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Abstract: The effect of a two-step heat treatment on the microstructure and high-temperature tensile
properties of β-containing Ti-44Al-4Cr (at%) alloys fabricated by electron beam powder bed fusion
were examined by focusing on the morphology of α2/γ lamellar grains and β/γ cells precipitated at
the lamellar grain boundaries by a cellular precipitation reaction. The alloys subjected to the first
heat treatment step at 1573 K in the α + β two-phase region exhibit a non-equilibrium microstructure
consisting of the α2/γ lamellar grains with a fine lamellar spacing and a β/γ duplex structure
located at the grain boundaries. In the second step of heat treatment, i.e., aging at 1273 K in the β + γ

two-phase region, the β/γ cells are discontinuously precipitated from the lamellar grain boundaries
due to excess Cr supersaturation in the lamellae. The volume fraction of the cells and lamellar spacing
increase with increasing aging time and affect the tensile properties of the alloys. The aged alloys
exhibit higher strength and comparable elongation at 1023 K when compared to the as-built alloys.
The strength of these alloys is strongly dependent on the volume fraction and lamellar spacing of the
α2/γ lamellae. In addition, the morphology of the β/γ cells is also an important factor controlling
the fracture mode and ductility of these alloys.

Keywords: additive manufacturing; electron beam powder bed fusion; titanium aluminide;
microstructure; cellular precipitation reaction; tensile properties

1. Introduction

Titanium aluminide (TiAl) alloys have attracted significant interest for high-temperature
applications such as aircraft and automotive engines because of their lightweight character-
istics, excellent strength at high temperatures, and good oxidation resistance [1,2]. In fact,
Ti-48Al-2Cr-2Nb (at%, hereafter referred to as 48-2-2) alloys which are known as second-
generation TiAl alloys can drastically improve the efficiency of aero-jet engines by reducing
their weight as they can be used to replace nickel-based superalloys in low-pressure turbine
(LPT) blades [3,4]. In general, TiAl alloys consist of Ti3Al (α2) phase with the D019 structure
and TiAl (γ) phase with the L10 structure [1–4]. A unique lamellar structure composed of
the α2 and γ phases is formed, satisfying the Blackburn orientation relationship as follows.
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The lamellar structure is favorable for high-temperature strength and good fracture
toughness at room temperature. In recent years, a new concept for controlling the mi-
crostructure of the TiAl alloys, which is focused on an ordered β phase with the B2 structure,
has been proposed by Takeyama et al. [5]. The new type of TiAl alloys, such as Ti-Al-Nb-
Mo-B (TNM) alloys, developed based on this new concept are categorized as β-containing
TiAl alloys and have been widely studied in terms of their microstructure, mechanical
properties, and oxidation behavior [6,7]. These new-generation alloys are expected not only
to improve the efficiency of the jet engines but also to expand the application scope of the
TiAl alloys as they exhibit mechanical properties much superior to those of conventional
alloys (e.g., 48-2-2 alloys) at high temperatures [8–11].

However, there are significant concerns about contamination and oxidation of the
surface when the TiAl parts are manufactured by the existing processes such as precision
investment casting [12–14]. Therefore, it is necessary to develop a new manufacturing
process for the TiAl alloys to overcome these problems.

Additive manufacturing (AM) processes can fabricate near-net-shaped parts directly
from raw metal powders based on three-dimensional computer-aided design (3D-CAD)
data. These processes have attracted much attention as efficient fabrication processes
for metal products with complex shapes in the aerospace and biomedical industries and
elsewhere [15–18]. In particular, an electron beam powder bed fusion (EB-PBF) of which
the heat source is a focused electron beam is considered to be a suitable fabrication process
for highly reactive materials because the process is done in vacuum, which can prevent
contamination and oxidation of the part surfaces [19–21]. More importantly, the microstruc-
ture and the mechanical properties of the alloy parts fabricated by AM can be controlled
by optimizing process parameters and scan strategies based on the shape and thermal
gradient of the melt pool and solidification rate [22–28]. In particular, the mechanical
anisotropy originating from microstructural anisotropy is one of the important features
for the alloy fabricated by AM process [29–32]. In our previous studies, we found that
it is possible to obtain TiAl alloys with unique microstructures by repeated and rapid
fusion and solidification of metal powders, which is a unique phenomenon during the
EB-PBF process [33,34]. In the case of the 48-2-2 alloys manufactured by EB-PBF, the
layered microstructure composed of an equiaxed γ grain region (referred to as γ band)
and a duplex-like region formed by repeated thermal effects from the melt pool can be
obtained at specific process conditions. The localized deformation in the γ band resulted in
a large elongation at room temperature (>2.5%) and excellent fatigue properties at high
temperatures [33,35–37]. Moreover, the β-containing Ti-44Al-4Cr (at%, hereafter referred
to as 44-4) alloys fabricated by EB-PBF reveal very fine structures containing fine α2/γ
lamellar grains with a lamellar spacing of approximately 30 nm. The fine lamellar grains
which are referred to as ultrafine lamellar grains are formed through a massive α phase
transformation, resulting from the rapid cooling of the melt pool and its vicinity [34]. We
also found that the alloys containing the ultrafine lamellar grains exhibit high strength at
room temperature and high temperatures [34]. These studies suggest that EB-PBF can fab-
ricate the TiAl parts with improved mechanical properties while overcoming the concerns
associated with conventional manufacturing processes.

To increase the reliability of the TiAl parts fabricated by EB-PBF, it is necessary to
subject the hot isostatic pressing (HIP) treatment to eliminate any small defects or fine
pores generated by a lack of fusion or the atomization gas trapped in the raw powder,
respectively. The HIP temperature for the TiAl alloys is in the range of 1573–1273 K and
this treatment has a significant effect on the microstructure [38,39]. This, in turn, changes
the mechanical properties of the alloys. However, HIP or heat treatment conditions to
improve mechanical properties of the β-containing TiAl alloys fabricated by EB-PBF have
not been investigated yet.

Therefore, in the present study, we designed a two-step heat treatment process for
improving the high-temperature tensile properties of the β-containing TiAl alloy parts
fabricated by EB-PBF in anticipation of application to the HIP process. The first heat treat-
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ment is done at 1573 K in the α + β two-phase region, followed by air cooling, to introduce
the fine α2/γ lamellar grains which are expected to increase alloy strength [34,40,41]. The
second heat treatment at 1273 K in the β + γ two-phase region aims at precipitating a
β/γ cell structure from the lamellar grain boundary by the cellular precipitation reaction
(discontinuous precipitation reaction), which has been reported to improve the fracture
toughness and the crack-propagation resistance during cyclic deformation [42]. The mi-
crostructure of the resultant heat-treated alloys was quantitatively analyzed with respect
to the heat treatment time. In addition, the influence of the microstructure on the tensile
properties and fracture mode of the β-containing alloys at high temperatures was examined
via tensile tests at 1023 K and fracture-surface analysis.

2. Materials and Methods
2.1. Sample Fabrication by EB-PBF

The β-containing 44-4 alloy was used in this study [38]. Raw alloy powder with a
mean diameter of approximately 70 µm was prepared by Ar gas atomization at Osaka
Yakin Kogyo Co., Ltd., Osaka, Japan, from master ingots provided by Kobe Steel, Ltd.,
Kobe, Japan.

We used an Arcam Q10 EB-PBF system to fabricate rectangular rods with dimensions
of 10 × 10 × 30 mm from the raw alloy powder. The accelerating voltage, the pre-heating
temperature, and the layer thickness for each powder layer were set at 60 kV, 1333 K, and
90 µm, respectively. It should be noted that the building direction was parallel to the
longitudinal direction of the rods. Figure 1a shows the as-built 44-4 alloy rod fabricated
by EB-PBF. Noted that the bottom part of the rod is a support for precise fabrication. The
dimensional error of the as-built rods is smaller than 0.3 mm, indicating that the process
conditions used in the present study are suitable for fabrication of the 44-4 alloy rods with
high structural integrity. The chemical composition of the as-built rods was analyzed by an
inductively coupled plasma optical emission spectroscopy (Al, Cr) and an inert gas fusion
method (O) (Table 1). It should be noted that the O content of the alloy rods, which has
significant influence on the microstructure and mechanical properties, is comparable to that
of the raw powder (0.15 at%), indicating limited oxidation during the fabrication process.
It is noted that the porosity of the as-built rods is less than 0.3%. Such a small amount of
pore has no significant influence on tensile properties [34]. The details of the fabrication
process and characteristics of the as-built rods, including their structural integrity (internal
defect and porosity), can be found in our previous report [34].
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Table 1. Chemical composition of the 44-4 alloy rods fabricated by EBM.

Ti Al Cr O

Nominal composition Bal. 44 4 0
Actual composition Bal. 43.9 4.0 0.18
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2.2. Heat Treatment

To obtain the α2/γ lamellar structure surrounded by the β/γ cells at the lamellar
boundaries, the as-built rods were subjected to a two-step heat treatment process at different
temperatures derived from the phase diagram [38]. The first heat treatment step was
conducted at 1573 K in the β + α two-phase region, for 2 or 4 h in an Ar atmosphere,
followed by air cooling as a solution treatment (ST). Hereafter, the alloys solutionized for
2 and 4 h are referred to as 2ST and 4ST, respectively. The solutionized rods were then
subjected to aging (AG) at 1273 K in the β + γ two-phase region, for 0.1, 0.5, 1, or 24 h in an
Ar atmosphere followed by air cooling; these aged alloys are referred to as 0.1AG, 0.5AG,
1AG, and 24AG, respectively.

2.3. Material Characterization

The microstructure of the alloy rods was observed using a X-ray diffractometer (XRD),
a field-emission scanning electron microscope (FE-SEM) equipped with a back-scattered
electron (BSE) detector, and a transmission electron microscope (TEM) operated at 15 kV
and 300 kV, respectively. XRD analyses were performed using a Cu target at an acceleration
voltage of 40 kV and a current of 30 mA. The plates required for the microstructure
observations were cut parallel to the longitudinal direction (building direction) of the
rectangular rods by electro-discharge machining and mechanically polished with SiC
waterproof emery papers of up to #2000 grit and subsequently electrically polished in an
HClO4:butanol:methanol (6:35:59 vol.%) solution. The morphology of the α2/γ lamellar
and the β/γ cell structures was quantitatively analyzed from the SEM-BSE images using
the image analysis software, ImageJ.

The high-temperature tensile properties of the as-built and annealed alloys were
examined using an Instron-type testing machine at 1023 K in a vacuum with an initial strain
rate of 1.7 × 10–4 s–1. Tensile specimens with gauge dimensions of 5.0 × 1.5 × 1.0 mm
were cut by electro-discharge machining from the alloy bars (Figure 1b). The surfaces
of the specimens were polished using SiC waterproof emery papers and a colloidal SiO2
suspension. The fracture surfaces and side view of fracture parts of the tensile-deformed
specimens were carefully observed using an FE-SEM. The hardness of each constituent
structure was measured by nanoindentation tests with a maximum load of 59 mN at room
temperature.

3. Results and Discussion
3.1. Effect of the Two-Step Heat-Treatment Process on the Microstructure

Figure 2a shows the typical XRD profiles of the rods before and after solution treatment
for 4 h. The as-built and solutionized rods consist of the α2, γ, and β phases. Figure 2b–e
exhibits the microstructure of the as-built and 2ST and 4ST rods, in which the α2, γ,
and β phases exhibit gray, black, and white contrasts, respectively. The as-built rods
consist of a fine α2/β/γ mixed structure, the ultrafine α2/γ lamellar grains, and the
β/γ cells (Figure 2b,c). It should be noted that the microstructure of the as-built rods is
much finer than that of cast and forged alloys (grain size: 100–800 µm) [43,44], owing
to rapid solidification and cooling during EB-PBF. The formation mechanism of the fine
as-built microstructure was investigated in a previous study [34]. As shown in Figure 2d,e,
the microstructure changes completely upon solution treatment at 1573 K. The 2ST and
4ST contain the equiaxed α2/γ lamellar grains with a β/γ duplex structure at the grain
boundaries. It is noted that the solutionized rods have uniform and isotropic microstructure.
The α2/γ lamellar grains and the β/γ duplex structure are formed from the single α grains
and the β phases by the precipitation of the γ phase during the air cooling, respectively.
The mean diameters of the α2/γ lamellar grains (DL) in 2ST and 4ST are approximately
37 and 36 µm, respectively. This indicates that DL in 2ST and 4ST is higher than that of
the grains in the as-built samples but lower than that of alloys fabricated by conventional
processes [45]. This difference is attributed to the fine initial microstructure of the as-built
rods (Figure 2b,c). In addition, the β phase precipitated at the grain boundaries suppresses
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the growth of the α grains by grain-boundary pinning. Consequently, DL is insensitive to
heat treatment time, as shown in Figure 2d,e).
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Meanwhile, the volume fraction of the β/γ duplex structure (VDP) increases from
approximately 20% to 27% with increasing annealing time from 2 h to 4 h (Figure 2d,e).
Since the γ phase is precipitated during air cooling from 1573 K, the β/γ duplex structure
observed after cooling corresponds to the β single phase at 1573 K. The volume fraction
of the β phase at 1573 K, estimated from the equilibrium phase diagram of the 44-4 alloy
according to the lever rule, is approximately 26% [38]. This means that the microstructure
of 4ST is almost in thermodynamic equilibrium, whereas 2ST exhibits a non-equilibrium
microstructure. The β-stabilizing element (Cr for the 44-4 alloy) diffuses from the α

grains to the β phase during the solution treatment when the microstructure approaches
equilibrium. Therefore, it is considered that the α2/γ lamellar grains in 2ST contain more
solute Cr atoms than their counterparts in 4ST. While the details will be discussed in depth
later, a brief comparison of the two solutionized alloys with different concentrations of
Cr in the lamellar grains indicates that 2ST is more suitable for aging to form the β/γ
cell structure.

In the next heat treatment step, 2ST was subjected to aging treatment at 1273 K to
obtain the β/γ cell structure. Figure 3 shows the typical XRD profiles and SEM-BSE images
of the alloys aged for different aging times. The constituent phases of the aged alloys are
the α2, γ and β phases, regardless of the aging time (Figure 3a). SEM-BSE images of the
alloys aged for different aging times. A cellular structure composed of the β and γ phases
can be seen at the grain boundaries of the lamellae even after 0.1 h (Figure 3b). It should be
noted that the β/γ cells cover the α2/γ lamellar grains and grow toward the interior of the
lamellar grains with increasing aging time (Figure 3c,d). Finally, the lamellar grains are
completely replaced by the cells (Figure 3e). The variation in volume fraction of the β/γ
cells (VC), the α2/γ lamellar grains (VL) and the coverage of the α2/γ lamellar grains by
the β/γ cells and the β/γ duplex (θ) as a function of aging time are shown in Figure 4a–c.
VC of 4ST aged for 1 h is also shown in Figure 4a for comparison. The β/γ cells are formed
rapidly with a very short incubation time (<0.1 h), resulting in VC of approximately 35%
and 50% in 0.5AG and 1AG, respectively (Figure 4a). Before aging at 1273 K, the lamellar
grains in 2ST are surrounded by the β/γ duplex structure and θ is approximately 40%, as
shown in Figure 4b. On the other hand, θ increases to 100% after aging for 0.5 h. It should
be noted that θ is saturated earlier than VC. This means that the cells continue to grow into
the grain interior even after the lamellar grains are fully covered by the cells. At the same
time, VL decreases with the precipitation and growth of the β/γ cells and finally reaches
0% after annealing for 24 h (Figure 4c). It should also be noted that VC of the aged 4ST is
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lower than that of the aged 2ST (1AG), although they were subjected to the same aging
conditions (1273 K and 1 h).
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Schematic illustrations of microstructural evolution during solution/aging treatments
and cellular precipitation at the lamellar grain boundaries are shown in Figure 5. The α2/γ
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lamellar structure in which Cr is supersaturated can be obtained by the solution treatment
at 1573 K in the β + α two-phase region, followed by air cooling (Figure 5I). When the
alloys with the lamellar grains are aged at 1273 K in the β + γ two-phase region, the cellular
precipitation reaction takes at the lamellar grain boundaries to reduce the Cr concentration
in the grains (Figure 5II). The growth rate (v) of the cellular structure can be expressed by
Equation (2) [46],

v =
λDB

(
X0 − Xαβ

e

)
l2(X0)

(2)

where λ is the thickness of the cell boundary, DB represents the cell-boundary diffusivity,
l is the interspace of the cell, X0 is the concentration of Cr in the untransformed lamellar
grain and Xe

αβ is the concentration of Cr in the γ phase at equilibrium with the β phase.
It can be seen that v depends strongly on X0, because Xe

αβ is determined by the aging
temperature. Thus, it can be concluded that the fast precipitation rate of the β/γ cells
during second step annealing for 2ST results from higher X0, compared with 4ST.
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by EBM.

The variation in the volume fraction of the γ phase in the β/γ cells (VγC) is plotted
against the aging time, as shown in Figure 4d. In the figure, it can be observed that
VγC remains almost constant at approximately 78%, regardless of the aging time. This
is because the ratio of the β and γ phases in the cells reflects their equilibrium ratio at
the aging temperature. In addition, the morphology of the α2/γ lamellar structure varies
with aging time. Figure 6 shows the bright-field (BF) images and selected area electron
diffraction (SAED) patterns of the α2/γ lamellar grains in the alloys aged at 1273 K for
0.1–1 h. The SAED patterns indicate that the lamellar grains in the alloys are composed
of the fine γ plates with twin boundaries and the fine α2 plates. In addition, the α2 and γ

phases have the Blackburn orientation relationship expressed by Equation (1) (Figure 6d–f).
The mean lamellar spacing (λ) of 0.1AG is approximately 29 nm, which is comparable with
that of the ultrafine α2/γ lamellar grains (approximately 30 nm) in the as-built rods, as
reported in a previous study [34]. It is interesting to note that λ increases to approximately
51 nm after aging for 1 h due to coarsening of the γ plates and reduction in the number
of the α2 plates. This is because the aging temperature (1273 K) corresponds to the β + γ
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two-phase region. This minor variation of λ in nano-order size strongly influences the
mechanical properties of the alloys.
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3.2. High-Temperature Tensile Properties of the Aged Alloy Rods

The ultimate tensile strength (σB) and the elongation (EL) at 1023 K of the as-built
rods and the aged rods were examined with respect to the aging time (Figure 7). The σB
of the as-built alloys is greater than 580 MPa which is higher than that of 48-2-2 alloys
fabricated by casting (~450 MPa) [43]. This is because the fine β phase in the α2/β/γ
mixed structure and the ultrafine α2/γ lamellar grains act as strengthening factors at the
deformation temperature [34]. It should be noted that the high-temperature strength of the
alloys was improved by aging at 1273 K. Moreover, there is no mechanical anisotropy in
the aged rods. σB of the alloys reaches 697 MPa at 0.1AG and then decreases slightly with
increasing aging time. However, it is never less than 600 MPa. As shown in Figure 7b, the
as-built rods exhibit EL of approximately 40% at 1023 K, which is much larger than that
of the TiAl alloys produced by other processes (less than 10%) [47]. Such a large ductility
at deformation temperatures below 1075 K is one of the unique features of the EB-PBF-
TiAl alloys with fine microstructures [33,34]. As described earlier, the microstructures of
the aged alloys are relatively coarse and completely different from those of the as-built
alloys (Figures 2 and 3). As a result, EL of 0.1AG decreases steeply to approximately 10%.
Figure 7c shows stress–strain (S–S) curves of 0.1AG tensile-deformed at 1023 K. The 0.1AG
fractures shortly after reaching the maximum stress. Moreover, in the fracture surface of
0.1AG, facets approximately 35 µm in size can be seen with fine steps (Figure 8a). Note
that the size of facets is similar to that of α2/γ lamellar grains. This distinctive fracture
surface suggests that brittle crack initiation at the lamellar interface and crack propagation
through the lamellar boundary are responsible for the low ductility of 0.1AG. However, it
should also be noted that the ductility of the aged alloys can be recovered by increasing
aging time, resulting in a high EL of approximately 36% for 0.5AG and 1AG. In contrast to
EL of 0.1AG, that of 0.5AG increases even beyond UTS (Figure 7c). In addition, the fracture
surfaces of 0.5AG pulled to fracture at 1023 K are covered by dimples, indicating that the
fracture mode changes to ductile fracture (Figure 8b). Figure 8c shows the side-view of
the fractured part of the 0.5AG tensile-deformed alloy specimens. It can be noted that the
β/γ cells deformed significantly, compared with the α2/γ lamellar grains. This means
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that the cells deformed preferentially during the tensile loading. Furthermore, the crack
propagation in the lamellar grains stops at the β/γ cells, indicating that the cells act as a
barrier to the crack propagation.

Crystals 2021, 11, x FOR PEER REVIEW 9 of 13 
 

 

that the β/γ cells deformed significantly, compared with the α2/γ lamellar grains. This 
means that the cells deformed preferentially during the tensile loading. Furthermore, the 
crack propagation in the lamellar grains stops at the β/γ cells, indicating that the cells act 
as a barrier to the crack propagation. 

 
Figure 7. Variations in σB (a) and EL (b) of the aged alloys at 1023 K with aging time and S–S curves of 0.1AG and 0.5AG tensile 
deformed at 1023 K (c). 

 
Figure 8. Typical SEM fractographs (a), (b) and side view SEM image (c) of 0.1AG (a) and 0.5AG (b), (c) after tensile deformation 
to fracture at 1023 K. 

These results imply that the high-temperature strength-ductility balance of the 44-4 
alloy rods built by EB-PBF can be improved by optimizing their microstructure, focusing 
on the morphology of the α2/γ lamellar and the β/γ cell structures through the two-step 
heat treatment proposed in this study. In the rest of this section, we shall discuss the effect 
of these structures on the tensile properties of heat-treated 44-4 alloys. 

3.3. Relationship between the microstructure and high-temperature tensile properties 
In order to understand the role of the α2/γ lamellar grains and the β/γ cells on the 

tensile properties of the alloys, the hardness of these structures was measured by 
nanoindentation tests and the results are summarized in Figure 9a. The hardness of the la-
mellar grains is found to be much higher than that of the β/γ cells. The lamellar structure is 
composed of the α2 phase with the D019 structure and the γ phase with the L10 structure with 
the Blackburn relationship. The lamellar boundaries act as a barrier to the propagation of 
deformation through the Hall–Petch law. Moreover, there are six crystallographic variants 
in the γ phase. Therefore, not only the α2/γ boundaries but the γ/γ boundaries can be a 
strong barrier to the deformation propagation across the boundaries [48]. In addition, the 
degradation of the α2/γ lamellar grains such as a coarsening of the lamellar spacing cannot 
be observed in the tensile-deformed specimens, because the lamellar structure has high 
stability at 1023 K [34]. Therefore, it can be suggested that the α2/γ lamellar grains play a 
key role in strengthening the alloys. In fact, σ B of the aged rods increases with increasing VL 
(Figure 10a). However, the strength of 1AG is lower than the value expected from a linear 
relationship between VL and σB, drawn by a dotted line in Figure 10a. This discrepancy is 

Figure 7. Variations in σB (a) and EL (b) of the aged alloys at 1023 K with aging time and S–S curves of 0.1AG and 0.5AG
tensile deformed at 1023 K (c).

Crystals 2021, 11, x FOR PEER REVIEW 9 of 13 
 

 

that the β/γ cells deformed significantly, compared with the α2/γ lamellar grains. This 
means that the cells deformed preferentially during the tensile loading. Furthermore, the 
crack propagation in the lamellar grains stops at the β/γ cells, indicating that the cells act 
as a barrier to the crack propagation. 

 
Figure 7. Variations in σB (a) and EL (b) of the aged alloys at 1023 K with aging time and S–S curves of 0.1AG and 0.5AG tensile 
deformed at 1023 K (c). 

 
Figure 8. Typical SEM fractographs (a), (b) and side view SEM image (c) of 0.1AG (a) and 0.5AG (b), (c) after tensile deformation 
to fracture at 1023 K. 

These results imply that the high-temperature strength-ductility balance of the 44-4 
alloy rods built by EB-PBF can be improved by optimizing their microstructure, focusing 
on the morphology of the α2/γ lamellar and the β/γ cell structures through the two-step 
heat treatment proposed in this study. In the rest of this section, we shall discuss the effect 
of these structures on the tensile properties of heat-treated 44-4 alloys. 

3.3. Relationship between the microstructure and high-temperature tensile properties 
In order to understand the role of the α2/γ lamellar grains and the β/γ cells on the 

tensile properties of the alloys, the hardness of these structures was measured by 
nanoindentation tests and the results are summarized in Figure 9a. The hardness of the la-
mellar grains is found to be much higher than that of the β/γ cells. The lamellar structure is 
composed of the α2 phase with the D019 structure and the γ phase with the L10 structure with 
the Blackburn relationship. The lamellar boundaries act as a barrier to the propagation of 
deformation through the Hall–Petch law. Moreover, there are six crystallographic variants 
in the γ phase. Therefore, not only the α2/γ boundaries but the γ/γ boundaries can be a 
strong barrier to the deformation propagation across the boundaries [48]. In addition, the 
degradation of the α2/γ lamellar grains such as a coarsening of the lamellar spacing cannot 
be observed in the tensile-deformed specimens, because the lamellar structure has high 
stability at 1023 K [34]. Therefore, it can be suggested that the α2/γ lamellar grains play a 
key role in strengthening the alloys. In fact, σ B of the aged rods increases with increasing VL 
(Figure 10a). However, the strength of 1AG is lower than the value expected from a linear 
relationship between VL and σB, drawn by a dotted line in Figure 10a. This discrepancy is 

Figure 8. Typical SEM fractographs (a,b) and side view SEM image (c) of 0.1AG (a) and 0.5AG (b,c) after tensile deformation
to fracture at 1023 K.

These results imply that the high-temperature strength-ductility balance of the 44-4 alloy
rods built by EB-PBF can be improved by optimizing their microstructure, focusing on the
morphology of the α2/γ lamellar and the β/γ cell structures through the two-step heat
treatment proposed in this study. In the rest of this section, we shall discuss the effect of
these structures on the tensile properties of heat-treated 44-4 alloys.

3.3. Relationship between the Microstructure and High-Temperature Tensile Properties

In order to understand the role of the α2/γ lamellar grains and the β/γ cells on the
tensile properties of the alloys, the hardness of these structures was measured by nanoin-
dentation tests and the results are summarized in Figure 9a. The hardness of the lamellar
grains is found to be much higher than that of the β/γ cells. The lamellar structure is com-
posed of the α2 phase with the D019 structure and the γ phase with the L10 structure with
the Blackburn relationship. The lamellar boundaries act as a barrier to the propagation of
deformation through the Hall–Petch law. Moreover, there are six crystallographic variants
in the γ phase. Therefore, not only the α2/γ boundaries but the γ/γ boundaries can be
a strong barrier to the deformation propagation across the boundaries [48]. In addition,
the degradation of the α2/γ lamellar grains such as a coarsening of the lamellar spacing
cannot be observed in the tensile-deformed specimens, because the lamellar structure has
high stability at 1023 K [34]. Therefore, it can be suggested that the α2/γ lamellar grains
play a key role in strengthening the alloys. In fact, σ B of the aged rods increases with
increasing VL (Figure 10a). However, the strength of 1AG is lower than the value expected
from a linear relationship between VL and σB, drawn by a dotted line in Figure 10a. This
discrepancy is considered to be attributed to the Hall–Petch relationship between the
lamellar spacing and the strength [40,41]. Figure 9b shows the Hall–Petch plot for the
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nanoindentation hardness of the α2/γ lamellar grains in the aged alloys. The hardness
increases with increasing reciprocal square root of λ. In 1AG, the hardness of the lamellar
grains exhibits a low value and approaches that of β/γ cells due to high λ, resulting in a
low σB.

Crystals 2021, 11, x FOR PEER REVIEW 10 of 13 
 

 

considered to be attributed to the Hall–Petch relationship between the lamellar spacing and 
the strength [40,41]. Figure 9b shows the Hall–Petch plot for the nanoindentation hardness 
of the α2/γ lamellar grains in the aged alloys. The hardness increases with increasing recip-
rocal square root of λ. In 1AG, the hardness of the lamellar grains exhibits a low value and 
approaches that of β/γ cells due to high λ, resulting in a low σB. 

 
Figure 9. Nanoindentation hardness of the α2/γ lamellar grain and the β/γ cell in 0.1AG (a) and Hall–Petch plot of nanoindentation 
hardness of the α2/γ lamellar grains in the aged alloys as a function of reciprocal square root of λ (b). 

 
Figure 10. Variations in σB (a) and EL (b) of the aged rods at 1023 K as a function of VL and VC, respectively. 

In contrast, the ductility of the aged alloys deformed at 1023 K is affected strongly by 
the presence of the β/γ cells at the grain boundaries of the α2/γ lamellar grains. Although 
the β phase with ordered B2 structure is a hard phase, the γ phase in the β/γ cells is a 
deformable phase, especially at high temperatures [34]. It is also noted that VγC is approx-
imately 78%. Thus, the β/γ cell can be regarded as a soft region. It should be noted that 
the hardness of the cell is independent of aging time since VγC is almost constant in the 
aged alloys (Figure 4d). Consequently, the crack initiation at the lamellar interface is par-
tially inhibited by the preferential deformation of the β/γ cells covering the lamellar grain 
boundaries (Figure 8c). Furthermore, a few cracks initiated at the lamellar interface are 
difficult to pass through the lamellar boundaries due to the presence of the ductile cells. 
Figure 10b shows the relationship between EL and VC in the aged alloy rods. It should be 
noted that EL increases to approximately 36% by increasing VC to 35% and then is satu-
rated. At and above VC = 35%, the boundaries of the lamellar grains are fully covered by 
the β/γ cells (θ = 100%) (Figure 3c and Figure 4b). Therefore, θ is also an important factor 
controlling EL. In other words, EL is not likely to increase further even if VC is larger than 
35%. 

4. Conclusions 
The microstructure and high-temperature tensile properties of the β-containing TiAl 

alloy rods fabricated by EB-PBF and subjected to two-step heat treatment were examined 

Figure 9. Nanoindentation hardness of the α2/γ lamellar grain and the β/γ cell in 0.1AG (a) and
Hall–Petch plot of nanoindentation hardness of the α2/γ lamellar grains in the aged alloys as a
function of reciprocal square root of λ (b).

Crystals 2021, 11, x FOR PEER REVIEW 10 of 13 
 

 

considered to be attributed to the Hall–Petch relationship between the lamellar spacing and 
the strength [40,41]. Figure 9b shows the Hall–Petch plot for the nanoindentation hardness 
of the α2/γ lamellar grains in the aged alloys. The hardness increases with increasing recip-
rocal square root of λ. In 1AG, the hardness of the lamellar grains exhibits a low value and 
approaches that of β/γ cells due to high λ, resulting in a low σB. 

 
Figure 9. Nanoindentation hardness of the α2/γ lamellar grain and the β/γ cell in 0.1AG (a) and Hall–Petch plot of nanoindentation 
hardness of the α2/γ lamellar grains in the aged alloys as a function of reciprocal square root of λ (b). 

 
Figure 10. Variations in σB (a) and EL (b) of the aged rods at 1023 K as a function of VL and VC, respectively. 

In contrast, the ductility of the aged alloys deformed at 1023 K is affected strongly by 
the presence of the β/γ cells at the grain boundaries of the α2/γ lamellar grains. Although 
the β phase with ordered B2 structure is a hard phase, the γ phase in the β/γ cells is a 
deformable phase, especially at high temperatures [34]. It is also noted that VγC is approx-
imately 78%. Thus, the β/γ cell can be regarded as a soft region. It should be noted that 
the hardness of the cell is independent of aging time since VγC is almost constant in the 
aged alloys (Figure 4d). Consequently, the crack initiation at the lamellar interface is par-
tially inhibited by the preferential deformation of the β/γ cells covering the lamellar grain 
boundaries (Figure 8c). Furthermore, a few cracks initiated at the lamellar interface are 
difficult to pass through the lamellar boundaries due to the presence of the ductile cells. 
Figure 10b shows the relationship between EL and VC in the aged alloy rods. It should be 
noted that EL increases to approximately 36% by increasing VC to 35% and then is satu-
rated. At and above VC = 35%, the boundaries of the lamellar grains are fully covered by 
the β/γ cells (θ = 100%) (Figure 3c and Figure 4b). Therefore, θ is also an important factor 
controlling EL. In other words, EL is not likely to increase further even if VC is larger than 
35%. 

4. Conclusions 
The microstructure and high-temperature tensile properties of the β-containing TiAl 

alloy rods fabricated by EB-PBF and subjected to two-step heat treatment were examined 

Figure 10. Variations in σB (a) and EL (b) of the aged rods at 1023 K as a function of VL and
VC, respectively.

In contrast, the ductility of the aged alloys deformed at 1023 K is affected strongly by
the presence of the β/γ cells at the grain boundaries of the α2/γ lamellar grains. Although
the β phase with ordered B2 structure is a hard phase, the γ phase in the β/γ cells is
a deformable phase, especially at high temperatures [34]. It is also noted that VγC is
approximately 78%. Thus, the β/γ cell can be regarded as a soft region. It should be noted
that the hardness of the cell is independent of aging time since VγC is almost constant in
the aged alloys (Figure 4d). Consequently, the crack initiation at the lamellar interface is
partially inhibited by the preferential deformation of the β/γ cells covering the lamellar
grain boundaries (Figure 8c). Furthermore, a few cracks initiated at the lamellar interface
are difficult to pass through the lamellar boundaries due to the presence of the ductile
cells. Figure 10b shows the relationship between EL and VC in the aged alloy rods. It
should be noted that EL increases to approximately 36% by increasing VC to 35% and
then is saturated. At and above VC = 35%, the boundaries of the lamellar grains are fully
covered by the β/γ cells (θ = 100%) (Figures 3c and 4b). Therefore, θ is also an important
factor controlling EL. In other words, EL is not likely to increase further even if VC is larger
than 35%.

4. Conclusions

The microstructure and high-temperature tensile properties of the β-containing TiAl
alloy rods fabricated by EB-PBF and subjected to two-step heat treatment were examined
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with a particular focus on the morphology of the α2/γ lamellar grains and the cellular
precipitation reaction at lamellar grain boundaries. The major conclusions of this study
were as follows.

1. The 44-4 alloy rods subjected to the solution treatment at 1573 K for 2 h exhibit a
non-equilibrium microstructure composed of the α2/γ lamellar grains with a very
fine lamellar spacing and the β/γ duplex structure.

2. The β/γ cells are formed at the lamellar grain boundaries during aging at 1273 K via
the cellular precipitation reaction which is driven by the supersaturation of Cr in the
lamellar grains.

3. The β/γ cells and the α2/γ lamellar grains increase and decrease, respectively, with
increasing aging time. The fast precipitation rate of the β/γ cells in the aged alloys
is attributed to the high degree of supersaturation of Cr in the α2/γ lamellae of the
alloys subjected to solution treatment for 2 h.

4. σB of the aged alloys containing the α2/γ lamellar and β/γ cell structures exceeds
600 MPa and reaches 697 MPa after 0.1 h of aging. In contrast, EL of the alloys aged
for 0.1 h at 1023 K is approximately 10% which is smaller than that of the as-built
alloys. However, the high-temperature ductility of the aged alloys is as high as
approximately 36% when they are aged for at least 0.5 h.

5. The volume fraction and the lamellar spacing of the α2/γ lamellar grains are found
to be key factors for improving the high-temperature tensile strength of the aged TiAl
alloys. However, the ductility of these alloys is dependent on the morphology of the
β/γ cells covering the lamellar grain boundaries.
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