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Abstract: The purpose of this study is to determine if forged TiAl alloys are worth using for small
parts such as jet engine turbine blades. As part of this goal, this study investigated ways to improve
the impact resistance of forged TiAl alloys and compared them to cast TiAl alloys. The effects
of additive elements and microstructure on the impact resistance of forged ternary TiAl alloys of
43.5 at. % Al were evaluated using the Charpy impact test on specimens heated to 500 ◦C prior to
testing. The impact resistance of the forged alloys improved with the addition of Cr, V, and Mn
and deteriorated with the addition of Nb. The impact resistance of the microstructure containing a
β-phase, a common microstructure in forged TiAl alloys, was significantly lower. The fully lamellar
structure obtained at the expense of forgeability showed much higher impact resistance than this.
However, even the best impact resistance of the forged alloys was significantly inferior to that of cast
ternary alloys of 46.5 at. % Al prepared with the same additive content. Combined with the high cost
and low high-temperature strength of the forged TiAl alloys, it is concluded that it is pointless to use
forged TiAl alloys for small parts that can be made via casting.

Keywords: titanium aluminides; impact resistance; jet engines; turbine blades; forging; casting;
beta phase

1. Introduction

The commercialization of TiAl alloys, which are new, lightweight, heat resistant alloys,
began about 20 years ago. Current methods of manufacturing TiAl alloy components
include casting, forging, additive manufacturing [1,2], and metal injection molding [3].
Among these techniques, casting is the most widely used method, followed by forging. The
composition of forged TiAl alloys differs significantly from that of TiAl alloys produced by
other methods. This is because forged TiAl alloys require a β-phase to enable plastic defor-
mation at high temperatures. The β-phase is a soft metallic phase at forging temperatures;
however, at lower temperatures, it orders and transforms into an intermetallic compound
phase. To produce a β-phase in a TiAl alloy, the Al concentration must be reduced be-
low normal concentration, and a significant amount of β-phase-stabilizing elements must
be added.

Ti-42Al-5Mn (at. %; the notation of at. % will be omitted hereafter) [4–6] is a repre-
sentative forged TiAl alloy with a high β-phase content (area ratio of 10% or more [7]).
Ti-42Al-5Mn is well suited for the production of large components because it can be hot-
forged (high-speed deformation in open space); therefore, it is used for the production of
large structural components for defense applications, and this product is still in production.
TNM alloy [8–10] (Ti-43.5Al-4Nb-1Mo-0.1B) is another representative forged TiAl alloy
with a low β-phase content. It is typically produced by isothermal forging (low-speed
deformation in a high-temperature chamber) because hot-forging causes cracking. Due
to the limitations of the isothermal forging process (press capacity, chamber size, possible
temperatures, etc.), TNM alloys cannot be used to produce large parts, so small parts such
as jet engine turbine blades are the target application.
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The compositional differences between forged TiAl alloys (which require a lower Al
content and the addition of large amounts of β-stabilizing elements to produce the β-phase)
and TiAl alloys produced by other methods may degrade the properties of the former.
Although it is well known that TiAl alloys with a β-phase have low creep strength [11], this
study focused on their impact resistance. In fact, the aforementioned TNM alloy was once
used to manufacture the last-stage turbine blades (LSTBs) of Pratt & Whitney’s PW1100G
geared turbofan engine, but was later replaced by other common heat-resistant materials
due to frequent in-service problems. The cause was that many blades were destroyed by
impact due to high-speed collisions with debris flying from inside the engine [12].

TiAl alloy LSTBs used in other jet engines, such as CFM International’s LEAP turbofan
engine, have been manufactured using cast TiAl4822 (Ti-48Al-2Nb-2Cr) [13–16], with no
reported cases of impact fractures or other problems. The extreme difference in practical
performance between forged TNM alloy and cast TiAl4822 may be due to the difference
in the engine type; however, conclusive evidence is not available. Alternatively, the
difference in manufacturing processes, forging versus casting (i.e., the major difference in
composition), may have resulted in significant practical differences between the two alloys.

In a previous study [17], the impact resistance of various TiAl alloys with different
additive elements, microstructures, and manufacturing methods was evaluated. The results
suggested that the impact resistance of forged TiAl alloys may be inferior to that of cast
TiAl alloys. Therefore, in this study, in order to evaluate the practical utility value of forged
TiAl alloys, the impact resistance of forged alloys was improved as much as possible and
compared with that of cast alloys.

For this purpose, the impact resistance of various ternary forged TiAl alloys with
different additive elements (β-phase-stabilizing elements) and microstructures was evalu-
ated using the Charpy impact test. In selecting the forged alloys to be considered, forged
alloys with low Al content, such as Ti-42Al-5Mn, have a high amount of β-phase, and the
microstructure undergoes small changes even if the post-forging heat treatment conditions
are changed; therefore, these alloys were not investigated in this study. In contrast, forged
alloys with high Al content, such as TNM alloy (Ti-43.5 Al-4Nb-1Mo-0.1B), have a small
amount of β-phase, and the post-forging heat treatment is expected to result in different
microstructures. Therefore, forged ternary alloys of 43.5 Al were used in this study.

Firstly, the effect of additive elements and post-forging heat treatment conditions on
the microstructure formation of forged ternary alloys of 43.5 Al was studied, and then the
impact resistance of the forged alloys with representative microstructures was evaluated
using the Charpy impact test on specimens heated to 500 ◦C prior to testing. The same
evaluation was performed on cast ternary alloys of 46.5Al, using the same amount of
additives that most improved the impact resistance of the forged alloys. After comparing
the impact resistance of the forged and cast alloys, the practical value of the forged TiAl
alloys was evaluated, taking into account other properties.

The purpose of this study, as clarified by the above discussion, is to determine if forged
TiAl alloys are worth using for small parts such as jet engine turbine blades.

2. Materials and Methods
2.1. Materials

Ternary 43.5 Al ingots containing Nb, V, Mo, W, Cr, and Mn, respectively, were
produced from the following raw materials: titanium sponge (purchased from Osaka
Titanium technologies Co., Ltd. (Amagasaki, Japan), AlV alloy (purchased from Taiyo
koko Co., Ltd. (Kobe, Japan)), Al shot, Nb flakes, granular Cr, Mn and powdered Mo, W
(purchased from Furuuchi chemical Co., Ltd. (Tokyo, Japan), respectively). Approximately
900 g of raw materials per charge was induction-melted in a Y2O3 crucible, which was
placed in an evacuated chamber filled with Ar gas. Ceramic crucible melting is not a
method normally used for TiAl alloys, but it was found that the amount of oxygen entering
the TiAl alloy from the crucible during melting was kept at a certain level when Y2O3 or
CaO crucibles were used, with little effect on the properties. Therefore, considering the
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experimental efficiency of sample production, it was decided to use this method. After
the raw materials were completely melted, the molten metal was kept in the molten state
for 3 min and then poured into a cast iron mold to produce cylindrical ingots (diameter:
60 mm; height: 80 mm).

Hot-forging was selected as the forging method considering the cost of testing. Since
43.5 Al alloys have a small amount of β-phase, cracks may develop at the periphery of
the material during hot-forging; however, these cracks do not affect the evaluation of
the interior of the material. The cracking was mitigated by applying an insulating and
lubricating coating of TP610 [18] (Advanced Technical Products Supply Co., Inc. (West
Chester, OH, USA)). Hot-forging was performed by first heating the ingots in a furnace at
1300 ◦C for approximately 1 h and then removing them from the furnace. The ingot with a
height of 80 mm was then compressed to a thickness of 16 mm by a single upset forging in
air along the height direction of the ingot.

Ternary cast alloys of 46.5 Al were used for comparison. They were made with the
same amount of additives that gave the highest impact resistance in the forged alloy. The
raw materials were melted using the method described above, and the molten metal was
poured into a flat plate (by changing the shape of the metal mold) with dimensions of
approximately 60 mm × 90 mm × 16 mm, excluding the hot top.

The heat treatment conditions for the forged alloys were 1150 ◦C/20 h/FC (after
holding at 1150 ◦C for 20 h, the furnace was turned off and the samples were left to cool
in the furnace), 1230 ◦C/5 h/FC, 1280 ◦C/5 h/FC, and 1330 ◦C/2 h/FC. The cast alloys
were heat-treated at 1200 ◦C/4 h/FC (equivalent to hot isostatic pressing conditions of
cast TiAl4822 for LSTBs) and 1400 ◦C/1 h/FC. The cut surfaces of the small pieces after
heat treatment were polished, and the microstructure was observed with the compositional
mode of backscattered electron imaging using JEOL JSM-6060 scanning electron microscope
(JEOL Ltd., Akishima, Japan).

2.2. Evaluation Method for Impact Resistance

The products where the impact resistance of TiAl alloys is most needed are the LSTBs
for jet engines, as evidenced by the disappointing experience with the TNM alloy mentioned
above. Therefore, the impact resistance should be evaluated at high temperatures, since
collisions with debris occur at high temperatures. Based on the airline’s internal data, a
test temperature of 500 ◦C was selected, which is believed to approximate the material
temperature of the LSTBs during horizontal flight (longest duration).

In some cases, the foreign object damage (FOD) test [19] has been used to evaluate the
impact resistance of TiAl alloys. However, the large number of tests that were required
in this study could be performed using the FOD test due to their cost and duration. In
addition, FOD tests are difficult to perform at high temperatures. Therefore, the Charpy
impact test was used, which is simple, practical, and economical. It is also easy to test at
high temperatures.

Charpy test specimens measuring approximately 10 × 10 × 55 mm were prepared
by machining the forged and cast alloys after heat treatment. Because TiAl alloys are
much more brittle than normal metallic materials, notching the Charpy specimen as usual
reduces the absorbed energy and makes it difficult to determine differences between alloys.
Therefore, unnotched specimens were used. Similarly, a small hammer with a capacity
of 30 J was used because the low absorbed energy of the TiAl alloys cannot be accurately
measured when a hammer with a normal capacity such as 300 J is used. The specimens
were held at 500 ◦C for about 1 h in an electric furnace (placed very close to the testing
machine), then removed, and immediately placed for testing. The test duration was 5–10 s.
The temperature of the specimen after removal from the furnace was not measured. The
specimen temperature at the time of the Charpy testing is assumed to be slightly less
than 500 ◦C. Therefore, the evaluation temperature is expressed as the specimen heating
temperature before testing. More than ten tests were performed for each alloy, and the
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average value of the Charpy absorbed energy was compared. The standard deviations
(SDs) of the measurements were also determined.

3. Results and Discussion
3.1. Microstructure of Forged TiAl Alloys

Figure 1 shows a photograph of the forged material: alloys with different Cr additions
(2.0, 3.0, and 4.0%). Cracking at the periphery decreases with increasing Cr addition. This
is, of course, due to the increase in the amount of β-phase, which has good deformability at
forging temperature.
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Figure 1. Photograph of forged ternary TiAl alloys. (a) Ti-43.5Al-2.0Cr, (b) Ti-43.5Al-3.0Cr, and
(c) Ti-43.5Al-4.0Cr.

Figure 2 shows a list of the forged ternary TiAl alloys of 43.5 Al evaluated and the type
of microstructure formed under the four post-forging heat treatments, distinguished by
color coding. The forgeability of each alloy is also described in relative terms. “Excellent”
corresponds to no cracking at all at the periphery of the forged material, and was often
found in alloys with a high amount of additive elements, i.e., a large amount of β-phase.
Conversely, “Poor” corresponds to the presence of many cracks at the outer periphery, and
this occurred in alloys with a low amount of additive elements. The condition between
“Excellent” and “Poor” is considered as “Average”.

Five major types of microstructures were formed after four conditions of heat treatment.
Each typical microstructure is shown in Figure 3. In the notation of each microstructure,
they are listed in the order of their existence ratio. Specifically, FL is a fully lamellar
structure. L + γ is a mixed microstructure of lamellar structure and γ-phase, but the
amount of γ-phase is less than that of normal cast TiAl alloys, and the majority is lamellar
structure. (L/β) + γ is a mixed microstructure of lamellar structure with fine β-phase
precipitates inside and γ-phase. L + γ + β is a microstructure with lamellar structure,
γ-phase, and β-phase in this order. γ + β + L + α2 is a similar mixed structure, but the
proportion of γ-phase is the largest.

The microstructure of forged alloys formed by heat treatment can be roughly classified
into those containing a β-phase and those without a β-phase. The former are FL and L + γ,
and for Cr- and Mn-doped alloys, it was observed only at the lowest additions. In alloys
with other elements, these microstructures were formed even at high addition levels. The
FL, L + γ structure is a microstructure also found in cast alloys, but the low Al concentration
of 43.5 in the forged alloys in this study results in less γ-phase and more α2-phase than
in normal cast alloys (46–48 Al). The microstructures in which the β phase is present are
L + γ + β and γ + β + L + α2 in alloys with V, Cr, and Mn additions, and the lamellar
structure tends to decrease with increasing additions, while the γ- and β-phases increase.
L + γ + β is the most common microstructure in forged TiAl alloys, and Ti-42Al-5Mn and
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TNM alloys also have this microstructure. On the other hand, (L/β) + γ was observed only
in the alloys with Mo and W additions.

The impact resistance of the alloys marked in bold red letters in Figure 2 was evaluated.
In particular, many typical microstructures were formed in alloys containing Mo and Cr by
varying the addition amounts and heat treatment conditions. Therefore, Charpy impact
tests were performed on several alloys with different microstructures in Mo- and Cr-doped
alloys to evaluate the effect of microstructure on impact resistance. On the other hand,
the effects of each added element were evaluated using the FL structures observed at the
lowest added amount for all added elements.
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Figure 2. Compositions of the evaluated forged ternary TiAl alloys of 43.5 Al and the type of
microstructures formed under different post-forging heat treatments (indicated by color coding). The
impact resistance of the alloys marked in bold red was evaluated.
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Figure 3. Backscattered electron images of the typical microstructures of the forged ternary TiAl
alloys: (a) FL (Ti-43.5 Al-2.0Cr, 1280 ◦C/5 h/FC), (b) L + γ (Ti-43.5 Al-1.4Mo, 1230 ◦C/10 h/FC),
(c) (L/β) + γ (Ti-43.5 Al-1.4Mo, 1150 ◦C/20 h/FC), (d) L + γ + β (Ti-43.5 Al-2.5Cr, 1330 ◦C/2 h/FC),
and (e) γ + β + L + α2 (Ti-43.5 Al-3.0Cr, 1150 ◦C/20 h/FC).

The Charpy test was performed by heating the specimens at 500 ◦C for 1 h prior
to testing. According to a study [20] that investigated microstructural changes when
TiAl alloys were aged at low temperatures, some microstructural changes were observed
when they were kept at 700 ◦C for 10,000 h. Although it cannot be said that there was
no microstructural change at all when the specimens were held at 500 ◦C for 1 h in this
study, it is believed that there was little microstructural change due to this low temperature
and short heating time, because these materials were heat-treated at 1150 ◦C or higher and
changed to a stable microstructure.

3.2. Impact Resistance of Forged TiAl Alloys

Table 1 shows the average absorbed energy and SD of the selected forged ternary
alloys of 43.5 Al obtained from the Charpy impact tests on specimens heated to 500 ◦C prior
to testing. The effect of microstructure was evaluated using Mo- and Cr-doped alloys, and
the highest absorbed energy was obtained in the FL structure for both alloys. The higher
impact resistance of the FL structure was also observed in the cast alloys in a previous
study. The reason for this is not yet known, but it is well known that the FL structure has
higher resistance to crack propagation than other microstructures [21], and the same effect
may have occurred during the fracture process in the Charpy impact test.

On the other hand, the absorbed energy of all three microstructures with a β-phase
was much lower than that of the microstructures without a β-phase. In other words, it was
confirmed that the β-phase has a significant negative effect on the impact resistance. The
reason for this is that the β-phase is a highly ductile metallic phase at forging temperatures,
but at lower temperatures it transforms into a very brittle B2-type intermetallic compound
phase. The lowest absorbed energies were observed for both Mo- and Cr-doped alloys at
the highest addition levels, due to the increase in the amount of detrimental β-phase with
increasing addition levels.
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Table 1. Average absorbed energy and standard deviation of forged ternary TiAl alloys of 43.5 Al
obtained from the Charpy impact tests on specimens heated to 500 ◦C prior to testing.

Additive Element
Additive Amount

(at. %)
Heat Treatment

Condition Microstructure

Charpy Impact Test Results on
Specimens Heated to 500 ◦C Prior

to Testing

Average Absorbed Energy
(J/cm2) SD

Nb 4.0 1280 ◦C/5 h/FC FL 3.6 0.6

V 4.0 1280 ◦C/5 h/FC FL 14.9 3.9

Mo

1.4
1150 ◦C/20 h/FC (L/β) + γ 4.3 0.5
1230 ◦C/10 h/FC L + γ 6.0 0.9
1280 ◦C/5 h/FC FL 9.8 1.5

2.2
1150 ◦C/20 h/FC γ + β + L + α2 3.4 0.4
1230 ◦C/10 h/FC γ + β + L + α2 3.6 0.6

2.6
1280 ◦C/5 h/FC (L/β) + γ 3.9 0.5
1330 ◦C/2 h/FC L + γ+ β 4.2 1.1

W 0.8 1280 ◦C/5 h/FC FL 9.3 1.3

Cr

2.0

1150 ◦C/20 h/FC L + γ + β 5.9 0.7
1230 ◦C/10 h/FC L + γ 9.8 2.0
1280 ◦C/5 h/FC FL 13.2 1.9
1330 ◦C/2 h/FC FL 12.1 2.0

2.5
1230 ◦C/10 h/FC L + γ + β 7.8 0.9
1330 ◦C/2 h/FC L + γ + β 8.2 0.9

3.0 1150 ◦C/20 h/FC γ + β + L + α2 4.9 0.6

Mn 3.0 1280 ◦C/5 h/FC FL 12.6 1.8

The FL structure formed for all added elements was used to evaluate the effect of
each element on impact resistance. The amount added is the minimum amount for each
element. The absorbed energies decrease in the order of alloys doped with 4.0 V, 2.0 Cr,
3.0 Mn, 1.4 Mo, 0.8 W, and 4.0 Nb. In other words, the impact resistance of the forged alloys
improved with the addition of V, Cr, and Mn and deteriorated with the addition of Nb.
These results are the same as those obtained for cast TiAl alloys in a previous study. The
effect of each added element on impact resistance is not fully understood and is a subject
for future research.

The above results indicate that the addition of small amounts of V, Cr, and Mn followed
by post-forging heat treatment to form a FL structure is necessary to increase the impact
resistance of forged TiAl alloys. However, this improvement in impact resistance was at
the expense of forgeability, as evidenced by the many cracks observed at the periphery of
the forged materials that exhibited an FL microstructure after heat treatment in this study
(see Figures 1 and 2).

3.3. Impact Resistance of Cast TiAl Alloys

Table 2 shows a list of the evaluated cast ternary alloys of 46.5 Al, the microstructures
formed under the two heat treatment conditions, average absorbed energies, and SD
obtained from the Charpy impact tests on specimens heated to 500 ◦C prior to testing.
Figure 4 shows the typical microstructures of the cast alloys. The amounts of elements
added are 4.0Nb, 4.0V, 1.4Mo, 0.8W, 2.0Cr, and 3.0Mn, which correspond to the lowest
additive contents that resulted in the FL structure with the highest impact resistance in the
forged alloys. At 1200 ◦C/4 h/FC, the microstructure is mainly L + γ; however, a small
amount of β-phase is observed in the Mo- and Mn-doped alloys. At 1400 ◦C/1 h/FC, the
microstructure of each cast alloy is mainly FL, but only in the Mn-doped alloy γ-phase is
abundant and a small amount of β-phase is observed.
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Table 2. Compositions of the evaluated cast ternary TiAl alloys containing 46.5 Al, microstructures un-
der the two heat treatment conditions, average absorbed energies, and standard deviations obtained
from the Charpy impact tests on specimens heated to 500 ◦C prior to testing.

Additive Element
Additive Amount

(at. %)
Heat Treatment

Condition Microstructure

Charpy Impact Test Results on
Specimens Heated to 500 ◦C Prior

to Testing

Average Absorbed Energy
(J/cm2) SD

Nb 4.0
1200 ◦C/4 h/FC L + γ 6.7 1.2
1400 ◦C/1 h/FC FL 12.4 2.6

V 4.0
1200 ◦C/4 h/FC L + γ 13.4 4.2
1400 ◦C/1 h/FC FL 23.4 2.1

Mo 1.4
1200 ◦C/4 h/FC L + γ +β 10.4 2.8
1400 ◦C/1 h/FC FL 16.6 4.3

W 0.8
1200 ◦C/4 h/FC L + γ 13.2 4.0
1400 ◦C/1 h/FC FL 16.8 4.1

Cr 2.0
1200 ◦C/4 h/FC L + γ 14.4 1.6
1400 ◦C/1 h/FC FL 20.3 2.8

Mn 3.0
1200 ◦C/4 h/FC L + γ +β 12.2 2.0
1400 ◦C/1 h/FC L + γ +β 11.0 2.4
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Figure 4. Backscattered electron images of the typical microstructures of the cast ternary TiAl alloys of
Ti-46.5 Al-4.0Nb: (a) 1200 ◦C/4 h/FC and (b) 1400 ◦C/1 h/FC; Ti-46.5 Al-1.4Mo: (c) 1200 ◦C/4 h/FC
and (d) 1400 ◦C/1 h/FC; and Ti-46.5 Al-3.0Mn: (e) 1200 ◦C/4 h/FC and (f) 1400 ◦C/1 h/FC.

Comparing the two heat treatment conditions, the impact resistance was better for
the cast alloys heat-treated at 1400 ◦C. In other words, the impact resistance of the FL



Metals 2023, 13, 1991 9 of 11

structure is better than that of the L + γ structure, which is the same result obtained for
the forged alloys. The impact resistance of the cast alloy prepared with 3.0 Mn was almost
the same under both heat treatment conditions; this is because the FL structure was not
formed by the heat treatment at 1400 ◦C. The influence of each additive element on the
adsorbed energy of the cast alloys was the same as that observed for the forged alloys. The
V- and Cr-doped alloys exhibited higher absorbed energies than all the other alloys, and
the Nb-doped alloy exhibited the lowest absorbed energy.

3.4. Comparison of Impact Resistance between Forged and Cast TiAl Alloys and Evaluation of the
Usefulness of Forged TiAl Alloys

Figure 5 shows a comparison of the average Charpy absorbed energy on specimens
heated to 500 ◦C prior to testing for forged ternary alloys of 43.5 Al and cast ternary alloys of
46.5 Al. For the forged alloys, the heat treatment temperatures for 1.4Mo- and 2.0Cr-added
alloys are 1150 ◦C, 1230 ◦C, and 1280 ◦C. All other alloy results are for alloys heat-treated
at 1280 ◦C to form an FL structure. On the other hand, all of the cast alloys were the result
of heat treatment at 1200 ◦C and 1400 ◦C. The amount of elements added to each forged
alloy is the minimum amount investigated in this study, and the amount of elements added
to the cast alloys is the same as this. Since, as mentioned above, the impact resistance
of forged alloys increases as the amount of added decreases, these results show the best
impact resistance among the forged alloys. However, as mentioned above, this minimum
amount of addition results in significantly poor forgeability.
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Figure 5. Comparison of the average Charpy absorbed energy on specimens heated to 500 ◦C prior
to testing for (a) forged ternary TiAl alloys of 43.5 Al and (b) cast ternary TiAl alloys of 46.5 Al.

Comparing the 1.4Mo- and 2.0Cr-doped forged alloys, the absorbed energy of alloys
with microstructure containing a β-phase formed by heat treatment at 1150 ◦C is signifi-
cantly lower than that of alloys with microstructure without a β-phase formed at higher
heat treatment temperatures (1230 ◦C and 1280 ◦C). These results clearly show that the
impact resistance of the forged alloys is reduced by the presence of the β-phase, even for
the same composition.

Comparing the forged and cast alloys, it can be clearly seen that the impact resistance
of the forged alloys is significantly lower than that of the cast alloys. Even the L + γ structure
of the cast alloys formed by heat treatment at 1200 ◦C, which has a lower impact strength
for cast alloys, has a higher absorbed energy than the FL structure of the forged alloy with
the same amount of additions. Compared to the FL structure of cast alloys formed by heat
treatments at 1400 ◦C, the absorbed energy of the FL structure of forged alloys is between
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one-half and two-thirds of that of cast alloys. In other words, the impact resistance of the
forged alloys is inferior to that of the cast alloys, even though the microstructure and the
amount of additive elements are the same. This is due to the lower Al content in the forged
alloys (43.5) compared to the cast alloys (46.5), and the consequent increase in the amount
of the more brittle α2 phase in the lamellar structure. The decrease in impact resistance
with lower Al was also observed in a previous study using binary TiAl alloys.

To summarize the above results, the impact resistance of normal forged TiAl alloys
(microstructure with a β-phase) is significantly lower than that of cast TiAl alloys. Further-
more, even if the FL microstructure is produced at the expense of forgeability, the impact
resistance of the forged alloys is considerably inferior to that of the cast TiAl alloys. This is
due to the fact that the composition of the forged TiAl alloys (low Al content, high amount
of added elements) differs significantly from TiAl alloys produced by other processes, as
discussed at the beginning of this paper.

Although this study primarily evaluated the impact resistance (and related forge-
ability) of forged TiAl alloys, it raises questions about the practical value of forged TiAl
alloys. First of all, there is no doubt that the production cost of forged alloys is higher
than that of cast alloys. Since a cast ingot is required at the beginning of the forged alloy,
the subsequent process is an extra step that is not included in the cast alloys. In addition,
because ordinary forged alloys contain a β-phase with low high-temperature strength,
they naturally have lower creep strength than cast alloys that do not contain this phase.
Although many studies have reported that grain refinement that occurs during the forging
process improves low-temperature tensile strength [22,23], this is not a primary concern
for materials such as TiAl alloys that are intended for high-temperature applications. In
addition, there are no clear reports anywhere that forged TiAl alloys are superior to cast
TiAl alloys in the overall high-temperature properties required for high-temperature parts.
For common metallic materials, forged materials typically have higher reliability, such as
impact resistance, than castings, and it has been vaguely assumed that the same is true for
TiAl alloys, but this research paper has shown that the exact opposite is true. This is clearly
due to the fact that the composition of forged TiAl is very different from other TiAl alloys.

Considering the various factors mentioned above, the usefulness of forged TiAl alloys
appears to be limited to large parts (large structural components, large blades such as
LSTBs for a power generation gas turbine, large-area plates, etc.) that cannot be made using
the casting method. In other words, it can be concluded that the use of forged TiAl alloys
for small parts that can be made via casting, such as small blades, is completely useless.

4. Conclusions

To determine the usefulness of forged TiAl alloys as practical materials, this study
evaluated their impact strength. First, the additive elements and microstructure that most
improved the impact resistance of forged ternary TiAl alloys of 43.5Al were evaluated via
Charpy impact tests on specimens heated to 500 ◦C prior to testing. Their impact resistance
was then compared with that of cast ternary TiAl alloys of 46.5 Al with the same amount of
additive elements. The following results were obtained.

1. The impact resistance of forged TiAl alloys improved with Cr, V, and Mn additions
and deteriorated with Nb additions.

2. The impact resistance of the microstructure including a β-phase, which is a common
microstructure of forged alloys, was remarkably low.

3. The FL structure has shown the best impact resistance in forged alloys. However, this
can only be obtained by reducing the amount of additive elements at the expense of
forgeability.

4. Even with this FL structure, the impact resistance of the forged alloys was from
one-half to two-thirds that of the cast alloys with the same additive content and
microstructure. This is due to the difference in Al concentration in the two alloys.

5. The low impact resistance of forged TiAl alloys is due to their different composition
from other TiAl alloys (low Al concentration, addition of many β-stabilizing elements).
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Combined with the high cost and low high-temperature strength of forged TiAl alloys,
it can be concluded that it is pointless to use forged TiAl alloys for small parts that can be
made via casting, such as jet engine blades.
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