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Chapter 1

Introduction

Intermetallic γTiAl based alloys see their use in high temperature applications where
materials low in density are required. In search of balanced mechanical properties at room
temperature as well as at service temperature, research efforts are directed toward alloying
elements which increase the strength of the γ phase over a broad temperature range [1].

One of these elements is thought to be Zr [2], [3]. This work investigates its effect on
mechanical and thermodynamic properties of the Ti–Al system between Al contents of
42.5 at.% and 49.5 at.%. Appel et al. [4] occasionally gave this range, typical for engineering
alloys based on the γ phase, as a starting point for the development of ternary alloys. The
contents of Zr in this work’s alloys range from 0 at.% to 8 at.%. Higher concentrations
of Zr go beyond its solubility in the γ phase, reported by Yang et al. [5] to be 9 at.% at
1000 °C and 11 at.% by Kainuma et al. [6] at both 1200 °C and 1300 °C.

With respect to the thermodynamic influences of Zr on the Ti–Al system, the aim of
this work was the determination of phase transition temperatures above 1000 °C in the
aforementioned compositional ranges. To this end, polarized light microscopy and X-ray
diffraction (XRD) were used to get an insight into the microstructure of heat-treated and
water quenched samples at selected temperatures. Differential scanning calorimetry (DSC)
and synchrotron high-energy X-ray diffraction were employed to gain in-situ information
on phase transitions while samples were heated up to solidus temperature. To characterize
the mechanical properties of the γ phase subject to added Zr, nanoindentation was done
on a Ti–46.5Al–4Zr alloy. Electron backscatter diffraction (EBSD) was used to correlate
the orientation of the indented γ grains to their mechanical properties.

Among the results of this work are partial isopleths for the alloys containing 2 at.%
and 4 at.% Zr as well as the directional hardness and Young’s modulus for Ti–46.5Al–4Zr.
To put these results into perspective, a review of current literature relevant to this work is
presented in Chapter 2 and compared to this work’s findings in Chapter 5.
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Chapter 2

Fundamentals

2.1 Binary Ti–Al Phase Diagram

Several publications investigated the binary Ti–Al system about a decade ago [7], [8]. The
one by Schuster and Palm [9] remains authoritative, it thoroughly relies on experimental
findings. Shown in Figure 2.1(a) is a section of the binary phase diagram taken from their
work. Ranging from 25 at.% to 60 at.% Al, it displays an area of particular interest for
the development and application of engineering alloys based on α2 Ti3Al and γTiAl [4].
The nominal Al contents of the ternary alloys investigated in this work (between 42.5 at.%
and 49.5 at.%) are marked by vertical bars. For a detailed overview of the sample material
used in this work, see Table 3.1. For the full Ti–Al phase diagram, refer to [9].

According to Appel et al. [4], engineering Ti–Al alloys based on the γ phase generally
contain between 44 at.% and 48 at.% Al. At room temperature as well as at the intended
service temperature of about 700 °C, these alloys always contain both the ordered γ and
α2 phases. They can solidify either peritectically or via the β single-phase field. The solid
transformations in equilibrium are β→ α+ β→ α, where two single-phase fields are involved,
and α → α+ γ → α2 + γ. At differing cooling rates, other solid phase transformations like
the massive α → γm reaction or the precipitation of γ lamellae from α can be observed
as well. This number of solid transformations allows for sophisticated heat treatment
and microstructure development of binary Ti–Al alloys. Table 2.1 gives an overview of
crystallographic data and temperature stability regions for the most important phases of
this work.

The type of microstructure achieved by heat treating γTiAl based alloys depends
mainly on the volume phase fractions at annealing temperature. Kim [10] described four
main classes of microstructures in an alloy consisting of α2 Ti3Al and γTiAl: near-γ, duplex,
nearly lamellar and fully lamellar. Near-γ microstructure consists mainly of globular and
fine γ grains. It is found in samples annealed at temperatures where γTiAl is the majority

2
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Figure 2.1: (a) High-temperature section of the binary Ti–Al phase diagram from 25 at.%
to 60 at.% Al as suggested by [9], modified. The position of the β transus line could not be
determined with certainty, indicated by a dashed line. Vertical lines mark the nominal
Al contents (the pseudo-binary compositions) of the alloys investigated in this work, see
Table 3.1. T1 to T4 are exemplary heat treatment temperatures to achieve respectively
near-γ, duplex, nearly lamellar and fully lamellar microstructure in Ti–46.5Al, following a
description by [10]. (b) Tetragonal L10 structure of γTiAl according to [11], modified.

Table 2.1: Important phases for this work together with crystallographic data and
temperature stability ranges according to [12]. The first letters of the Pearson symbols
denote the crystal systems cubic, hexagonal and tetragonal. The capital letters P, F and I
indicate the primitive, face-centered and body-centered lattice types. Zr5Al3 was included
because it is part of the isothermal sections of the Ti–Al–Zr system in Section 2.2.1.

Phase Strukturbericht Pearson Symbol Space Group Stability Range/°C

Al A1 cF4 Fm3̄m up to 665.6
αTi A3 hP2 P63/mmc up to 842
βTi A2 cI2 Im3̄m 842 to 1668
βo Ti B2 cP2 Pm3̄m —
γTiAl L10 tP4 P4/mmm up to 1456
α2 Ti3Al D019 hP8 P63/mmc up to 1193
αZr A3 hP2 P63/mmc up to 866
βZr A2 cI2 Im3̄m 866 to 1855

Zr5Al3 D8m tI32 I4/mcm 1014 to 1381
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phase, close to the eutectoid temperature, see for example T1 in Figure 2.1(a). In duplex
microstructure, the growth of α grains is inhibited by presence of the γ phase, resulting
in a very fine microstructure. This is achieved by heat treating at temperatures where
the volume fractions of αTi and γTiAl are about the same (T2 in Figure 2.1(a)). At
higher temperatures, α becomes the majority phase during heat treatment, leading to
larger α than γ grains. Depending on the volume fraction of the α grains, a nearly lamellar
or a fully lamellar microstructure can be realized. The fully lamellar variant occurs in
samples annealed above the α transus temperature, where rapid growth of α grains takes
place (T4 in Figure 2.1(a)). During cooling, thin γ lamellae precipitate and form lamellar
structures. The following ordering of the α phase α+ γ → α2 + γ yields a fully lamellar
microstructure, consisting only of α2/γ colonies. The γ lamellae follow the Blackburn
orientation relationship

(0001)α2 ∥ {111}γ and ⟨112̄0⟩α2 ∥ ⟨11̄0]γ, (2.1)

where mixed angle and square brackets ⟨uvw] denote a fixed last index, while allowing all
possible permutations of the first two indices. The hexagonal phases α and α2 share one
basal plane, thus the orientation relationship leads to α2 and γ lamellae that are parallel
over all of a former α grain [4].

Annealing close to but not above the α transus temperature (see T3 in Figure 2.1(a)),
not the whole microstructure is transformed to αTi and a small fraction of γ grains remains
in the sample. During near-equilibrium cooling, γ lamellae precipitate from the α grains
just as before, leading to a nearly lamellar microstructure [10]. Figure 2.2 shows these four
principal types of microstructures [13].

Since deformation in engineering Ti–Al alloys is for the most part restricted to the
γ phase [4], it deserves special interest. Figure 2.1(b) shows its L10 crystal structure
according to [11], Ti and Al atoms are alternately stacked on the (001) and (002) planes.
Lattice parameters vary with temperature and especially Al content [9]. The c/a ratio
at 50 at.% Al is slightly larger than one, yielding a tetragonal unit cell. In Section 2.2.2,
the implications of this tetragonality on the mechanical properties of γTiAl are discussed
with respect to the addition of Zr.

Similar to αTi with its ordered variant α2 Ti3Al, the β phase can also undergo ordering
to βo. When constructing their binary Ti–Al phase diagram, Schuster and Palm [9] did
not incorporate this B2-type ordering of βTi. Instead, they designated β transus between
1200 °C and 1250 °C with a dashed line, stating the necessity of investigating ternary alloys
to be able to determine its position with certainty. Palm, one of the authors of [9], was
involved in a recent work on the ternary system Ti–Al–Zr [14] where the current knowledge
on B2-type ordering of the β phase was reassessed. The authors came to the conclusion
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20 µm

(a) Near-γ (b) Duplex (c) Nearly lamellar (d) Fully lamellar

Figure 2.2: (a)–(d) Four principal types of microstructures in γTiAl based alloys according
to [13], modified. They can be realized by heat treatment at the temperatures T1 to T4 in
Figure 2.1(a). γTiAl is shown as a dark phase, while α2 Ti3Al is shown in white. This is
also the way they appear in back scatter electron (BSE) mode during scanning electron
microscopy (SEM).

that the ordered βo phase only appears in binary Ti–Al when taking into account vacancies
and antisite defects, which is why it cannot be observed in models of defect-free Ti–Al. In
experiment, B2-type ordering stabilizes βTi up to higher Al contents, as described in [9].
This means that the dashed line in Figure 2.1(a) is actually located further to the right.
To stabilize β phase down to room temperature, the alloying of ternary elements is needed.

2.2 Influence of Zr on the Ti–Al System

2.2.1 Thermodynamics

Like Ti, Zr is in group 4 of the periodic table, so the two elements are chemically similar.
At 1855 °C, Zr has a higher melting point than Ti with 1668 °C. At high temperatures, they
are totally miscible and form the solid solutions α and β, spanning the whole composition
range. The binary Ti–Zr phase diagram by Turchanin et al. [15] demonstrates this, see
Figure 2.3(a). A minimum in the system’s solidus and liquidus temperature is located
at 35 at.% Zr and 1537 °C. The density of Zr, 6.5 g cm−3, is higher than that of Ti,
4.5 g cm−3 [1]. Thus, alloying Zr to Ti–Al while keeping the Al content constant will make
the alloy heavier.

The full phase diagram for the Zr–Al system was recently evaluated by Fischer and
Colinet [16], it is shown in Figure 2.3(b). Beside the solid solutions Al, αZr and βZr, ten
compounds with narrow homogeneity ranges are present. Zr5Al3 is the only one of them
present in the partial isothermal sections of the Ti–Al–Zr system in Figure 2.4. Yang et

5
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Figure 2.3: (a) Complete solid and liquid solubility in the binary Ti–Zr system as given
by [15], modified. At 1855 °C, Zr has the highest melting point of the three elements Al,
Ti and Zr. (b) Phase diagram for the system Zr–Al according to Fischer and Colinet [16],
modified and corrected. In their proposed phase diagram, Zr3Al2 was accidentally labeled
Zr5Al3. In the Zr–Al system, αZr, βZr and Al form solid solutions by accommodating
foreign atoms. The other ten phases are assumed to be stoichiometric line compounds.

al. [5] found hexagonal Zr5Al3 to be stable at 1000 °C, as can be seen in the bottom right
corner of Figure 2.4(a). This is in contrast to [16], who only reported tetragonal Zr5Al3
stable from 1014 °C upwards, as given in Table 2.1.

Wang et al. [17] recently developed a thermodynamic description of the Ti–Al–Zr
system. Resulting from the calculation of phase diagrams (calphad) in their work, three
isothermal sections of the low-Zr part of the ternary system are shown in Figure 2.4(a)–(c).
They are for the most part supported by experimental data by [6]. Both at 1200 °C
and at 1300 °C, the three-phase field αTi + βTi + γTiAl remains at lower Zr contents in
calculation than determined in experiment. Adjusting the parameters of the calculations to
increase the stability of the α phase at these temperatures up to higher Al or Zr contents
was deemed not possible by the authors. At 1200 °C and 1300 °C, the calculated α+ β
phase field for the binary Ti–Al side of the ternary system is narrower than in Schuster
and Palm’s binary Ti–Al phase diagram [9], compare Figure 2.4(c) and Figure 2.1(a). In
the Ti–Al system, for 1200 °C and just above, the uncertainty in relation to the β transus
line due to B2-type ordering β → βo is discussed in [9].

As opposed to the other ternary alloying elements investigated by [6], Zr appears to at
all temperatures partition to the γ phase the most. Only then it partitions to βTi and
least to αTi. This trend has been reproduced in the calculations by [17], as can be seen in
Figure 2.4(b) and Figure 2.4(c). Therein, the γTiAl corner of the α+ β+ γ three-phase

6
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Figure 2.4: (a)–(c) Partial isothermal sections of the ternary Ti–Al–Zr system at different
temperatures according to [17], modified. Shown are the phase boundaries as calculated
via calphad, three-phase fields with dashed lines. Solid markers and dotted tie lines
show phase equilibria as experimentally determined by [6]. The cutout in (a) shows the
compositional area of interest for this work. Comparing calculation and experiment, note
the shifted α single- and α+ β+ γ three-phase fields. (d) Section of the Ti–Al–Zr system’s
liquidus projection as proposed by [12], modified. U is a ternary peritectic invariant reaction,
p1 and p2 mark the liquid compositions in the binary peritectic invariant reactions as
given in [8], at 1491 °C and 1456 °C respectively. Arrows point in the direction of falling
temperature, the markers indicate investigated alloys and their detected primary phase.
Dashed lines signify data extrapolated from the invariant reactions of the binary systems.
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triangle is located at the highest Zr contents, the αTi corner at the lowest Zr contents.
This feature is not present in the calculations by Deng et al. [3], which fit the experimental
data by [6] slightly worse. At 1000 °C, Hashimoto et al. [18] also found that Zr prefers to
partition to γTiAl as opposed to α2 Ti3Al. The partitioning behavior of Zr has an influence
on phase transition temperatures. Its preferred partitioning to βTi as opposed to αTi, for
example, has been shown to lower the β transus temperature [14].

The research of Abreu et al. [12] yielded a liquidus projection of the full Ti–Al–Zr system.
Several alloys were analyzed in terms of their microstructure in the as-cast condition.
Figure 2.4(d) shows a section of the liquidus projection from 30 at.% to 60 at.% Al and
from 0 at.% to 30 at.% Zr. For the ternary invariant reaction U, the equation is Liq + αTi
↔ βTi + γTiAl, hence it is of peritectic type. Based on microstructural evaluation and
on extrapolated calphad data, U was estimated to take place at a liquid composition
of Ti–52.0Al–5.0Zr. p1 and p2 mark the liquid compositions of the peritectic invariant
reactions as given by Witusiewicz et al. [8], at 49.4 at.% Al, 1491 °C and 54.7 at.% Al,
1456 °C respectively. It has to be mentioned that according to Schuster and Palm [9],
whose binary Ti–Al system is accepted throughout the rest of this work, p2 is located at
59.0 at.% rather than 54.7 at.% Al. However, this difference is not relevant with respect to
the solidification paths of the alloys used in this work, since their Al contents only range
up to 49.5 at.%. According to the liquidus projection of Figure 2.4(d), all of the sample
material investigated in this work solidifies via the β phase. It has to be mentioned though
that Zollinger et al. [19] reported a shift from β to α as the primary solidification phase in
some Ti–Al alloys with high O content of about 1 at.%.

Lü et al. [20] and Yang et al. [5] explicitly state not being able to detect ternary
compounds anywhere in the Ti–Al–Zr system, at 800 °C and 1000 °C respectively. In their
study on the system’s liquidus projection, Abreu et al. [12] found no ternary compounds
as well. This is in contrast to earlier research by Sornadurai et al. [21], who reported the
ternary intermetallic phase Zr2TiAl in samples annealed at 1000 °C and 1050 °C. Another
intermetallic compound with the composition Ti2ZrAl could be detected in a sample
annealed at 1000 °C as well [22]. Because of the wide stability range of the β phase at
elevated temperatures, the Ti2ZrAl and Zr2TiAl phases could be ordered structures within
βTi rather than separate intermetallic phases [14]. The compositions of both these proposed
phases are far from the compositional ranges looked at in the present work, compare
Chapter 1. It is therefore not expected to find them in any of the alloys investigated.

2.2.2 Mechanical Properties

Solid solution strengthening of γTiAl via the addition of Zr is attributed to an asymmetric
distortion of the lattice with respect to the a and c axes [4]. According to Kawabata et
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al. [2], when keeping the Al content of Ti–50Al constant, 2 at.% to 6 at.% of added Zr
decrease both the a and c lattice parameters and increase the c/a ratio. They annealed
samples for four-point bend tests for 167 h at 1000 °C and found that alloying with Zr
increases bend yield stress over the whole investigated temperature range, from room
temperature to 800 °C. Their results also suggest a decrease in bend fracture strain with
the addition of Zr. They attributed both these effects, the increased yield strength as well
as the reduced ductility, to the increased c/a ratio and the resulting higher anisotropy of
the crystal lattice, which inhibits dislocation mobility. Ambiguous statements were made
by the authors about potential grain refining effects of Zr, though they suggest its use as
a microalloying element might be beneficial in this respect.

Exactly the opposite of what [2] observed, Tanda et al. [23] found an increase in both
c and a lattice parameters and an overall decrease in c/a ratio when investigating Ti–50Al
with Zr content rising from 0 at.% to 15 at.%. Samples for the investigation of mechanical
properties were annealed for 10 h at 1000 °C and air cooled to achieve polycrystalline γ
microstructure. When performing Vickers hardness tests, higher hardness values for higher
Zr contents were found. The authors attributed this to solid solution hardening. Compared
to all other investigated alloys, Ti–50Al–5Zr showed significantly higher plastic strain
from room temperature up to 1000 °C during compression testing. It did not undergo
brittle fracture at any of the investigated temperatures, as can be seen in Figure 2.5(a).
Compressive stress and strain curves for this alloy are shown in Figure 2.5(b). A maximum
in yield stress is reached at 700 °C while the maximum fracture strain was found at 200 °C.

A decrease in c/a ratio with the addition of 5 at.% Zr to Ti–44Al is also what Bresler [1]
observed. In his work, it was proposed that Zr acts as an effective solid solution hardener
in γTiAl. However, strain rate jump tests at room temperature showed no improvement
of mechanical properties with respect to its addition. The ternary single phase γ alloy
displayed increased deformation resistance only at higher temperatures of 750 °C and
900 °C. Additionally, the author found significantly reduced lamellar spacing within α2/γ
colonies when comparing Ti–44Al–5Zr to binary Ti–44Al, both subject to comparable
heat treatments. At 900 °C, the creep resistance of the ternary fully lamellar alloy was
significantly superior compared to the binary one, as was the deformation resistance
obtained from strain rate jump tests.

Appel et al. [4] put forward that the site occupancies of the elements in the lattice
influence solid solution hardening. In γTiAl, Zr primarily occupies Ti sites [24], [25], see
also Figure 2.1(b). Doi et al. [11] investigated alloys containing 2.7 at.% and 6.5 at.% Zr,
where in both cases less than 0.5 at.% Zr were located at Al sites. They found that Zr does
not substitute Ti atoms in TiAl antisite defects, instead it displaces Ti from its proper
sites to Al ones, thus creating TiAl defects. As a consequence, high Zr contents have a
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Figure 2.5: Both according to [23], modified: (a) Fracture stress (open markers) and
0.2 % yield stress (solid markers) for polycrystalline γTiAl single phase alloys, compression
loaded at a strain rate of 1.7 × 10−4 s−1. Ti–50Al–5Zr was the only alloy to exhibit non-
brittle yield behavior at all investigated temperatures. (b) Compressive stress and strain
curves for Ti–50Al–5Zr. Note the maximum fracture strain at 200 °C and maximum yield
stress at 700 °C. The curve for 20 °C is indicated with a dashed line to increase readability.

negative influence on the degree of order in the γ phase [11]. Contrary to AlTi antisite
defects, meaning Al atoms located at Ti sites, the lattice distortion provided by TiAl

antisite defects does not contribute much to solution hardening in γTiAl [4].
Schulz [26] performed room temperature nanoindentation on the γ phase of Ti–Al–Zr

alloys. Samples were annealed for 23 h at 1300 °C and furnace cooled to achieve large γ
grains. Upon electrochemical polishing, several indents per grain were taken and up to
10 grains were tested per alloy. The average values for hardness and modulus of γTiAl
with single-crystalline behavior are presented in Table 2.2. The hardness of the γ phase
appears to increase with Zr content. From a statistical point of view, the apparent increase
in modulus might be insignificant when taking into account the standard deviation of the
data. Due to the c/a ratio close to 1 of γTiAl, EBSD imaging was inconclusive and a
relationship between mechanical properties and crystal orientation could not be established.
Zambaldi [27] nonetheless showed that the tetragonality of the γ phase can be resolved
in EBSD, enabling orientation mapping. Interestingly, alloying 2.1 at.% of Zr decreases
Al content in the γ phase, as can be seen in Table 2.2. This can be explained by the
displacement of Ti to Al sites and the creation of TiAl antisite defects described above. In
turn, the Al atoms are relocated from γTiAl to the α/α2 phase. At 8.0 at.%, Zr appears to
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Table 2.2: Composition, nanoindentation hardness and modulus of γTiAl crystallites at
room temperature, taken from [26]. Both hardness and modulus seem to increase with
alloyed Zr. At least for modulus data, statistical significance might not be given due to
overlapping standard deviations.

at.% in γ in GPa

Alloy Ti Al Zr Hardness Modulus

Ti–46.5Al 50.5 49.5 — 3.49 ± 0.25 161.3 ± 9.5
Ti–46.4Al–2.1Zr 49.9 47.6 2.5 4.22 ± 0.46 170.4 ± 8.1
Ti–46.7Al–8.0Zr 44.4 46.9 8.7 5.03 ± 0.54 177.3 ± 12.2

also move Ti atoms from the γ phase to the α/α2 phase.
In conclusion, the influence of Zr addition on lattice parameters and tetragonality of

the γ phase is uncertain. Its positive effect on yield stress over the whole temperature
range seems to be agreed upon by most authors though.

2.2.3 Oxidation Behavior

Severe oxidation in γTiAl based alloys starts at 750 °C to 850 °C [28], which is not far
from service temperature [4]. Therefore, when looking at new alloys for high-temperature
applications, their oxidation behavior has to be considered. Rahmel et al. [29] summarized
the fundamentals of γTiAl alloy oxidation that follow. Figure 2.6(a) shows the three
main stages of oxidation. Their corresponding oxide scale structures on the surface of
the alloy can be seen in Figure 2.6(b). Because of γTiAl’s Al content close to 50 at.%,
a protective scale of Al2O3 can grow on the surface of the sample. This happens during
the initial stage A, where a dense layer of Al2O3 is formed. This layer acts as an effective
protection from further oxidation. Since Al diffusion is slow in the substrate, the zone
beneath the oxide scale gets depleted of Al. But the similar O equilibrium pressures of
the Al oxide/Al and the Ti oxide/Ti systems [30] equally facilitate the formation of a
TiO2 scale. As other Ti oxides, TiO2 is fast growing and poorly protective, the opposite of
Al2O3. With progressing time or temperature a first breakdown occurs, initially because Al
diffusion from the base alloy is outmatched by O diffusion through the oxide. The sample
transitions to stage B, where TiO2 forms beneath and above the Al2O3 layer, diminishing
the scale’s protective capabilities. The further inward and outward growth of TiO2 leads
to a second breakdown and the beginning of stage C. The remaining Al2O3 gets dissolved,
yielding a disperse scale of mixed TiO2 and Al2O3. Which of the two oxides dominates,
and accordingly, which of the above stages prevails, is determined by the activities of the
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Figure 2.6: Both according to [29], modified: (a) Stages of oxidation in γTiAl based
alloys, schematically. With progressing time several breakdowns occur, increasing sample
mass through oxidation. (b) Oxide scales during the different stages, with the base alloy
on the left and atmosphere on the right.

metals and their oxides. It can thus be changed by alloying.
Not a lot of research has been conducted on the influence of Zr addition on the oxidation

behavior of Ti–Al alloys. When compared to binary Ti–50.3Al, Taniguchi et al. [31] found
improved oxidation performance in a Ti–49.3Al alloy containing 0.09 at.% Zr. This was true
for short-term exposure (< 100 h) to pure O2 at 927 °C and 1027 °C as well as for thermal
cycle conditions. Though Zr was enriched neither in the scale nor in the base material, the
authors attributed the improvement to a stabilizing effect of Zr on the protective Al2O3

scale, not allowing the sample to progress beyond stage A of Figure 2.6(a). They proposed
that Zr could slow down the diffusion of O through the Al2O3 scale via modification of
grain boundary structure or grain size. At 1077 °C and 1127 °C, this stabilizing effect was
not present any more and the samples went through all three stages of oxidation. Neither
Zr oxide nor ternary compounds of Ti–Zr–O or Al–Zr–O could be detected in any of
the samples via X-ray diffraction. Woo and Lee [32] found the oxide scale structures of
stage B described by [29] when investigating a Ti–47Al–1.7W–3.7Zr alloy. Their oxidation
experiments were done in air for less than 100 h between 900 °C and 1050 °C. During
X-ray diffraction however, they detected monoclinic and tetragonal ZrO2. For such high
Zr contents, this was anticipated by Taniguchi et al. [31] and expected to speed up the
transport of O through the oxide scale. Shida and Anada [33] found 0.81 at.% of added
Zr to behave neutrally with respect to the oxidation properties of a Ti–48.7Al alloy at
900 °C. 100 h oxidation tests were performed in air and compared to binary Ti–48.8Al.
The mass increase of the alloyed sample did not differ significantly from the binary one. In
conclusion, from present literature a clear trend of the influence of Zr on the oxidation
properties of γTiAl based alloys could not be determined.
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Chapter 3

Experimental

3.1 Sample Material

Sample material was acquired from gfe metalle und materialien gmbh in
Nuremberg, Germany. After vacuum arc remelting and induction skull melting, cylindrical
ingots 230 mm in length and 60 mm in diameter were centrifugally cast. They received a
hot isostatic pressing (HIP) treatment for 4 h at 200 MPa and 1200 °C. Sample material
for the alloys with a nominal Al content of 46.5 at.% was provided in this form. Chemical
analysis was performed by gfe metalle und materialien gmbh as well, using
X-ray fluorescence (XRF) spectroscopy, inductively coupled plasma optical emission
spectroscopy (ICP-OES) and carrier gas hot extraction (CGHE). The detailed chemical
compositions of the ingots can be seen in Table 3.1, for a description of the manufacturing
procedures employed refer to [34]. Part of the ingot material was taken and alloyed with
either Al or Ti to get an increase or a decrease in Al content. The relative decrease
of Zr content caused by this procedure was below 0.5 at.%, its effects are discussed in
Section 5.3. The resulting Al variants of the Ti–Al–Zr alloys were remelted four times
and provided as buttons approximately 60 mm in diameter and 15 mm in height. The
button samples underwent HIP treatment at 110 MPa and 1150 °C for 4 h. For synchrotron

Table 3.1: Compositions of the ingot alloy material manufactured via centrifugal casting
and further used to prepare the Al variants used in this work. The alloying contents
according to chemical analysis are given in at.%, balance is the amount of Ti.

Alloy Al Zr Cu Fe Si C H N O Cr

Ti–46.5Al–2Zr 46.4 2.1 0.002 0.02 0.01 — 0.04 0.03 0.1 0.006
Ti–46.5Al–4Zr 46.1 4.4 0.007 0.02 0.01 0.02 0.08 0.01 0.1 —
Ti–46.5Al–8Zr 46.7 8.0 0.02 0.03 0.01 — 0.04 0.02 0.09 0.009
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measurements (see Section 3.6), cylindrical samples of 20 mm diameter and 10 mm height
were manufactured via spark plasma sintering (SPS). The samples were sintered for 3 min
at 50 MPa and the temperatures 1350 °C (Ti–46.5Al–2.1Zr), 1360 °C (Ti–46.3Al–4.4Zr)
and 1300 °C (Ti–46.8Al–8.0Zr).

3.2 Differential Scanning Calorimetry

Cubes of approximately 2 mm in size were cut from the center of the ingots/buttons
and the cube edges chamfered. Measurements were carried out on a setaram labsys
evo differential scanning calorimeter using open (lidless) thepro 100 µl Al2O3 crucibles.
Prior to use, the crucibles were held at 1500 °C for 4 h in an htm reetz vacuum oven
to remove any residue or grime. During DSC, the samples were heated to 1550 °C and
held there for 10 min, before being cooled at a rate of 20 K min−1. Ar gas was used for
flushing the vacuum chamber. For each alloy, heating rates of 10 K min−1, 20 K min−1 and
40 K min−1 were used, gained data was exported to text files using setaram calisto
software. The evaluated transition temperatures were extrapolated to a heating rate of
0 K min−1, see inset in Figure 3.1. The calculated value was used as equilibrium transition
temperature. As shown in Figure 3.1, transition temperatures were evaluated using either
peaks or inflection points. Solidus temperature, meaning the highest temperature at which
all of an alloy is still solid, was taken to be at the point where the DSC curves deviated
from linear leading into a sudden drop. Liquidus temperature, the lowest temperature
where pure liquid phase is present at a given chemical composition, was assumed to be at
the deepest valley of the DSC curves before the final rise.

3.3 Sample preparation

The ingots and buttons of the alloys were cut to smaller-sized specimens using a struers
b0d13 diamond cut-off wheel. The atm brillant 221 cut-off machine was run at
3600 min−1 with a feed rate of 0.8 mm min−1. To reduce scratching by oxide particles from
sample surfaces, oxide layers on the sample sides were ground away before preparation.
To facilitate unmounting of the finished samples from the mold resin, they were dabbed
with struers antistick. For subsequent wet grinding and polishing, samples were
embedded in struers polyfast on a struers cito-press 20. They were then
mounted on 6-fold sample holders for preparation on a struers tegramin grinding
machine. First, a leveling step was done on 180 grit SiC paper, followed by a 20 s grind
on 1200 grit and three 20 s grinds on 2000 grit SiC paper. Polishing was done for 5 min
on a struers md-chem cloth using a 6:1 mixture by volume of struers op-s and
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Figure 3.1: DSC heating curves for Ti–44.5Al–2Zr. Eutectoid temperature was deter-
mined through peaks, α transus temperature via inflection points. The inset shows the
extrapolation used to get an estimate of equilibrium peak temperature. Melting of the
sample occurred above 1450 °C.

H2O2. To remove op-s silica residue from the polished samples, their surface was rubbed
with undiluted liquid hand soap using a gloved finger. The final step consisted in a 10 min
run in a bandelin sonorex rk100 ultrasonic cleaner with ethanol as a solvent. The
above preparation method for metallography was elaborated by Fleißner-Rieger et al. [35].

3.4 Heat Treatments and Analysis of Microstructure

10 mm cubes were heat treated in oxidizing atmosphere using a carbolite gero rhf
1600 high temperature furnace. Heat treatment temperatures were chosen taking into
account the results of DSC analysis for an approximate position of phase transition lines.
Holding times for the samples were the following: 60 min at 1320 °C and 1390 °C, 30 min
at 1430 °C and 15 min at 1470 °C. At high temperatures, holding time was limited by
quick oxidation of the samples high in Zr (see Section 4.5). The samples were then water
quenched to freeze their microstructure at elevated temperature. Next, they were cut in
half and prepared according to the procedure described in Section 3.3. Microstructure
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characterization was done using polarized light microscopy with linearly polarized light
on a zeiss axio imager 2, the analyzer opened to 90.65°. ec epiplan-neofluar
objectives and an axiocam erc 5s camera by zeiss were used. Additionally, some
samples were analyzed in BSE contrast on a tescan clara SEM with an acceleration
voltage of 20 kV. Energy-dispersive X-ray spectroscopy (EDX) was carried out on using the
same SEM and an x-max detector by oxford instruments. Their aztec software
was used to determine the composition of unknown phases.

3.5 X-ray Diffraction

Polished samples (see Section 3.3) were released from their molds and investigated in a
bruker axs d8 advance diffractometer using a locked coupled, continuous scan and
a sol-x detector. The rotating samples were irradiated with a Cu Kα beam with a source
voltage of 40 kV and a source current of 40 mA. Scanned were 2θ angles of 11° to 82° with
a step size of 0.02° and a step interval of 2.4 s. Gained diffraction data was processed in
topas, a structure analysis software by bruker. The diffraction pattern was Rietveld
fitted between 30° and 70° assuming the presence of α2, βo and γ phase in the sample.
To account for any preferred orientation of crystallites and thus achieve a better fit, a
spherical harmonics approach was used. Low-order harmonics were tried first, gradually
moving to higher-order harmonics until a satisfactory fit was achieved. The determined
phase fractions were used together with data from polarized light microscopy, synchrotron
X-ray diffraction and DSC to construct the experimental phase diagrams of Section 4.4.

As was described by Doi et al. [11], samples containing γTiAl and α2 Ti3Al display
some peaks that typically overlap in XRD patterns. The γTiAl (222) and α2 Ti3Al (004)
peaks, for example, are usually found at the same 2θ angles. The (200) and (002) peaks of
the γ phase can be used to investigate its c/a ratio. They overlap for low tetragonality,
meaning c/a ≈ 1. The information above was taken into account when evaluating the
diffraction data obtained in this work.

3.6 In-situ High-Energy X-ray Diffraction

Three alloys were investigated using high-energy X-ray diffraction at the petra iii
facility of Deutsches Elektronen-Synchrotron (DESY) in Hamburg, Germany. At the p07
High Energy Materials Science beamline samples were irradiated in transmission geometry
with a beam energy of 87.1 keV, corresponding to a wavelength of 0.142 Å. An xrd 1621
digital flat panel detector from perkin elmer was used to record in-situ diffraction
patterns at a distance of about 1750 mm from the sample. Rectangular cuboids with a
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length of 10 mm and a square section of 25 mm2 were cut from the SPS cylinders described
in Section 3.1. A piece of Ta foil was spot welded to the side of each sample under Ar
atmosphere. The aim was to provide a diffusion barrier between the investigated alloy and
the type B thermocouple. The thermocouple was spot welded on top of the Ta foil and
used for temperature control during heating of the sample. Heating up to at least solidus
temperature was planned, it was thus expected to get some amount of liquid phase toward
the end of the experiment. To protect the hollow connecting rods of the ta instruments
805a/d dilatometer, thin Mo discs with a diameter of 8 mm were glued to the ends of the
samples to prevent the liquid metal from wetting the rods and solidifying on them. It was
found that using Mo discs thinner than 0.5 mm was necessary to prevent electromagnetic
coupling with the induction coil and interference with temperature control of the sample.
To reduce Al losses and its subsequent deposition on the thermocouple during heating,
measurements were carried out under Ar atmosphere instead of vacuum.

The samples were inductively heated at maximum heating rate from room temperature
up to 1100 °C, where they were held for 5 min. They were then heated at a rate of 2 K min−1

up to 1200 °C. From there, the heating rate was changed to 20 K min−1. The samples were
heated until solidus temperature, where the experiment was canceled manually upon
melting of the sample. One 2D detector image of the diffraction pattern was taken every
10 s. Figure 3.2(a) shows an example of such a detector image displaying Debye-Scherrer
rings for the alloy Ti–46.3Al–4.4Zr at room temperature. Each ring results from the
diffractions of a single family of crystallographic planes {hkl}. To get plots of intensity over
2θ, these Debye-Scherrer rings were integrated with fit2d software by Hammersley [36].
For easier interpretation of the plots, they were compiled frame by frame into a video using
a program written specifically for this purpose in python. Transition temperatures were
obtained from the appearance or disappearance of peaks on these videos. After choosing
appropriate starting parameters, phase fractions at all temperatures were automatically
determined by Rietveld refinement using the software maud [37]. With the appearance of
liquid phase in the sample, a diffuse ring becomes visible on the 2D detector images, see
Figure 3.2(b). The temperature where this ring first appeared was taken to be the solidus
temperature of the alloy.

3.7 Nanoindentation

To increase the size of the γ grains for nanoindentation, 10 mm cubes were held for 23 h
in atmosphere at 1300 °C in a carbolite gero rhf 1600 high temperature furnace
with following furnace cooling. Figure 3.3(a) shows the microstructure of the alloy after
this heat treatment. The cubes were then cut in half, embedded in buehler probemet
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(a) T = 25 °C (b) T = 1438 °C

Figure 3.2: (a) Exemplary synchrotron diffraction pattern for temperatures below solidus
temperature. (b) Above solidus temperature, the onset of melting results in a diffuse ring
becoming visible on the diffraction pattern. Both patterns are for Ti–46.3Al–4.4Zr. Re-
garding the compositions of the alloys used for synchrotron measurements, see Section 3.1.

(a) Overview of γ grain (b) Nanoindentation grid

[001]

001 101

111

(c) Inverse pole figure

Figure 3.3: Scale bar length is 20 µm. (a) SEM image taken in BSE mode. The mi-
crostructure of the Ti–46.5Al–4Zr sample used for nanoindentation was comprised of large
γ grains and α2 + γ lamellae. (b) EBSD image of the indented γ grain visible in (a). Shown
are the inverse pole figure (IPF) map in color, giving crystal orientation, and the image
quality (IQ) in grayscale. (c) IPF for γTiAl in [001] direction. The dot marks the crystal
orientation of the γ grain shown in (b), which corresponds to [11 1 16].
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on a struers cito-press 20 and ground according to the specifications in Section 3.3.
The samples were electrolytically polished on a struers lectropol 5 using struers
a3 electrolyte at room temperature. The used voltage was 36 V, the electrolyte flow rate
set to 20 for 24 s. The mask used had an opening 2 cm2 in size. Immediately upon finishing
the etching process, samples were flushed with water and then with acetone.

Nanoindentation of selected γ grains was done on a kla nano indenter g200
with a diamond Berkovich tip. Continuous stiffness measurement (CSM) [38] was employed,
where during measurement contact force and penetration are recorded continuously. To
this end, an oscillation of 2 nm amplitude and a frequency of 45 Hz was superimposed on
the indenter tip movement. Maximum indentation depth was 200 nm, while the range from
170 nm to 190 nm was used for the evaluation of hardness and modulus. Indentation strain
rate was constant at 0.05 s−1 and a Poisson’s ratio of 0.3 was assumed. Measurements
and evaluation were performed in nanosuite software by kla and data exported
to microsoft excel spreadsheets for further handling. After nanoindentation, the
orientation of the indented grains was determined through EBSD using a fei versa
3d dual beam focused ion beam (FIB) workstation and the attached SEM. Imaging
was done at a source voltage of 30 kV and with a hikari xp ebsd camera. team
and oim analysis software by edax was used for exporting and analyzing EBSD
data. Figure 3.3(b) shows an EBSD image of an exemplary γ grain and the 3 × 3 grid of
nanoindents taken thereupon. The derived IPF can be seen in Figure 3.3(c).
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Chapter 4

Results

4.1 Ti–Al–2Zr

4.1.1 Microstructural Characterization

The microstructure of Ti–Al–2Zr alloys heat treated at temperatures 1320 °C, 1390 °C
and 1470 °C and then water quenched can be seen in Figure 4.1. The arrangement of
the polarized light micrographs is analogous to the way they are placed in the isopleth
of Figure 4.9(b): Al content rising from left to right, temperature from bottom to top.
Apparent white spots on the sample surface are residual silica particles from polishing
with struers op-s. As was found out, they can be prevented by thoroughly cleaning
the samples with pure liquid hand soap after polishing, as described in Section 3.3. Any
hair-like cracks visible in the micrographs are quench fractures. In the following paragraphs,
the letters in parentheses refer to the subfigures of Figure 4.1.

At 1320 °C, αTi is stable up to Al contents of at least 44.5 at.% (k)–(l), γTiAl starts
to appear at 46.5 at.% Al (m). No α2 phase but pure γ phase is left at 49.5 at.% Al (o).
At 1390 °C and 42.5 at.% Al (f), the microstructure does not resemble single-phase mi-
crostructure (k) any more. The two phases present are α2 and βo. At 44.5 at.% Al (g), it
looks like a transformation to α+ β is about to happen. Compared to 1320 °C, the α single
phase region is shifted to 46.5 at.% and 48.0 at.% Al at 1390 °C (h)–(i). The speckled,
rosette-shaped grains visible in these two micrographs are γTiAl formed during massive
transformation at high cooling rates [4]. They appear mostly on the boundaries and triple
points of α/α2 grains and are not present at heat treatment temperature. At 49.5 at.% Al
and 1390 °C (j), αTi and γTiAl can be found. The highest heat treatment temperature
1470 °C was close to or above the solidus temperature for most of the samples. In each of
them, indications for the presence of liquid phase were found. While the microstructure at
42.5 at.% Al (a) is comprised of βo only, liquid phase was detected at the sample edges.
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(a) 42.5 at.% Al (b) 44.5 at.% Al (c) 46.5 at.% Al (d) 48.0 at.% Al (e) 49.5 at.% Al

(f) 42.5 at.% Al (g) 44.5 at.% Al (h) 46.5 at.% Al (i) 48.0 at.% Al (j) 49.5 at.% Al

(k) 42.5 at.% Al (l) 44.5 at.% Al (m) 46.5 at.% Al (n) 48.0 at.% Al (o) 49.5 at.% Al

Figure 4.1: Polarized light micrographs of Ti–Al–2Zr at (a)–(e) 1470 °C, (f)–(j) 1390 °C and (k)–(o) 1320 °C. Scale bar length is 200 µm.
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At 44.5 at.% Al, α as well as β phase are present at the heat treatment temperature of
1470 °C (b). This temperature seems to coincide with the solidus temperature, since the
sample is noticeably infiltrated by liquid phase from the edges inward. A small fraction
of liquid phase can be seen in the bottom right corner of the micrograph. The alloys
with 46.5 at.%, 48.0 at.% and 49.5 at.% Al (c)–(e) show large volume fractions of liquid
phase, though with polarized light microscopy it was not possible to detect the phases
present upon melting. Figure 4.2(a) shows a BSE SEM image of the sample shown in
Figure 4.1(c). As can be seen from the EBSD image in Figure 4.2(b), it is comprised of α2

grains surrounded by liquid phase that solidified as γTiAl.

4.1.2 DSC Analysis

To correctly connect peak information with occurring phase transitions in the sample,
the DSC results were evaluated in close relation to the microstructural investigations of
Section 4.1.1. The DSC curves for the Al variants of Ti–Al–2Zr are shown in Figure 4.3. The
transition temperatures for the three different heating rates 10 K min−1, 20 K min−1 and
40 K min−1 were evaluated as described in Section 3.2. From these values, the transition
temperatures for thermodynamic equilibrium were extrapolated. All of the data, the
measured transition temperatures as well as the calculated values for 0 K min−1, are
presented in Table 4.1. The equilibrium peak temperatures are also marked by vertical
bars in Figure 4.3. For clearness of presentation, the phase fields and transitions were not
labeled within the diagrams but can be read from Table 4.1.

(a) Ti–46.5Al–2Zr quenched from 1470 °C (b) High-temperature α+ L microstructure

Figure 4.2: (a) 20 kV SEM image of a Ti–46.5Al–2Zr sample water quenched from 1470 °C,
taken in BSE mode. (b) Phase contrast EBSD image of the area marked in (a). Visible
are α2 grains (yellow) surrounded by liquid phase that solidified as γTiAl (green). Scale
bar length is 50 µm for both images.
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Figure 4.3: DSC curves for different Al concentrations of Ti–Al–2Zr. Vertical bars mark equilibrium peak temperatures for 0 K min−1.
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Table 4.1: DSC transition temperatures for different heating rates Ṫ . An asterisk signifies that the finite heating rates do not show a trend
and the lowest of the above values was used for thermodynamic equilibrium (Ṫ = 0). For liquidus behavior of Ti–46.5Al–2Zr, see text.

Transition Temperature/°C

Alloy Ṫ/K min−1
α2 + γ→ α+ γ α+ γ→ α α→ α+ β α+ β→ β α+ β→ β+ L β→ β+ L β+ L → L

Ti–42.5Al–2Zr 40 1151.2 1277.0 1396.1 1462.1 — 1496.7 1553.7
20 1145.8 1263.6 1394.5 1467.0 1495.7 1547.0
10 1142.2 1258.3 1394.1 1470.6 1499.9 1538.1
0 1139.5 1251.6 1393.3 1462.1* 1495.7* 1534.8

Ti–44.5Al–2Zr 40 1155.6 1331.5 1439.7 — 1478.1 — 1548.0
20 1153.1 1317.5 1429.6 1477.3 1544.3
10 1146.2 1309.8 1427.6 1473.3 1540.7
0 1145.0 1302.8 1422.6 1472.9 1538.9

α2 + γ→ α+ γ γ→ α+ γ α+ γ→ α α+ γ→ α+γ+ L α→ α+ L α+ γ+ L → α+ L α+ L → L

Ti–46.5Al–2Zr 40 1142.9 — 1357.9 — 1425.5 — (1505.2)
20 1137.5 1346.6 1420.4 (1494.0)
10 1134.1 1345.2 1418.2 (1489.7)
0 1131.4 1339.6 1415.7 (1484.1)

Ti–49.5Al–2Zr 40 — 1356.1 — 1428.1 — 1450.3 1491.0
20 1353.6 1424.0 1442.5 1481.1
10 1349.2 1420.7 1439.7 1480.2
0 1348.0 1418.7 1435.8 1475.3
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In Ti–Al–2Zr, the temperature of the eutectoid transformation α2 + γ → α+ γ appears
to be about 1140 °C. At liquidus temperature, β phase is present up to an Al content of
44.5 at.%. It is unclear whether the sample with 46.5 at.% Al displays αTi or βTi as the
last phase before liquidus temperature. For a detailed discussion of this, see Section 5.3.
From 49.5 at.% onward melting takes place via the α phase. Note that the transition α+ β
→ β+ L proposed for Ti–44.5Al–2Zr is thermodynamically not possible in ternary systems.
As is discussed in Section 5.3 as well, the alloy has to pass through a three phase region
of α+ β+ L for the α phase to be able to dissolve completely. That such a three phase
region could not be detected in the DSC measurements for the alloy containing 44.5 at.%
Al, might be due to a very narrow temperature stability range. An isoplethal (constant
composition) section for Ti–Al–2Zr based on the microscopy and DSC data is proposed in
Figure 4.9(b).

4.1.3 High-Energy X-ray Diffraction

The transition temperatures for Ti–46.5Al–2.1Zr found during synchrotron investigations
are given in Table 4.2. The formation of β phase at around 1368 °C, very close to solidus
temperature, could be detected. The eutectoid temperature was determined from the
disappearance of the α2 Ti3Al superstructure reflex at 1146 °C, above the transition tem-
perature in binary Ti–Al. Since the synchrotron data for Ti–46.5Al–2.1Zr do not agree
with the findings from other investigation methods, the diffraction spectra and phase
fraction diagrams determined during high-energy XRD are not reproduced here.

4.2 Ti–Al–4Zr

4.2.1 DSC Analysis

DSC measurements for Ti–46.5Al–4Zr were performed and evaluated according to the
procedures described in Section 3.2. The DSC curves found for this alloy can be seen in
Figure 4.4. Equilibrium transition temperatures are marked by vertical bars. The transition

Table 4.2: Phase transition temperatures for a Ti–46.5Al–2.1Zr alloy manufactured via
SPS, determined via high-energy XRD.

Transition Temperature/°C

α2 + γ → α+ γ α+ γ → α α → α+ β α+ β → α+ β+ L

1146 1331 1368 1381
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Figure 4.4: DSC curves at different heating rates for Ti–46.5Al–4Zr. Vertical bars mark
equilibrium peak temperatures for 0 K min−1.

temperatures and their supposed phase transformations are given in Table 4.3. The Al
variants for Ti–Al–4Zr were investigated via DSC by tu bergakademie freiberg.
Peak analysis was done for curves recorded at a heating rate of 20 K min−1. Evaluated
phase transition temperatures for all Al contents are marked by dots in Figure 4.9(c).

4.2.2 Microstructural Characterization

The microstructure characterization for Ti–Al–4Zr via polarized light microscopy was less
conclusive than for the alloys containing 2 at.% Zr. At the heat treatment temperatures
1390 °C, 1430 °C and 1470 °C, liquid phase was present in most of the investigated alloys.
In the following paragraph, the letters in parentheses refer to the subfigures of Figure 4.5,
which shows the polarized light micrographs of heat treated and water quenched samples.

Table 4.3: DSC transition temperatures at different heating rates for Ti–46.5Al–4Zr. The
values for Ṫ = 0 K min−1, representing thermodynamic equilibrium, were extrapolated. An
asterisk signifies that the individual heating rates do not show a trend and the lowest of
the above values was used instead.

Transition Temperature/°C

Ṫ/K min−1
α2 + γ → α+ γ → α → α+ L → α+ β+ L → β+ L → L

40 1177.5 1372.1 1389.2 1403.1 1434.6 1486.0
20 1172.8 1366.4 1390.2 1404.5 1431.7 1478.3
10 1169.8 1377.4 1388.3 1401.7 1426.4 1477.5
0 1167.5 1366.4* 1388.3* 1401.7* 1425.0 1473.3
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(a) 42.5 at.% Al (b) 44.5 at.% Al (c) 46.5 at.% Al (d) 48.0 at.% Al (e) 49.5 at.% Al

(f) 42.5 at.% Al (g) 44.5 at.% Al (h) 46.5 at.% Al (i) 48.0 at.% Al (j) 49.5 at.% Al

(k) 42.5 at.% Al (l) 44.5 at.% Al (m) 46.5 at.% Al (n) 48.0 at.% Al (o) 49.5 at.% Al

Figure 4.5: Polarized light micrographs of Ti–Al–4Zr at (a)–(e) 1470 °C, (f)–(j) 1430 °C and (k)–(o) 1390 °C. Scale bar length is 200 µm.
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The first heat treatment temperature of 1390 °C is above the solidus temperature
for the Al contents 46.5 at.% to 49.5 at.%, as can be seen from the liquid phase in the
micrographs (m)–(o). At lower Al contents (k)–(l), the microstructure does not look as
if it only consists of a single phase. The phases present are likely to be α2 and βo. For a
discussion of the needle-like structures in Figure 4.5(k), refer to Section 5.1. At 1430 °C,
liquid phase starts to appear at 42.5 at.% Al (f). From 46.5 at.% Al onward, samples
are clearly above solidus temperature (h)–(j). The solid phase could not be identified in
polarized light microscopy. Figure 4.6(a) shows a SEM image of Ti–46.5Al–4Zr water
quenched from 1430 °C. The phase contrast of its EBSD image in Figure 4.6(b) clearly
shows the presence of α and liquid phase at heat treatment temperature. When taking
into account DSC results, the sample with 42.5 at.% Al (f) should be in the β single-phase
field at 1430 °C. However, the micrograph shows a very inhomogeneous microstructure
which is discussed in Section 5.1 in more detail. Liquid phase could be detected in all of
the investigated samples at 1470 °C (a)–(e). The sample with 49.5 at.% Al even showed
fully dendritic microstructure, indicating that it melted completely and resolidified. A
theory on how water quenching of a sample heat treated above liquidus temperature is
possible is given in Section 5.1.

4.2.3 Conventional and High-Energy X-ray Diffraction

The signal-to-noise ratio in diffraction patterns for samples which were quenched while
partially molten is significantly worse than for non-molten samples. In this work, X-ray

(a) Ti–46.5Al–4Zr quenched from 1430 °C (b) High-temperature α+ L microstructure

Figure 4.6: (a) 20 kV SEM image of a Ti–46.5Al–4Zr sample water quenched from 1430 °C,
taken in BSE mode. (b) Phase contrast EBSD image of the area marked in (a). Visible
are α2 grains (red) surrounded by liquid phase that solidified as γTiAl (green). Scale bar
length is 50 µm for both images.
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diffraction was done for Ti–Al–4Zr alloys heat treated below their solidus temperature.
Table 4.4 gives the phase fractions evaluated via Rietveld analysis. As is described in
Section 5.3, these are not useful in constructing isopleths via the lever rule, because tie
lines of ternary systems do not generally lie all within one plane. It can be observed that
at 1200 °C, the alloy with 49.5 at.% Al is the only one solely comprised of γ phase. The
sample with 42.5 at.% Al was in the α single-phase region during heat treatment at 1320 °C.
For all other investigated samples, α/α2 as well as γ phase were detected in XRD spectra.
Why the low amounts of βo phase are insignificant is described in Section 5.4. At the heat
treatment temperatures of Table 4.4, no βo phase could be found in other investigations.

The phase transition temperatures of Ti–46.3Al–4.4Zr measured by means of syn-
chrotron radiation are given in Table 4.5. The solidus temperature at 1400 °C is in good
agreement with the one detected via DSC (1388 °C), the eutectoid temperature as well.
As is discussed in Section 5.2, the phase sequence during heating does not agree with the
data collected via DSC and microstructural investigations.

Table 4.4: Phase fractions as determined from Rietveld fits of XRD spectra. The samples
received the indicated heat treatments and were water quenched. Low amounts of βo phase
are computational artifacts and could not be found with other characterization methods.

Heat Treatment Phase Fraction/%

Alloy T/°C t/h α2 Ti3Al βo Ti γTiAl

Ti–42.5Al–4Zr 1200 2 58.5 2.3 39.2
1250 2 77.7 2.9 19.4
1320 1 98.7 1.3 0.0

Ti–44.5Al–4Zr 1200 2 52.3 6.0 41.7
1250 2 58.7 6.5 34.8
1320 1 71.7 2.1 26.2

Ti–46.5Al–4Zr 1200 2 71.7 2.1 26.2
1250 2 35.8 0.7 63.5
1360 1 33.9 3.6 62.5

Ti–48.5Al–4Zr 1200 2 9.1 6.1 84.8
1250 2 13.6 6.7 79.7
1320 1 61.4 2.2 36.4

Ti–49.5Al–4Zr 1200 2 2.0 4.2 93.8
1320 1 30.1 3.9 66.0
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4.2.4 Nanoindentation

The results from nanoindentation of the γ phase of Ti–46.5Al–4Zr can be seen in Figure 4.7.
The average Young’s modulus over the twelve tested grains is 165.3 GPa ± 10.5 GPa,
the average hardness 4.30 GPa ± 0.55 GPa. Using EBSD, the directional dependencies
of the values for single grains were established. Figure 4.8 shows the results for both
mechanical properties plotted in inverse pole figures. Each point corresponds to a specific
crystallographic orientation. In both plots, only eleven points appear because grains 1
and 6 from Figure 4.7 have the same orientation. When looking at the results, no clear
overall trend can be found. It seems that there is a decrease in Young’s modulus and
hardness going from the [111] to the [101] direction. There is a lack of data around the
[001] direction that makes it harder to establish definite trends for the whole spectrum of
crystal orientations. Furthermore, the directional proximity of relatively high to relatively
low mechanical property values suggests that more sophisticated methods might be needed
for future investigations of direction dependence.

4.3 Ti–Al–8Zr

Only two phase transitions could be found in the Ti–46.8Al–8.0Zr sample by means of high-
energy XRD, see Table 4.5. The eutectoid temperature at around 1250 °C is significantly
higher than for lower Zr contents. After going through the α+γ two-phase field, the sample
hit solidus temperature at 1340 °C. The investigated spectra showed the appearance of a β
peak close to solidus temperature. The existence of an α+ β+ γ three-phase region, as was
suggested for this alloy by Schulz [26], cannot be excluded.

Table 4.5: Phase transition temperatures for Ti–46.3Al–4.4Zr and Ti–46.8Al–8.0Zr as
determined with synchrotron radiation.

Transition Temperature/°C

Alloy α2 + γ → α+ γ → α+ β+ γ → α+ β → α+ β+ L

Ti–46.3Al–4.4Zr 1155 1338 1341 1400

α2 + γ → α+ γ → α+ γ+ L

Ti–46.8Al–8.0Zr 1250 1340 — —
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Figure 4.7: (a) Young’s modulus and (b) hardness of the γ phase in Ti–46.5Al–4Zr as
determined via nanoindentation. Several indents per grain were taken; plotted are the
average values and standard deviations for each grain. The black box marks the average
and standard deviation over all the grains, 165.3 GPa ± 10.5 GPa for Young’s modulus
and 4.30 GPa ± 0.55 GPa for hardness. The plot design was adopted from [26].
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(b) hardness of the γ phase in Ti–46.5Al–4Zr as determined by nanoindentation. Grains 1
and 6 in Figure 4.7 have the same orientation, values for both grains are given here. There
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31



4.4 Phase Diagrams

A section of the binary Ti–Al phase diagram according to [9] is shown in Figure 4.9(a). A
goal of this work was to find the influence of Zr addition on phase transition temperature
shifts in the compositional range between 42.5 at.% and 49.5 at.% Al. A corresponding
high temperature section of an isopleth (constant composition section) for Ti–Al–2Zr
can be seen in Figure 4.9(b). The binary phase diagram is indicated with gray lines in
the background of the isopleth. The boundaries of the phase regions were determined
through DSC measurements and microstructure investigations. A prominent feature of
the proposed isopleth for Ti–Al–2Zr is its lowered solidus temperature compared to the
binary Ti–Al phase diagram. As a consequence, the α single-phase region is shrunk. While
it is 130 °C high for Ti–46.5Al, the alloying of 2 at.% Zr decreases its stability range by
about 50 °C to 60 °C. The maximum Al content up to which βTi is present could not
be determined with certainty. It appears to be lower than in the binary Ti–Al system.
The α+γ+ L three-phase triangle appearing at about 49 at.% Al was included because,
at 1436 °C and thus clearly above solidus temperature, there is a distinct peak in the
DSC curve for Ti–49.5Al–2Zr, compare Figure 4.3(d). For all Al contents, the eutectoid
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Figure 4.9: (a) Section of the binary Ti–Al phase diagram as given by [9], modified.
(b) Isoplethal section for Ti–Al–2Zr, (c) for Ti–Al–4Zr and (d) for Ti–46.5Al–Zr. Gray lines
in the background show the corresponding section from the binary Ti–Al phase diagram.
Black and colored dots mark the phase transition temperatures measured in DSC. Solidus
temperatures are designated with green dots, liquidus temperatures with red ones.
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temperature α2 +γ → α+ γ was found to be higher than in the binary system.
Figure 4.9(c) shows the proposed isopleth for Ti–Al–4Zr. Eutectoid temperature is

further increased compared to the isopleth for 2 at.% Zr, solidus and liquidus temperatures
are lowered. For Ti–46.5Al–4Zr, the temperature stability range of the α single-phase
region is narrower than for lower Zr contents, its height is about 50 °C. As is discussed in
Section 5.3, the positions of the β and L corners of the α+ β+ L three-phase triangle are not
certain. They have been placed in the isopleths in a way that best fits their surroundings.

An isopleth for a constant Al content of 46.5 at.% can be seen in Figure 4.9(d). The
temperatures given in the diagram are taken from the isopleths of Figure 4.9(b) and
Figure 4.9(c), the values for 0 at.% Zr were taken from [9]. With increasing Zr content,
the described rise in eutectoid temperature as well as the decrease of solidus temperature
is visible. Above solidus temperature, the lines have been drawn in the only way that is
thermodynamically possible, though their position could not be determined exactly. For
this reason, they are drawn dashed and not solid.

4.5 Oxidation Resistance

Qualitative, macroscopic investigations of samples heat treated in atmosphere showed
worse oxidation behavior for alloys high in Zr. For nanoindentation, samples were held
for 23 h at 1300 °C and then furnace cooled. After this heat treatment, a weakly adhering
and several mm thick oxide layer could be observed on the surface of Zr-rich alloys, see
Figure 4.10. The cube of Ti–46.5Al–2Zr showed a convex surface due to oxide growth. For
a Zr content of 4 at.%, cracking of the oxide scale was already present, i.e. it could easily
be peeled off of the sample. During furnace cooling, the oxide scale of the alloy with 8 at.%
Zr fell off on its own, without mechanical disturbance.

Sample mass was weighed before and after heat treatment. The mass increase for all
samples is given in Table 4.6. As can be seen, the relative mass increase due to oxidation
is higher for the alloys with high Zr content. A second iteration of this experiment showed
comparable results.
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Figure 4.10: Samples after heat treatment for 23 h at 1300 °C in atmosphere. Increasing
Zr content from left to right: Ti–46.5Al, Ti–46.5Al–2Zr, Ti–46.5Al–4Zr and Ti–46.5Al–8Zr.
Convex surfaces of the cubes and cracks in the oxide scale are more pronounced the higher
the Zr content of the sample. Scale bar length is 2 cm.

Table 4.6: Sample mass of different alloys and their mass increase due to oxidation.
Heat treatment (HT) was done in atmosphere for 23 h at 1300 °C with subsequent furnace
cooling. Prior to HT, the samples had comparable surface areas.

Alloy Mass Before HT/g Mass After HT/g Mass Increase/%

Ti–46.5Al 2.44 3.30 35.2
Ti–46.5Al–2Zr 3.29 4.55 38.3
Ti–46.5Al–4Zr 2.43 3.69 51.9
Ti–46.5Al–8Zr 4.24 6.60 55.7
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Chapter 5

Discussion

5.1 Microstructural Characterization

As mentioned in Section 4.2.2, it is not known what is responsible for the needle-like
structures in the micrograph of Ti–42.5Al–4Zr at 1390 °C in Figure 4.5(k). Widmanstätten
α plates that precipitate during cooling from the β single-phase field usually show a
basket-weave structure. Though, according to [4], they only form at relatively low cooling
rates. The samples in Figure 4.5 were water quenched, which makes the formation of
Widmanstätten plates of αTi improbable. On the other hand, the cooling rates during
water quenching are not high enough for a martensitic transformation of β to α′ in bulk
samples. The sample of Figure 4.5(k) is thus assumed to be in the α+ β two-phase field at
1390 °C, not in the β single-phase field.

The inhomogeneous microstructure of Ti–42.5Al–4Zr in Figure 4.5(f) does not resemble
β/βo Ti which, as obtained from DSC data, should be the solitary phase at 1430 °C. Liquid
phase would characteristically infiltrate the sample from the edges inward, surrounding
single grains of the solid phase and separating them from each other. Such a pattern
was not detected in the polarized light micrograph of the sample. However, during water
quenching, it is possible for βTi to undergo a massive phase transformation to αTi [4],
which could be responsible for the non-uniform grain sizes and inhomogeneous appearance
of the sample’s microstructure. This would mean that the sample was in fact in the β
single-phase field at heat treatment temperature.

A fully dendritic microstructure is visible in the micrograph for Ti–49.5Al–4Zr in
Figure 4.5(e). The sample is speculated to have molten completely and to have resolidified,
leading to the observed microstructure. It is not clear how the sample could retain its shape
above liquidus temperature. The formation of thick oxide scales during heat treatment, as
observed in Section 4.5, makes it conceivable that the melt was contained inside the scales
without being able to escape. Further experiments are needed to verify this theory.
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5.2 High-Energy X-ray Diffraction

The complementary results obtained by means of synchrotron radiation for Ti–46.5Al–
2.1Zr do not agree with the experimental data of this alloy from microstructural and DSC
investigations. A reason for the lower transition temperatures found during synchrotron
investigations might be a detachment of the thermocouple from the sample at high
temperatures. This would make temperature control faulty. Note that not just the transition
temperatures for Ti–46.5Al–2Zr, but also the phase sequence during heating differs from
the one found in microstructural investigations. The β phase could not be detected before
solidus temperature in any of the other investigations performed on this alloy. To gain
certainty in this respect, synchrotron measurements will have to be repeated with optimized
parameters in the future.

For Ti–46.3Al–4.4Zr, synchrotron investigations yielded a phase sequence where no α
single-phase field is present, see Table 4.5. For Ti–46.5Al–2Zr, the α single-phase region
spans about 90 °C. It is therefore implausible that it should have completely disappeared
at 4 at.% Zr. Furthermore, the sample in Figure 4.6 clearly showed high-temperature α+ L
microstructure, suggesting that it passed through an α single-phase region during heating.
A faulty detection of β phase during synchrotron investigations could be responsible for
the questionable phase sequence. If the β phase were taken from the transformations of
Table 4.5, the phase sequence and transition temperatures would support the isopleth of
Figure 4.9(c).

5.3 Phase Diagrams

The law of adjoining phase regions states that as a phase boundary line is crossed, one and
only one phase either appears or disappears [39]. When the eutectoid line is crossed in the
binary Ti–Al phase diagram, this rule holds true because, for a short time, three phases
are present at the eutectoid point: α+ γ→ α+ α2 +γ→ α2 + γ. According to Gibbs’ phase
rule, at constant pressure

F = C − P + 1. (5.1)

At the eutectoid point there are no available degrees of freedom (F = 0), because in this
case, three phases P coexist in a system with two components C. In ternary systems
C = 3, which means that for three phases in equilibrium F = 3 − 3 + 1 = 1. For that
reason, in ternary phase diagrams three phases occur in a three-phase region and not in a
single line. As a consequence, the horizontal lines of binary systems open up to triangles
in isopleths of ternary systems, under the condition that the section is parallel to one of
the binary systems.
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As deduced above, these triangular three-phase regions are thermodynamically required
when transitioning from one two-phase field to another in ternary systems. For this reason,
they are indicated in the isopleths of Figure 4.9 even though they could not be detected
during DSC measurements. Conventional XRD was also not able to resolve the small
volume fractions of β/βo phase in the samples. The appearance of three phase fields
above the solidus temperature could however be verified during synchrotron investigations.
Contrary to the transition temperatures, the phase fractions obtained from synchrotron
data do not help in constructing phase diagrams via tie lines. As Pelton [39] states, tie
lines in ternary systems do not generally lie within the planes of isopleths and can thus
not be used in determining phase boundaries there. If all tie lines lie within the plane of
an isoplethal section, it is called a quasi-binary phase diagram. Only in this case, the lever
rule can be applied to determine the compositions of phases in equilibrium. This is not
the case for the isoplethal sections presented in this work, as can be seen for example from
the tie lines for the α+ β phase region in Figure 2.4(b). The tie lines found by [6] are not
parallel to the binary Ti–Al system.

For the alloy Ti–46.5Al–2Zr, the DSC curve in Figure 4.3(c) does not suggest the
transformations α+ L → α+ β+ L and α+ β+ L → β+ L between solidus (1416 °C) and
liquidus (1484 °C). This would mean that the sample undergoes the α+ L → L transfor-
mation instead. In support of this is the α+ L high-temperature microstructure of the
sample heat treated very close to liquidus temperature, at 1470 °C, in Figure 4.2. On the
other hand, it seems implausible that the L corner of the α+ β+ L three-phase region be
shifted to such low Al contents (< 46.5 at.%) compared to the peritectic reaction in binary
Ti–Al (49.5 at.%, according to [9]). Thus, in the isopleth of Figure 4.9(b), the three-phase
triangle extends a little beyond the Al content of 46.5 at.%. It could be stretched even
further to the right.

The α corner of the α+ β+ L three-phase triangle has to be located somewhere between
44.5 at.% and 46.5 at.% Al in both isopleths of Figure 4.9. The sudden drop in solidus
temperature going from one Al content to the other is thermodynamically inconceivable
otherwise. The β corner of the three-phase region was placed to fit the DSC data best. Its
exact location could not be determined.

Concerning the increase of eutectoid temperature with Zr content, Schulz [26] found
the opposite trend. He assumed the eutectoid temperature for binary Ti–46.5Al to be at
1200 °C, even though he cited Schuster and Palm [9], who found 1120 °C. The eutectoid
temperature for Ti–46.5Al–2Zr given in this work (about 1145 °C) is the same as the
one found by Schulz [26] (1148 °C). For Ti–46.5Al–8Zr, he could not detect the eutectoid
reaction α2 + γ → α+ γ in DSC measurements. Rather, he estimated the temperature of a
reaction α2 +γ → α+ β+ γ to be below 1050 °C. Connected with the temperature values
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for the eutectoid reactions at lower Zr contents, this gives the impression of the eutectoid
temperature falling with the addition of Zr. As can be seen from Figure 4.9(d), in this
work, samples with added Zr had an increased eutectoid temperature compared to Ti–Al.

Kahrobaee and Palm [14] stated that alpha solvus temperature α+ β→ β is lowered by
the addition of Zr. The isopleth in Figure 4.9(c) is in support of this statement, though for
2 at.% Zr, the effect could not be observed. The reason for this and other small deviations in
the phase diagram studies of this work could be small variations in the alloying contents of
the samples. Since many phase boundary lines in the binary phase diagram of Figure 4.9(a)
are close to vertical, small changes in Al content lead to large changes in phase transition
temperatures. Also, as was described in Section 3.1, the manufacturing of this work’s alloys
resulted in Zr variations of up to 0.4 at.% for the same nominal composition. Because of
this, the sample material used in this work needs to undergo chemical analysis to determine
the exact alloy compositions. Appel et al. [4] also put forward that phase equilibria in
the Ti–Al system are particularly sensitive to impurities of O. It would be interesting to
see, whether the high O uptake of samples during heat treatment described in Section 4.5
leads to a compositional change of the sample below the oxide scale. If this is the case,
samples would have to be heat treated under protective atmosphere to limit oxidation.

5.4 X-ray Diffraction

The detection of up to 6.7 % βo phase in the heat treatment studies of Section 4.2.3 is
caused by faulty Rietveld fitting. In addition to correctly detecting and fitting the α/α2

and γ peaks, the diffraction analysis software topas tried to fit a shallow but broad βo

peak into the diffraction spectra, leading to the observed phase fractions. This can be
solved by just loading the αTi and γTiAl structure files, but not the βTi one. Though in
this way, topas will not detect small amounts of βo phase in the sample in case they are
in fact present.

5.5 Nanoindentation

Table 5.1 shows the values for nanoindentation hardness and Young’s modulus of the γ
phase in this work compared to the ones Schulz [26] found. Though the data fit the overall
trend of higher mechanical property values with increasing Zr content, the statistical
significance for such an interpretation might be lacking. The average value for Young’s
modulus of Ti–46.5Al–4Zr, 165.3 GPa, lies within the standard deviations of all other
Young’s moduli. This does not apply to the hardness values, where the overlap of standard
deviations is less pronounced.
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5.6 Oxidation Resistance

In literature, no previous research for Ti–Al–Zr oxidation behavior at high temperatures
and comparable Zr contents could be found. It is therefore not possible to put the results of
Section 4.5 into perspective. Since the oxidation experiments of this work were a byproduct
of sample heat treatments, the temperature of 1300 °C was not chosen specifically to
investigate oxidation behavior. As Appel et al. [4] stated, this is far above conventional
service temperatures for Ti–Al engineering alloys. Thus, although the oxidation behavior
described in Section 4.5 shows a certain trend, the results cannot be applied to practical
applications of these alloys. In case ternary Ti–Al–Zr alloys also show worse oxidation
behavior than Ti–Al alloys under service conditions, they will have to receive some kind
of oxidation protection treatment [28].

Table 5.1: Mechanical properties of the γ phase as determined in this work (Ti–46.5Al–
4Zr) and by Schulz [26] (the remaining alloys). An apparent upward trend with Zr content
can be noticed at least for nanoindentation hardness.

in GPa

Alloy Nanoindentation Hardness Young’s Modulus

Ti–46.5Al 3.49 ± 0.25 161.3 ± 9.5
Ti–46.4Al–2.1Zr 4.22 ± 0.46 170.4 ± 8.1
Ti–46.5Al–4Zr 4.30 ± 0.55 165.3 ± 10.5

Ti–46.7Al–8.0Zr 5.03 ± 0.54 177.3 ± 12.2

39



Chapter 6

Conclusion

In this work, the influences of 2 at.% to 4 at.% Zr on the phase transitions of Ti–Al
alloys and the mechanical properties of the γ phase were investigated. A literature survey
was done to summarize the current knowledge on Ti–Al–Zr alloys with compositions
below 30 at.% Zr and around equal parts of Ti and Al. Samples with 42.5 at.%, 44.5 at.%,
46.5 at.%, 48.0 at.%, and 49.5 at.% Al were investigated for both 2 at.% and 4 at.% Zr.

The characterization methods used to get an insight into phase equilibria in the Ti–Al–
Zr system were differential scanning calorimetry and in-situ synchrotron investigations
as well as heat treatment studies and microstructural characterization using polarized
light microscopy, scanning electron microscopy and electron backscatter diffraction. The
mechanical properties of the γ phase were investigated via nanoindentation and subsequent
electron backscatter diffraction was used to establish a connection between mechanical
and crystallographic data. The main findings of this work are:

• With the addition of Zr, the temperature of the eutectoid transformation α2 + γ
→ α+ γ was increased compared to the binary Ti–Al system. It was found to be
1145 °C for Ti–46.5Al–2Zr and 1155 °C for Ti–46.5Al–4Zr, compared to 1120 °C for
binary Ti–46.5Al [9].

• While the γ solvus temperature α+ γ → α was left nearly unchanged, the addition
of Zr drastically reduced the temperature stability range of the α phase. This was
the case because the solidus temperatures α → α+ L were lowered to about 1430 °C
for Ti–46.5Al–2Zr and 1395 °C for Ti–46.5Al–4Zr. The α single-phase region is thus
reduced in height from 130 °C for binary Ti–46.5Al [9] to 50 °C with the addition of
4 at.% Zr.

• Not only solidus temperature but also liquidus temperature is lowered compared to
the binary system. This effect could not be quantified reliably with the investigation
methods employed in this work and will have to remain subject to further research.
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• Analysis of samples with varying Al contents yielded isoplethal (constant composition)
sections from 40 at.% to 50 at.% Al for both Ti–Al–2Zr and Ti–Al–4Zr.

• The oxide scales formed by alloys with increased Zr contents are more prone to
cracking and generally adhere less strong to the sample surface. This could be
demonstrated qualitatively during heat treatment of the samples. The mass increase
for comparable heat treatments is also higher for Zr-rich samples.

• The average Young’s modulus over 12 indented γ grains was 165.3 GPa ± 10.5 GPa,
the average indentation hardness 4.30 GPa ± 0.55 GPa. A relationship between crys-
tallographic orientation and mechanical properties of γTiAl could not be proven,
though an increase in hardness and Young’s modulus going from the [101] toward
the [111] direction seems likely.

In retrospect, improvements upon the experiments of this work as well as topics for further
research come to mind. For one, some samples used in this work displayed an actual
composition deviating from their nominal one. Detailed chemical analysis of these alloys
will show whether corrective measures have to be applied to the found phase transition
temperatures and isoplethal sections. Secondly, the stress state under the indenter tip
during nanoindentation is multiaxial. It is therefore difficult to say whether nanoindentation
results do apply to measurements of the directional dependence of mechanical properties.
To find this dependence for γTiAl, compression of micropillars could provide the necessary
uniaxial loading conditions in further research. Lastly, knowledge on the exact location
of the β corner of the α+ β+ L three-phase region might prove useful when planning and
performing heat treatments of Ti–Al–Zr alloys in the future.
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