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The microstructure and tensile properties of f-containing Ti-44Al-4Cr alloy rods additively manufactured by
electron beam melting (EBM) process were examined as a function of input energy density determined by the
processing parameters. To the best of our knowledge, this is the first report to demonstrate that two types of fine
microstructures have been obtained in the f-containing y-TiAl alloys by varying the energy density during the
EBM process. A uniform ay/f/y mixed structure containing an ap/y lamellar region and a f/y dual-phase region is
formed at high energy density conditions. On the other hand, a lower energy density leads to the formation of a
peculiar layered microstructure perpendicular to the building direction, consisting of a ultrafine ay/y lamellar
grain layer and a oy/f/y mixed structure layer. The difference in the microstructures originates from the dif-
ference in the solidification microstructure and the temperature distribution from the melt pool, which are
dependent on the energy density. Furthermore, it was found that the strength of the alloys is closely related to the
volume fractions of the p phase and the ultrafine ay/y lamellar grains which originates from the massive o grains
formed by rapid cooling under low energy density conditions. The alloys with high amounts of these peculiar
microstructures exhibit high strength comparable to and higher than the conventional B-containing y-TiAl at
room temperature and 1023 K, respectively.

Microstructure
Tensile properties

1. Introduction

y-Titanium aluminide (y-TiAl) alloys have received considerable
attention for aircraft and automotive engine applications due to their
low density (approximately 3.8 g/cm>) and excellent strength at room
and high temperatures (RT and HT) [1,2]. In recent years, in order to
improve the efficiency of aircraft engines by reducing their weight,
Ti-48A1-2Cr-2Nb (at%, hereafter 48-2-2) alloys which are typical
y-TiAl alloys have replaced nickel-based superalloys in low-pressure
turbine (LPT) blades of the engines [3,4]. In addition, the develop-
ment of new y-TiAl alloys with mechanical properties superior to those
of 48-2-2 alloys is also being actively pursued. f-containing y-TiAl al-
loys that have an ordered f phase (B2 structure) at service temperatures
have been proposed by Takeyama et al. [5-7]. Likewise, Clemens et al.
developed Ti-Al-Nb-Mo-B (TNM) alloys as p-containing alloys for

practical use [8]. These next-generation y-TiAl alloys are likely to
contribute to the advancement of more efficient aircraft engines and
expand the application range of these alloys owing to their high strength
at HT and good creep resistance, compared with 48-2-2 alloys [7,8].
LPT blades of y-TiAl alloys are predominantly fabricated by precision
investment casting [9,10]. However, the low ductility at RT and the high
reactivity of the alloys are significant concerns in the casting process.
The surface oxide and contamination from the casting mold must be
removed after the process [11]. However, precise cutting of the alloys is
difficult because of their low ductility at RT, which leads to a large
amount of material waste and high production costs. Thus, it is neces-
sary to establish an innovative manufacturing process for y-TiAl alloys.
The new additive manufacturing process of electron beam melting
(EBM) for metallic materials has attracted much attention for metal
products, particularly for applications in the aerospace and biomedical
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industries, that require a high degree of complexity [12-14]. In the EBM
process, near-net shaped parts can be fabricated directly from
three-dimensional computer-aided design data in vacuum by repeating
feed and fusion of metal powder by scanning focused electron beam as a
heat source. Therefore, highly reactive materials can be fabricated by
the EBM process while suppressing the oxidation and contamination of
the parts during the process. Recently, the microstructure and me-
chanical properties of various materials, including Ti alloys [15,16],
Co-Cr-Mo alloys [17,18], Ni-based superalloys [19,20] and
high-entropy alloys [21,22] prepared by the EBM process have been
studied, focusing on the influence of the process parameters such as
beam current and scanning speed. As a result of these investigations,
researchers found that the microstructure of the alloys can be controlled
by the EBM process through selection of the process parameters and it is
possible to obtain alloys with better mechanical properties than con-
ventional cast or forged materials. In order to clarify the mechanism of
the microstructural changes, the influence of the process conditions on
the shape and thermal gradient of the melt pool, the velocity of the
solidification rate and the temperature distribution from the melt pool
have also been investigated using numerical simulations [23-25]. These
reports suggest that the characteristics of the melt pool have a significant
impact on the microstructure.

In recent years, research on the manufacturing techniques for y-TiAl
alloy parts and improvement of the mechanical properties of alloys
using the EBM processes have also been conducted. Schwerdtfeger et al.
[26], Murr et al. [27] and Abdulrahman et al. [28] investigated the ef-
fect of the process parameters on the surface quality and microstructure
of 48-2-2 alloys or alloys having a similar chemical composition. In
addition, the mechanical properties of these alloys were studied,
focusing on their microstructures [29-32]. In our previous study, we
found that it is possible to obtain 48-2-2 alloys with a unique layered
microstructure composed of a duplex-like region and an equiaxed y
grain region (referred to as y band) using the EBM process [33]. This
layered microstructure is formed by repeated thermal effects from the
melt pool, which is a unique phenomenon of the EBM process. The alloys
with the layered microstructure show an elongation higher than 2.5% at
RT owing to the localized shear deformation in the y band [33]. More-
over, even without hot isostatic pressing (HIP) treatment, the alloys
exhibit excellent fatigue strength compared to HIP-treated cast alloys,
owing to their large ductility and high fracture toughness [34-36].
These results indicate that it is possible to manufacture y-TiAl alloys
with greatly improved mechanical properties by controlling the EBM
process when the relationship between the process conditions and the
microstructure of the alloys is fully understood.

Most recently, some researchers reported that the EBM process can
be applied to fabricate p-containing y-TiAl alloys [37,38]. However, the
effects of the process conditions on the structural integrity, micro-
structure and mechanical properties of the alloys have not yet been
systematically investigated. In the present study, the influence of input
energy density during the process on the microstructure of the $-con-
taining y-TiAl alloys were investigated. We chose Ti-44Al-4Cr (at%,
hereafter 44-4) alloy for our investigation, which was originally
designed as a p-containing alloy by Takeyama et al. [7]. As a result, two
types of microstructures could be first obtained by controlling the pro-
cess parameters during the process. Moreover, the relationship between
these microstructures and tensile properties at RT and 1023 K were
systematically examined, focusing particularly on the mechanical
property, volume fraction and deformation structure of each constituent
phase.

2. Experimental
2.1. Preparation of raw powder

The 44-4 alloy raw powder was fabricated by Ar gas atomization (at
Osaka Yakin Kogyo Co., Ltd., Japan) from master ingots of the alloy
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provided by Kobe Steel, Ltd., Japan. The chemical composition of the
raw powder was analyzed using inductively coupled plasma optical
emission spectroscopy for metallic elements and an inert gas fusion
method for oxygen. The morphology of the raw powder was observed
using a scanning electron microscope (SEM). The circularity (K) of the
raw powder was investigated using Eq. (1) [39],

4nA
K: F

(€8]
where A and P are the projected area and perimeter of the raw powder,
respectively. These values were measured using ImageJ image analysis
software. At least 200 particles were measured for the investigation. The
particle size distribution and mean diameter of the powder were
measured using a laser diffraction particle size distribution analyzer.
The flowability of the powder was evaluated according to the angle of
repose, which was measured using a revolution powder analyzer.

2.2. Sample fabrication by EBM

Rectangular rods of 44-4 alloy with dimensions of 10 x 10 x 15 mm
(Fig. 1(a)) and 10 x 10 x 30 mm (Fig. 1(b)) were fabricated using an
Arcam Q10 EBM system at an accelerating voltage of 60 kV and a pre-
heating temperature of 1333 K. The layer thickness for each fed pow-
der layer was 90 um, and the building direction was parallel to the
longitudinal direction of the rods. The influence of the EBM process
parameters on the dimensional accuracy, formation of defects, micro-
structure and mechanical properties of the alloys were evaluated as a
function of different input energy density (ED) given by,

_ul

ED =—
vh

(2)
where U is the accelerating voltage, I is the beam current, v is the
scanning speed and h is the line offset. In this study, the ED was changed
from 0.9 J/mm? to 12.5 J/mm? by controlling I and v from 6 mA to
28 mA and from 800 mm/s to 5000 mm/s, respectively. The chemical
composition of the as-built rods was analyzed using the same methods as
for the raw powder. Here, it should be noted that the rods fabricated by
the EBM were not subjected to any post-annealing processes including
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Fig. 1. Schematic drawings of the short (a) and long (b) 44-4 alloy rods
fabricated by the EBM and the specimen configuration for tensile tests (c).
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HIP treatment.

2.3. Microstructure observation

The internal defects, pores and microstructures of the as-built rods
were observed using an optical microscope (OM), an SEM equipped with
a back-scattered electron (BSE) detector and a transmission electron
microscope (TEM). The OM and SEM images were taken from the cross-
section of the rods with respect to the building direction. The quanti-
tative analyses of the defects, pores and microstructures were performed
based on the OM and SEM images of the rods using the software ImageJ.

2.4. Mechanical testing

The tensile properties of the rods fabricated by the EBM at various ED
were examined using an Instron-type testing machine at RT and 1023 K
in vacuum with an initial strain rate of 1.7 x 10™*s™. The specimens for
the tensile tests with gauge dimensions 5.0 x 1.5 x 0.5 mm were cut
from the center of the as-built rods (Fig. 1(c)). The specimens were
polished mechanically using both SiC emery papers and colloidal SiO,
suspensions before tensile testing. The loading axis was set parallel to
the longer direction of the rods during the tests. In the case of HT tensile
tests, the specimens were deformed after waiting until the thermal
expansion of the tensile jig became stable. The elongation of the speci-
mens was determined by the displacement of the crosshead, which
subtracted the influence of elastic deformation. The fracture surfaces of
the tensile-fractured specimens were observed using a SEM. The dislo-
cation structures in the tensile-deformed specimens were analyzed by
TEM. The hardness of each constituent phase was measured by nano-
indentation tests with a maximum load of 4.9 mN.

3. Results
3.1. Characteristics of raw powder

Fig. 2 shows (a) a typical SEM image and (b) particle diameter dis-
tribution of the raw powder. The particles have a spherical shape with
K = 0.94. As shown in Fig. 2(b), the particle size distribution has a single
peak with a narrow width, and the mean diameter (d,) of the particles is
70.2 pym. High flowability of the powder is required to make an accurate
rake during the EBM process. The angle of repose of the powder is
approximately 44.8°, which is almost comparable to that of other re-
ported powders for the EBM process [40]. The high flowability of the
powder is due to small amounts of fine particles with a diameter of
10 um or less and satellites indicated in Fig. 2(a).

The chemical composition of the raw powder is listed in Table 1. It
should be noted that the actual composition of Cr is almost the same as
the nominal composition of 44-4 alloy, but that of Al is 0.8 at% higher

(a)

Frequency (%)

-
o
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Table 1
Chemical composition of the 44-4 alloy raw powder and rods fabricated by the
EBM (at%).

Ti Al Cr (0]
Alloy composition (Nominal) Bal. 44 4 0
Raw powder (Actual) Bal. 44.8 4.0 0.15
Rectangular rod (Actual) Bal. 43.9 4.0 0.18

than the nominal value. The Al content of the powder was determined by
considering that approximately 1 at% of Al evaporates during fusion in
the EBM process [33]. Furthermore, 0.15 at% of O is mainly derived
from the surface oxide layer, and is never as high as the oxygen content
of gas atomized powder for the process [33,41]. These results indicate
that the 44—4 alloy raw powder used in this study was well suited for the
EBM manufacturing.

3.2. Structural integrity of rods fabricated by EBM

The actual chemical composition of the rods fabricated by the EBM at
an ED of 2.0 J/mm? is listed in Table 1. The Al content decreases by
0.9 at% during the fabrication, although the Cr content does not change
from the raw powder. The chemical composition of the rods shows good
agreement with the nominal alloy composition due to the expected Al
loss. It should be noted that there is no significant increase in the O
content after fabrication, indicating limited oxidation during the
process.

Fig. 3 shows the ED-v process map for dimensional error (Eg) of the
rods prepared under various conditions. Note that it is difficult to
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Fig. 3. ED-v process map for E4 of the 44-4 alloy rods fabricated by the EBM.
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Fig. 2. A typical SEM image (a) and particle diameter distribution (b) of the 44—4 alloy raw powder.
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fabricate rods under the process conditions indicated by the black
rhombus in Fig. 3 due to excessively high ED. Fig. 4(a)-(c) show the rods
fabricated at conditions A, B and C, respectively, that correspond to the
conditions in Fig. 3. These samples were fabricated at the same v but
progressively smaller values of ED (ED: A > B > C). The layered asperity
and the elevation can be seen on the side surfaces and top surface of the
rods built at conditions A and B. The E4 for condition A is larger than
1 mm. Previous studies have reported that ED has a great effect on the
stability of the melt pool by affecting the convection flow and
temperature-dependent surface tension of the melt pool [25,42]. High
ED leads to poor dimensional accuracy of EBM samples due to the un-
stable melt pool. As evident in Fig. 4(c), the side and top of the rod
fabricated at condition C have flat surfaces, resulting in a low Eq4
(< £0.5 mm). This means that Eq can be reduced by stabilizing the melt
pool by reducing ED. In addition, Fig. 4(d) shows the rod prepared at
condition D indicated in Fig. 3, which has almost the same ED as con-
dition C but v is twice as fast. The rod also exhibits a flat surface and
small E4 (Eq < £0.5 mm), indicating that the dimensional accuracy of
the samples can be controlled by focusing on ED, even if individual
conditions such as the scan speed and current of the electron beam are
different.

To evaluate the structural integrity of the rods, it is also needed to
focus on internal defects and pores because they often affect mechanical
properties of the alloys, such as tensile and fatigue strengths. Six samples
were selected from the rods satisfying a condition where Eq < £0.5 mm
to clarify the influence of ED on the formation of defects and pores. The
rod number and ED of each selected rod are listed in Table 2. Fig. 5(a)
and (c) show typical OM images of cross sections of R6 and R1,
respectively. Although the rod fabricated at the lowest ED (R6, 1.2 J/
mm?) exhibits a smooth surface and low Eg, large non-uniform defects
with a volume fraction (f3) of 4.9% can be observed inside the sample
(Table 2, Fig. 5(a)). As shown in Fig. 5(b), many unmelted raw powder
particles are found within the defects, suggesting that the defects are
formed by a lack of fusion. Thus, fg is reduced with increasing ED and
attains of 0.1% in R1 which has the highest ED (4.0 J/mmz) of the six
rods (Table 2, Fig. 5(c)). On the other hand, circular pores with di-
ameters less than 100 pm can be seen in all rods (Fig. 5(d)), and the
porosity (f,) does not depend on ED (Table 2). These pores are difficult
to reduce by optimizing the process conditions of the EBM, as these are

(a) (b)

(d)

Fig. 4. 44-4 alloy rods fabricated by the EBM under process conditions A (a), B
(b), C (c) and D (d), as indicated in Fig. 3.
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Table 2

ED, f4 and f;, of the 44-4 alloy rods fabricated by the EBM.
Rod No. ED (J/mm?) fa (%) fo (%)
R1 4.0 0.1 0.4
R2 3.0 0.2 0.8
R3 2.5 0.2 0.7
R4 2.0 0.2 0.5
R5 1.4 0.5 0.9
R6 1.2 4.9 0.3

i
i'

Fig. 5. Typical OM images of a cross section of R6 (a) and R1 (c) and SEM
images of defects in R6 (b) and a pore in R1 (d).

attributed to the atomization gas (Ar) trapped in the raw powder. These
results indicate that in order to obtain 44-4 alloy with good structural
integrity, including low E4 and fy, it is necessary to select process pa-
rameters where ED is 1.4 J/mm? or more within the range plotted by the
red circle in Fig. 3.

3.3. Microstructure of 44-4 alloys fabricated by EBM

To evaluate the microstructure of 44—4 alloys fabricated by the EBM
process, the longitudinal section of the rods listed in Table 2, excluding
R6, were observed by a SEM. Fig. 6(a) and (b) show the microstructures
of the rods fabricated at high (R1, 4.0 J. /mm?) and low (R5,1.4 J/mm?)
ED, respectively. In SEM-BSE images, the ay, y and ff phases exhibit gray,
black and white contrasts, respectively. The microstructures of these
rods are much finer than those of the cast and forged alloys (grain size:
100-800 um) [43-45], although the alloy fabricated at the high and low
ED show completely different microstructural features from each other.
This is attributed to the rapid solidification and the fast cooling rate,
which are important features of the EBM process. The high ED rod has a
uniform oy/p/y mixed structure composed of two regions: the ay/y
lamellar region and the p/y dual phase region (Fig. 6(a) and (c))
(hereafter called a high energy density (HED) microstructure). Fig. 7(a)
and (b) show a bright-field (BF) image and a selected area electron
diffraction (SAED) pattern of the p phase in the p/y dual phase region
with a beam direction (B) of [110]p. Superlattice 001 diffraction spot
can be seen in the SAED pattern taken from the f§ phase indicating that
the p phase has an ordered B2 structure. The volume fraction of the § and
y phases in the p/y dual phase region is approximately 50%. In contrast,
the alloy with the low ED exhibits a layered microstructure perpendic-
ular to the building direction, which is composed of layers A and B
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Fig. 6. Microstructure of R1 fabricated at high ED (4.0 J/mm?) (a) and R5 at low ED (1.4 J/mm?) (b). Enlarged SEM images of the ay/p/y mixed structure in R1 (c),
layer A (d) and layer B (e) in R5 and the oy/f/y mixed structure in layer B of R5 (f).
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Fig. 7. Typical BF images (a), (c), (e) and SAED patterns (b), (d), (f) of the p
phase in R1 (a), (b) with B = [11014, the lamellae in R1 (c), (d) and R5 (e), (f)
with B = [110]y//[1120] .

(Fig. 6(b)) (hereafter called a low energy density (LED) microstructure).
The ap/y lamellae with jagged grain boundaries and the p/y cell struc-
ture can be observed in layer A (Fig. 6(d)). Fig. 7(c)-(f) show BF images
of the lamellar structure in the HED (R1) and LED (R5) microstructures
and SAED patterns taken from these areas. Both of these lamellae consist
of the oy plates and some variants of the y plates with twin boundaries.
However, the average lamellar spacing (4) of the lamellae in the LED
microstructure (1 = 32.5 nm) is smaller than that in the HED micro-
structure (1 = 62.1 nm). The fine lamellar structure in the LED

microstructure will hereafter be referred to as the “ultrafine lamellar
grain” in order to clearly distinguish it from the “lamellar region”
observed in the HED microstructure because they have completely
different formation mechanisms and mechanical properties. The §/y cell
structure is a unique microstructure in p-containing y-TiAl alloys, which
is precipitated at the grain boundary of the ap/y lamellar grain through a
discontinuous precipitation reaction usually by aging in the p + vy
two-phase region [46]. The volume fraction of the y phase in the p/y cell
structure is approximately 75%. The ay/p/y mixed structure composed
of the ay/y lamellar and f/y dual phase regions, which is typical in the
HED microstructure, can be found in layer B (Fig. 6(e) and (f)). It should
be noted that the width of layers A and B is approximately 45 pm, and
the combined width of the two layers agrees with the thickness for each
fed powder layer (90 pm) of the fabrication process. This feature sug-
gests that the formation of the layered microstructure in the low ED
sample is associated with the layer-on-layer process during the EBM
fabrication. It is known that the solidification path and the microstruc-
ture of TiAl alloys depend on the Al content. The difference of Al content
between low ED (R5, 1.4 J/mm?) and high ED (R1, 4.0 J/mm?) rods is
less than 0.3 at%. Thus the influence of the variation of Al content on the
microstructural evolution is considered to be insignificant. The details of
the formation mechanisms of the LED and HED microstructures will be
discussed later.

The variations in the volume fractions of the ay/f/y mixed structure
(Vaa/p/y), ultrafine op/y lamellar grain (Vi2/,6) and p/y cell structure (V,
yo) of the rods are shown in Fig. 8(a) as a function of ED. V2,4, increases
to 100% with increasing ED up to approximately 3 J/mm? and then
remains constant. In contrast, V4o, and Vp,c decrease to 0% with
increasing ED due to replacement by the ay/p/y mixed structure. These
results indicate that the morphology of the microstructure changes from
the LED to HED microstructure at an ED of approximately 3 J/mm?
Fig. 8(b) shows the influence of ED on the volume fraction of all the ay/y
lamellae (the combination of both the ultrafine lamellar grain in the LED
microstructure and the lamellar region in the ay/f/y mixed structure,
Valla2/y), the volume fraction of all the y phases excluding that in the
lamellae (V) and the volume fraction all the p phases (Vayg). In
addition, the relationships between ED and the fraction of these phases
in the ap/B/y mixed structure (the ay/y lamellar region: fyo/yms, the y
phase: f,ms, the  phase: fgys) are shown in Fig. 8(c). As shown in Fig. 8
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(b), Vanez/y decreases from approximately 60-50% with increasing ED.
This is because not only V2, but also fy2,yms decrease with increasing
ED (Fig. 8(a) and (c)). It is important to note that there are more ultrafine
lamellar grains (f,2,,G) in the low ED, but the proportion of the lamellar
region (fy2/yr) increases with increasing ED (Fig. 8(d)). Moreover, Vayp
also varies depending on ED. The increases in V2,5, and fpms with
increasing ED (Fig. 8(a) and (c)) cause an increase in V3. On the other
hand, the p/y cell structure (V,,c) with a high fraction of the y phase and
V,ms decreases and increases, respectively, with increasing ED (Fig. 8(a)
and (c)), resulting in a nearly constant Va1, regardless of ED. The volume
fractions of each constituent phase is closely related to the mechanical
properties of the rods.
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3.4. Tensile properties of 44—4 alloy fabricated by EBM

Stress-strain (S-S) curves of R1, R2 and R5 tensile-deformed at RT
are shown in Fig. 9(a). The ultimate tensile strengths (op) of these rods at
RT exceed 700 MPa (773 MPa for R1) and are higher than those of the
cast 48-2-2 alloys (450-550 MPa) and comparable to those of cast TNM
alloys (700-800 MPa) [43,45]. Furthermore, the strength of the rods
decreases with increasing ED up to approximately 3 J/mm? and then
increases with a further increase in ED (Fig. 9(c)). As described in Sec-
tion 3.3, the microstructure of the rods can be divided into the LED or
HED microstructure by an ED of approximately 3 J/mm? as a boundary.
These results imply that the RT strength of the alloys depends strongly
on the type or morphology of the microstructure. These rods show
plastic deformation even at RT, although the elongations to failure (EL)
are less than 1%, regardless of the process parameters. It should be noted
that the fracture surfaces of the tensile tested rods deformed to fracture
at RT are covered by facets, and the defects are difficult to observe, as
shown in Fig. 9(b). This result indicates that the limited plastic defor-
mation of the rods is not due to crack initiation at defects, but instead is
due to brittle fracture of the alloys, which has a tradeoff relationship
with high strength.

Fig. 10(a) shows S-S curves of R1, R2 and R5 pulled at 1023 K. In
addition, op and EL of the rods at 1023 K are plotted against ED in Fig. 10
(c) and (d), respectively. op of these alloys at 1023 K remains almost
constant up to an ED of approximately 3 J/mm? and then increases with
an increase in ED. As a result, the og of the rods fabricated at an ED of
4.0 J/mm? reaches 644 MPa, which is higher than those of cast 48-2-2
(~450 MPa) and TNM alloys (~600 MPa) [43,45]. It is interesting to
note that all the samples exhibit large EL at 1023 K, compared with the
cast alloys (10%) [43,45], and the values are approximately 40%.
Moreover, only dimples can be seen in the fracture surfaces of the
specimens after tensile deformation to fracture at 1023 K (Fig. 10(b)),
which indicates that the fracture mode of the alloys changes completely
from brittle fracture mode to ductile fracture mode by increasing the
deformation temperature, irrespective of the type of microstructure.

Fig. 11 shows typical TEM images of R1 and R5 tensile-deformed at
1023 K. Numerous dislocations and twins can be seen in the y phase of
the deformed R1 (Fig. 11(a)). It is well known that the y phase deforms
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Fig. 9. S-S curves of R5, R2 and R1 tensile-deformed at RT (a) and a typical SEM fractograph of R1 after tensile deformation to fracture at RT (b). Variations in op (c)
and EL (d) at RT of the 44-4 alloy rods fabricated by the EBM as a function of ED.
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(a)

dislocations

N\

Superlattice i

Fig. 11. Typical TEM images of R1 (a), (b), (d), (e) and R5 (f) tensile-deformed
at 1023 K. BF images of the y phase (a) and the §§ phase (b) in R1 with B =
[110]y, g = 111 and B ~ [0011B, g = 110, respectively. A SAED pattern of the f
phase in R1 with B =[110]p (c) and a DF image obtained from the o, spot
indicated by a red circle (d). BF images of the lamellae in R1 (e) and R5 (f) with
B ~ [112]y, g = 110 and 220, respectively. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of
this article.)

by the {111}(1/2) < 110] ordinary dislocation, {111} < 101] super-
lattice dislocation and {111}(1/6) < 112] twinning [47]. As a result of
investigation of the Burgers vectors (b) of the dislocations shown in

Fig. 11(a) by g'b contrast analyses (reflection vectors (g)), it was
revealed that both the ordinary and superlattice dislocations move at
1023 K, together with deformation twins. This means that all possible
deformation modes are activated in the y phase during deformation at
1023 K, though the number of the ordinary dislocations is larger than
that of the superlattice dislocations, as reported in previous papers
[48-50]. It should be noted that the hexagonal ®, phase with a mean
diameter of approximately 100 nm is precipitated in the § phase by
exposure at 1023 K during the tensile test (Fig. 11(c) and (d)), although
dislocations associated with deformation are difficult to find (Fig. 11
(b)). Since the p phase has the ordered B2 structure, the o, phase is also
ordered with some extra spots [51,52]. Schloffer et al. and Wang et al.
reported that the o, phase is transformed from the p phase during
isothermal treatment at temperature range from 973 K to 1098 K and
significantly increases the hardness of the p phase [51,52]. Therefore, it
is possible to consider that the p phase strengthened by the w, phase
plays an important role in the HT strength of the alloys. It should be also
noted that the two types of the lamellae show different deformation
behavior at 1023 K. As shown in Fig. 11(e) and (f), dislocations are
observed in the widely-spaced y plates of the coarse lamellar region but
hardly found in the fine lamellar grain. These results suggest that the y
phase and the coarse lamellar region are primarily responsible for the
deformation, while the § phase and the ultrafine lamellar grain are
barely deformed at 1023 K.

4. Discussion

The microstructure and mechanical properties of 44-4 alloy rods
built by the EBM at different process parameters were investigated,
focusing on the energy density. It was found that the microstructure of
the alloys can be classified into two types: the homogenous HED and
layered LED microstructures, depending on ED. Moreover, the tensile
properties of the alloys are also affected by the process conditions. The
formation mechanisms of the HED and LED microstructures were dis-
cussed according to the solidification microstructure that can be seen in
the top part of the rods and the thermal effect from the melt pool during
the fabrication process. Furthermore, the relationships between the
microstructure and tensile properties of the alloys were also discussed
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with consideration of the mechanical property, volume fraction and
deformation structure of each phase in the HED and LED
microstructures.

4.1. Microstructural evolution

4.1.1. Formation of the HED microstructure

To understand the formation mechanism of the HED microstructure
developed at ED higher than approximately 3 J/mm?, it is necessary to
methodically analyze each region of the microstructure. The micro-
structure of the top part of R1 (ED = 4.0 J/mm?) is shown in Fig. 12(a).
This area also has the ay/f/y mixed structure composed of the oy/y
lamellar and B/y dual phase regions, similar to the interior of the rod
(Fig. 6(a)). However, the mixed structure in this area is not uniform and
can be divided into three areas based on the morphology. Area 1 from
the top surface to a depth of approximately 220 um exhibits a finer
microstructure than the interior, and is considered to the last melt pool
in the fabrication process (Fig. 12(b)). As shown in the schematic phase
diagram of the f-containing y-TiAl alloys (Fig. 13(a)), the § phase is
formed initially from a liquid phase with solidification of the melt pool
(Fig. 13(a)I and (c)I). Thereafter, area 1 enters the p + o two-phase re-
gion (Fig. 13(a)Il) as the temperature decreases, and the single § phase
separates into the f and a phases (Fig. 13(c)II). As a result of this
f—p + a phase separation, the Cr-rich f§ and the Al-rich o phases form
due to atom partitions of Al and Cr along the B/« equilibrium tie line
shown in Fig. 13(b). After that, when the temperature decreases to the
o + y two-phase region in the phase diagram and reaches the preheating
temperature (Fig. 13(a)Ill and (c)III), the y phase is precipitated in the
Al-rich o phase, resulting in the formation of the ay/y lamellar region. At
the same time, the Cr-rich § phase transforms into the p/y dual phase
region by annealing in the p + y two-phase region (Fig. 13(a)III and (c)
II1).

It is important to note that the microstructures of areas 2 and 3, as
indicated in Fig. 12(a), are affected by the thermal effect caused by the
temperature distribution from the melt pool during fusion of the area 1,
as shown in Fig. 14(a). Area 2, directly below the melt pool, is aged
mainly in the § + o two-phase region (Fig. 13(a)II), and consequently
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Fig. 12. Microstructure of the top part of R1 (a) and enlarged SEM images of
area 1 (b), area 2 (c) and area 3 (d) indicated in (a).
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microstructure at top surface of the 444 alloy rods with the HED microstruc-
ture (c).

has the coarser ay/p/y mixed structure than area 1. Clearly, the heat
treatment temperature in area 2 increases with increasing ED. As a
result, the proportion of the p phase increases at the f—f + o phase
separation according to the lever rule of the phase diagram. This leads to
a decrease and increase in the ay/y lamellar and p/y dual phase regions,
respectively, in the ay/B/y mixed microstructure with increasing ED
(Fig. 8(c)). Area 3, located farthest from the top surface of the three
areas, shows the a/f/y mixed structure with comparable size but a high
amount of the y phase (f,us = 23%) compared with area 2 (f,us = 10%).
This is because area 3 is heat treated at a lower temperature than area 2,
where the y phase is precipitated in the ay/y lamellar and p/y dual phase
regions. In the EBM process, the feed and fusion of a new powder layer
are alternately repeated for the fabrication of new layers (Fig. 14(b)).
Thus, the microstructural distribution shown in Fig. 12 is re-formed
repeatedly with each fabrication of a new layer (Fig. 14(c)). However,
the thermal effect from the melt pool does not reach deeper than area 3
because of the long distance from the top surface. Therefore, the az/p/y
mixed structure formed in area 3 is maintained throughout the fabri-
cation process (Fig. 14(d)).

4.1.2. Formation of LED microstructure

When the ED is lower than approximately 3 J/mm?, the unique LED
microstructure that consists of the layered structure is obtained. Fig. 15
(a) shows the microstructure of the top part of R5 (ED = 1.4 J/mm?).
Area 1, nearest to the top surface, exhibits the ay/y lamellar grain with
jagged grain boundary, which corresponds to the last melt pool. The
depth of the melt pool decreases from approximately 220 um to 160 um
by lowering ED from 4.0 J/mm? to 1.4 J/mm?. It has been reported that
the depth and lifetime of the melt pool in the EBM process depend on the
process conditions, and they decrease with decreasing ED [23,24]. The
decreases in the depth and lifetime of the melt pool induce fast cooling
rates of the melt pool and its vicinity. Similar to the high ED conditions,
the B phase is formed firstly by the solidification of the melt pool under
low ED conditions (Fig. 16(a)I and (c)I). However, in the case of fast
cooling rates, the f—f + a phase separation in the p + o two-phase re-
gion becomes difficult to occur because of its slow reaction rate,
resulting in the direct formation of the « grain by the p—« massive phase
transformation (Fig. 16(b) and (c)II). The jagged grain boundary
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Fig. 15. Microstructure of the top part of R5 (a) and enlarged SEM images of
area 1 (b), area 2 (c), area 3 (d), area 4 (e) and area 5 (f) indicated in (a).

observed in area 1 (Fig. 15(b)), which is attributed to the ledge structure
for maintaining atom matching at the grain boundary with no specific
orientation relationship, is one of the features of the massive grains [53].
The massive o phase transformation has been reported in p-containing
v-TiAl powder fabricated by gas atomization process, since the process
exhibits high solidification and cooling rates [54]. The massive a grains
become the lamellar grains through precipitation of the y plate during
further cooling when they enter the region that the y phase can be
precipitated (Fig. 16(a)Ill and (c)III). The lamellar grain contains the
same amount of Al and Cr as the alloy composition because the massive
o grains are formed directly from the single § phase without passing
through the atom partition at the B—f + o phase separation. Thus, the Al
or Cr content of the lamellar grain in the LED microstructure is lower
and higher, respectively, than those of the lamellar region in the HED
microstructure. Liu et al. examined the effect of Al content on the
lamellar spacing in the TiAl alloys with the fully lamellar structure [55].
They found that the decrease in the Al content is effective in reducing the
lamellar spacing. Therefore, the ultrafine structure of the lamellar grain
in the LED microstructure, compared with the lamellar region in the
HED microstructure can be attributed to the lower Al content. The dif-
ference in the chemical composition of these lamellar structures also has
a great influence on their mechanical properties.

It is interesting to note that the ap/p/y mixed structure is observed in
area 2 just below area 1 (Fig. 15(c)). In this area, the ultrafine lamellar
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Fig. 16. Schematic drawing of phase diagram (vertical section) of Ti-44Al al-
loys as a function of Cr content (a), time-temperature-transformation (TTT)
diagram of 444 alloy (b) and illustrations showing evolution of solidification
microstructure at the top surface of the 44-4 alloy rods with the LED micro-
structure (c).

grain is broken and replaced by the § grain because this area is exposed
to high temperatures near the melting point during the fusion of area 1.
As in the case of the high ED conditions, the p grain is separated into the
B and a phases due to cooling to and annealing at temperatures corre-
sponding to the § + o two-phase region, and the subsequent annealing at
the lower temperature causes the precipitation of the y phase, forming
the ay/B/y mixed structure. On the other hand, the ultrafine lamellar
grain is maintained in area 3 because of the reduction of the maximum
temperature of the heat effect from the melt pool due to the increase in
distance from the top surface (Fig. 15(d)). As schematically shown in
Fig. 17(a), this area is mainly heat treated at the temperatures in region
III (B+ vy two-phase region) indicated in Fig. 16(a), resulting in
discontinuous precipitation of the p/y cell at the grain boundary of the
lamellar grain. Note that the increase in ED raises the temperature of the
thermal effect from the melt pool and increases the fraction of the ao/f/y
mixed structure (area 2) and decreases the ultrafine oy/y lamellar grain
with the p/y cell (area 3) (Fig. 8(a)). As the distance from the surface
increases from area 3 to area 4 and beyond, the microstructures
observed in areas 2 and 3 are repeated due to the continuous reduction
of thermal effect (Fig. 15(e) and (f)). A layered microstructure is formed
(Fig. 17(d)) by repeating the microstructural evolution in areas 2 and 3
during the feed and fusion of new powder layers.
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(b) feed a new powder layer, (c) fusion top surface again and (d) fabricated rod with the LED microstructure.

4.2. Effect of microstructure on tensile properties at RT

To clarify the key factors for controlling the strength of the alloy, the
nanoindentation hardness of the ultrafine ap/y lamellar grain in the LED
microstructure and the oy/y lamellar region along with the p and y
phases in the HED microstructure were measured at RT. As shown in
Fig. 18, the hardness of the lamellae and the j phase is higher than that
of the y phase. Further, the ultrafine lamellar grain in the LED micro-
structure is much harder than the lamellar region in the HED micro-
structure. In a lamellar structure in which the y and oy plates are
alternately densely arranged, dislocations generated in the y phase
require a large stress to pass through the lamellar interface, and the
Hall-Petch relationship can be applied between the lamellar spacing and
the strength [56]. Therefore, the lamellar grain with narrower lamellar
spacing is more difficult to deform than the lamellar region. Addition-
ally, solid solution strengthening due to the high Cr content is likely one
of the reasons for the high hardness of the ultrafine lamellar grain. The
phase with an ordered B2 structure also is harder than the coarse
lamellar region. These results imply that the fine lamellar grain with
high Cr content and the p phase are the source of the high strength of the
44-4 alloy rods at RT. On the other hand, the soft y phase serves as a
factor for increasing the ductility of alloys.

In the case of the alloys with the LED microstructure (ED <3 J/
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Fig. 18. Nanoindentation hardness of the ultrafine ap/y lamellar grain, the ay/y
lamellar region, the  phase and the y phase in the 44-4 alloy rods fabricated by
the EBM.

10

mmz), Vanp decreases and Vyji42/y and fy2,,G increase with decreasing ED
(Fig. 8(b) and (d)), resulting in a higher volume fraction of the ultrafine
ay/y lamellar grain (Vy2/y6) than that of the p phase. Fig. 19(a) shows the
relationship between Vy3/,G and op of the rods fabricated by the low ED
conditions. The strength of the alloys fabricated by the low ED condi-
tions depends strongly on Vy2/,6. On the other hand, the lamellar grain
disappears in the rods fabricated at the high ED conditions (Fig. 8(a) and
(d)), and the p phase that increases with increasing ED (Fig. 8(b)) be-
comes the hardest phase in the alloys. Thus, o of the rods with the HED
microstructure increases linearly with increasing Vayp (Fig. 19(b)).
These results indicate that the dominant factor for the RT strength of the
alloys is the ultrafine ay/y lamellar grain or the p phase, whichever
exhibits a higher volume fraction.

As shown in Fig. 9(d), the EL of the alloys at RT does not vary as a
function of ED. This is because the volume fraction of the y phase that is
mainly responsible for the plastic deformation is not significantly
affected by ED (Fig. 8(b)).

4.3. Effect of microstructure on tensile properties at 1023 K

As shown in Fig. 11(b), the p phase of the alloys hardly deform at
1023 K. This is because the f§ phase does not disorder and maintains high
strength even at 1023 K. Moreover, the fine ®, phase are precipitated in
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the p phase during the HT tensile tests. The hexagonal o, phase with
lower crystal symmetry are known as extremely brittle phase at RT due
to less possible slip systems but acts as a strong strengthening phase at
HT. Thus, op of the alloys at 1023 K basically increases with increasing
volume fraction of the p phase containing the w, phase (Fig. 19(c)).
However, the HT strength does not decrease with decreasing V3 when
the value is approximately 20% or less. These alloys with low V3 have
the LED microstructure with a high amount of the ultrafine ay/y lamellar
grain (1 = 32.5 nm, Fig. 7(e)) including high Cr. As shown in Fig. 11(f),
not only the  phase but also the lamellar grain hardly deform at 1023 K.
It is considered that the ultrafine lamellar grain keeps high strength at
1023 K due to the solid solution strengthening caused by Cr atoms. In
fact, Yan et al. presented that the yield stress of high-Nb-containing TiAl
alloys with the fully lamellar structure is approximately 900 MPa at
1023 K [57]. Therefore, it is considered that the increase in the ultrafine
lamellar grain prevents the decrease in HT strength of the rods with low
Vang-

The alloys demonstrate a high HT ductility of approximately 40%,
irrespective of the fabrication conditions (Fig. 10(d)). As shown in
Fig. 11(a) and (e), dislocations can be observed in both the y phase and
the ay/y lamellar region which has relatively large lamellar spacing
(4 = 61.2 nm, Fig. 7(c)) and low Cr content after the tensile loading at
1023 K. This result indicates that the strength of the coarse lamellar
region without the solid solution strengthening of Cr decreases at
1023 K, and both the y phase and the lamellar region exhibit plastic
deformation at HT. The softening of these microstructures promotes to a
change in the fracture mode from brittle fracture mode to ductile frac-
ture mode (Fig. 9(b), Fig. 10(b)) and induces high ductility. In addition,
the fine microstructure of the alloys, which is one of the features of the
samples fabricated by the EBM process, also contributes to the large
ductility by reducing the stress concentration at the grain boundaries
due to fewer piled-up dislocations at grain boundaries.

5. Conclusions

The influences of the input energy density on the structural integrity
and microstructure of the p-containing 44—4 alloy rods fabricated by the
EBM process were investigated. In addition, relationships between the
microstructure and tensile properties of the rods were also examined,
focusing particularly on the mechanical property, volume fraction and
deformation structure of each constituent phase. The following con-
clusions were drawn from the present study:

1. Excessively high ED leads to poor dimensional accuracy of the
samples due to an unstable melt pool. However, defects due to
insufficient fusion of the powder are formed with ED values of 1.2 J/
mm? or less.

2. The Ti-44A1-4Cr alloy rods with the uniform ay/p/y mixed structure
consisting of the ay/y lamellar and p/y dual phase regions can be
fabricated by the EBM with ED values higher than approximately
3 J/mm?. On the other hand, when the ED is lower than approxi-
mately 3 J/mm?, the layered microstructure perpendicular to the
building direction, consisting of the ultrafine oy/y lamellar grain
layer with the p/y cell structure and the ay/p/y mixed structure layer
can be first obtained.

3. The difference in the microstructure originates from the differences
in the solidification microstructure and the temperature distribution
from the melt pool, which depend on the energy density of the EBM
process.

4. op of the Ti-44A1-4Cr alloy rods manufactured by the EBM process
reaches 773 MPa and 644 MPa at RT and 1023 K, respectively.
Furthermore, the rods exhibit EL of approximately 40% at 1023 K.
The high temperature tensile properties of the alloys are better than
those of cast 48-2-2 and TNM alloys.

5. The B phase and ultrafine ap/y lamellar grain with high Cr, which
originated from the massive a grains formed by rapid cooling under
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low ED conditions, are factors determining the strength of the alloys
at both RT and 1023 K. The large ductility of the alloys at 1023 K is
attributed to the fine microstructure and the change in the fracture
mode from brittle fracture mode to ductile fracture mode due to
softening of the y phase and the ay/y lamellar region with low Cr.
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