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Abstract. This investigation focuses on the microstructural refinement of the y-TiAl intermetallic
alloy Ti-45A1-2Nb-2Mn (at.%) + 0.8 (vol.%) TiBz (Ti4522XD) processed by powder metallurgy. The
alloy powders were manufactured using the Electrode Induction-melting Gas Atomization (EIGA)
process and subsequently consolidated through Hot Isostatic Pressing (HIP), resulting in a near-y
microstructure.

The study further explores the effects of three distinct thermal treatments on the microstructure: 1)
heating to 1300°C for 2 hours followed by furnace cooling (HT1), 2) heating to 1300°C for 2 hours,
then water quenching and aging at 850°C for 8 hours before furnace cooling (HT2), and 3) heating to
1300°C for 2 hours, followed by water quenching and aging at 700°C for 8 hours before furnace
cooling (HT3). These processes were tailored to promote the development of duplex (DP) and fully
lamellar (FL) microstructures.

Characterization was performed using X-ray diffraction (XRD) to identify phase distributions and
scanning electron microscopy (SEM) to examine the surface morphology. Transmission electron
microscopy (TEM) was used for a preliminary assessment of actual lamellar spacing. As a result, two
different microstructures were obtained: DP for HT1 and near fully lamellar (NFL) for HT2 and HT3,
but differences in the final actual lamellar spacing were observed for these last two cases. Additionally,
the presence of microcracks of different morphologies was observed by SEM prior to any mechanical
testing.

1 Introduction

Titanium aluminides, particularly gamma titanium aluminides (p-TiAl), represent a significant
advancement in intermetallic materials, combining low density with high-temperature resistance.
These properties make y-TiAl alloys attractive for aerospace and automotive applications, where
reducing weight while maintaining strength is crucial. Furthermore, their resistance to oxidation at
high temperatures positions these alloys as viable alternatives to heavier nickel-based superalloys [1—
4].

Traditionally, the production of y-TiAl alloys has been carried out through conventional ingot
metallurgy as well as investment casting. However, heterogeneous microstructures have been
observed as a consequence of segregation in the case of large pieces using these techniques, due to
slow solidification. This leads to the necessity of subsequent steps to arrive at the final state [5—7].
As a result, powder metallurgy has emerged as a powerful candidate because it enhances
microstructural refinement and offers higher reproducibility and homogeneity, along with a substantial
decrease in the necessary processing steps [2, 8—-10]. For the production of the powders, EIGA is
preferred for these materials due to its ability to produce powders with low oxygen content and
uniform alloy composition, which are essential for achieving the desired properties in the final
product [6]. Following powder production, Hot Isostatic Pressing (HIP) was utilized to consolidate
the powders into solid components. HIP helps in eliminating porosity, thus enhancing the mechanical
properties of the alloys [11].
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Microstructural control is pivotal in determining the mechanical behavior of y-TiAl alloys. These
alloys can exhibit various microstructures, such as fully lamellar, duplex, and near-gamma, each
of which provides distinct mechanical advantages. The fully lamellar structure, for instance, offers
excellent creep resistance, making it suitable for high-temperature applications, while the duplex
structure provides a balance of ductility and strength [2, 12]. However, it has been observed that
factors such as lamellar spacing and lamellar colony size significantly impact mechanical performance

[10,13].

2 Materials and Experimental Procedures

2.1 Material and Processing. For this study, the TiAl alloy Ti-45AI1-2Nb-2Mn (at.%) with 0.8
(vol.%) TiB,, referred to as Ti4522XD, was utilized. This specific formulation was processed from
atomized prealloyed powder via EIGA, followed by sintering under HIP at 1200°C for 4 hours under
200 MPa pressure [6].

Specimens for analysis were shaped into cylinders, 10 mm in diameter and 15 mm in length, to
meet the dimensional requirements for further testing. Encased in glass capsules (Fig.1) under a
vacuum to prevent oxidation, these specimens underwent a series of carefully controlled thermal
treatments. These treatments are divided into four distinct stages: solubilization, first cooling, stabi-
lization, and second cooling, as outlined in Tab. 1.

The initial solubilization stage involves heating to 1300°C, surpassing the 7, temperature, a step found
to be essential for inducing fully lamellar microstructures [14]. However, the necessity to increase
the temperature above 7, is reported to be highly sensitive to the precise alloy composition, such as
slight variations in Al content [15], as well as to the presence of impurities like O, C, H, and N [16].

Table 1. Heat treatments stages and codification

Codification Treatment Stages

HT1 1300°C/2h/FC

Intermediate microstructure | 1300°C/2h/WQ

HT2 1300°C/2h/WQ + 850°C/8h/FC
HT3 1300°C/2h/WQ + 700°C/8h/FC

Fig. 1. Samples inside glass encapsulation with vacuum atmosphere inside

According to Novoselova et al. [17], crucial microstructural parameters, such as lamellar colony size
and lamellar spacing, are significantly influenced by the specifics of the heat treatment—namely
temperature, holding time, and cooling rate. These parameters are so critical that some authors have
reported the potential for coarsening of lamellar spacing within just minutes of hold time at
temperatures exceeding 7, [5, 8, 18, 19]. Furthermore, alternative strategies have been proposed to
counteract this effect. For instance, the addition of boron and an increase in the temperature during
the solubilization stage, to reach the a + f phase field, can inhibit the growth of o grains due to the
presence of § grains [12, 17]. In this specific case, the stabilization temperature was maintained close
to T, (see Fig.2), with the same holding time for all cases, to minimize the variety in microstructure.
Additionally, the goal was to reduce the temperature for this stage to enhance processing economics
and cost-effectiveness.
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Fig. 2. Superposition of the temperatures for the different heat treatments conducted in this study over
the phase diagram of TiAl, focusing on the area of interest of the composition studied herein. Here,
Tso1 stands for the solubilization temperature, and T stands for the stabilization temperature [14].

The subsequent cooling stage varied; HT1 specimens underwent furnace cooling (FC) to develop a
duplex microstructure, contrasting with the rapid water quenching (WQ) applied to HT2 and HT3
treatments designed to foster lamellar structures [5]. For treatments other than HT1, a stabilization
stage at two different temperatures followed [6], extending for 8 hours to evaluate the effects on
lamella thickening [16]. A final furnace cooling concluded the thermal treatment process for all three
cases. Notably, specimens submitted to water quenching required re-encapsulation due to the
breakage of the capsule during the cooling, ensuring the integrity of the inert atmosphere of the
subsequent stabilization stage.

2.2 Microstructural Characterization. The microstructures resulting from the previously de-
scribed thermal treatments were characterized using XRD, SEM, and TEM. XRD experiments were
performed on an Empyrean PANalytical diffractometer equipped with a Cu-Ka source, operating at
45 kV and 40 mA. A 260-range of 15-80° was scanned with a step size of 0.02° and a dwell time of
approximately 150 s. To investigate the relationship between microstructure and the presence and
propagation of cracks, specimens were observed by SEM. SEM analyses were conducted with an
EVA MA 15 machine equipped with a backscattered (BSE) electron detector and operated at 20 kV.
Due to its higher resolution, a field emission gun scanning electron microscope (FEG-SEM) Helios
Nanolab 6001 was also utilized for the analysis of samples, owing to the small size of the observed
microstructural features. Samples for microstructural characterization were prepared using standard
metallographic techniques, with OP-S polishing to achieve a mirror-like surface at the final stage. For
all SEM images reported herein, areas with a darker contrast correspond to the y phase, while areas
with brighter contrast correspond to the a2 phase, and whitish particles are identified as TiB> particles.
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Fig. 3. SEM (BSE) images showing the microstructures of samples in various states.

TEM studies were carried out in bright-field (BF) and high-angle annular dark field (HAADF) modes
with a FEG S/TEM (Talos F200X, FEI) operated at an accelerating voltage of 200 kV. The resulting
TEM images were used to estimate the lamellar spacings of the microstructures. For TEM specimen
preparation, specimens were mechanically ground to a thickness of approximately 100 um, followed
by electropolishing at —30 “C, 40 V, for 10 s using an electrolyte consisting of 60 % methanol, 34 %
butoxyethanol, and 6 % perchloric acid (vol %). The process was carried out in a twin-jet
electropolishing equipment (TenuPol 5, Struers®).

3 Results and Discussion

3.1 Effect of Heat Treatment on Microstructure. The microstructure resulting from powder
metallurgy consolidation (EIGA and HIP) exhibited a NG microstructure, as depicted in Fig. 3a. In
this figure, a predominant amount of y grains are enclosed within a lesser o> matrix. No porosity was
detected; however, cracks were noted within the y grains and at the interfaces between the y and a»
phases. XRD phase analysis corroborated this observation, indicating a predominance of the y phase.
After the execution of the heat treatments, the material underwent distinct microstructural
transformations. Specimens treated with HT1 (Fig. 3b) displayed a significant shift to a DP
microstructure, with both y grains and lamellar colonies evident. XRD confirmed these findings by
revealing an enhanced o phase presence alongside the dominant y phase, indicating a balanced
development of

these components.

For the specimens subjected to HT2 and HT3 treatments (Figs. 3¢ and 3d, respectively), the out-
comes showed distinct variations. Both sets of samples predominantly exhibited a NFL
microstructure, characterized by an increase in lamellar colonies interspersed with some y grains. XRD
analysis revealed a more pronounced shift towards NFL structures in the HT2 samples, with the a
phase being more prominent. In contrast, HT3 samples exhibited a greater presence of the y phase,
accompanied by a slightly reduced actual lamellar spacing, and the lamellar colonies appeared to be
smaller.
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Additionally, an incipient globulization was observed in several areas of some HT2 specimens as can
be observed in Fig. 4c.

An intermediate microstructure (Intermediate microstructure as defined in Tab. 1) was examined,
revealing a substantial increase in lamellar colony size (Fig. 4a), with y grains appearing only
marginally. This confirms that the addition of a stabilization stage promote thickening and coarsening
of the y lamellae, as well as existing y grains, potentially leading to microstructures akin to those
observed in HT2 and HT3 samples. In this stage, no evidence of the globulization process was detected,
highlighting its absence during the early phases of cooling.

(c) HT2 higher magnification
Fig. 4. SEM (BSE) images showing the intermediate microstructure and HT2 specimens, which
present globulization.

Lastly, the presence of TiB: particles was noted in all cases. However, in HT1 and the as-received
material, these particles were observed to be smaller and more evenly distributed, while samples from
HT2 and HT3 treatments exhibited larger, more acicular TiB: particles, though in fewer numbers.

Specimens from HT2, where globulization was observed, showed an actual increase in the number and
length of TiB: particles, giving them a more acicular appearance. Due to the limited quantity of TiB2
particles, they were not detectable by XRD, and thus no peaks were assignable in the XRD spectra

(Fig. 5).

3.1.1 Presence of Microcracks. Microcracks were detected in all DP and NFL microstructures,
irrespective of the treatment applied, as well as in the initial NG microstructure. These cracks were
primarily found in areas with darker contrast, which, according to Energy Dispersive Spectroscopy
(EDS) analysis, correlates with the y phase. The consistent emergence of microcracks, particularly
in regions associated with the y phase, highlights the potential mechanical implications of phase
distribution within the alloy as well as the residual stresses resulting from the thermal treatments and
the reduced ductility attributed to the y grains [2, 10, 20]. Moreover, these microcracks were also
observed within lamellar colonies, affecting those identified with the contrast corresponding to the y
phase.
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Fig.5. XRD spectra for the various microstructures. Peaks are identified for the y and a» phases.

Both interlamellar and intralamellar microcrack morphologies, as observed in Fig. 6, were found
across the colonies, regardless of whether DP or NFL microstructures were examined. However, no
such observations were made for specimens exhibiting signs of globulization. Slight differences were
noted between HT2 and HT3; notably, HT3 samples exhibited fewer detectable microcracks within

(e) HT3 (NFL)

the lamellar colonies, likely due to the reduced actual lamellar spacing.
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(a) HT1 ) | (b) HT1 detail in lamellar colony
Fig. 6. SEM (BSE) images showing microcracks observed in the different herein reported
microstructures.

3.1.2  Actual Lamellar Spacing Assessment. However, significant challenges are encountered
when analysis is attempted via SEM in accurately assessing the real lamellar spacing, as illustrated in
Fig. 7, where inner lamellae of similar contrast were found within an area previously categorized as
a single lamella. These observations highlight the small size of these features being in the nanometer
range.

; A ..\,\\: S S ] j;/ “ 0 um!’ . .
Fig. 7. SEM (BSE) images showing an example of inner lamellar structures within lamellae of the
same contrast. High magnification of the area on the right.

Fig. 8. TEM BF images from a specimen showing the wide variation in lamellar spacing and
orientation, variation even present when these parameters are considered only for one phase.

TEM-BF images also showed that actual lamellar spacing can cover a wide size range, as can be
observed in Fig. 8. Different contrasts are given by atomic arrangement, i.e., phase as well as phase
orientation.
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4 Conclusions

The results presented herein highlight the microstructural outcomes of a y-TiAl material processed
via Powder Metallurgy (PM). The material demonstrated an absence of porosity and exhibited a near
gamma (NG) microstructure. Through the application of three distinct thermal treatments—HT],
HT2, and HT3—it was achieved the formation of DP microstructures in HT1 and NFL structures in
HT2 and HT3.

Various microstructural parameters, such as the presence of y grains, lamellar colonies, colony size,
and actual lamellar spacing, were found to be strongly dependent on the cooling rate and stabilization
temperature. Notably, some specimens from HT2 underwent globulization. Microcracks were
consistently observed across all initial microstructures, with a more prevalent detection in NFL cases,
where there was almost a complete presence of y grains and y contrast lamellae.

The assessment of lamellar spacing revealed a wide range of actual spacings, dependent on the
measurement technique employed. This necessitated the use of high magnifications through SEM and
TEM, which produced varying contrasts based on the crystallographic orientation and phase involved.
Future investigations will aim to further elucidate the influence of these parameters on the
microstructure and mechanical properties of p-TiAl alloys, particularly focusing on optimizing
processing conditions to minimize defects and enhance material performance.
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