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ABSTRACT

The influence of a unique layered microstructure consisting of duplex-like region and equiaxed
v grain layers (y bands) on the fatigue properties of Ti-48 Al-2Cr-2Nb alloy bars fabricated by
electron beam melting (EBM) was investigated at room temperature (RT) and 1023 K focusing
on the angle (6) between the building direction and cylinder (loading) axis. We found for the
first time the fatigue strengths of the alloy bars with the layered microstructure depend strongly
on the angle 6. Particularly, the fatigue strength of the alloy bars fabricated at 8 = 45° is
comparable to that of the hot isostatic pressing (HIP) treated cast alloys, even without HIP
treatment. We also found the alloy bars fabricated at & = 0° and 45° exhibit high fatigue
strengths in the low-cycle fatigue life region at 1023 K similar to € = 45° alloy bars at RT.
These high fatigue strengths are caused by inhibition of the brittle main crack initiation by
stress relaxation due to shear deformation at the y bands and large plasticity of the alloys. These
findings indicate that the alloys fabricated by EBM at € = 45° with the unique layered

microstructure have a great potential for aerospace and automobile applications.

Key words: A. intermetallics (aluminides); B. fatigue resistance and crack growth;

D. microstructure; G. aero—engine components



1. Introduction

Titanium aluminum (TiAl)-based alloys are considered to be prime candidates for
aerospace and automobile applications due to their high specific strength, excellent high-
temperature (HT) strength and good corrosion resistance [1-3]. Owing to these excellent
properties, TiAl-based alloys are expected to partly replace nickel-based superalloys in aero-
engine turbine applications with the aim of developing more efficient aero-engines with a high
thrust-to-weight ratio [3,4]. In fact, TiAl-based alloys have already been used for low-pressure
turbine blades in GEnx engine [5]. However, the poor room temperature (RT) ductility, low HT
deformability, and high reactivity of TiAl-based alloys hinder their precise manufacturing.
Precision investment casting is the conventional manufacturing process for TiAl-based alloys
[6,7]. However, the casting process leads to various problems including coarser grains and
shrinkage defects, which in turn results in deterioration in part quality. Moreover,
contamination from the crucible and oxidation is significant concerns. To overcome these
problems, research is being conducted in two directions. One way is to develop new TiAl-based
alloys which can be processed by hot forging [8,9]. For instance, Takeyama et al. have
suggested the use of a disordered B-phase for the development of wrought TiAl-based alloys
[10]. They have developed Ti-Al-Mn [10,11], Ti-Al-V [12,13], Ti-Al-Nb [14], and Ti-Al-M1-
M2 (M1, M2: Nb, V, Cr, Mo) [15] alloys. Clemens et al. have developed Ti-Al-Nb-Mo-B alloys,
which are called TNM alloys [16,17]. These alloys show not only good HT deformability but
also high strength at RT as well as HT and good creep properties [13,17]. The second option is
to develop new fabrication processes for TiAl-based alloys. Recently, several additive
manufacturing techniques, such as electron beam melting (EBM) [18-22] and selective laser
melting deposition (SLM) [23-25], have been developed and used to fabricate TiAl-based
alloys. It is possible to form complicated shapes without post-processing, to reduce material

waste, and to decrease the lead-time using these processes. Especially, EBM has attracted much
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attention because of its high energy density and low residual stress as compared to SLM.
Recently, Cormier et al. [18] and Murr et al. [19] have investigated the microstructure of Ti-
47A1-2Cr-2Nb (at.%) alloys samples fabricated by EBM. Schwerdtfeger et al. [20] have
reported an EBM process window for Ti-48 Al-2Cr-2Nb (hereafter, referred to as 48-2-2) alloys
and the effect of process parameters on the resulting chemical composition. Seifi et al. [21]
have investigated the effects of hot isostatic pressing (HIP) treatment on microstructures and
mechanical properties of 48-2-2 alloys fabricated by EBM. Filippini et al. [22] have studied
fatigue properties and defect tolerance of 48-2-2 alloys fabricated by EBM. These reports
predict that the EBM process is expected to become a next-generation manufacturing system
for TiAl-based alloys.

The mechanical properties of TiAl-based alloys are known to depend strongly on their
microstructure, which can be controlled by heat treatment [26]. In Ti-rich TiAl alloys, the
microstructure generally varies depending on the annealing condition as follows: (i) a fully
lamellar structure composed of the TiAl (y) and the Ti3Al (a2) phases, (ii) a duplex structure
composed of fine lamellar grains and y grains and (iii) a near y structure mainly composed of
equiaxed y grains [26]. For instance, the fine duplex structure is favorable for high strength and
good ductility while the coarse fully lamellar structure leads to good creep properties [26].

In our previous study [27], we have reported that it is possible to fabricate cylindrical bars
of 48-2-2 alloy by EBM process. Moreover, the alloy bars fabricated with appropriate process
parameters have a unique layered microstructure composed of duplex-like region and equiaxed
v grains which form a chain perpendicular to the building direction. These y grains are referred
to as the y band. The layered microstructure is always aligned perpendicular to the building
direction, which is closely related to the temperature distribution around the melt pool during
the EBM process [27]. Additionally, it was found that the tensile properties of the alloy bars

fabricated by EBM depends strongly on the angle () between the building direction and the
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loading axis [27]. At RT, the yield strength of the alloy bars is greater than 550 MPa at all
orientations tested of &= 0, 45, and 90°. In addition, the elongation at &= 45° is higher than
2.5% even at RT. This means that the alloy bars at 8= 45° is more ductile than the cast alloys
at RT. Superior RT-ductility of the alloy bars at 8= 45° is due to the localized shear deformation
in the y bands [27]. These results indicate that the unique layered microstructure is effective to
improve tensile strength-ductility balance of 48-2-2 alloys. However, the fatigue properties of
additively manufactured 48-2-2 alloy bars containing the unique layered microstructure have
not been investigated yet.

In this study, the fatigue properties of 48-2-2 alloy bars fabricated by EBM were evaluated
at &= 0° and @ = 45°, with a particular focus on the effects of the microstructure and test
temperature. Moreover, to investigate the fatigue behavior of the alloy bars, fracture surface

and deformation microstructure of specimens after the fatigue tests were observed.

2. Experimental

48-2-2 alloy raw powder used in the present study was fabricated by Ar gas atomization
(Arcam AB, Sweden). The average particle diameter of the raw powder is around 100 pm;
the chemical composition of the raw powder is listed in Table 1. Cylindrical bars of the 48-
2-2 alloy, 10 mm in diameter and 90 mm long, were fabricated using an Arcam A2X EBM
system (Arcam AB, Sweden) at an operating voltage of 60 kV. The detail of the fabrication
process is well documented in a previous paper [27]. The angle () between the building
direction and the cylinder direction of the alloy bars was set at 0° or 45°, as shown in Fig. 1.
Hereafter, the alloy bars fabricated at 8= 0° and at = 45° are referred to as 8= 0° and 8=
45°, respectively.

The chemical composition of 48-2-2 alloy bars fabricated by EBM was analyzed using

an inductively coupled plasma optical emission spectroscopy for metallic elements, an inert
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gas fusion method for O and N, and an infrared absorption method for C. The microstructures
of the alloy bars fabricated by EBM were observed using an optical microscope (OM) and a
scanning electron microscope (SEM). The specimens for OM and SEM observation were
mechanically polished using waterproof emery papers of up to #2000 grit and subsequently
electrically polished in a HCIO4 : butanol : methanol (6 : 35 : 59 vol%) solution. Moreover,
the specimens for OM observation were etched using a HF : HNOs : H20 (1 : 2 : 97 vol%)
etching solution. The local mechanical properties were measured via a nanoindentation
hardness test using a nanoindenter at a maximum load of 29.4 mN.

The fatigue properties of 48-2-2 alloy bars fabricated by EBM were evaluated using an
electro-servo-hydraulic testing machine. The fatigue tests were conducted at a frequency (f)
of 10 Hz at a stress ratio (R) of —1 in the tension-compression mode under a fixed amplitude
of the applied stress (o) at RT and 1023 K in vacuum. The fatigue test specimens of which

gauge dimension is 2 X2 X5 mm were cut by electro-discharge machining from the center of

the alloy bars and then the surface was polished mechanically using waterproof emery papers
and a colloidal SiO2 suspension. It should be noted that the loading axis was set to be parallel
to the cylindrical direction during the fatigue tests. The maximum stress amplitude at which
the tested specimen does not undergo failure after 1 x 10° cycles (run out) is regarded as the
fatigue limit.

The fracture surfaces and side view of fracture parts of the fatigue specimens were
carefully observed using SEM. In order to evaluate the localized shear deformation and the
dislocation structure during the fatigue tests, the microstructures of the specimens before and
after the fatigue tests were analyzed using an electron backscattered diffraction (EBSD) and
a transmission electron microscope (TEM). The TEM observations were performed at an

accelerating voltage of 300 kV.



3. Results
3.1 Microstructure

The chemical composition of 48-2-2 alloy bars fabricated by EBM is shown in Table 1. Al
content decreases by approximately 2 at.% during the EBM process. On the other hand, there
is no significant change in Cr and Nb contents. The loss in Al content is caused by evaporation
due to its higher vapor pressure as compared to other metallic elements [28]. The C, O, and N
contents of the alloy bars fabricated by EBM are comparable to those of the raw powder. This
result indicates that contamination during the EBM process is very limited.

Fig. 2 shows the initial microstructure of 48-2-2 alloy bars fabricated by EBM. These OM
and SEM images were taken from the cross-section of the bars with respect to the building
direction. As shown in Figs. 2 (a) and (b), both & = 0° and & = 45° show the layered
microstructure consisting of the duplex-like region and the y bands. Figs. 2 (¢)—(f) show the
high magnification SEM images of the duplex-like region and the y bands. The duplex-like
region consists of lamellar grains, y grains, and fine o2 grains (Figs. 2 (c), (d)) while the y bands
are mainly composed of equiaxed y grains (Figs. 2 (), (f)). The average grain sizes in duplex-
like region (lamellar grains and y grains) and in y bands (y grains) for both 8= 0° and 8= 45°
is approximately 15 um and 20 pum, respectively. These grains are much finer than that of the
cast alloys with HIP treatment (50-500 pum) [29,30]. Moreover, the width (W,) and volume
fraction (f,) of the y bands for = 0° are approximately 30 um and 27%, respectively, and for
6= 45°, the corresponding values are approximately 33 um and 27%, respectively. This means
that the microstructural features of the y bands in = 0° and 8= 45° are similar to each other,
though the y bands of &= 0° and 6= 45° are aligned perpendicular to the building direction.
These y bands are formed by repeated local heat treatment in the vicinity of the melt pool during

EBM process, which is well described in the previous paper [27].



In order to understand the difference in mechanical properties between the duplex-like
region and the y bands, the nanoindentation tests were done. Fig. 3 shows nanoindentation
hardness distribution measured near the duplex-like region/y band interface in € = 0°. The
nanoindentation hardness of the duplex-like region is much higher than that of the y bands.
Additionally, the hardness varies sharply across the interface between the duplex-like region
and the y band. This is because the duplex-like region contains large amount of the hard o
phase. Fine microstructure containing lamellar grains in the duplex-like region also attributes
to high hardness. In contrast, the y grains in the y bands is coarser than that in duplex-like region.
Moreover, in TiAl polysynthetically twinned crystals, the y phase preferentially deforms [31].
These results indicate that 48-2-2 alloy bars fabricated by EBM have the layered microstructure
separated by hard (duplex-like) and soft (y band) regions.

In addition to the unique microstructure composed of duplex-like region and y bands,
morphology of pores should be also focused on because it is well known that a number of pores
are introduced in as-EBM samples [32]. Pores often act as an initiation site of fatigue cracks
and play an important role in fatigue failure. Therefore, the shape, diameter, volume fraction
(porosity), and distribution of pores in 48-2-2 alloy bars fabricated by EBM were evaluated
using OM and SEM. Fig. 4 shows the OM and SEM images of pores in &= 0° (Figs. 4 (a), (c))
and @ = 45° (Figs. 4 (b), (d)). Only circular pores less than 100 pm in diameter could be
observed in both #= 0° and 6= 45°. The formation of the circular pores are believed to be
caused by the atomization gas (Ar) trapped in the raw powder [19,32]. The porosities of = 0°
and = 45° are evaluated to be approximately 0.18% and 0.13%, respectively, comparable to
that in the previous report (0.1-2.0%) [32]. This indicates that the EBM process parameters
used in the present study is optimally adjusted to fabricate the dense 48-2-2 alloy bars.

Moreover, as shown in Figs. 4 (¢) and (d), the pores are heterogeneously concentrated in the



layered band region. The high-porosity layered regions aligned perpendicular to the building
direction can be seen in both = 0° and &= 45°. The distance between two consecutive high-
porosity layered regions is approximately 90 um, which corresponds to the thickness of the
powder layer in each cycle during the EBM process [27]. Therefore, it is supposed that the
formation mechanism of the high-porosity layered regions is related to the layer-on-layer

process during EBM.

3.3 Fatigue properties

In order to investigate the fatigue properties of 48-2-2 alloy bars fabricated by EBM at 6
= 0° and &= 45°, fatigue tests were performed under a tension-compression mode at RT and
1023 K in vacuum. Here, it should be noted that the alloy bars fabricated by EBM at €= 0°
and @ = 45° were not subjected to HIP treatment. The stress amplitude-number of cycles to
failure (S-Nr) curves of 8= 0° and 8= 45° cyclically deformed at RT are shown in Fig. 5, along
with those of the alloys fabricated by casting followed by HIP treatment [33,34]. At RT, the
fatigue strength of 8= 0° is lower than that of the cast alloys with HIP treatment. On the other
hand, the fatigue strength of 8= 45° at RT, without HIP treatment, is higher than that of 4= 0°
and comparable to that of the cast alloys with HIP treatment. Moreover, the fatigue limits of &
=(0° and #=45° are approximately 300 MPa and 400 MPa, respectively. These results indicate
that the fatigue properties of 48-2-2 alloy bars fabricated by EBM exhibit a strong anisotropy,
depending on @, similar to their tensile properties as reported in ref. [27].

Fig. 6 shows the SEM fractographs of &= 0° and 8= 45° fatigue tested at RT. Note that &
= 0° and 0 = 45° were cyclically deformed at o = 400 MPa and 500 MPa, respectively.
Irrespective of @, the initiation site for the main crack, accompanied with facets, can be

observed near the specimen surface (Figs. 6 (a), (b), (d)). Moreover, any defect including pores
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cannot be seen around the crack initiation sites. These results indicate that the main crack in
both = 0° and #=45° fatigued at RT was not initiated at the pores but at the specimen surface.
It is also noted that there is no striation and dimple on the fracture surface of = 0° and 6=
45°, suggesting that the fracture mode is brittle fracture mode. In addition, a number of pores
surrounded by facets are observed only on the fracture surface of 8= 0° (Figs. 6 (a), (c)). In
contrast, there is few pores on the fracture surface of 8= 45°. These results indicate that in =
0°, small cracks were also initiated at the pores, which influences the crack propagation and
fatigue failure at RT. However, in the case of 8= 45°, these negative effects of the pores on the
fatigue fracture seem to be negligible.

Fig. 7 shows the side view SEM images of fracture parts of = 0° and 8= 45° fatigue
tested at RT. Note that 8= 0° and &= 45° were cyclically deformed at o= 400 MPa and 450
MPa, respectively. The cracks of = 0° and €= 45° propagated perpendicular to the loading
direction. Moreover, both & = 0° and 8 = 45° show smooth crack path. These results also
suggest that the fracture mode of &= 0° and €= 45° is brittle fracture mode. It is also noted
that the crack of &= 0° propagates in duplex-like region (Fig. 7 (a)). This is because that the
duplex-like region is more brittle than the y bands at RT due to the high hardness (Fig. 3). The
crack of 8= 45° propagates in duplex-like region and passes through the y bands (Fig. 7 (b)).
However, the direction of the crack propagation is not changed at the y bands. This means that
the crack is propagated in the y bands by transgranular fracture. These results indicate that the
crack paths of 8= 0° and &= 45° are less affected by the y bands or duplex-like region/y bands
interface.

The S-Nr curves of = 0° and #= 45° cyclically deformed at 1023 K, along with those at
RT are shown in Fig. 8. There is no significant difference in the S-Nr curves between 8= 0°

and #=45° at 1023 K. This means that the anisotropy in the fatigue properties tends to weaken
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at 1023 K, which is similar to the tensile properties [27]. In addition, the S-Nr curves can be
classified into low- and high-cycle fatigue life regions, which are designated as Regions I and
I1, respectively. In Region I (Nr< 1 x 10* cycles, o> 450 MPa), the fatigue strength of 8= 0°
and 0= 45° at 1023 K is higher than that of &= 0° at RT and is comparable to that of 8= 45°
at RT. On the other hand, the slope of S-Nf curves of 8= 0° and 8= 45° at 1023 K increase in
Region IT (Nr> 1 x 10* cycles, o< 450 MPa), and consequently, the fatigue limit of &= 0° and
6= 45° is approximately 150 MPa. Jouiad et al. and Gloanec et al. evaluated fatigue properties
of the cast alloys with HIP treatment at R = —1 under fixed amplitude of total-strain at 1023 K
[29,30]. They have reported the cast alloys with HIP treatment are fractured at 200-500 cycles
at 1023 K, when o= 350-370 MPa. Compared to these reports, it is possible to consider that
the fatigue strength of = 0° and #=45° at 1023 K in Region II is comparable to that of the
HIP treated cast alloys, even without HIP treatment.

Fig. 9 shows SEM fractographs of the fracture surface of &= 0° and 8= 45° fatigued at
1023 K and then fractured in Region II. Note that o for = 0° and 6= 45° is 350 MPa. In
contrast to RT, it is difficult to find the clear crack initiation site accompanied with facets on
the fracture surfaces at 1023 K (Figs. 9 (a), (b)). The facets can be seen around the pores in
both = 0° and &= 45° (Figs. 9 (¢), (d)). These results indicate that the main and small cracks
are initiated at the pores. Thus, unlike at RT, the pores significantly affect the crack initiation,
crack propagation and failure in both 8= 0° and = 45° in Region II at 1023 K. It is also noted

that in the y bands, an intergranular fracture is observed to take place, irrespective of € (Figs. 9

(e), ().

4. Discussion

The fatigue behavior of 48-2-2 alloy bars fabricated by EBM with different 6 were
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examined through the tension-completion fatigue tests at RT and 1023 K. As a result, it was
found that the fatigue behavior at RT exhibited strong anisotropy depending on &, while that at
1023 K was independent of €. In addition, the S-Nf curves at 1023 K could be divided into two
regions. Thus, the fatigue behavior of 48-2-2 alloy bars fabricated by EBM is discussed

focusing on the unique layered microstructure and deformation temperature.

4.1 Fatigue behavior at room temperature

Fatigue strength of as-EBM alloys fatigued at RT was dependent on &, as shown in Fig. 5.
At RT, 6= 45° demonstrated higher fatigue strength than = 0°. Moreover, the fatigue strength
of 6= 45° without HIP treatment was comparable to that of the cast alloys with HIP treatment.
In order to understand the anisotropy of the fatigue behavior at RT, plastic strain accumulated
in the specimens during the fatigue tests was evaluated. Figs. 10 (a) and (b) show the variation
in plastic hysteresis energy (Ep) with o for 6= 0° and 8= 45° at different number of cycles (N)
at RT. E; is defined as the area of the stress-strain hysteresis loop obtained during the fatigue
tests and corresponds to the work necessary for the deformation during each cycle [35]. In other
words, in the case of stress-controlled fatigue test, higher E; results in higher plastic strain. E;
of &= 45° at RT increases with increasing o (Fig. 10 (b)), while that of &= 0° remains small
after 20 cycles (Fig. 10 (a)). Moreover, at o= 400 MPa, E, of 8= 45° is higher than that of &
= 0° at any N. These results indicate that the plastic strain of = 45°, accumulated during the
fatigue tests, is larger than that of 8= 0°. As shown in Figs. 2 and 3, 48-2-2 alloy bars fabricated
by EBM have the unique layered microstructure composed of hard (duplex-like region) and
soft (y band) layers. The alignment of the layered microstructure can possibly affect the plastic
strain during deformation. For instance, in the tensile tests, the high RT ductility of 8= 45° is

attributed to the localized shear deformation in the soft y bands [27]. Therefore, during the
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fatigue tests, the shear deformation in = 45° is also considered to preferentially occur parallel
to the y bands. In order to examine the strain localization at the y bands, the specimens
cyclically deformed at o= 300 MPa and RT were analyzed by EBSD and TEM. Fig. 11 shows
the kernel average misorientation (KAM) maps of 8= 0° (Figs. 11 (a), (b)) and &= 45° (Figs.
11 (c), (d)) before and after cyclic deformation to 1 x 10° cycles at RT. KAM of EBSD analysis
are known to correspond to the accumulated plastic strain. Note that the observed areas before
and after the fatigue tests are exactly the same. In = 0°, there is no significant difference in
the KAM value before and after the fatigue tests (Figs. 11 (a), (b)). On the other hand, in 8=
45°, the KAM value in the y band, marked by red circles, increases after the fatigue tests, while
no significant change in the KAM is observed in the duplex-like region (Figs. 11 (¢), (d)).
Moreover, numerous dislocations can be seen in TEM micrographs of fatigued 6 = 45°,
preferentially in the soft y bands (Figs. 11 (e), (f)). These results indicate that in contrast to 8=
0°, shear deformation in €= 45° easily takes place parallel to the y bands during the fatigue
tests at RT, similar to the tensile tests [27]. Thus, in = 45°, the brittle main crack initiation is
inhibited by stress relaxation due to the shear deformation along the y bands. The suppression
of the main crack initiation leads to high fatigue strength of &= 45° at RT, compared with that
of = 0° (Fig. 5). It is also noted that &= 45° exhibited higher RT-ductility than the cast alloys
with HIP treatment [27]. Consequently, the fatigue strength of &= 45° without HIP treatment
is comparable to that of the cast alloys with HIP treatment.

Another factor that affects the fatigue properties of 48-2-2 alloy bars at RT is pore
formation. As shown in Figs. 11 (a), (b), both the duplex-like region and the y bands in =
0° did not exhibit any distinct deformation during the fatigue tests at RT. Moreover, Ep of
0= 0° at RT was very low (Fig. 10 (a)). In this situation, stress concentration around the

pores becomes prominent and small cracks are easily initiated at the pores. Additionally, as
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described earlier, the pore distribution in both = 0° and = 45° was inhomogeneous as
shown in Fig. 4. In 6 = 0°, the layers containing large number of pores were aligned
perpendicular to the loading axis (Fig. 4 (c)). Therefore, small cracks caused by the pores
can easily connect with each other and propagate (Fig. 12 (a)). As a result, the crack
propagation rate of &= 0° is accelerated at RT, resulting in low fatigue strength (Fig. 5).
On the other hand, in 8= 45°, the stress concentration around the pores seems to be weaker
than that in 8= 0° since the shear deformation in &= 45° easily occurs along the y bands
(Fig. 11). Thus, small crack initiation at the pores becomes infrequent at = 45°. Moreover,
the high-porosity layered regions in 8= 45° were not aligned perpendicular to the loading
axis, as shown in Fig. 4 (d). Consequently, the pores in = 45° cannot easily connect with
each other (Fig. 12 (b)). Hence, at RT, the crack propagation rate of &= 45° is slower than

that of = 0°, which also contributes to high fatigue strength of 8= 45°.

4.2 Fatigue behavior at 1023 K

In contrast to RT, &= 0° and &= 45° demonstrated similar S-Nr curves at 1023 K (Fig. 8).
Figs. 10 (c) and (d) show the variation in E, with o for 8= 0° and 8=45° at different N at 1023
K. The relationship between Ep and o can be divided into Regions I and II, similar to the S-Nr
curves. As shown in Fig. 8, in Region I, the fatigue strength of both 8= 0° and =45° at 1023
K was comparable to that of 8= 45° at RT. Ep of both &= 0° and 8= 45° in Region I at 1023
K drastically increase with increasing o (Figs. 10 (c), (d)) and is higher than that of = 45° at
RT (Fig. 10 (b)). In addition, 48-2-2 alloys fabricated by EBM exhibit a large elongation above
25 % at 1023 K, regardless of #[27]. Therefore, the brittle main crack initiation in Region I at
1023 K is inhibited by stress relaxation due to large plastic strains, resulting in high fatigue

strength.
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On the other hand, the slope of S-Nr curves of both 8= 0° and #=45° at 1023 K increased
in Region II compared with that in Region I (Fig. 8). Here, it should be noted that E, of 8= 0°
and 6= 45° in Region II is lower than that in Region I at 1023 K (Figs. 10 (¢), (d)). The low
plastic strain in Region II leads to an increase in the stress concentration at the pores, which
enhances the initiation of the brittle main and small cracks at the pores. Thus, initiation of both
cracks at the pores in Region II is more frequent than that in Region I at 1023 K, regardless of
6. It is also noted that in Region II at 1023 K, the small cracks from the pores easily connected
with each other and propagated even in 8= 45° due to the high frequency of the small crack
initiation (Fig. 9 (b)). As a result, the crack growth rates of both 8 = 0° and 8 = 45° are
accelerated in Region II. Moreover, the intergranular fracture in the y bands was observed on
the fracture surfaces of both 8= 0° and &= 45° at 1023 K (Figs. 9 (e), (f)). This also increases
the crack propagation rate, and consequently, increases the slope of S-Nr curves of both 8= 0°
and 8= 45° in Region II compared with that in Region I.

It is well known that work hardening caused by plastic strain accumulation during cyclic
loading can inhibit or retard crack initiation, thus resulting in an increase in the fatigue strength
[36,37]. Therefore, in order to examine the effect of work hardening on the fatigue properties,
variation in Ep with N for 8= 0° and 6= 45° fatigued at RT and 1023 K were compared, as
shown in Fig. 13. Note that o of = 0° (Fig. 13 (a)) and &= 45° (Fig. 13 (b)) are 300 MPa and
400 MPa, respectively. Ep of both €= 0° and 8 = 45° fatigued at RT decrease rapidly with
increasing N. This result indicates that the work hardening associated with the cyclic loading
at RT is relatively strong. However, at 1023 K, the decrease in Ep, with N becomes small,
especially in 8= 45°, compared with that at RT. These results indicate that dynamic recovery
occurs during the fatigue tests at 1023 K. In fact, dynamic recovery also takes place in TiAl

polysynthetically twinned alloys cyclically deformed at 973 K [38]. Therefore, the work

15



hardening which was prominent at RT is not significant at 1023 K due to the dynamic recovery.
The weak work hardening at 1023 K also leads to the large slope of S-Nr curves in Region II.
Although the slope of S-Nr curves of 8= 0° and &= 45° in Region Il is larger than that in
Region I at 1023 K, the fatigue strength of these bars in Region II is comparable to that of HIP
treated cast alloys, even without HIP treatment. This is because the grain size of 8= 0° and 6
=45° (15-20 pum) is finer than that of the cast alloys with HIP treatment (50-500 um) [29,30].
From the present study, it was found that 48-2-2 alloy bars fabricated by EBM at 8= 45°
not only show a good tensile strength-ductility balance but also high and acceptable fatigue
strength at RT and 1023 K, respectively. These excellent mechanical properties are a result of
the unique layered microstructure consisting of the duplex-like region and the y bands. This
indicates that the alloys fabricated by EBM at 8= 45° with the unique layered microstructure

have a great potential for aecrospace and automobile applications.

5. Conclusions
The fatigue properties of 48-2-2 alloy bars fabricated by EBM at 8= 0° and 8= 45° without

HIP treatment was examined with a particular focus on the layered microstructure and the test

temperature. The following conclusions could be drawn from the present study:

1. At RT, the fatigue strength of 8= 0° is lower than that of the alloys fabricated by casting
followed by HIP treatment. On the other hand, the fatigue strength of §=45° is higher than
that of &= 0° and comparable to that of the cast alloys with HIP treatment.

2. At 1023 K, the both €= 0° and €= 45° show high fatigue strength similar to 8= 45° at RT
in the low-cycle fatigue life region. Moreover, in the high-cycle fatigue life region, the
fatigue strength of both = 0° and 8= 45° is comparable to that of the cast alloys with HIP

treatment.
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3. AtRT, shear deformation in 8= 45° preferentially takes place parallel to the y bands during
the fatigue tests. As a result, the brittle main and small crack initiation is inhibited by the
stress relaxation by the shear deformation. Moreover, the small cracks around the pores
cannot easily connect with each other and propagate in 8 = 45° since the high-porosity
layered regions in @ = 45° are not aligned perpendicular to the loading axis, which also
results in high fatigue strength of §=45° at RT.

4. At 1023 K, Ep of both 8= 0° and #= 45° drastically increases with increasing o in the low-
cycle fatigue life region. As a result, the brittle main crack initiation is inhibited by stress
relaxation due to large plastic strains, which results in high fatigue strength in the region.

5. At 1023 K, Ep at both @ in high-cycle fatigue life region is lower than that in low-cycle
region. Consequently, in the high-cycle region at 1023 K, the brittle main and small crack
initiation at the pores becomes frequent due to the increase in the stress concentration
associated with low Ep. Moreover, the occurrence of the intergranular fracture at the y bands
increases the crack propagation rate. Additionally, dynamic recovery occurs during the
fatigue tests at 1023 K, which weakens the work hardening. These are the reasons for the

large slope of S-Nr curves of 8= 0° and = 45° at 1023 K in high-cycle fatigue life region.
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Table and figure captions
Table

Table 1 Chemical composition of the raw powder and the EBM fabricated cylindrical bar.

Figure

Fig. 1 Schematic drawing of cylindrical bars fabricated by EBM.

Fig. 2 OM and SEM images of 8= 0° ((a), (¢), (¢)) and 8= 45° ((b), (d), (f)); OM images ((a),
(b)), SEM images of the duplex-like region ((c), (d)) and the y band ((e), (f)).
Fig. 3 Nanoindentation hardness distribution in = 0°, measured near the duplex-like region/y
band interface.
Fig. 4 OM ((a), (b)) and SEM ((c), (d)) images of pores in &= 0° ((a), (c)) and &= 45° ((b),
(d)).
Fig. 5 S-Nr curves of €= 0° and 8= 45° cyclically deformed at RT, along with that of the cast
alloys with HIP treatment.
Fig. 6 SEM fractographs after the fatigue tests at RT. (a), (c) 8= 0°, o =400 MPa, Nr= 1042
cycles, (b), (d) 8= 45°, o =500 MPa, Nr = 151 cycles. (a), (b) Low magnification
images of the fracture surface, (¢) a pore surrounded by some facets, (d) crack initiation

site of near the specimen surface.

Fig. 7 Side view SEM images of fracture parts after the fatigue tests at RT. (a) 8= 0°, o=400

MPa, Nr= 1042 cycles, (b) 8=45°, c=450 MPa, Nr= 16378 cycles

Fig. 8 S-Nrcurves of = 0° and 8= 45° cyclically deformed at 1023 K, along with those at RT.

23



Fig. 9 SEM fractographs after the fatigue tests at 1023 K. (a), (¢), (¢) = 0°, o= 350 MPa, Nr
= 11748 cycles, (b), (d), (f) €= 45°, o= 350 MPa, Nr = 11903 cycles. (a), (b) Low
magnification images of the fracture surface. The pores ((c), (d)) and the y bands ((e),

(f)) observed on the fracture surface.

Fig. 10 Variation in Ep with o for €= 0° ((a), (c)) and 8= 45° ((b), (d)) at RT ((a), (b)) and

1023 K ((c), (d)).

Fig. 11 EBSD KAM maps of 8= 0° ((a), (b)) and &= 45° ((¢), (d)) before ((a), (c)) and after
((b), (d)) the fatigue tests at RT; o= 300 MPa, N =1 x 10° cycles. (¢), (f) TEM bright-
field images of dislocation structure in fatigued &= 45°. (¢) The duplex-like region, (f)

the duplex-like region/y band interface.

Fig. 12 Schematic drawing of small crack propagation at 8= 0° (a) and &= 45° (b). Unlike in
the case of = 0°, small cracks cannot easily connect with each other and propagate
in =45°.

Fig. 13 Variation in Ep with N for 8= 0° (a) and &= 45° (b) fatigue tested at RT or 1023 K. (a)

&= 300 MPa, (b) o= 400 MPa.
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Table 1. Chemical composition of the raw powder and the
EBM fabricated cylindrical bar.

(at.%)

Ti Al Cr Nb C O N
Raw powder Bal. 48.6 1.74 195 0.032 0.193 0.008
Cylindrical bar  Bal. 46.3 1.72 210 0.049 0.215 0.020




Building direction

I ‘ V Cylinder direction

6=0" 6=45

Fig. 1. Schematic drawing of cylindrical bars
fabricated by EBM.
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