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Abstract

Titanium aluminides are excellent materials for light-weight applications at high
temperatures. To enhance their creep strength, various alloying elements are added. In this
work the effect of 5at% Niobium (Nb), Tantalum (Ta) and Zirconium (Zr) on the creep
properties of ternary Ti-44AIl-5X (X=Nb, Ta, Zr) with a fully lamellar microstructure, is
systematically studied. These alloying elements have a high solubility in titanium aluminides,
and show a different o/y partitioning behavior as well as a different influence on the lattice
parameters of both phases. The average interface distance between the ar- and y-phase is
adjusted to about 300 nm by the cooling rate to evaluate the influence of the three alloying
elements. The creep tests reveal that all three alloying elements increase the creep resistance
of titanium aluminides, particularly Ta and Zr. Ta seems to extend the pronounced primary
creep regime, whereas Zr seems to reduce it. The alloying elements decrease also the lamellar
spacing compared to the binary alloy. Microstructural investigations after the creep tests show
a beneficial effect of the alloying elements on the microstructural stability during creep

exposure, since they retard the discontinuous coarsening rate.
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1. Introduction

Titanium aluminides are one of the most promising materials in industrial applications where
a low density and high strength at elevated temperatures are needed. With a density of
3.8 - 4.3 g/cm? they possess a high specific strength which makes them attractive for rotating
loaded components [1]. They are good alternative materials to replace the commonly used
nickel-based superalloys in some applications like turbochargers or turbine blades in the low
pressure section of aircraft engines [2,3]. For such applications, the creep properties of these

intermetallic alloys are of particular importance.

The creep resistance is significantly governed by the microstructure, which can be tailored by
the heat treatment. Investigations have shown that a fully lamellar microstructure exhibits the
best creep resistance in comparison to other microstructures like near-gamma, duplex or
nearly-lamellar microstructure [4]. A fully lamellar microstructure consists of alternating
lamellae of the two intermetallic phases a2 and y. The az-phase has a hexagonal unit cell with
DO01o-structure and the chemical composition TizAl, while the TiAl y-phase has a tetragonal
distorted face centered cubic like unit cell with Llo-structure. The crystallographic
relationship between these two alternating phases is described by the Blackburn orientation

relationship [5]:
(0001),, I {111}, and (1120),, | (1i0]y

The slight difference in the lattice parameters of both phases lead to a semi-coherent interface.
The different lattice spacing at the interface is described through the misfit and varies with the
chemical composition of the alloy, thermal expansion coefficient and temperature [6]. The
lattice misfit induces coherency stresses and therefore interfacial dislocations can frequently

be found at the interface [7-9].



To enhance the creep properties of fully lamellar titanium aluminides other alloying elements
can be added [10]. Studies on minor alloying elements that form precipitates, like boron and
carbon, or alloying elements that have a higher solubility in y and a2, such as Cr, Nb, Si, Ta,
V and Zr, demonstrated that alloying elements can improve the creep resistance [10-15].
Kainuma et al. [16] made a systematic experimental study on the phase equilibria of twelve
common alloying elements and their partitioning behavior between the present phases. This
investigation pointed out, that there are only a few elements like Nb, Ta and Zr, that have a
solubility of more than 5 at.% in the two-phase field (c2/y). Therefore, these elements are
considered as suitable strengthening elements for titanium aluminides. Nb is a common
alloying element in titanium aluminides and its influence on creep properties, oxidation and
deformation mechanisms has been well studied [17-19]. Ta is also used as an alloying
element in titanium aluminides, but not as frequently as Nb. A few papers investigated its
influence on the microstructure compared to a Nb-containing alloy and the formation of
precipitates [20,21]. In the case of the alloying element Zr, Cheng et al. assumed that Zr
increases the creep properties, but the investigated alloy in their work are four different
alloying elements and thus no effect could be attributed directly to Zr[22]. It was also
reported that the addition of Zr increases the yield stress at intermediate temperatures, as well
as the fracture strain [23]. In a further study, all three elements Nb, Ta and Zr, were alloyed
with up to 8 at.% [24]. Through the high alloying content and the presence of the minor
elements silicon and boron a microstructure consisting of a2-, B- and y-phase resulted. A clear

separation between the influences of each alloying element therefore was not possible.

A noticeable difference of the three alloying elements is their partitioning between the phases.
Nb partitions nearly in equal parts to the two phases, whereas Ta partitions predominantly to

the ap-phase and Zr mainly to the y-phase, according to Kainuma et al. [16].



In this study the influence of the three elements Nb, Ta and Zr on the creep properties in a
fully lamellar microstructure was investigated. Several studies have shown that these elements
have the potential to increase the creep properties [13,16,24-26], but no systematic
investigation on their influence on creep strength, the underlying mechanisms and how their
effects differ compared to a binary alloy exists so far. To separate the influence of the alloying
elements from other effects, the alloying element content, the a/y-interface spacing and

applied stresses in the creep tests were kept constant.
2. Experimental methods

The investigated binary Ti-44Al alloy as well as the ternary Ti-44Al-5X (X=Nb, Ta, Zr)
alloys were manufactured via vacuum arc melting from technically pure metals at the
Helmoltz-Zentrum in Geesthacht, the nominal and measured composition is displayed in
Table 1. The melted buttons had a diameter of around 30 mm and a height of 15 mm. The
nominal compositions are given in atomic percentage. The as-cast alloys were solution heat
treated for 1 h at 1380°C in argon atmosphere. Afterwards samples of all four alloys were
cooled at different cooling rates, between 0.5 K/min and 10 K/min to study the effect of the

alloying elements on the width of the lamellae.

Table 1

Nominal and measured composition (EDX in brackets) in at.% of the investigated Ti-44Al and
Ti-44Al-5X (X= Nb, Ta, Zr) alloys

Ti Al Nb Ta Zr
Ti-44Al 56 (57.18) 44 (42.82) - - -
Ti-44Al-5Nb 51(52.35) 44 (42.19) 5 (5.46) - -
Ti-44Al-5Ta 51(52.99) 44 (41.92) - 5(5.09) -
Ti-44Al-5Zr 51 (51.59) 44 (42.92) - - 5(5.49)




The density of the investigated alloys was determined via Archimedes principle, using a
Mettler Toledo AG204 scales. The measured specimens were 4 mm in diameter and 16 mm in

height.

The creep experiments were performed under compression in air at a temperature of 900°C.
Cylindrical specimens were wire eroded to 4.2 mm in diameter out of the buttons, heat
treated, turned to 4 mm diameter and ground plan-parallel to a height of 6 mm. Each alloy
was tested at constant stress of 100 MPa, 150 MPa, 200 MPa and 250 MPa to a plastic strain

of around 5 %.

The microstructure analysis and the energy dispersive X-ray spectroscopy (EDX) were
performed in a ZEISS Cross Beam 1540 ESB focused ion beam scanning electron
microscope (SEM) using a  back-scattered  electron detector (BSD)  from
K. E. Developments Ltd. and IncaPenta5X (EDX) from Oxford Instruments. EDX
measurements were performed using 8 mm working distance and 20 kV excitation voltage.
The specimens were ground and then electropolished at 50 V and -30°C for 5-10s

(electrolyte A2-1, Struers GmbH, Germany).

The local chemical composition was determined by an electron probe microanalysis (EPMA)
system using a JEOL JXA-8100. 160 um? large areas were investigated with a spot size of

500 nm, a step size of 2.5 um and a dwell time of 150 ms.

To evaluate the primary creep regime, the Garofalo-equation (equation 1) [27] was used to fit

the experimentally measured strain (&) — time (t) curves, in a simple empirical approach.
e=¢g +&ll—exp(—rt)] +&,-t 1)

The first term &, describes the initial strain at the beginning of the experiment and is related to

the elastic deformation after applying the load. The parameter ¢; is the strain in the transient



region and specifies the strain at which the equilibrium of dislocation emission and thermally
activated dislocation annihilation is achieved. The parameter r is the transition period and
determines the length of the primary creep regime. To determine r and g;, a least-square fit
method is used. The third term of the equation is the constant strain rate in the secondary
creep regime, &;;, multiplied with the time, t. In Figure 1 the first part of the creep curve of the

Ti-44Al1-5Nb alloy loaded with 100 MPa is displayed, as an example.
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Figure 1 Creep curve (strain vs. time) of Ti-44Al-5Nb at 900°C (filled squares) with the Garofalo-fit (blue line)
in the range of 2.5 % plastic deformation. The fitted total curve is the sum of the two terms of equation 1 (open
symbols, red dashed lines).

3. Results

In the following, the influence of the three alloying elements on ay/y-interface spacing,
density, cast microstructure, creep properties and microstructural stability during the creep

exposure is presented.

3.1 Average spacing between a/y-interfaces

Titanium aluminides with a fully lamellar microstructure show the best creep strength in

comparison with other possible microstructures. These superior creep properties are mainly
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related to the ao/y-interface, which represents the most effective barrier for dislocation
movement. Several studies have shown, that y/y-interfaces and domain boundaries also retard
the dislocation movement and retard the plastic deformation, but not in such a pronounced
way like the oa/y-interface [28,29]. Due to the fact that the az-phase and the y-phase have no
common slip system, the dislocation movement is immobilized at the interface between these
two phases in comparison to the y/y-interface [28,29]. This means the main influence on the
creep properties is related to the average distances between the ao/y-interfaces and not the
colony size and the colony boundaries [30-32]. In order to test the influence of the alloying
elements on the creep properties, all alloys have to have a microstructure with equal average
az/y-interface spacing. The average width of the lamellae is adjusted by the cooling rate after
the solution heat treatment in the single a-phase field. The formation of the lamellae is an
eutectoid transformation reaction and generates the fully lamellar microstructure [8,33].
Figure 2a displays the relationship between average oo/y-interface spacing and cooling rate for

the four investigated alloys.
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Figure 2 a) Average ay/y-interface spacing of the four investigated alloys as a function of the cooling rate after
heating at 1380°C for 1 h. (b-e) Adjusted microstructure with similar average az/y-interface spacing of around
300 nm for subsequent creep tests with corresponding cooling rates.

It is clear, that the alloying elements and cooling rates have a significant influence on the

width of the lamellae, and thus on the average distance of the ao/y-interfaces. In the range of



0.5 K/min up to 10 K/min Ti-44Al exhibits the largest average spacing, followed by
Ti-44Al-5Zr and Ti-44AIl-5Nb. Ti-44Al-5Ta has the smallest one in the investigated range of
cooling rates. As known from literature [34,35], the y lamellae can nucleate through several
processes, i.e. a heterogeneous transformation occurring at grain boundaries, a homogeneous
transformation in the a2 matrix and an interfacial transformation. The lamellar spacing is
affected by the rate of nucleation and thickening of the lamellae. The nucleation rate depends
amongst others on the driving force and thus on undercooling, the interfacial energy of the
generated interfaces, and the activation energy of atomic mobility [36]. The thickening of
lamellae depends on the diffusion of elements. In comparison to the binary Ti-44Al, the
smaller ao/y-interface spacing in Ti-44Al-5Zr could be caused by the shift of the a-transus
temperature to higher temperatures [37] and thus a stronger undercooling and higher driving
force for nucleation. In contrast, Nb and Ta shift the a-transus temperature to lower
temperatures, but Nb is known to have a significantly lower interdiffusion coefficient in
comparison to Zr [34], which would lead to a slower thickening rate of the lamellae.
Assuming that the diffusivity of Ta is even lower than that of Nb, the differences in the
az/y-interface spacings between Ti-44Al-5Nb and Ti-44Al-5Ta could be also explained.
However, further studies on the influencing parameters, such as the interdiffusion
coefficients, interfacial energies as well as the partitioning behavior of the alloying elements

between the different phases are needed to fully explain the observed results.

Based on these experiments, a cooling rate of 8.8 K/min for Ti-44Al, 4.2 K/min for
Ti-44Al-5Nb, 1.6 K/min for Ti-44Al-5Ta and 7.3 K/min for Ti-44Al-5Zr was chosen for the
creep specimens to achieve a similar microstructure with an average oz/y-interface spacing of
around 300 nm. Measurements of the lamellar width after the described heat treatments shows
that the oo/y-interface spacing deviates by not more than 30 nm between the alloys

(Ti-44Al: 230 nm; Ti-44Al-5Nb: 230 nm; Ti-44Al-5Ta: 266 nm; Ti-44Al-5Zr: 237 nm).



3.2 Density of the alloys

In Table 2 the density of the investigated alloys is displayed. It is clear to see, that all three

alloying elements increase the density in comparison to the binary alloy.

Table 2

Density in gcm of the four investigated alloys, measured via Archimedes’ principle.

Alloy Ti-44Al Ti-44Al-5Nb Ti-44Al-5Ta Ti-44A1-5Zr

Density [gcm™] 3.9103 4.1193 4.5530 4.0333

3.3 Segregation of alloying elements

All alloys show a typical cast microstructure after the arc melting process. During
solidification through the two-phase field (B + liquidus), B-dendrites grow into the melt. At
lower temperatures, the B-phase dendrites are surrounded by the solidifying a-phase. After the
solution heat treatment at 1380°C in the single phase a-region and subsequent cooling, the
fully lamellar microstructure forms, but the former dendritic structure can still be discerned

from the EPMA maps in Figure 3 [38,39].

However, the segregation of the alloying elements Nb, Ta and Zr is less pronounced and a
more homogeneous distribution is achieved after solution heat treatment, compared to the

as-cast state of the alloys.
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Figure 3 EPMA-maps of alloying elements X in Ti-44Al-5X alloys. a) X= Nb, b) X= Ta and ¢) X= Zr after a
heat-treatment of 1380°C for 1h with a cooling rate of 5 Kmin™,

The EPMA-maps in Figure 3 show that the concentration of the elements Nb, Ta and Zr
varies in a range of 4 at.% and 6 at.% between the dendrite cores and interdendritic regions
after the solution heat treatment. Distinct differences in the distribution of the alloying
elements are also visible. Ta and Zr show a much stronger segregation than Nb and the
average distance between the dendrite cores is much smaller in the Ta-containing alloy
compared to the Nb- and Zr-containing alloys. This is illustrated by the segregation

coefficients and the dendrite core distances presented in Table 3.

Table 3

Segregation coefficient k* of the alloying elements Nb, Ta and Zr in the ternary alloys and the average spacing
between concentration maxima and concentration minima (standard deviation is given in brackets)

Alloy Segregation coefficient k* Dendrite spacing /um
Ti-44AI1-5Nb 1.2972 226.79 (+ 72.84)
Ti-44Al-5Ta 1.4702 149.12 ( £+ 60.57)
Ti-44Al1-5Zr 1.4441 231.56 ( + 67.08)

The segregation coefficient, k* of the alloying element was calculated using the EPMA results

and equation 2, where Cinterdendritic COorresponds to the concentration of the element in the
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interdendritic area and Caendritic IS the concentration of the alloying element in the dendrite

core.

Cdendritic

k= )

Cinterdendritic

3.4 Creep behaviour

In Figure 4 the creep behavior of the binary and ternary alloys at 100 MPa and 900°C are
shown in a strain vs. time plot (a) and a strain rate vs. strain plot (b). The binary alloy has the
lowest creep strength, i.e. highest strain rate, followed by the Nb-containing alloy. The creep
rates of the Zr-containing and Ta-containing alloys are the lowest. The time to reach 5 %
strain increases from 45.6 h to 84.7 h, 332.5 h or 482.5 h when adding 5 at%. of Nb, Zr or Ta
to the binary Ti-44Al alloy. After the minimum creep rate is reached, all alloys show a slight
increase of the creep rate in the secondary creep regime. This increase is related to
microstructural changes during the creep exposure [40], which will be discussed in the

following chapter 3.5.
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Figure 4 Creep curves of the four alloys at 900°C and 100 MPa load plotted a) strain over time and b) strain rate
over strain. The lower strain rate results in a higher testing time until a plastic deformation of 5 % is reached.
The end of the primary creep regime, ¢, determined by the Garofalo-fit, is displayed in black, non-filled circles.
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In Figure 5 the influence of the alloying elements on the creep properties is shown in a
Norton-plat at 900°C. and stresses between 100 MPa and 250 MPa. The binary alloy has the
lowest creep resistance at all stresses and all ternary alloys show a better creep behavior.
Ti-44Al-5Nb has the lowest creep resistance of the ternary alloys, while Ti-44Al-5Ta and

Ti-44Al-5Zr exhibit similar minimum creep rates which vary just a little.
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Figure 5 Norton-Plot of the performed creep tests. The stress exponent n was calculated from the slope of these
curves.

The determined stress exponents n are in a range between 3.4 and 4.9, which indicates that the

same deformation mechanisms of dislocation climb is active in all four alloys [41].

The end of the primary creep regime, €, determined by fitting the creep curves using the
Garofalo equation (equation 1) [27] is marked as black, non filled circles in Figure 4. A clear
trend of the transition from the primary to the steady state creep regime as a function of
stresses is not evident, however the average strain until the end of primary creep is reached,

differs significantly between the alloys (see Figure 6). The results indicate that the alloying
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elements influence the range of the primary creep regime in titanium aluminides, but not

necessarily in the same way and order as they affect the minimum creep rate.
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Figure 6 Average strain until the end of the primary creep regime is reached (left axis) and minimum strain rate
(right axis) of all four alloys, tested at stresses at 900°C and 100 MPa.

Obviously, there is no clear difference between the binary Ti 44Al alloy and the Ti 44Al 5Nb
alloy also considering the large standard deviation for determining the end of the primary
creep regime. However, there are distinct differences between the Ta- and Zr-containing

alloy.

In summary, it can be stated that all three alloying elements improve the creep resistance at
900°C and affect differently the end of the primary creep regime. Remarkably, the results
demonstrate that both Ta and Zr lead to better creep properties compared to the alloying
element Nb, which is one of the most common alloying elements in titanium aluminides and

one of the main elements in the well-known alloys TNB and TNM [42,43].
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3.5 Microstructural stability

In addition to the creep resistance, the microstructure of the crept samples was investigated to
get a deeper understanding of the microstructure evolution during creep exposure and the
influence of the alloying elements on the microstructural stability. In comparison to the
microstructure before creep exposure the specimens show discontinuously coarsened
areas (Figure 7a), the formation of y-grains, a clearly deformed microstructure and a
significant change in the lamellar width (Figure 7b) caused by a change in the y-phase volume

fraction.

Figure 7 The microstructure of the binary Ti-44Al alloy after creep exposure at 900°C and 100 MPa load at
different magnification shows a) discontinuous coarsened areas, and b) the dissolution of the a,-phase after
creep

The observed discontinuous coarsening is also reported in literature, where it has been
observed in samples with relatively fine lamellar spacing [44—47] during creep experiments in
the 900 - 1000°C range. In this work, all alloys show these discontinuously coarsened areas
which still show a lamellar microstructure. Their formation is detrimental for the creep
resistance and leads to an increase in the strain rate with increasing volume fraction [34]. This
discontinuous coarsening process starts typically at the colony boundaries and grows further

into the colony, thus it occurs through grain boundary diffusion [48,49]. The driving force of

14



this process is the reduction of the dislocation density as well as interface energy [44]. The
creep tests are performed at 900°C, hence the heat-treated microstructure is not in an
equilibrium state but probably has a too high o2 volume fraction and the system wants to

reach the phase equilibrium at the given temperature.

Several publications show a linear time dependence of the discontinuous coarsened area
reaction in fully lamellar titanium aluminides [47,50]. On the other hand Qin et al. [48]
described an extremely fast growth rate in the first hour of exposure and afterwards a
relatively slow increase of the discontinuously coarsened area in binary alloys. In this work
the coarsened areas of the Ti-44Al-5X alloys after 5% plastic deformation and different
testing times were investigated. Therefore it is reasonable to compare the areas normalized by
the exposure time, because the discontinuous coarsening is a diffusion-assisted growth

process of the lamellae [49,50].

The results in Figure 8 show that with increasing stress the coarsening rate increases,
regardless which of the four investigated alloys is considered. This is in good accordance with
the expectation, because a higher stress is associated with a higher dislocation density, which
Is a major driving factor for discontinuous coarsening. The comparison between the ternary
alloys and the binary one reveals that all alloying elements, Nb, Ta and Zr, have a beneficial

influence and reduce the discontinuous coarsening rate in fully lamellar titanium aluminides.
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Figure 8 Discontinuously coarsened area per hour for the four investigated alloys at 900°C and different applied
stresses.

Bartholomeusz and Wert [44] suggest that the rate controlling step in this coarsening process
is a diffusion accommodated process of boundary movement. The coarsening process occurs
via grain boundary migration, where the microstructure behind the moving boundary is
significantly coarser then the initial lamellar microstructure. If this boundary movement is a
diffusion controlled process, the diffusion rate of the alloying element is of major concern. If
the diffusivity of the alloying element is slower than the self-diffusion of titanium, the
boundary migration process should slow down through the addition of ternary elements and
the discontinuous coarsening should be retarded, because all three elements occupy sites in
the titanium-sublattice [51] in the two intermetallic phases. Another influencing factor could
be the solubility in the two phases. If the solubility differs significantly, the growth of the
coarser lamellae can be slowed down through redistribution of the alloying element in the
coarser microstructure. According to Kainuma etal. [16] this is the case for Ta and Zr,
because both partition unequally between the two phases. Consequently, the slower

discontinuous coarsening in the ternary alloys could be caused by a combination of low
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interdiffusion coefficients and unequal partitioning behavior in the case of Zr and Ta and by a

lower interdiffusion coefficients in the case of Nb.

The second major microstructural change during the creep exposure is the growth of the
v-phase or respectively the degradation of the a»-phase (Figure 7b). In comparison to the
initial microstructure of the binary Ti-44Al the growth of the y-phase is obvious (compare
Figure 2b with Figure 7b). Before creep exposure, the alternating oz- and y-lamellae exhibit
straight interfaces and lamellae of similar width over the whole colony. Afterwards the
az-lamellae seem to be divided or interrupted by steps and ledges and the interface between
the two phases is very rough in comparison to the pre-crept state. The dissolution of the
az-phase and the subsequent growth of the y-phase is well known in the literature [52-54].
Wang et al. [54] described the dissolution of the oo-lamellae during creep with an
fragmentation and spherodization process which can be caused by a subgrain boundary
groove mechanism or an intersection of deformation twins with the az-lamellae.

To quantify the volume fraction of the two phases, the lamellar width of the o2- and y-phase
before and after the creep tests is measured and the volume fraction of each phase is
subsequently calculated. Because of the different testing times, the volume fraction is again
normalized and a y-phase growth rate of the different alloys at the tested stresses is plotted in
Figure 9. The results show again the beneficial influence of the three alloying elements at all
stresses in contrast to the unalloyed titanium aluminide. Larson et al. [20] found a similar
az-phase stabilizing effect of W with respect to coarsening and dissolution. It was suggested
that during creep exposure the alloying element segregates to the interface and decelerate the
dissolution of the ap-phase. If this is also assumed for the three investigated elements, it could
explain the superior behavior of the ternary alloys in comparison to the binary alloy.

However, in addition to reduced dissolution kinetics, an increased phase stability or a reduced
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lattice misfit or a combination of these three could be also the reason for the oz-stabilizing

effect of Nb, Ta and Zr.
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Figure 9 The y-phase growth rate of the four alloys at different stresses. The beneficial influence of the alloying
elements at all stress levels is clear to see.

4. Discussion

In order to explain the observed differences in creep strength, multiple factors such as solid
solution hardening, diffusivity, elemental partitioning between o2- and y-phase, lattice misfit,

microstructural stability, etc. have to be considered.

Due to the atomic size mismatch between the alloying element and the host Ti atom, the
induced stress-fields interact with the dislocations. In Figure 10 the Goldschmidt radii of Ti
compared to the three alloying elements are displayed, because all three alloying elements
substitute Ti in the y-phase and ap-phase [51]. Nb and Ta are only slightly larger than Ti,

while Zr is by far the largest atom, indicating a strong solid solution hardening effect of Zr by

paraelastic interactions with dislocations.
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Figure 10 Partitioning coefficient of the three alloying elements and the Goldschmidt radii of the three alloying
elements and Titanium.[16]

Another factor that should affect the creep properties is the diffusivity of the alloying element.
Herzig et al. [55] investigated the diffusion behavior of several elements including Nb and Zr
in the y-phase, but for Ta no data has been found in the literature. It was found that Zr diffuses
much faster than Nb and therefore it should be less beneficial for retarding diffusion-
controlled processes, such as dislocation climb. However, not only the solid solution
hardening effect or the diffusivity of the alloying element play an important role, also the
concentration of the alloying element in the y-phase is crucial. The higher the concentration of
the alloying element in the y-phase, which deforms primarily during deformation due to lower
strength [56-58], the stronger the total solid solution hardening effect or the influence on
diffusion controlled processes of the alloying element. In Figure 10 the ao/y partitioning
coefficients according to Kainiuma et al. [16] are shown. Ta mainly enriches in the az-phase,
Nb partitions more or less equally between both phases and Zr is enriched mainly in the
y-phase. Accordingly, the high solubility of Zr in the y-phase combined with the strong solid
solution hardening effect could be the main reason for the excellent creep properties of the

Zr-containing alloy. On the other side, the excellent properties of the Ta-containing alloy can
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only be explained by an interdiffusion coefficient of Ta that is the lowest among the three

investigated elements.

The different atomic size and partitioning behavior also means that the average lattice
parameter of the two phases and therefore the az/y lattice misfit changes through the addition
of the ternary elements. Combining the partitioning coefficient of Kainuma et al. [16] with the
calculations of Koizumi et al. [25] on the influence of alloying elements on the lattice
parameter, the variation on the lattice misfit can be estimated theoretically for the three
ternary alloys. Nb and Ta should increase the o2/y-lattice misfit, whereas Zr should decrease
it. The lower the lattice misfit and coherency stresses at the same externally applied stresses,
the lower the dislocation emission at the interface [8]. Accordingly, smaller coherency
stresses should lead to a shorter primary creep regime, because lower strains are necessary
until the equilibrium of dislocation emission and thermally activated dislocation annihilation
is reached. This assumption correlates well with the observed effect of the alloying elements
on the range of the primary creep regime and can explain the shorter primary creep regime of

the Zr-containing alloy and the longer one of the Ta-containing alloy.

5. Summary and conclusion

A systematic study was performed to determine the influence of the three alloying elements
Nb, Ta and Zr on the microstructure and creep properties of fully lamellar titanium

aluminides. The following conclusions can be drawn:

e 5 at.% of the alloying elements Nb, Ta and Zr significantly increase the creep resistance.
e Nb leads to a smaller improvement in the creep properties in comparison to the addition of

Ta and Zr.
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The addition of Zr shortens the primary creep regime, whereas Ta prolongs it.

Nb, Ta and Zr decrease the average o2/y interface spacing, in comparison to the binary

alloy.

Nb, Ta and Zr improve the microstructural stability during creep exposure by slowing

down the discontinuous coarsening and the transformation of the az-phase to the y-phase.
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