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Abstract: Research on how thermal exposure affects the microstructure and mechanical properties of
the Ti–48Al–3Nb–1.5Ta (at. %) alloy, which is prepared via powder hot isostatic pressing (P–HIP),
is essential since this low-density alloy shows promise for use in high-temperature applications,
particularly for aero-engines, which require long-term stable service. In this study, a P–HIP Ti–
48Al–3Nb–1.5Ta (at. %) alloy was exposed to high temperatures for long durations. The phase,
microstructure and mechanical properties of the P–HIP Ti–48Al–3Nb–1.5Ta alloy after thermal expo-
sure under different conditions were analyzed using XRD, SEM, EBSD, EPMA, TEM, nanomechanical
testing and tensile testing. The surface scale is composed of oxides and nitrides, primarily Al2O3,
TiO2, and TiN, among which Al2O3 is preferentially generated and then covered by rapidly growing
TiO2 as the thermal exposure duration increases. The nitrides appear later than the oxides and exist
between the oxides and the substrate. With increasing exposure temperature and duration, the surface
scale becomes more continuous, TiO2 particles grow larger, and the oxide layer thickens or even falls
off. The addition of Ta and Nb can improve the oxidation resistance because Ta5+ and Nb5+ replace
Ti4+ in the rutile lattice and weaken O diffusion. Compared with the P–HIP Ti–48Al–3Nb–1.5Ta alloy,
after thermal exposure, the grain size does not increase significantly, and the γ phase increases slightly
(by less than 3%) with the decomposition of the α2 phase. With increasing thermal exposure duration,
the γ phase exhibits discontinuous coarsening (DC). Compared with the P–HIP Ti–48Al–3Nb–1.5Ta
alloy, the hardness increases by about 2 GPa, the tensile strength increases by more than 50 MPa, and
the fracture strain decreases by about 0.1% after thermal exposure. When the depth extends from the
edge of the thermally exposed specimens, the hardness decreases overall.

Keywords: Ti–48Al–3Nb–1.5Ta; thermal exposure; oxidation; stability

1. Introduction

The TiAl alloy is a promising high-temperature material for aerospace applications be-
cause of its low density, exceptional creep and high-temperature oxidation resistance [1–6].
A stable structure and mechanical performance at high temperatures for a long service
life are essential for TiAl alloys to be used as high-temperature structural materials in
equipment that requires high safety and stability [7]. It has been demonstrated that under
prolonged thermal exposure at high temperatures, the microstructure and phase composi-
tion of the TiAl alloy undergo changes, including continuous coarsening, discontinuous
coarsening (DC) of the lamella, and the production of equiaxed grains [8]. The related phase
transformations are α2 lamella decomposition (vertical and parallel decomposition) [9,10]
and B2 phase transformation (B2 → ω and B2 → γ) [11]. The microstructural evolution of
the TiAl alloy at high temperatures is affected by the composition, structure, temperature,
duration and other factors, and long-term thermal exposure promotes microstructural
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evolution [12]. Essentially, thermodynamics determine whether the microstructure is stable
at high temperatures, whereas dynamics control the rate and degree of evolution [3]. The
evolution of the microstructure directly affects the mechanical properties of TiAl alloys. For
instance, the hardness of 47Al–2Nb–2Mn–0.8%TiB2 (volume fraction) and Ti–45Al alloys
decreases when the lamella spacing coarsens [13].

The oxidation resistance of the TiAl alloy is intimately tied to the Al2O3 protective
layer, which cannot fully develop although the TiAl alloy has a high Al content. Meanwhile,
TiO2 grows rapidly but cannot offer long-term antioxidative protection [14]. Therefore, the
oxidation resistance of traditional TiAl alloys is insufficient above 800 ◦C [15,16].

Previous research [17–27] reveals that the addition of alloying elements, such as W,
Mo, Ta and Nb, can prevent the lamella from coarsening and significantly improve the high-
temperature oxidation resistance of the TiAl alloy; among these, the effects of Ta and Nb
are particularly notable. Nb can efficiently improve the outward diffusion rate of Al while
reducing the growth rate of TiO2 particles and the diffusion rate of O [24,28,29]. With in-
creasing Nb concentration, the TiAl alloy’s high-temperature oxidation resistance increases
linearly [30]. The addition of Ta limits the solubility of O in the TiAl alloy and prevents
TiO2 from growing at high temperatures because of its low diffusion coefficient [31].

According to previous studies [32–34], the addition of Ta to TiAl alloys can improve
their mechanical properties, including their tensile strength, compressive strength and
hardness, due to solution strengthening and refinement of the massive γ phase by con-
trolling metastable microstructural evolution [35–37]. Ta and Nb elements can extend the
cooling rate requirement for the α → γm massive transformation to avoid the quenching
of cracks caused by an excessive cooling rate [38]. The solution effect of Ta addition is
stronger than that of Nb, which can effectively increase creep resistance without changing
the phase transformation path [39], and Ta can improve the plasticity of the TiAl alloy more
obviously than Nb [40]. In addition, Ta and Nb, which promote massive transformation
and inhibit lamella transformation at low temperatures, have low diffusion coefficients in
the α and γ phases. Segregation occurs with the addition of Ta and Nb elements [41,42],
although they improve the high-temperature performance and oxidation resistance of the
TiAl alloy. However, powder metallurgy is an ideal preparation method because it achieves
chemical homogeneity and fine grains while avoiding segregation [43].

The present work is focused on the investigation of the thermal exposure characteris-
tics of a new powder metallurgical TiAl alloy containing Nb and Ta prepared by powder
hot isostatic pressing (P–HIP). Ti–48Al–3Nb–1.5Ta (at. %) alloy, as a hyperperitectic TiAl
with almost no B2 phase, can prevent microstructure instability and performance reduction
from B2 decomposition at high temperatures. Proper addition of Ta and Nb can improve
the oxidation resistance and mechanical performance at high temperatures. The improved
segregation of Nb and Ta and the promotion of microstructure homogeneity through the
P–HIP process are expected to further elevate the service temperature of TiAl alloys. The
application of the material at high temperatures is directly impacted by alterations in the
microstructure and mechanical properties with long-term thermal exposure. However, the
thermal exposure characteristics of P–HIP Ti–48Al–3Nb–1.5Ta alloy are currently unclear.
For application guidance, such as for aero-engines used in harsh environments requiring
long-term stable service, it is vital to study the effects of thermal exposure on the microstruc-
ture and mechanical properties of the P–HIP Ti–48Al–3Nb–1.5Ta alloy. In this study, the
surface morphology, microstructural evolution and mechanical performance of the P–HIP
Ti–48Al–3Nb–1.5Ta (at. %) alloy during thermal exposure were investigated and clarified.

2. Materials and Methods

Ti–48Al–3Nb–1.5Ta (at. %) prealloyed powders were prepared using SS-PREP® from
Sino-Euro Materials Technologies of Xi’an Co., Ltd. (Sino-Euro, Xi’an, China) and then
sieved into 45–250 µm sized powders. The powders were mostly perfect spherical in shape,
as shown in Figure 1. The specific prealloyed powders were poured into steel capsules and
degassed at 400 ◦C for 4 h to remove air. The stem at the top of the capsule was welded
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when the vacuum of the capsule reached 1 × 10−4 Pa. The sealed capsules were placed in
the HIP furnace and heated to 1200 ◦C with a heating rate of 4 ◦C/min and pressurized up
to 150 MPa for 4 h, followed by cooling at 5 ◦C/min to room temperature.
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Figure 1. The typical morphology of SS-PREP® Ti−48Al−3Nb−1.5Ta powders in the range of
45–250 µm.

The 10 × 10 × 10 mm specimens were cut from the P–HIP Ti–48Al–3Nb–1.5Ta alloy
billet after the capsules were removed. Some specimens were put into quartz tubes and
sealed before exposure (sealed specimens), while the others were exposed directly (unsealed
specimens). The unsealed specimens were used to analyze the surface morphology and
scale constitution, and the sealed specimens were used to analyze the microstructural
evolution and mechanical properties. The sealed specimens with the size of φ8 × 67 mm
after thermal exposure were machined into specimens with a diameter of 3 mm and a
gauge length of 15 mm for tension testing at room temperature. The exposure temperatures
were 800 ◦C, 850 ◦C and 900 ◦C and the duration was 100 h, 300 h, 500 h, 800 h or 1000 h.

The phase constituents were analyzed using X-ray diffraction (XRD, Bruker D8 DIS-
COVER A25, Bruker, Billerica, MA, USA) with Co Kα radiation at a rate of 2.5◦/min from
20◦ to 90◦ at room temperature. The surface morphology, microstructure and element
distribution were analyzed using scanning electron microscopy (SEM, ZEISS Sigma 300,
Oberkochen, Germany) equipped with an energy-dispersive X-ray spectrometer (EDX,
ZEISS Sigma 300, Oberkochen, Germany), an electron probe microanalyzer (EPMA, SHI-
MADZU EPMA-1720, Kyoto, Japan) and a transmission electron microscope (TEM, FEI
Talos F200X TEM, Hillsboro, OR, USA). The crystallographic features were further analyzed
using electron backscattered diffraction (EBSD, ZEISS Sigma 300, Oberkochen, Germany).
The hardness was analyzed using a nanomechanical testing system (Hysitron TI-950, Bruker,
Billerica, MA, USA) with a 10 mN force. The tensile performance was determined using a
microcomputer-controlled electron universal testing machine (CMT5105, Sansi Yongheng,
Ningbo, China) according to GB/T 228.1-2021 (Chinese Standard) [44].

The 10 × 10 × 10 mm sealed specimens were cut in half and mechanically mounted in
epoxy resin, polished with SiC abrasive papers and a polishing cloth and, finally, polished
by a vibratory polisher; these were then used for SEM and EBSD analyses on internal
cross-sections. The specimens for TEM were first cut into a 400 µm thick slice from the
middle of the 10 × 10 × 10 mm sample, then manually ground to a 50 µm thickness with
SiC abrasive papers and, finally, subjected to ion milling. The hardness inside the specimens
was obtained as arithmetic mean values from ten testpoint measurements approximately
evenly distributed along a straight line of one 10 × 10 × 10 mm sample with the same
preparation method as for EBSD. Near-surface hardness testing was conducted on unsealed
specimens along the cross-section from the edge with an interval of 3.5 µm for a total
10 testpoints.
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3. Results and Discussions
3.1. Microstructures of the P–HIP Ti–48Al–3Nb–1.5Ta Alloy

The P–HIP Ti–48Al–3Nb–1.5Ta alloy consists of 95.05% γ and 4.95% α2 phases, as
represented in the EBSD phase map (Figure 2a,b), because the metastable α2 phase in
the prealloyed powders almost completely transforms into the γ phase during the P–HIP
process at 1200 ◦C, which occurs at the top of the single γ-phase area. The microstructures
of the P–HIP Ti–48Al–3Nb–1.5Ta alloy were characterized mainly as near-gamma and
locally duplex, as indicated in Figure 2c, consisting of γ (dark) and α2 (gray) phases with an
average grain size of 5.9 µm, which is much more refined than those of the conventionally
cast alloy as powder metallurgy is an effective method for refining grains. The EDS
mapping (Figure 2d) of the magnified area of Figure 2c shows the α2 (Al-lean)/γ (Al-
rich) lamella structure in the P–HIP Ti–48Al–3Nb–1.5Ta alloy. The TEM bright-field (BF)
image (Figure 2e) and selected-area electron diffraction (SAED) patterns with different axes
(Figure 2f–h) of the marked area in Figure 2e show the irregular α2 phase.
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3.2. Characterization of the Surface Scale

Because the type of surface scale after exposure determines the oxidation resistance,
XRD analysis of the unsealed specimens’ surfaces was conducted to analyze the phase
constitution, as shown in Figure 3. The XRD patterns and phase constitution were almost
the same under different thermal-exposure conditions. α–Al2O3 and rutile–TiO2 were the
primary components, and TiN and Ti2AlN were also detected. In addition, the patterns
include γ and α2 phases, without a B2 phase detected as a peritectic TiAl [32], which
are consistent with the P–HIP Ti–48Al–3Nb–1.5Ta alloy. The intensity of the γ and α2
phases decreases with increasing exposure temperature and duration. The peak of TiO2
becomes more prominent as the exposure duration increases at 800 ◦C, while notable peaks
of TiO2 are discernible following thermal exposure at 850 ◦C and 900 ◦C for 100 h. A
strong peak of TiN appears after exposure at 900 ◦C for 100h. However, as time passes,
the TiN peak significantly weakens, indicating that TiN is generated rapidly at 900 ◦C and
is subsequently covered by the continuously growing oxides of Ti and Al. No significant
changes were observed in the α–Al2O3 peaks with variations in temperature and duration,
indicating that α–Al2O3 is preferentially formable and relatively stable. Moreover, weak
peaks of Ti2AlN were observed under different exposure conditions.

To investigate the scale characteristics, the surface morphologies of P–HIP Ti–48Al–
3Nb–1.5Ta alloy after thermal exposure to different conditions were analyzed, as shown in
Figure 4. The surface scale is mainly composed of irregularly shaped clusters and prismatic
particles. EDS analysis was conducted on different surface areas of the specimen exposed
at 800 ◦C for 1000 h, as shown in Figure 5 and Table 1. The results indicate that the surface
scale is mainly composed of Ti, Al and O elements. There exists a higher content of Ti in
prismatic particles (Locations 1, 2, 3, 4 and 6), while there exists a higher content of Al
in irregularly shaped particles (Locations 7 and 8). Moreover, particles containing all Ti,
Al, Nb and Ta elements are also observed (Location 5). According to the EDS and XRD
results, the prismatic particles are TiO2, and the irregularly shaped particles are Al2O3.
The surface morphologies change significantly with increasing exposure temperature and
duration. Similarly fine and uneven scales were observed on the surface of the P–HIP
Ti–48Al–3Nb–1.5Ta alloy exposed at 800 ◦C and 850 ◦C for 100 h, as shown in Figure 4a,f,
and locally accumulated regions form at 850 ◦C. As the exposure duration increases, the
surface scale becomes more continuous and accumulates, and TiO2 particles increase and
grow. The surface of the Ti–48Al–3Nb–1.5Ta alloy exposed at 900 ◦C for 100 h displays an
almost completely filled scale, as shown in Figure 4k, and TiO2 particles increase and grow
significantly with increasing exposure duration, as shown in Figure 4o. The average size of
the TiO2 particles increased from 1.74 µm to 4.02 µm while the maximum size increased
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from 4.96 µm to 12.70 µm, with the shape changing from equiaxed particles to elongated
particles as the exposure duration extended from 100 h to 1000 h. A similar phenomenon
has been reported in S. Taniguchi’s previous research [30]. As the TiO2 particles grow
larger, fine TiO2 particles are generated between the large particles with gaps appearing,
indicating that the oxidation resistance of the TiO2 layer is poor at high temperatures.
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Table 1. EDS analysis results of the P–HIP Ti–48Al–3Nb–1.5Ta alloy (at. %) exposed at 800 ◦C for
1000 h shown in Figure 5.

Position Ti Al O Nb Ta C

1 27.57 - 68.71 - - 3.72
2 39.58 0.43 56.89 - - 3.11
3 27.61 - 68.21 - - 4.18
4 33.13 5.86 61.01 - - -
5 17.43 7.35 48.23 0.99 0.43 25.58
6 26.34 0.72 69.68 - - 3.25
7 6.50 26.73 66.78 - - -
8 2.67 25.89 58.14 - - 13.30
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Materials 2024, 17, 794 8 of 22

Materials 2024, 17, x FOR PEER REVIEW 8 of 23 
 

 

℃, 1000 h; (f) 850 ℃, 100 h; (g) 850 ℃, 300 h; (h) 850 ℃, 500 h; (i) 850 ℃, 800 h; (j) 850 ℃, 1000 h; (k) 
900 ℃, 100 h; (l) 900 ℃, 300 h; (m) 900 ℃, 500 h; (n) 900 ℃, 800 h; (o) 900 ℃, 1000 h. 

 
Figure 5. The surface morphology of the P–HIP Ti–48Al–3Nb–1.5Ta alloy exposed at 800 °C for 1000 
h, with marks 1–8 indicating the EDS positions. 

Table 1. EDS analysis results of the P–HIP Ti–48Al–3Nb–1.5Ta alloy (at. %) exposed at 800 °C for 
1000 h shown in Figure 5. 

Position Ti Al O Nb Ta C 
1 27.57 - 68.71 - - 3.72 
2 39.58 0.43 56.89 - - 3.11 
3 27.61 - 68.21 - - 4.18 
4 33.13 5.86 61.01 - - - 
5 17.43 7.35 48.23 0.99 0.43 25.58 
6 26.34 0.72 69.68 - - 3.25 
7 6.50 26.73 66.78 - - - 
8 2.67 25.89 58.14 - - 13.30 

In order to further analyze the distribution of different components of the surface 
scale after thermal exposure, EPMA mapping was performed on the near-surface of the 
specimens after thermal exposure at 800 °C, 850 °C and 900 °C for 100 h and 1000 h, re-
spectively, as shown in Figure 6. The nitride layer is above the substrate and below the 
oxide layer. The oxidation of the TiAl alloy in air, broadly speaking, includes both oxida-
tion and nitridation, and oxidation is usually superior to nitridation at a sufficiently high 
partial pressure of oxygen, which ensures the formation of a scale composed of TiO2 and 
Al2O3. When the oxide layer covers the entire surface of the substrate, further reactions are 
controlled by the inward diffusion of oxygen and nitrogen [45]. The oxidation layer exhib-
its a certain hindrance to the diffusion of these elements. Therefore, the activity of oxygen 
and nitrogen gradually decreases as the diffusion depth increases. Oxygen activity de-
creases faster because it is consumed preferentially. When the oxygen activity is lower 
than a certain critical value—that is, when the oxidation affected zone reaches a certain 
depth—it is conducive to the appearance of nitridation on the substrate. TiN is an excel-
lent diffusion barrier that can prevent the diffusion of oxygen toward the substrate [46]. 

Figure 5. The surface morphology of the P–HIP Ti–48Al–3Nb–1.5Ta alloy exposed at 800 ◦C for
1000 h, with marks 1–8 indicating the EDS positions.

In order to further analyze the distribution of different components of the surface
scale after thermal exposure, EPMA mapping was performed on the near-surface of the
specimens after thermal exposure at 800 ◦C, 850 ◦C and 900 ◦C for 100 h and 1000 h,
respectively, as shown in Figure 6. The nitride layer is above the substrate and below
the oxide layer. The oxidation of the TiAl alloy in air, broadly speaking, includes both
oxidation and nitridation, and oxidation is usually superior to nitridation at a sufficiently
high partial pressure of oxygen, which ensures the formation of a scale composed of TiO2
and Al2O3. When the oxide layer covers the entire surface of the substrate, further reactions
are controlled by the inward diffusion of oxygen and nitrogen [45]. The oxidation layer
exhibits a certain hindrance to the diffusion of these elements. Therefore, the activity of
oxygen and nitrogen gradually decreases as the diffusion depth increases. Oxygen activity
decreases faster because it is consumed preferentially. When the oxygen activity is lower
than a certain critical value—that is, when the oxidation affected zone reaches a certain
depth—it is conducive to the appearance of nitridation on the substrate. TiN is an excellent
diffusion barrier that can prevent the diffusion of oxygen toward the substrate [46]. As a
consequence, the typical structure of the scale on the exposed surface of P–HIP Ti–48Al–
3Nb–1.5Ta alloy consists of external oxides and internal nitrides. The formation of the
nitride sublayer below the oxide is significantly influenced by alloying elements such as
Nb and Ta, which impede the diffusion of nitrogen toward the substrate [47].

The formation sequence and growth mode of oxides in the oxide layer are related
to the free energy of formation and the activation energy of growth. The free energy of
formation of the two oxides is highly negative at 800–900 ◦C; that is, they have a very low
equilibrium decomposition pressure [48]. Therefore, TiAl alloys are prone to oxidation and
form stable oxides in this temperature range [49]. According to the oxidation behavior of
the TiAl alloy [12,50], Al2O3 is formed on the surface of the substrate during the initial
stage of oxidation. With the formation of the Al2O3 layer, the Al on the surface of the
TiAl substrate is gradually consumed, while Al diffuses slowly in the TiAl substrate. It
is difficult to diffuse to the surface in a short time to replenish the consumed Al; thus, an
Al-lean layer is formed below the thin layer of Al2O3, and the concentration of Ti in this
layer gradually increases. When the Ti content reaches the critical value, it reacts with the
inwardly diffused oxygen to form Ti oxides [51]. Common Ti oxides include TiO, Ti2O3
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and TiO2, among which TiO2 has the best high-temperature stability [30]. The content of
Al2O3 on the surface scale was higher than that of TiO2 after exposure at 850 ◦C for 100 h,
as shown in Figure 4, and the thickness of the Al2O3 layer was greater than that of the TiO2
layer, as shown in Figure 6. However, the growth-activation energy of Al2O3 (502.4 kJ/mol)
is higher than that of TiO2 (59.5 kJ/mol) [52], so the growth rate of TiO2 is much higher
than that of Al2O3. With an increase in the exposure duration, TiO2 particles gradually
cover the Al2O3 particles, resulting in a TiO2 layer formed on the Al2O3 layer [30], similar
to the variation in surface morphologies shown in Figure 4.
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Rutile TiO2 is a non-stoichiometric compound. Because of the large number of vacancy
defects, this TiO2 layer allows for a fast diffusion rate of oxygen atoms, which represents
a good path for oxygen penetration into the substrate [53]. Al2O3 is an ionically bonded
compound with a dense structure, in which the diffusion rate of oxygen atoms is four
orders of magnitude lower than that in the TiO2 layer. Therefore, once a continuous dense
Al2O3 layer is formed, the diffusion of oxygen atoms almost terminates. Although the TiO2
layer cannot effectively prevent the oxidation of the substrate, it also reduces the oxygen
concentration to a certain extent. Coupled with the obstructing effect of the Al2O3 layer, the
oxygen concentration is further reduced, and the diffusion path of oxygen atoms becomes
narrower and narrower, so the oxidation mass gain becomes slower and slower [30].

The addition of alloying elements can decrease the vacancy-formation energy of Al
and increase that of Ti. As the Al vacancy concentration increases, it is easier for Al to
diffuse to the surface and react with oxygen atoms, improving the oxidation resistance at
high temperatures with a good Al2O3 protective film formed on the surface of the TiAl
alloy [54]. Nb and Ti have the same valence electron structure and ionic radius, and they
can be miscible in any proportion. Nb can occupy the normal Ti site. The replacement
of Ti4+ with Nb5+ reduces the defect concentration of TiO2 as well as the diffusion rate
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of oxygen and metal ions in the oxide layer, inhibiting the formation and growth of TiO2
and facilitating the formation of a continuous dense Al2O3 layer on the surface of the TiAl
alloy [24]. As the neighbor in the periodic table, Ta is similar to Nb, which can also reduce
the oxygen solubility in the TiAl alloy and inhibit TiO2 growth [55]. Ta5+ replaces Ti4+ in
the TiO2 lattice, resulting in an excess positive charge. The concentration of O2- vacancies,
which are responsible for O diffusion, decreases to offset this increase. Nb and Ta are both
effective alloying elements that improve the oxidation resistance of TiAl alloys, and the
oxidation rate at high temperatures of TiAl alloys containing Nb and Ta is significantly
lower than that of simple binary TiAl alloys with the same Al content [47]. There are very
small amounts of Nb and Ta in the oxide layer above the nitride layer, as we can see from
the 900 ◦C EPMA mapping results in Figure 6, whereas there is no such phenomenon at
800 ◦C and 850 ◦C, because the ability of Nb and Ta to diffuse toward the substrate surface
increases with increasing temperature. Because there is no diffraction peak for oxides of Ta
or Nb in the XRD patterns, it is assumed that they replace Ti in the rutile lattice [31], thus
impeding the oxidation process at higher temperatures.

The variation in the oxide-layer thickness after thermal exposure was further analyzed
using EDS line scanning, as shown in Figure 7. With increasing thermal exposure tem-
perature and duration, the oxide-layer thickness gradually increases at a slow rate. The
thicknesses of the oxide layer are about 12.7 µm and 23.7 µm after thermal exposure for
1000 h at 800 ◦C and 850 ◦C, respectively, which is smaller than 24.5 µm, the thickness of
a Ti–47.5Al–2.5V–1.0Cr–0.2Zr (at %) oxide layer after exposure at 750 ◦C for 300 h [56],
indicating superior oxidation resistance. The thickness of the oxide layer is about 25.2 µm
after thermal exposure at 900 ◦C for 800 h, and the decrease in the oxide-layer thickness
after 1000 h may be related to the spalling of the oxide layer.
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In general, the oxide layer becomes significantly continuous with increasing exposure
temperature, especially for short exposure durations. However, after exposure for 1000 h,
the surface morphologies all show a continuous and fully filled scale, similar to that in a
previous study [57].

3.3. Microstructure Stability

In order to analyze the microstructural evolution of the P–HIP Ti–48Al–3Nb–1.5Ta alloy
during thermal exposure, BSE-SEM microstructure morphology analysis and EBSD phase-
composition analysis were performed on the internal cross-sections of the sealed specimens
after exposure to different conditions, as shown in Figures 8 and 9. The dark region is
the γ phase, whereas the white region is the α2 phase in Figure 8. The phase composition
and grain-size distribution analyzed using EBSD are shown in Table 2 and Figure 10. The
results reveal that the grain size does not grow significantly after thermal exposure to
different conditions, and the γ phase increases slightly, less than 3.5%, compared with
P–HIP, as depicted in Section 3.1. The increase in the γ-phase volume fraction is caused by
the α2-phase dissolution at 800–900 ◦C, and longitudinal and transverse dissolution leads
to thinning and fracture of the α2 lamella [58,59]. At the same time, with the extension of
the thermal exposure duration, the DC of the γ phase is observed near the grain boundaries
due to the reduction of lamella near the grain boundaries, which expands the γ phase
region, as marked in the microstructure after exposure at 850 ◦C for 1000 h in Figure 8.

Table 2. EBSD phase constitution of the Ti–48Al–3Nb–1.5Ta alloy after thermal exposure to different
conditions.

Temperature (◦C) Duration (h) γ Phase (%) α2 Phase (%)

800
100 96.9+0.33

−0.15 3.1+0.58
−0.17

1000 95.5+0.26
−0.09 4.5+0.39

−0.21

850
100 97.5+0.25

−0.36 2.5+0.77
−0.61

1000 98.5+0.31
−0.11 1.5+0.42

−0.46

900
100 97.5+0.15

−0.29 2.5+0.61
−0.42

1000 97.5+0.11
−0.30 2.5+0.43

−0.55

Although the γ lamella and the α2 lamella have an interphase distribution, the adjacent
interfaces are not parallel to each other, and the shape of the γ lamella and α2 is probably
irregular or even curved. The thicknesses of different γ lamellae vary greatly, and the γ

lamella is not regular but is like a wedge embedded within α2 lamellae. In addition, there
is a great difference in the thicknesses of different α2 lamellae. The widest reaches 2.4 µm,
while the narrowest is only 120 nm in the P–HIP Ti–48Al–3Nb–1.5Ta alloy, as shown in
Figure 2c. This difference leads to a high content of α2 lamella in local areas, resulting in
a state of agglomeration and decomposition during thermal exposure. The α2 lamella is
metastable, leading to a tendency to transform into the most stable form during long-term
exposure at high temperatures. Therefore, the metastable α2 lamella decomposes into a
fine α2 + γ lamella [60], and the newly generated γ/α2 interface is parallel to the original
α2 lamella, which is called “parallel decomposition” [9].

To reduce the total free energy of the system under long-term high temperatures,
three types of microstructural evolutions may be generated for the lamella structure of the
TiAl alloy: (1) phase transformations, (2) continuous coarsening, and (3) discontinuous
coarsening. The phase transformation is manifested as the dissolution of the α2 lamella,
causing the volume fraction and composition of the γ and α2 phases to change toward the
equilibrium volume fraction and phase composition determined by the Ti-Al binary-phase
diagram at this temperature [61], reducing the chemical free energy of the system [62].
Since α2/γ is a low-energy semi-coherent flat interface in the lamella structure of the
TiAl alloy and satisfies the Blackburn orientation relation, i.e., {111}γ ∥ {0001}α2

and
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< 1120 >α2 ∥ < 110 >γ, there is no obvious interfacial curvature. Therefore, continuous
coarsening within the lamella is relatively difficult. However, the lamella structure has
poor thermal stability and is prone to DC with grain boundary migration because of the
existence of steps between α2 and γ lamellae at the grain boundaries [63].
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Figure 8. Microstructures of the Ti–48Al–3Nb–1.5Ta alloy after exposure to different conditions:
(a) 800 ◦C, 100 h; (b) 800 ◦C, 300 h; (c) 800 ◦C, 500 h; (d) 800 ◦C, 800 h; (e) 800 ◦C, 1000 h; (f) 850 ◦C,
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Figure 9. EBSD phase constitutions of the Ti–48Al–3Nb–1.5Ta alloy after exposure to different
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The specimens exposed at 800 ◦C for 1000 h were analyzed using TEM, and the BF
images, SAED and EDS are shown in Figure 11 and Table 3. It can be seen that the matrix
consists of a γ phase, the massive precipitate near the grain boundaries has an α2 phase,
and there are γ-phase twins. In addition, the nanotwins can be seen from the BF images
and SAED in Figure 11f,g. The 6 nm average width of these nanotwins is the result of
plastic deformation during the P–HIP process at 150 MPa pressure, and it remained so after
thermal exposure because the annealing twins’ width is in the micro dimension [64].
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Figure 10. Grain size distributions of the Ti–48Al–3Nb–1.5Ta alloy after exposure to different con-
ditions: (a) 800 ◦C, 100 h; (b) 800 ◦C, 1000 h; (c) 850 ◦C, 100 h; (d) 850 ◦C, 1000 h; (e) 900 ◦C, 100 h;
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Table 3. EDS results of site 1 and site 2 in Figure 11a (at. %).

Element Al Ti Nb Ta

1 31.62 65.32 1.53 1.50
2 49.88 45.61 2.94 1.55
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Figure 11. TEM images of the P–HIP Ti–48Al–3Nb–1.5Ta alloy exposed at 800 ◦C for 1000 h: (a) BF
image showing two phases; (b) SAED of site 1 in Figure 11a; (c) SAED of site 2 in Figure 11a; (d) BF
image of γ-phase twins; (e) SAED of circled area in Figure 11d; (f) BF image of nanotwins; (g) SAED
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3.4. Mechanical Performance

To investigate the effects of thermal exposure on the mechanical performance of the P–
HIP Ti–48Al–3Nb–1.5Ta alloy, nanoindentation analysis was performed on specimens after
thermal exposure to different conditions, as shown in Figure 12. The hardness after thermal
exposure at 850 and 900 ◦C increases by about 2 GPa compared with the hardness of the
P–HIP state, which is 4.6 GPa. This is mainly due to the O solution during thermal exposure,
which causes lattice distortion of the matrix and the formation of new phases, resulting
in surface hardening of the alloy [65]. The hardness after thermal exposure at 850 ◦C and
900 ◦C is higher than that at 800 ◦C, indicating that oxidation is more serious at higher
temperatures. With the extension of thermal exposure duration, the hardness fluctuates in
a narrow range and tends to decrease to different degrees, which is related to the equiaxed
γ grains increasing and growing continuously, the α2 phase decreasing and the lamella
coarsening [14]. The strength of the TiAl alloy is inversely proportional to the grain size
following the Hall–Petch formula. Therefore, the α2 + γ lamella coarsening and equiaxed γ

growth during thermal exposure reduce the hardness and tensile properties of the alloy.
The lamella spacing is negatively correlated with the hardness of the nanoindentation;
that is, the larger the lamella spacing, the smaller the hardness of the nanoindentation.
When the indenter is pressed into the matrix, plastic deformation occurs near the indenter,
and elastic deformation occurs in the area away from the indenter. The main mechanism
of plastic deformation is dislocation slip. When the γ/α2 lamella spacing is small, the
dislocation slip encounters more γ/α2 boundaries, resulting in higher hardness values.
During thermal exposure at 800–900 ◦C, a phase transformation from α2 to γ will occur,
and the hardness of the γ phase is less than that of the α2 phase, so there will be a trend of
hardness decline with the extension of thermal exposure duration.
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To clarify the variation rule of hardness in the near-surface region of the P–HIP Ti–48Al–
3Nb–1.5Ta alloy along the depth direction after thermal exposure at 800 ◦C for different
durations, nanoindentation tests were conducted along the depth direction from the edge
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of the unsealed specimens. The hardness results are shown in Figure 13. From the results
of thermal exposure for 100 h, 300 h and 500 h, it can be seen that the hardness decreases
with increasing depth from the specimen surface, since an O solution on the surface of the
alloy leads to surface hardening. For titanium alloys, the relationship between hardness
and surface O concentration can be expressed as follows [66]:

H = H0 + b(xO)
1
2 (1)

where H represents the hardness at the specified position, H0 represents the hardness of the
matrix, b is a constant, and xO represents the O infiltration concentration at the specified
position. As the O concentration gradually decreases from the surface along the depth
direction, the hardness gradually decreases accordingly. In addition, an “influence zone”
with an increased α2 volume fraction is formed below the oxide layer in the TiAl alloy, the
hardness of which is higher than that of the matrix, and the hardness gradually decreases
from the edge to the matrix [66]. After thermal exposure for 800 h, the hardness values
fluctuated greatly, which may be due to lamella coarsening and grain growth, and the test
indenter easily fell into different phases with large differences in hardness. According to
the nanoindentation hardness of the PST–TiAl alloy [67], the hardness of γ phase nanoin-
dentation is 5.2 ± 0.1 GPa, and that of α2 phase nanoindentation is 7.4 ± 0.5 GPa. It should
be noted that the low hardness values after exposure for 1000 h may be related to the local
spallation of the oxide layer.
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Figure 13. Hardness variation along the depth direction from the edge of the specimens after exposure
at 800 ◦C for different durations.

Tensile tests at room temperature were performed on specimens exposed at 800 ◦C for
100 and 1000 h, respectively. The stress–strain curves together with the result of the P–HIP
Ti–48Al–3Nb–1.5Ta alloy are shown in Figure 14. After thermal exposure at 800 ◦C for 100
and 1000 h, the tensile strengths were 491 MPa and 409 MPa, respectively, and the fracture
strain was 0.23%. The fracture morphology of the tensile specimen exposed at 800 ◦C for



Materials 2024, 17, 794 18 of 22

1000 h is shown in Figure 15, which indicates a typical brittle cleavage section, as expected.
Nanotwins, as shown in Figure 11, are a special type of plane defect that can greatly
hinder the dislocation movement and enhance the strength of alloys, particularly when the
slip plane and Burgers vectors are not aligned with the twin boundaries [68]. Compared
with the P–HIP Ti–48Al–3Nb–1.5Ta alloy, whose tensile strength is 357.09 MPa and whose
fracture strain is 0.32%, the strength increases by more than 50 MPa and the fracture strain
decreases by about 0.1% after the thermal exposure. Although the fracture strain of this
TiAl alloy is marginally less than that reported in conventional TiAl alloys, preliminary
results have shown that the microstructure and properties of the alloy can be optimized
through heat treatments to increase its plasticity and to meet application requirements. The
excellent oxidation resistance of this alloy is the primary topic of this study; subsequent
studies will focus on the modification of the microstructure and characteristics by heat
treatment.
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Figure 14. Tensile stress–strain curve of P–HIP after exposure at 800 ◦C for 100 and 1000 h.
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The increase in strength after thermal exposure may be due to the increased oxygen
content of the alloy [69]. In addition, during thermal exposure at 800 ◦C, α2 → γ phase
transformation occurs, γ grains precipitate in the α2 + γ lamellae, and this parallel de-
composition in the lamella makes the lamella refined to a certain extent. The thin lamella
provides more obstacles to dislocations and twins, and it reduces internal stress by reducing
the length of dislocation accumulation at the interface, thereby increasing resistance to
cross-lamella deformation, resulting in higher tensile strength after thermal exposure at
800 ◦C for 100 h and 1000 h compared with the P–HIP state [9]. The tensile strength after
thermal exposure for 1000 h was lower than that after thermal exposure for 100 h, mainly
because of the influence of grain-size growth, according to the Hall–Patch formula. The
appearance and stepwise growth of the Al-lean layer during thermal exposure will lead
to the formation of a brittle layer on the surface, resulting in a decrease in the tensile
fracture strain at room temperature [70]. In addition, the decrease in tensile fracture strain
at room temperature after thermal exposure may also be related to the residual stress on
the surface [8]. Moreover, it has been shown that the instability of the lamella colony also
causes the ductility of the alloy to deteriorate, and during long-term exposure, the fracture
strain decreases because of the decomposition of α2 lamellae and the merger of adjacent γ
lamellae [9].

4. Conclusions

The Ti–48Al–3Nb–1.5Ta alloy was prepared by powder hot isostatic pressing (P–HIP)
at 1200 ◦C with 150 MPa for 4 h and exposed at 800 ◦C, 850 ◦C and 900 ◦C for 100 h, 300 h,
500 h, 800 h and 1000 h. The surface-scale characterization, microstructure stability and
mechanical performance of the P–HIP Ti–48Al–3Nb–1.5Ta alloy after thermal exposure
were investigated and clarified. The main conclusions are as follows:

1. The surface scale is composed of oxides and nitrides, mainly Al2O3, TiO2, TiN and
Ti2AlN; among these, Al2O3 is preferentially generated and then covered by rapidly
growing TiO2 as the thermal exposure duration increases. The nitrides appear later
than the oxides and exist between the oxide layer and the substrate. With increas-
ing thermal exposure temperature and duration, the surface scale becomes more
continuous, the prismatic TiO2 particles grow larger, and the oxide layer thickens.
The average size of the TiO2 particles increased from 1.74 µm to 4.02 µm while the
maximum size increased from 4.96 µm to 12.70 µm, with the shape changing from
equiaxed particles to elongated particles, as the exposure duration extended from
100 h to 1000 h at the exposure temperature of 900 ◦C;

2. The addition of Ta and Nb can improve the oxidation resistance of TiAl alloys, and the
oxidation resistance of Ti–48Al–3Nb–1.5Ta alloy is superior to that of the Ti–47.5Al–
2.5V–1.0Cr–0.2Zr alloy, because Ta5+ and Nb5+ replace Ti4+ in the rutile lattice and
weaken O diffusion, thus impeding the oxidation process;

3. Compared with the P–HIP Ti–48Al–3Nb–1.5Ta alloy, the grain size does not increase
significantly, and the γ phase increases slightly (less than 3%) with the decomposition
of the α2 phase after thermal exposure. With increasing thermal exposure duration,
the γ phase initiates discontinuous coarsening (DC) due to the reduction in lamellae
near the grain boundaries, which expands the γ-phase region;

4. Compared with the P–HIP Ti–48Al–3Nb–1.5Ta alloy, the hardness increases by about
2 GPa, the tensile strength increases by more than 50 MPa and the fracture strain
decreases by about 0.1% after thermal exposure. With the extension of the thermal
exposure duration, the hardness tends to decrease, because of the equiaxed γ grains
increasing and growing continuously, the α2 phase decreasing and the lamellae
coarsening. As the depth increases from the surface of the P–HIP Ti–48Al–3Nb–1.5Ta
alloy after thermal exposure, the hardness decreases overall.

The P–HIP Ti–48Al–3Nb–1.5Ta alloy, a potential low-density alloy, exhibits attractive
microstructure stability and does not significantly lose mechanical properties after thermal
exposure at 800–900 ◦C for up to 1000 h. This study will provide beneficial guidance for
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high temperature applications involving weight reduction. Future research will focus on
how heat treatments can improve the alloy’s microstructure and plasticity.
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