papers and a colloidal SiO2 suspension.

3. Results and Discussions

3.1 Influence of input energy density on microstructure
Figure 2 shows the microstructures at approximately

70mm from the bottom of the rods fabricated at different
ED. In these SEM images, the £ and ¡2 phases show gray and
white contrasts, respectively. It should be noted that no height
dependence was observed in the microstructure of all rods.
As shown in Fig. 2, the layered microstructure composed
of the duplex region and the £ band is formed perpendicular
to the building direction, regardless of ED. The mean
diameter of the equiaxed £ grains in the £ band is
approximately 10 µm (Fig. 2(a), (b), (d)). The grain size of
the duplex region is much smaller than that of the £ band.
The equiaxed £ and ¡2/£ lamellar grains have mean
diameters of approximately 10 µm or less. Moreover, the
granular ¡2 phase is just 1 µm or less (Fig. 2(d), (e), (f )). The

Fig. 1 Schematic drawings of the 4822 alloy rods fabricated by the EB-
PBF (a) and the specimens for tensile tests (b).
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total width of the duplex region and £ band is approximately
90 µm for all rods, which is consistent with the layer
thickness during the fabrications. On the other hand, Table 1
reveals the differences among the rods by comparing the
morphology of the microstructure in each region. The width
of the £ band (W£) decreases with increasing ED. W£ of the
low ED rod is approximately 62 µm, whereas those of the
medium and high ED rods are approximately 28 µm and
20µm, respectively (Table 1). Moreover, an interesting trend
is observed for the volume fraction of equiaxed £ grains
(V£dp) and ¡2/£ lamellar grains (VLdp) in the duplex region.
As summarized in Table 1, V£dp decreases from approx-
imately 23% (low ED rod) to 6% (high ED rod) and VLdp

increases from approximately 76% (low ED rod) to 92%
(high ED rod) with increasing ED. It is also noted that
the volume fraction of fine granular ¡2 phase (V¡2dp) is
approximately 1­2% in all rods. These results indicate that
the morphology of the unique layered microstructure depends
strongly on ED, especially increasing ED decreases the
volume fraction of the £ phase in the microstructure.

To understand influence of ED on the variation of
morphology of the layered microstructure, it is important
to focus on the microstructural evolution during the EB-
PBF process. Previous studies have demonstrated that the
layered microstructure is formed via the following process
(Fig. 3(a)).37,43)

STEP 1. A temperature distribution is generated at the
vicinity of the melt pool during the electron beam
scanning. The temperature distribution results in
formation of a gradient microstructure near top
surface of the rod. The type of the microstructure

at each area depends on the temperature at the
area.43)

STEP 2. 90 µm of new powder layer is raked.
STEP 3. A new gradient microstructure is formed near

new top surface of the rod owing to the thermal
effect from the melt pool as the new powder is
melted. Then, the gradient microstructure formed
in STEP 1 is partly replaced by the new gradient
microstructure. However, the duplex and near £
structures remain at the area with a thickness
of 90 µm corresponding to the layer thickness,
where the thermal effect from melt pool does not
reach.

STEP 4. Thereafter, the powder raking (STEP 2) and
melting (STEP 3) steps are repeated, resulting
in formation of the layered microstructure in
which the duplex region and the £ band appear
alternately.

In other words, the gradient microstructure caused by the
thermal effect from the melt pool is a crucial factor leading to
the formation of the layered microstructure. In the case of
laser beam powder bed fusion (LB-PBF), the area exposed
to the thermal effect from the melt pool is narrower than that
of EB-PBF. Therefore, it is difficult to obtain 4822 alloys
with the layered microstructure.46) The morphologies of the
gradient microstructure such as width of each structure and
volume fraction of each phase depend significantly on the
temperature distribution around the melt pool. The temper-
ature distribution shifts toward higher temperatures with
increasing ED, resulting in broadening of the lamellar and
duplex structures and narrowing of the near £ structure
(Fig. 3(b)). An increase in ED also causes a decrease and an
increase in the volume fraction of the equiaxed £ and the ¡2/£
lamellar grains in the duplex structure, respectively. It is
supposed that these morphological changes in the gradient
microstructure formed near top surface of the rod during the
process are responsible for the difference in microstructure
between high ED and low ED rods.

3.2 Relationship between microstructure and tensile
properties

It was found that the morphology of the unique layered
microstructure observed in 4822 alloy rods prepared by EB-
PBF depends strongly on ED. The differences in micro-
structural morphology are closely related to the mechanical
properties of the rods. Figure 4 shows ·y and EL of low,
middle and high ED rods deformed at room temperature. ·y
increases from approximately 510MPa (low ED rod) to
620MPa (high ED rod) and EL decreases from approx-
imately 1% (low ED rod) to 0.4% (high ED rod) with
increasing ED. The strength-ductility balance of the rods
fabricated by EB-PBF is better than that of HIP treated cast
alloys (·y: approximately 380­500MPa, EL: approximately
0.5%).47) Furthermore, it should be mentioned, low and high
ED rods exhibit particularly high ductility and high strength,
respectively, compared with the conventional alloys. It
should be noted that the tensile properties were uniform
from the bottom to the top of rods since no height
dependence was observed in the microstructure of each
rod.

Fig. 2 Typical SEM images of low ED (a), (d), middle ED (b), (e) and high
ED (c), (f ) rods. (d)­(f ) Enlarged images of the duplex region.

Table 1 ED, W£, V£dp, VLdp and V¡2dp of low, middle and high ED rods
with standard deviation of each value.
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The relationship between the microstructure and mechani-
cal properties was investigated to understand the difference in
the tensile properties of each rod. The nanoindentation
hardness of the duplex region in each sample is shown in
Fig. 5(a) along with that of the respective £ band. Regardless
of the process conditions, the hardness of the £ band is
approximately 3.5GPa for all samples, whereas the duplex
region harden from approximately 4GPa (low ED rod) to
5GPa (high ED rod) with increasing ED. This result suggests
that the £ band is always softer than the duplex region.
Therefore, the £ band is primarily responsible for elongation
of the rods. This is consistent with the fact that a uniform fine

near £ structure contributes to an excellent ductility of the
4822 alloys fabricated by LB-PBF.46) The hardening of the
duplex region with increasing ED is due to a decrease in the
deformable equiaxed £ grains and an increase in the hard
¡2/£ lamellar grains in the duplex region (Fig. 5(b)). This
hardening of the duplex region should be involved in
improvement of the strength of the alloys. Therefore, it is
supposed that the strength of the alloys with the layered
microstructure is affected by W£ and VLdp, while the ductility
depends on W£ and V£dp. Figure 6 shows relationships
between tensile properties of the rods and the morphology
of the microstructure. The decrease in W£ and the increase
in VLdp are important for the strengthening of the alloys. In
contrast, both W£ and V£dp should be increased for achieving
high ductility alloys.

4. Conclusions

The influence of input energy density on the morphology
of the layered microstructure of 4822 alloys fabricated by
EB-PBF was investigated. In addition, relationships between
the microstructure and mechanical properties of the rods were
discussed focusing on the hardness and volume fraction of
each constituent structure. The following conclusions were
drawn from the present study:
(1) The £ band becomes narrower with increasing ED. In

the duplex region, the volume fractions of the equiaxed
£ and ¡2/£ lamellar grains decrease and increase with
increasing ED, respectively. This is because the

Fig. 3 Illustrations showing evolution of unique layered microstructure of the 4822 alloy rods fabricated at low (a) and high (b) ED
conditions.

Fig. 4 ·y and EL of low, middle and high ED rods deformed at room
temperature.
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temperature distribution around the melt pool shifts
toward higher temperatures with increasing ED.

(2) The mechanical properties of the 4822 alloys with the
layered microstructure can be controlled by varying ED.
Low and high ED conditions result in high ductility and
high strength, respectively.

(3) A narrow £ band and an increase in the volume fraction
of the ¡2/£ lamellar grains in the duplex region are
effective in increasing the alloy strength. On the other
hand, increases in the width of the £ band and volume
fraction of the £ grains in the duplex region contribute
to an increase in the alloy ductility.

(4) It is expected that TiAl alloy parts with excellent
mechanical properties can be realized by optimizing the
process conditions with regard to ED on the basis of
relationships between “ED and microstructure” and
“microstructure and mechanical properties” revealed in
this study.
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