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Abstract The creep properties of fully lamellar c/a2 tita-

nium aluminides can be significantly improved by alloying

with Nb, Ta or Zr. While the influence of these alloying

elements on the c-phase has already been examined, their

diffusivity and strengthening properties in the a2-phase are
still lacking. In order to study the effect of Nb, Ta and Zr in

a2-Ti3Al, the alloys Ti-33Al, Ti-33Al-5Nb, Ti-33Al-5Ta

and Ti-33Al-5Zr were investigated using a diffusion couple

approach and strain rate jump tests. The results show that

Zr diffuses the fastest, followed by Nb and Ta. Further-

more, these alloying elements also increase the strength

compared to a binary Ti-33Al alloy, from which Zr leads to

the highest strength increase followed by Ta and Nb. The

lower diffusivity of Ta becomes increasingly important at

higher temperatures and lower strain rates resulting in a

higher strengthening potential than Nb and Zr under such

conditions.

Keywords a2-phase � alloying elements � diffusion � solid
solution � strain rate jump test � titanium aluminides � Ti3Al

1 Introduction

With a steady increase in global energy requirements,

thermodynamically more efficient and environmentally

friendly energy conversion systems are becoming increas-

ingly important. New classes of materials are required to

further increase efficiency, since the well-established Ni-

base alloys have been developed almost to their limits over

the last 50 years.1,2 Titanium aluminides (TiAl) are an

interesting alternative due to their good high-temperature

strength, oxidation resistance and particularly low den-

sity.3–7 The mechanical properties of these intermetallic

alloys are strongly influenced by the microstructure. The

fully or nearly lamellar microstructure with large colonies

(50-100 lm) of alternating a2- and c-lamellae exhibits

relatively high fracture toughness and excellent creep

strength. Consequently, such a microstructure is very

important for technically relevant TiAl alloys.1,4,8–11 The

lamellar spacing in these alloys has a large influence on the

mechanical properties. For example, the creep strength

increases with decreasing lamellar spacing.9,12 To improve

the mechanical properties of lamellar microstructures even

further, alloying elements can be added. Previous investi-

gations showed that 5 at.% of Nb, Ta or Zr leads to an

improved creep resistance,12 which was attributed to the

low diffusivity and high solid solution hardening coeffi-

cients of these alloying elements, which has already been

shown for the c-phase.13

In general, numerous studies on the influence of alloying

elements on the mechanical properties have been carried

out on the less hard and more ductile c-phase,1,12–17 since
the c-phase carries the majority of the deformation, espe-

cially at low temperatures.1,18–20 However, intensive

studies of alloying of the a2-phase are missing, especially

for alloying elements other than Nb.21–23 Furthermore, the
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partitioning behavior between the c- and a2-phase in fully

lamellar TiAl alloys can vary largely for the alloying ele-

ments. Zr tends to partition to the c-phase, while Ta shows
a slightly preferential partitioning to the a2-phase.

17,24–28

For Nb, an approximately equal distribution between the c-
and a2-phase

24,27,28 but also a slight tendency to partition

to the c-phase17,25,26,29 is reported in literature. The a2-
phase becomes increasingly important for lamellar TiAl

alloys at higher temperatures, as transmission electron

microscopy (TEM) investigations show a steadily

increasing plastic deformation of the a2-phase with

increasing temperature, where the diffusivity of alloying

elements in the a2-phase becomes more pronounced.21,22,30

In this study, diffusion couples were used to determine the

interdiffusion coefficients of the alloying elements Nb, Ta

and Zr in the a2-phase. In addition, strain rate jump (SRJ)

compression tests at temperatures up to 900 �C were per-

formed on single a2-phase Ti-33Al and Ti-33Al-5X

(X = Nb, Ta, Zr) alloys to study the temperature dependent

strengthening potential of the alloying elements Nb, Ta and

Zr.

2 Experimental Methods

The nominal composition of the investigated binary Ti-

33Al alloy and the ternary Ti-33Al-5X (X = Nb, Ta, Zr)

alloys is given in Table 1. The aluminum content of

33 at.% was chosen instead of the stoichiometric compo-

sition of Ti-25Al of a2-Ti3Al as the Ti-Al phase diagram
31

and atom probe measurements17 revealed an aluminum

content of 32 at.% to 35 at.% Al in the a2-phase of the

technically relevant fully lamellar TiAl alloys. Further-

more, CALPHAD calculations using the software Thermo-

Calc with the database TCTi2 and the Ti-Al phase dia-

gram31 show a maximum of the order-disorder transfor-

mation temperature for the binary a2-phase between 32

at.% and 34 at.% Al. This allows the interdiffusion heat

treatment to be carried out at higher temperatures without

an order-disorder transformation, resulting in a sufficient

width of the interdiffusion zone in a shorter time.

The alloys were produced by vacuum arc melting from

technically pure metals at the Helmholtz-Zentrum Hereon

(Geesthacht/Germany) to buttons with a diameter of about

30 mm. All four alloys were heat treated at 1150 �C for 8 h

to homogenize and adjust the microstructure. For the

microstructural characterization, samples of the alloys were

mechanically ground and then electropolished (A3 elec-

trolyte, Struers GmbH, Ottensoos/Germany) at 60 V and a

temperature between - 10 and - 40 �C, cooled by liquid

nitrogen. The microstructure was analyzed using a scan-

ning electron microscope (SEM) (Crossbeam 1540 EsB,

Carl Zeiss AG, Oberkochen/Germany) and the chemical

analysis was done using energy dispersive x-ray spec-

troscopy (EDS) (Inca Energy 350, Oxford Instruments,

Abingdon/United Kingdome).

The microstructure analysis was conducted with 20 kV

excitation voltage using the back-scattered electron (BSE)

detector and a 120 lm aperture. The EDS measurements

were performed at 20 kV, 8 mm working distance, a

30 lm aperture and 100 s measurement time. A standard

calibration procedure using a Co reference was performed

prior to the measurements.

Each diffusion couple consisted of two cuboids

(*6 9 6 9 3 mm) of Ti-33Al and Ti-33Al-5X (X = Nb,

Ta, Zr), respectively. One side of these cuboids was ground

and polished as described above, and both samples were

placed with the polished surfaces together in a molybde-

num holder and fixed with molybdenum screws and alu-

mina shims. This method has already been used in (Ref

13). The diffusion couples were heat treated in a vacuum

furnace at 1050 �C for 500 h, at 1100 �C for 400 h or at

1150 �C for 300 �h. The concentration profiles were

investigated by EDS, fitted with a dose-response function

using a Levenberg-Marquadt algorithm32 and evaluated

according to the Sauer-Freise method33 to determine the

interdiffusion coefficients. Due to limitations of this

method, the beginning and the end of the concentration

profiles were not considered for the determination of the

interdiffusion coefficients and only the data between

1.5 at.% and 3.5 at.% of the respective alloying element X

was used.

To investigate the temperature-dependent influence of

the alloying elements Nb, Ta and Zr on the mechanical

properties, strain rate jump tests were performed in com-

pression mode in air on an Instron 4505 (Instron, Nor-

wood, MA/USA) modernized by Hegewald & Peschke

(Hegewald & Peschke Meß und Prüftechnik GmbH, Nos-

sen/Germany) using cylindrical specimens at room

Table 1 Nominal composition of Ti-33Al and the Ti-33Al-5X alloys

in at.%

Ti Al Nb Ta Zr

Ti-33Al 67 33

Ti-33Al-5Nb 62 33 5

Ti-33Al-5Ta 62 33 5

Ti-33Al-5Zr 62 33 5
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temperature, 750 and 900 �C. The specimens were pro-

duced by spark erosion to a diameter of 4 mm. They were

then ground to a parallel height of 6-7.5 mm. The strain

rate was varied between 10-3, 10-4 and 10-5 s-1 and the

strain rate sensitivity was determined analogously to (Ref

13) at the first and fourth strain rate jump according to (Ref

34, 35).

3 Data Evaluation

Figure 1(a) shows exemplarily the measured concentration

profiles of the Nb-containing diffusion couples (Ti-33Al/

Ti-33Al-5Nb), aged at 1050, 1100 and 1150 �C, respec-
tively. All three curves show the expected S-shape. The Nb

concentration increases from 0 at.% on the binary side to

about 5.0–5.5 at.% Nb on the ternary side. The different

Nb concentrations on the Ti-33Al-5Nb side could be due to

casting segregations, which are still present due to the low

initial heat treatment temperature, or due to measurement-

related errors of the EDS measurement. However, since the

alloying element concentration does not change signifi-

cantly at the different measurement locations, the effect on

the interdiffusion coefficients is negligible. The resulting

interdiffusion coefficients between 1.5 at.% and 3.5 at.%

Nb are shown in Fig. 1(b).

Usually, the diffusion couple approach has the great

advantage that the solid solution hardening coefficient can

be determined on the same sample in addition to the

interdiffusion coefficient by performing nanoindentations

across the interdiffusion zone. However, the hardness of

the single a2-phase alloys determined by nanoindentations

at room temperature showed a strong dependence on the

grain orientation and could not be used to determine solid

solution hardening coefficients. A possible explanation for

the strong orientation dependence of the hardness could be

due to the significantly different activation energies of the

three slip systems in Ti3Al and the resulting limited duc-

tility at room temperature.1,22,36

Since the analysis of the other diffusion couples showed

similar concentration profiles, only the results of these

investigations are presented and discussed in the following

chapter. The data evaluation of the diffusion couples with

the other two ternary alloys Ti-33Al-5Ta and Ti33Al-5Zr is

shown in the Supplementary Information in the Figures S1

and S2.

4 Results and Discussion

4.1 Interdiffusion Coefficients

The determined average interdiffusion coefficients of Nb,

Ta and Zr in Ti-33Al are listed in Table 2.

The results are shown in an Arrhenius diagram in Fig. 2

together with literature data for the diffusion of Nb in a2-
Ti3Al.

37

The activation energy Q (kJ�mol-1) and the frequency

factor D0 (m
2�s-1) were calculated using equation 1, where

R (J�mol-1�K-1) is the universal gas constant and T (K) is the

temperature, see Table 3.

D ¼ D0 � exp � Q

R � T

� �
ðEq 1Þ

Fig. 1 (a) Concentration cNb of Nb across the interdiffusion zone after annealing at 1050, 1100 and 1150 �C. (b) Interdiffusion coefficient DNb as

a function of the Nb concentration cNb at the three different annealing temperatures

J. Phase Equilib. Diffus.

123



Since the heat treatment temperature of 1150 �C is near

the order-disorder transformation temperature of the binary

a2-phase, CALPHAD calculations were carried out for the

binary and the three ternary alloys using the software

Thermo-Calc with the database TCTi2. The order-disorder

transformation temperatures could be determined as

1189 �C for Ti-33Al, 1283 �C for Ti-33Al-5Nb, 1132 �C
for Ti-33Al-5Ta and 1157 �C for Ti-33Al-5Zr. While the

order-disorder transformation temperatures of Ti-33Al and

Ti-33Al-5Nb are well above the heat treatment temperature

of 1150 �C, the order-disorder transformation temperature

of Ti-33Al-Ta and Ti-33Al-5Zr is below and slightly above

1150 �C, respectively. Nevertheless, we could not observe

an increasing interdiffusion coefficient with increasing Ta

or Zr concentration and the activation energies for the

diffusion of Ta and Zr agree quite well with that of Nb,

while the diffusion coefficient in the disordered a-phase
should be in the range of orders of magnitudes larger than

in the ordered a2-phase. We therefore assume a negligible

influence of order-disorder transformation processes in our

experiments.

The results in Table 2 and Fig. 2 show that Ta has the

lowest diffusivity, followed by Nb and then Zr. The

interdiffusion coefficients of all three alloying elements

show an exponential behavior with increasing temperature.

Nb, Ta and Zr are all occupying sites in the Ti sublattice,38

which suggests very similar diffusion mechanisms. Com-

pared to literature data for the diffusion of Nb in a2-Ti3-
Al,37 the measured interdiffusion coefficients are slightly

larger. This difference could be due to the different

methods used to determine the interdiffusion coefficients,

since the results in (Ref 37) were obtained using the

radiotracer method. For Ta and Zr no literature data are

available so far. However, the trend in the diffusivity of the

three elements is the same as observed in single c-phase
TiAl alloys13 and is also found in other metallic materials

such as Ni39 or Co40 solid solutions.

Similar to the recent results on the single c-phase Ti-

54Al alloys, the diffusion coefficients in this study also

seem to correlate with the Goldschmidt radii,41 where

larger atoms diffuse faster. This behavior was already

observed by Janotti et al.,42 who studied the diffusion of

different transition metal solutes in Ni using first-principle

calculations. It was proposed that the larger transition

metal atoms have a higher compressibility and form

weaker bonds to the atoms of the host lattice, which leads

to increased solute-vacancy exchanges and therefore a

faster diffusion.39,42 The compressibility of the solutes can

also explain the lower diffusion coefficient of Ta compared

to Nb, despite having a very similar Goldschmidt radius.

Transition metals of the 5d-series exhibit a generally lower

compressibility than those of the 4d-series. The findings by

Janotti et al.42 and Fu et al.39 are also supported by

experimentally determined diffusion coefficients for dif-

ferent solutes in Ni.43–45

4.2 Strain Rate Jump Tests

To evaluate the mechanical properties of the single phase

Ti-33Al-5X alloys, strain rate jump tests were performed at

room temperature, 750 and 900 �C in compression mode in

air. It should be noted that the heat treatment at 1150 �C for

Table 2 Average interdiffusion coefficient of Nb DNb, Ta DTa and Zr

DZr in a2-Ti-33Al

Temperature DNb, m
2 s-1 DTa, m

2 s-1 DZr , m
2 s-1

1050 �C 3.94 9 10-17 1.10 9 10-17 4.08 9 10-16

1100 �C 1.19 9 10-16 3.74 9 10-17 8.73 9 10-16

1150 �C 2.06 9 10-16 8.15 9 10-17 1.43 9 10-15

Fig. 2 Arrhenius plot of the average interdiffusion coefficients D of

Nb, Ta and Zr determined in this work together with literature data

from Breuer et al.,37 which were extrapolated to a temperature of

1150 �C

Table 3 Activation energy Q and frequency factor D0 of the alloying

elements Nb, Ta and Zr a2-Ti-33Al

Element Activation energy Q, kJ mol-1 Frequency factor, m2 s-1

Nb 262 8.25 9 10-7

Ta 317 3.32 9 10-5

Zr 199 2.64 9 10-8
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8 h resulted in a recrystallized microstructure of the ternary

Ti-33Al-5Nb, Ti-33Al-5Ta and Ti-33Al-5Zr alloys with an

average grain size of 65 lm, 45 lm and 50 lm, respec-

tively, while the binary Ti-33Al alloy showed no signs of

recrystallization resulting in a larger average grain size of

491 lm, as shown in Fig. 3.

To account for the different grain size , the Hall-Petch

strengthening contribution rHP was estimated using equa-

tion 2 with the Hall-Petch constant kHP and the grain size

d.7,46 Since no Hall-Petch constant was available for a2-
Ti3Al, the value for hcp Ti of 12 MPa�mm-0.5 47 was used.

DrHP ¼ kHPffiffiffi
d

p ðEq 2Þ

The calculated Hall-Petch strengthening contribution

rHP together with the average grain size d are shown in

Table 4 and the stress-strain curves for the strain rate jump

tests in compression mode in air at room temperature, 750

and 900 �C are shown in Fig. 4.

This estimation shows that the Hall-Petch strengthening

contribution is quite small and more or less negligible

compared to the solid solution strengthening effect.

All three alloying elements lead to a significant increase

in strength at room temperature as well as at 750 �C, with
the Ti-33Al-5Zr alloy showing the highest strength, fol-

lowed by Ti-33Al-5Ta and Ti-33Al-5Nb. This strengthen-

ing contribution is in the order of 100-200 MPa compared

to the unalloyed binary alloy. The Ti-33Al, Ti-33Al-5Nb

and Ti-33Al-5Ta alloys show a decrease in strength at

larger strains, which could indicate a brittle failure as

reported in literature for a2-Ti3Al alloys.
1,22,36

The strength difference between the ternary Ti-33Al-5X

alloys and the binary Ti-33Al alloy decreases when

increasing the temperature to 750 and 900 �C. To further

investigate the temperature and time dependent strength of

Fig. 3 SEM images in BSE mode of the microstructures of the binary Ti-33Al and the ternary Ti-33Al-5X alloys after a heat treatment at

1150 �C for 8 h

Table 4 Average grain size d

and estimated Hall–Petch

strengthening contribution rHP
for the a2-Ti3Al alloys

Alloy Average grain size d, lm Hall–Petch strengthening contribution rHP, MPa

Ti-33Al 491 18

Ti-33Al-5Nb 65 49

Ti-33Al-5Ta 45 59

Ti-33Al-5Zr 50 56
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the four investigated alloys, the 0.2% yield strength rp0.2
and strain rate sensitivity m at room temperature, 750 and

900 �C are shown in Fig. 5(a) and (b), respectively. It can

be seen that the 0.2% yield strength for the ternary Ti-

33Al-5X alloys decreases as the temperature increases,

while the strain rate sensitivity increases due to the

increasing influence of thermally activated processes.

The results of the mechanical tests on the ternary Ti-

33Al-5X alloys and the binary Ti-33Al alloy show similar

trends as recently observed for single c-phase alloys.13

Similar to this recent study, the addition of Zr also leads to

the greatest increase in strength, while the addition of Nb

and Ta results in a smaller strength increase. Again, it

seems that at lower temperatures and higher strain rates,

the strength increase appears to be correlated with the solid

solution hardening potential of the different alloying ele-

ments based on their Goldschmidt radii.41 Apparently, the

size difference between the solute and the surrounding

matrix atoms provides the largest contribution to the

strengthening. If the temperature increases and the strain

rate decreases, the diffusivity increases, as indicated by the

increasing strain rate sensitivity, and diffusion-controlled

glide and climb process contribute more to the plastic

deformation. Then, slower diffusing elements provide a

higher strengthening contribution by a kinetic retardation

effect on these glide and climb processes. This behavior

has been already observed for various alloying elements in

Ni.48,49 This is also supported by the fact that Ti-33Al-5Ta,

with the slower diffusing element Ta, shows the highest

strength at the highest test temperature of 900 �C and the

lowest applied strain rate of 10-5 s-1 while Ti-33Al-5Zr,

with the faster diffusing element Zr, shows the lowest

strength.

5 Summary and Conclusion

The influence of the alloying elements Nb, Ta and Zr on

the diffusivity in a2-Ti3Al at temperatures between 1050

and 1150 �C was investigated using diffusion couples. To

investigate the strengthening effects of these three alloying

elements, strain rate jump tests in compression mode in air

were carried out at room temperature, 750 and 900 �C. The
following conclusion can be drawn from these

investigations:

• Ta is the slowest diffusing element in single phase a2-
Ti-33Al, followed by Nb and Zr , which is similar to the

diffusion behavior of these three elements in the c-
phase.

• The addition of 5 at.% Nb, Ta or Zr results in an

increase in strength compared to a binary a2-Ti-33Al
alloy. At lower temperatures and faster strain rates, the

Fig. 4 Strain rate jump tests in compression mode in air at (a) 23 �C,
(b) 750 �C and (c) 900 �C of the Ti-33Al-5X alloys and Ti33Al
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addition of Zr leads to the highest strength increase,

followed by Ta and Nb, which is attributed to their

atomic size mismatch, respectively. At higher temper-

atures and lower strain rates, the lower diffusivity of Ta

becomes increasingly important, resulting in a higher

strengthening potential than Nb and Zr.

Supplementary Information The online version contains

supplementary material available at https://doi.org/10.1007/s11669-

024-01105-y.
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Influence of Niobium, Tantalum and Zirconium on the

Microstructure and Creep Strength of Fully Lamellar c/a2 Tita-

nium Aluminides, Mater. Sci. Eng. A, 2019, 744, p 46–53. https://
doi.org/10.1016/j.msea.2018.11.152

13. L. Haußmann, S. Neumeier, J. Bresler, S. Keim, F. Pyczak, and
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