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Abstract: Novel β-solidifying TiAl alloys have great potential for engineering applications in the
aerospace and automotive industries. The introduction of the β0 phase will inevitably affect crack
propagation. However, the related mechanism is unclear. In this study, the crack propagation
behavior of different β0-containing microstructures was systematically investigated by three-point
bending tests. The results show that the coarse γ/α2 lamellar microstructure exhibits better fracture
toughness than the fine-grain microstructure because large numbers of γ/α2 lamellar boundaries can
effectively hinder crack propagation. The propagation direction depends largely on the orientation of
the γ/α2 lamellae. When the angle between the crack propagation direction and the γ/α2 lamellar
boundary is small, the crack tends to propagate along γ/α2 lamellae. When the angle is close to 90◦,
the crack generally propagates by the trans-lamellar mode. Moreover, the crack tends to traverse
across the fine β0/γ duplex region due to the low resistance of fine grains in the crack propagation.
The transgranular and intergranular modes are the main fracture mechanisms in the microstructure
of the fine β0/γ grains. Some shear ligaments can also be identified in the lamellar microstructure
and these can consume propagation energy. The enlarged image shows that the crack propagation
direction can be changed by the β0 phase, owing to its high hardness. The crack tends to stop at the
β0 phase region.

Keywords: TiAl alloy; β0 phase; crack propagation; phase hardness

1. Introduction

The γ-TiAl alloy is a promising high-temperature structural material in the aerospace
and automotive industries, and exhibits low density, good high-temperature strength,
excellent oxidation resistance, and creep resistance [1,2]. However, the application of the
TiAl alloy is limited by its coarse microstructure and low ductility [3]. To overcome such
shortcomings, a novel β-solidifying TiAl alloy was developed and is currently a research
hotspot [4]. The most important feature of the β-solidifying TiAl alloy is that the β/β0
phases are introduced into the conventional (γ + α2) two-phase TiAl alloy by adding β-
stablizers (such as Cr, Mn, V, Nb, Mo, and W) [5]. The precipitation of the β phase can refine
the microstructure effectively via the β→α phase transition [6]. The β phase is a soft phase
with a disordered structure at high temperature, which can improve the hot workability
of the alloy [7]. Thus, the microstructure can also be refined by hot deformation. The
microstructure refinement is conductive to the improvement in ductility [8,9]. However,
the β phase transforms into the ordered β0 phase with high hardness below 1100 ◦C [10].
A massive γ phase is also precipitated around the β0 phase. Thus, the microstructure of
the β-solidifying TiAl alloy is more complex.

The conventional TiAl alloy consists of γ and α2 phases, and generally exhibits a
fully lamellar feature. By contrast, the β-solidifying TiAl alloy is composed of γ, α2, and
β0 phases. The content and morphology of various phases depend largely on the alloy
composition and the preparation process, leading to more complicated microstructure
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features, that have an important impact on mechanical properties of the TiAl alloy [11].
Furthermore, the β0 phase is a hard phase. The hardness of β0 phase is higher than that
of the γ and α2 phases [12,13]. Previous studies have shown that the room temperature
ductility of TiAl alloys is affected owing to the differences in phase hardness [14]. It can
be predicted that the crack propagation behavior of TiAl alloys will also be affected by
the introduction of the β0 phase. However, the influencing mechanism is still unclear.
Previous studies have mostly focused on the crack propagation behavior of conventional
two-phase TiAl alloys with a fully γ/α2 lamellar microstructure [15]. Thus, it is necessary
to further research the failure behavior of the β-solidifying TiAl alloys. In this paper, a
novel β-solidifying TiAl alloy was fabricated. The as-cast and as-forged microstructure of
the alloy were analyzed. In order to clarify the effect of the β0 phase on crack propagation,
three point bending tests were performed. The crack propagation behavior of the alloys
with different microstructure was systematically studied.

2. Materials and Methods

An ingot with a nominal composition of Ti-43Al-2Cr-1.5Mn-0.1Y alloy (at.%) was
prepared using the water-cooled copper crucible vacuum induction melting technique. In
order to eliminate the porosity left from the casting process, the ingot was hot isostatically
pressed at 1250 ◦C/200 MPa for 4 h, followed by furnace cooling to room temperature. The
chemical composition of the alloy was examined by X-ray fluorescence spectrometry (XRF),
indicating that the actual composition of the alloy is Ti − (43.2 ± 0.18)Al − (1.89 ± 0.04)Cr
− (1.53 ± 0.06)Mn − (0.11 ± 0.02)Y. A cylindrical billet, with a dimension of Φ100 mm
× 150 mm, was cut from the ingot and coated with a refractory antioxidant coating. In
order to avoid cracking during hot deformation, the billet was canned using 304 stainless
steel. The billet was subjected to one-step forging to a height reduction of about 80% at
1200 ◦C, with a deformation rate of 1 mm/s. In order to eliminate internal stress, the forged
billet was annealed at 900 ◦C for 30 h, followed by furnace cooling to room temperature.
Then, the stainless steel canning was removed using the lathe. Finally, a crack-free forged
pancake was obtained.

All the specimens for the microstructure observation and property testing were cut
from the ingot and the forged pancake using the electro-discharge machining method. For
the forged pancake, the sampling location was the core region of the pancake. Three point
bending tests were performed using the universal testing machine. The fracture toughness
test was based on ASTM E399, and each material was tested three times. The schematic
diagram of the specimen for three point bending testing is shown in Figure 1. The pre-crack,
with a length of 0.3 mm, was prepared. The bending specimens were mechanically grinded
and polished in order to avoid a negative impact on the crack propagation. The microstruc-
ture and crack propagation behavior were observed by scanning electron microscopy (SEM)
in back-scattered electron mode (BSE).
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Figure 1. A schematic diagram of specimens for three point bending testing (unit: mm).

3. Results
3.1. Initial Microstructure of the Ti-43Al-2Cr-1.5Mn-0.1Y Ingot

The as-cast microstructure of the Ti-43Al-2Cr-1.5Mn-0.1Y alloy is shown in Figure 2a.
It can be seen that the alloy is composed of the γ/α2 lamellae, β0 phase (white) and a
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massive γ phase (black), as indicated by red arrows, which is different from conventional
TiAl alloys. Coarse γ/α2 lamellaes with a colony size of 250 ± 50 µm are still the main
feature of the microstructure. There are some β0 phases (30 ± 15 µm) that were associated
with massive γ phases (60 ± 30 µm) and these were mainly precipitated at the boundary
of the γ/α2 lamellar colonies. Moreover, it has been reported that the volume fraction of
the β0 phase depends closely on the content of the β stablizers (Cr and Mn elements) [7].
Thus, a small amount of the β0 phase and massive γ phase also appeared inside the γ/α2
lamellaes due to the high content of the β0 phase, as shown in Figure 2a. Considering
that different phases exhibit different contrast, the area of various microstructure with
different contrast were measured using image analysis software. The approximate volume
fraction of the β0, γ, and γ/α2 colonies are about 4.2%, 10%, and 85.8%, respectively. The
precipitation of β0 phase is conducive to microstructure refinement [6]. In order to study
the crack propagation behavior, single-edge notched bend specimens were adopted. A
pre-crack was prepared before three-point bend testing. The whole crack propagation
pathway was examined after bend testing, as shown in Figure 2b. It can be seen that
only one main crack was formed and propagated. The total length of the crack was about
1.7 mm.
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Figure 2. The microstructure (a) and the crack appearance (b) of the initial as-cast Ti-43Al-2Cr-1.5Mn-
0.1Y alloy.

3.2. Crack Propagation Behavior in the Coarse Lamellar Microstructure

High magnification images of the crack propagation path in the coarse lamellar
microstructure were obtained by SEM examination, as shown in Figure 3. It can be seen
that the crack propagation pathway is not straight, but is a zigzag, and this depends largely
on the microstructure features, especially the γ/α2 lamellar orientation. The interlamellar
spacing is about 3 ± 2 µm. The initial crack may randomly propagate by the translamellar
or inter-lamellar mode in complex stress conditions, owing to the existence of a pre-crack.
However, a subsequent crack propagation direction was closely related to the γ/α2 lamellar
orientation and the lamellar colony size. When the angle (θ) between the crack and the
lamellar boundary is lower than 45◦, it is very hard for the crack to across coarse lamellar
colonies due to the existence of large numbers of γ/α2 phase boundaries. Thus, the crack
tends to change direction and propagate along γ/α2 lamellae. Thus, the propagation mode
changed from translamellar to interlamellar, as shown in Figure 3a. When the angle θ is
close to 90◦, the crack propagation direction is extremely difficult to change. The crack
continued to propagate by translamellar mode, as shown in Figure 3b. As mentioned
above, a fine grain β0 phase and a massive γ phase generally appeared at the boundaries
of the γ/α2 lamellar colonies. Fine grains have weaker resistance to crack propagation
than the coarse lamellar microstructure [11]. Thus, it can be seen from Figure 3c that
the crack generally propagates straight through the β0/γ duplex. In addition, the crack
propagation direction would not be significantly impacted if the size of the γ/α2 lamellar
colony is small. It is also unable to provide enough resistance for the crack propagation.



Metals 2021, 11, 1231 4 of 10

Figure 3d shows the presence of secondary cracks. Secondary cracks are generally initiated
at the β0/γ duplex region, which should be attributed to the inhomogeneous deformation
between β0 and γ phases, owing to the phase hardness difference.
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The introduction of the β0 phase is the typical trait of the β-solidifying TiAl alloy. The
β0 phase exhibits higher hardness compared to the γ and α2 phases, which would affect
the crack propagation. Thus, the effect of the β0 phase on the crack propagation path was
also studied in detail. As we can see in Figure 4a, the main crack propagated initially by
the translamellar mode. Then the crack changed direction and propagated along the γ/α2
lamellar interface, as indicated by red arrows. This is consistent with the above observation.
In particular, it can be seen that the crack propagation direction changed again at the β0
phase region. A similar phenomenon can also be observed in Figure 4b,c. This suggests that
the crack propagation direction can be changed by the β0 phase, which should contribute
to the high hardness of the β0 phase. It can be seen from Figure 4b that some micro-cracks
appeared at the β0/γ duplex region, which may have formed due to initial casting defects
or the stress concentration. It should be noted that the crack propagation direction is not
changed by micro-cracks, which was identified by Yokoshima et al. [16]. Furthermore, the
feature of crack tips was observed. As shown in Figure 4d, the crack tip tends to propagate
within the γ/α2 lamellar colony, but often stops at the β0 phase region or the β0/γ phase
interface, as indicated by red arrows. This is because the β0 phase, which has higher
hardness can consume more energy in order to hinder crack propagation. In addition,
some shear ligaments can be observed, as illustrated in Figure 4c,d, which generally formed
between the mismatched crack planes [17,18]. The ligaments are generally formed in the γ
phase region. Previous studies have confirmed that the hardness of the γ phase is generally
lower than that of β0 and α2 phases [12]. The compatible deformation among γ, β0 and
α2 phases was inhomogeneous during the three-point bending test, which leads to stress
concentration. The γ phase, with low hardness, inevitably becomes the initiation site of
shear ligaments. The formation of shear ligament is conducive to the enhancement of crack
propagation resistance. Moreover, a small number of particles with white contrast can be
observed, as indicated by the red arrow. EDS shows that the particles include YAl2. A
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similar phenomenon was also confirmed in previous studies concerning Y-containing TiAl
alloys [19,20]. As is known, the Y atom has a stronger affinity to O atom in comparison with
Al atom and Ti atom [21]. However, the smelting process was conducted in a high vacuum.
Thus, Y is apt to form YAl2 rather than Y2O3 phase in TiAl alloys, which is randomly
distributed in the microstructure. It should be noted that Y2O3 phase may also exist in
the microstructure due to the strong affinity between Y and O atoms. No Y2O3 phase was
detected in this paper, which may be attributed to its low content. The size of the particles
enriched in Y is about 10 ± 5 µm. Y element can effectively refine the lamellar colony
size and lamellar spacing of TiAl alloys, thereby affecting the crack propagation behavior.
However, YAl2 particle itself have no significant influence on the crack propagation on the
basis of existing experimental data (Figures 3 and 4). The detailed study will be conducted
in the future.
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In order to further identify the fracture mechanism of the alloy, the fracture surface
of the bending specimen of the as-cast TiAl alloy was observed. As shown in Figure 5,
the fracture surface is characterized by brittle features. Nearly no plastic deformation can
be observed. It can be seen from Figure 5a that some cleavage plane with river patterns
occurred, as indicated by the red arrow. Moreover, as shown in Figure 5a,b, some broken
lamellaes can be clearly observed, which is a typical feature of a translamellar fracture.
Smooth surfaces formed by the crack propagation along the γ/α2 lamellae can also be
found, which is called an interlamellar fracture. Thus, it is known that translamellar and
interlamellar modes are the main fracture mechanisms.
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3.3. Crack Propagation Behavior in the Fine (γ+β0) Microstructure

To further study the crack propagation behavior of the fine-grained microstructure,
coarse γ/α2 lamellae should be eliminated. As is known, thermomechanical treatment is an
efficient way to refine the grain size. Here, the Ti-43Al-2Cr-1.5Mn-0.1Y ingot was deformed
by one-step forging with a total engineering strain of 80%. As shown in Figure 6a, the
microstructure of the deformed alloy is mainly composed of fine γ grains (30 ± 15 µm)
and a white β0 phase (5 ± 2 µm). The statistics indicate that the volume fractions of
the γ and β0 phases are about 77% and 23%, respectively. Nearly no residual γ/α2
colonies can be identified. It suggests that initial coarse γ/α2 lamellar colonies have been
decomposed into fine grains completely during one-step forging. Ordered α2 and β0
phases transform to disordered α and β phases at a forging temperature of 1200 ◦C. Thus,
the transition of L(γ/α) + β→γ + β→γ + β0 in the β-solidifying TiAl alloy occurred during
forging, leading to the decomposition of γ/α2 lamellar colonies, which has been reported
in the literature [22,23]. The crack propagation path can be clearly identified at a higher
magnification, as shown in Figure 6b. It can be seen that the crack propagated through
the β0/γ duplex region in a relatively straight line. Only a small fluctuation occurred
at the γ/β0 phase interface. This is inconsistent with the crack propagation path in the
as-cast microstructure with a coarse γ/α2 lamellar colony and β0/γ duplex phases. This
indicates that as-forged fine grains would not significantly change the crack propagation.
Small sized grains have difficulty in hindering crack propagation. The crack can bypass
the hard phase easily. Thus, the crack propagation direction mainly changes at the γ/β0
phase interface due to the incompatible deformation between the γ and β0 phases. In
addition, two secondary cracks can also be identified as indicated by red arrows. One
crack generated at the β0 phase region is very short due to the resistance effect of the hard
β0 phase.
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The fracture mechanism in the fine-grained microstructure was also studied. The
fracture surface of the fine-grained TiAl alloy is shown in Figure 7. The surface exhibits a
typical brittle fracture feature. A large number of transgranular fractures occurred. The
cleavage planes with river patterns can be identified as indicated by the red arrows in
Figure 7b. The microstructure of the deformed alloy contains high volume fraction of the
massive γ phase and some β0 phases. The crack tends to propagate across the γ phase
with low hardness, leading to transgranular fracture. Thus, the transgranular mode is the
main fracture mechanism in the fine-grained microstructure.
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ogy, (b) transgranular feature.

3.4. Fracture Toughness of the β-Solidifying TiAl Alloy with Different Microstructure

To further compare the effect of different microstructures on facture toughness, load-
displacement curves of the Ti-43Al-2Cr-1.5Mn-0.1Y alloy in as-cast and as-forged conditions
were obtained electronically during three-point bending tests. As shown in Figure 8, the
maximum load of the as-cast and as-forged alloys are 255 N and 218 N, respectively.
According to ASTM E399 standard, the fracture toughness (K1c) values can be obtained by
following equations [24], where FQ is the maximum load, S is the span, B is the specimen
thickness, W is the specimen width, a is the crack length.
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f (a/W) = 3(a/W)1/2 ×
1.99−(a /W)(1− a /W)

[
2.15− 3.93(a/W) + 2.7(a/W)2

]
2(1 + 2a/W)(1− a/W)3/2 (2)

Based on Equations (1) and (2), the fracture toughness value of the as-cast alloy is
15.4 ± 0.5 MPa·m1/2, which is higher than that of the as-forged alloy (13.2± 0.3 MPa·m1/2).
This indicates that a coarse microstructure in the as-cast alloy can more effectively hinder
crack propagation, as compared to fine grains in the as-forged alloy. A large number
of γ/α2 lamellar boundaries play an important role in the improvement of the fracture
toughness of the alloy.

3.5. Crack Propagation Model of the β-Solidifying TiAl Alloy

In order to express the crack propagation mechanism more clearly, two typical crack
propagation models were constructed based on the above experiments. Figure 9 shows the
crack propagation model in the microstructure containing γ/α2 lamellae, a hard β0 phase
and a massive γ phase. In this figure, the β0 phase and γ phase exhibit white contrast
and black contrast. The crack generally initiates at the phase boundaries due to the low
binding force between the γ and α2 phases. Then when the angle between the propagation
direction and γ/α2 lamellar boundaries is lower than 45◦, the crack tends to propagate
along the lamellar boundaries. When the propagation direction is nearly perpendicular
to the lamellar boundaries, the crack can only traverse across the γ/α2 lamellae because
the crack has difficulty bypassing coarse lamellar colonies. A great deal of γ/α2 phase
boundaries are considered to contribute significantly to the fracture resistance of the alloy.
Massive β0/γ phases are a typical feature of β-solidifying TiAl alloys, which have a certain
impact on the crack propagation behavior. The crack is generally across the β0/γ region in
the transgranular mode. Moreover, it should be noted that the crack propagation direction
would be changed by a hard β0 phase. Previous studies have shown that the fracture stress
of the alloy in the β-quenched condition is generally higher than 1600 MPa, indicating
that the β0 phase has good toughness [25]. Thus, the β0 phase can consume the crack
propagation energy effectively. The crack tends to stop in the β0 phase region.
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The crack propagation model for the β-solidifying TiAl alloy with a fine γ+β0 mi-
crostructure was also constructed, as shown in Figure 10. The γ and β0 phases generally
exhibit a fine grain size, which has weak inhibition effects on the crack propagation. Thus
transgranular failure is the main mode in the fine-grained microstructure. The crack is
relatively straight. Nevertheless, the β0 phase, with high hardness, also has a certain
influence on the crack propagation path.
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4. Conclusions

In this paper, a typical β-solidifying TiAl alloy was fabricated by the ingot metallurgy
route. The crack propagation behavior of the β-solidifying TiAl alloy with different mi-
crostructures was investigated in detail. The main conclusions are summarized as follows:

(1) A β-solidifying TiAl alloy with a nominal composition of Ti-43Al-2Cr-1.5Mn-0.2Y
alloy was fabricated. The initial as-cast microstructure is mainly composed of coarse γ/α2
lamellae, β0 phase and massive γ phase. The coarse γ/α2 lamellaes were decomposed into
fine γ and β0 grains during one-step hot deformation.

(2) Hard β0 phase can consume more propagation energy, thereby changing the crack
propagation direction. The crack tends to stop at the β0 phase region.

(3) The crack propagation direction is closely related to the lamellar orientation. When
the angle between the crack and the lamellar boundary is small, the crack tends to propagate
along the γ/α2 lamellae. When the angle is close to 90◦, the crack tends to propagate by
the translamellar mode.

(4) The facture toughness of the TiAl alloy with a coarse microstructure is better than
that of the alloy with fine grains owing to the high resistance of coarse γ/α2 lamellar
boundaries in the crack’s growth. Some shear ligaments were formed in the γ/α2 lamellar
microstructure, which is also conducive to enhancing crack propagation resistance.
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