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This study presents recent results on titanium (Ti) and niobium (Nb) diffusion in binary (�2-
Ti3Al and �TiAl) and ternary high-Nb-containing (�TiAl-10Nb) Ti aluminides. Three different
techniques were used to measure self-diffusion and solute (Nb) diffusion. The radiotracer tech-
nique combined with mechanical sectioning by grinding was applied at higher temperatures,
whereas ion-beam sputtering or secondary ion mass spectrometry was used to analyze the short
penetration profiles at lower temperatures. The results measured by these different techniques
for different penetration depths are very consistent. Nb is a slower diffuser compared to Ti in
the ternary as well as in the binary Ti aluminides. The heavy alloying of �TiAl with 10at.% Nb,
however, enhances significantly both the Ti and the Nb diffusivities. The diffusion mechanisms
for Ti and Nb in ordered Ti aluminides are discussed.

1. Introduction

Titanium (Ti) aluminides are attractive materials for
high-temperature structural applications such as turbo-
charger wheels or gas turbine blades. Alloying is frequently
used to improve their physical properties. Heavy alloying
with niobium (Nb) was especially found to yield a large
gain in the mechanical properties[1,2] and the oxidation re-
sistance[3,4] of the Ti aluminides. Therefore, research on Ti
aluminides has recently focused on high-Nb-containing
TiAl alloys.[5]

Many important mechanical and physical properties of
the structural alloys, especially at elevated temperatures, are
related to atomic self-diffusion. For example, the superior
creep resistance of high-Nb-containing TiAl alloys was es-
tablished,[2] which might hypothetically be explained by
decreased diffusion rates in TiAlNb.

To give an additional insight into the physical nature of
the improved creep resistance of high-Nb-containing Ti alu-
minides, the diffusion behavior of binary and ternary Ti
aluminides has to be elucidated. In this article, the authors
review recent results on Ti self-diffusion and Nb solute
diffusion in the binary (�2-Ti3Al and �TiAl) and the ternary
TiAl-Nb titanium aluminides. According to the ternary
phase diagram for the Ti-Al-Nb system,[6] the Ti-54Al-
10Nb alloy lies in the � phase field.

2. Experimental Details

2.1 Sample Preparation

Alloys were prepared in the group of Dr. F. Appel at the
Gesellschaft zur Kernenergieverwertung in Schiffbau und
Schiffahrt (GKSS) Research Center, Geesthacht, Germany.
Pure elements (Ti of 99.99 wt.% purity, Al of 99.999 wt.%
purity, and Nb of 99.9 wt.% purity) were typically used to
produce the binary (�2-Ti3Al and �TiAl) or ternary (�Ti-
54Al-10Nb) alloys by repeated induction heat melting. The
alloys with the compositions Ti-33at.%Al, Ti-56at.%Al,
and Ti-54at.%Al-10at.%Nb were used in the present inves-
tigation. The complete results on self-diffusion (Ti) and Nb
solute diffusion in �2-Ti3Al and �TiAl were published[7-10]

as a function of the composition of the corresponding
phases.

The ingots were cut into discs of about 2 to 3 mm in
thickness and about 8 mm in diameter by spark erosion.
After a standard polishing procedure, the samples were an-
nealed under high-vacuum conditions (10−6 Pa) above the
intended diffusion annealing temperature to eliminate pos-
sible surface stresses and to reduce the dislocation density
of the material.

The diffusion samples were placed in sealable compact
TiAl containers wrapped with a Ta foil. This prevents pre-
ferred Al evaporation from the specimen surface. The final
composition of the alloys was determined by electron mi-
croprobe analysis.

2.2 Diffusion Study

Ti diffusion was studied by applying the 44Ti radioiso-
tope (68 and 78 keV � radiation; half-life 47.3 years). The
radioisotope was either evaporated in a vacuum chamber on
the prepared surface of the specimen or was dropped di-
rectly (as an aqueous solution of Ti chloride [TiCl4]) and
dried. Tracer deposition by evaporation was applied in the
case of short diffusion penetration profiles to satisfy instan-
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taneous source initial conditions. The detected initial
amount of the radioisotope on the sample surface was about
1 to 2 kBq.

On the other hand, it is a quite involved task to measure
reliably the diffusion rate of the 95Nb radioisotope.[11] The
radioisotope 95Nb (766 keV � radiation; half-life 35 d) was
available only in radiochemical equilibrium with its mother
nuclide, 95Zr (757 keV � radiation; half-life 65.5 d). There-
fore, the concentration of 95Nb in a given section of a speci-
men is determined by several factors: (a) direct diffusion of
95Nb atoms; (b) diffusion of 95Zr isotope and its decay rate
into the 95Nb isotope; and (c) the decay of 95Nb. All of these
factors have to be taken into account to determine the 95Nb
diffusivity.[11] Moreover, the energies of the corresponding
� lines for the two isotopes differ by only 9 keV, which
imposes relatively strong requirements on the energy reso-
lution of the counting system.

In binary Ti aluminides, Nb diffusion can convenient-
ly be measured by secondary ion mass spectrometry
(SIMS) analysis using natural stable 93Nb isotope as a
tracer.[8] In this case, a thin 93Nb tracer layer was depos-
ited on the sample surface by evaporation in a vacuum
chamber.

Because the SIMS analysis cannot be used in the case of
ternary TiAlNb alloys, the radiotracer technique was exclu-
sively applied in that case. In the binary Ti aluminides, the
radioisotope 95Nb was also applied at high temperatures to

increase the temperature interval of the diffusion study and
to check the consistency of the SIMS data.

2.3 Measurements of the Penetration Profiles

Conventional mechanical sectioning by grinding was
performed to determine the penetration profiles of about
100 �m (or even more) in depth. Before sectioning, the
diameter of each specimen was reduced by at least 1 mm to
exclude any contribution of radial diffusion. The sectioning
was performed with a precision grinding device.[7] The pen-
etration depth was calculated from the loss of weight, which
was determined with a microbalance after each sectioning,
the diameter, and the density of each specimen.

The short penetration profiles of about 1 �m in depth
were measured by ion-beam sputtering in the case of the
radiotracer measurements. The sputtering device developed
by Wenwer et al.[12] was used. Sputtering was performed in
a high-vacuum chamber using Ar+ ions with the energy of
1.1 keV and a beam current of 20 mA. A special mask was
applied to ensure that only the central region of each sample
was sputtered off. The sputtering time was converted to the
respective penetration depth assuming a constant sputtering
rate. The total penetration depth was calculated by measur-
ing the crater size and the weight loss of the specimen with
the known density.

Fig. 1 Typical penetration profiles of 44Ti diffusion measured by the techniques of mechanical sectioning (a) and ion-beam sputtering (b)
in the Ti-33Al alloy (circles), the Ti-56Al alloy (squares), and the Ti-54Al-10Nb alloy (triangles). k is a scaling factor, and x is the
penetration depth.
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In-depth profiling by SIMS (CAMECA IMS-3F instru-
ment) was performed by Dr. M. Friesel (Chalmers Tech-
nical University, Göteborg, Sweden). Nb diffusion was
measured using a stable 93Nb isotope. High-energy O2

+ ions
were used as the primary beam. The central area of the 200
× 200 �m2 crater was analyzed. By assuming a constant
sputter rate, the time of the analysis was converted to the
penetration depth. The sputter rate was determined from the
total time of the analysis and the final crater depth. The
penetration profiles measured by the SIMS analysis ex-
tended to several micrometers.

3. Results

3.1 Ti Diffusion

3.1.1 High-Temperature Measurements. Typical
penetration profiles measured by the mechanical sectioning
technique in the Ti aluminides under consideration are pre-
sented in Fig. 1(a). A Gaussian-like distribution for the
tracer was typically observed over several orders of magni-
tude in the decrease of the tracer concentration with the
penetration depths of several tens of micrometers. The
tracer diffusion coefficients D therefore were calculated
from the thin layer solution of Fick’s equation:

D =
1

4t�−
�lnc

�x2 �−1

(Eq 1)

Here, c is the relative section activity (which is proportional
to the tracer concentration) at depth x, and t is the diffusion
time. The fits according to Eq 1 are indicated in Fig. 1 by
solid lines.

3.1.2 Low-Temperature Measurements. At lower
temperatures, the penetration profiles were measured by
the ion-beam sputtering technique, which allows the reli-
able determination of short-penetration profiles (Fig. 1b)
and, hence, the small diffusivities. The penetration depths,
which are even smaller than 1 �m, are accessible in this case.

3.2 Nb Diffusion

Figure 2(a) represents the typical penetration profiles of
Nb diffusion in the binary Ti aluminides measured by SIMS
analysis. The profiles reveal the Gaussian-like behavior
over several orders of magnitude in the decrease of tracer
concentration.

As it is impossible to use the SIMS technique for study-
ing Nb diffusion in the Ti-54Al-10Nb alloy, the radiotracer
technique was applied throughout the whole temperature
interval, as well as at several temperatures in the binary
Ti-Al alloys under investigation. Two typical penetration
profiles are presented in Fig. 2(b). They could be recorded
up to 80 �m in depth. The profiles reveal a Gaussian type
of concentration dependence over about 2 to 3 decades in
the decrease of the tracer concentration.

Fig. 2 Penetration profiles of Nb diffusion measured by SIMS (a) and the radiotracer technique (b) in Ti-33Al alloy (circles), Ti-56Al alloy
(squares), and Ti-54Al-10Nb alloy (triangles). x is the penetration depth.
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4. Discussion

By applying the three different techniques for the analy-
sis of the penetration profiles, the diffusion of Ti and Nb in
binary (�2-Ti3Al and �TiAl) and ternary �TiAl-10Nb alloys
was measured in extended temperature intervals. Although
quite different penetration depths were recorded, ranging
from fractions of a micrometer (the ion-beam sputtering) or
5 to 10 �m (the SIMS analysis), to about 100 �m (the
mechanical sectioning), consistent data were obtained. This
supports the reliability of the applied procedure and the
derived diffusion data.

The temperature dependence of the Ti and Nb tracer
diffusion in the binary �TiAl is presented in Fig. 3. The
penetration profiles for Ti diffusion were measured by me-
chanical sectioning at higher temperatures[9] (full squares)
and by ion-beam sputtering at lower ones (open squares)
(Fig. 3). The Nb diffusion was measured by the SIMS
analysis[10] (open circles) and in an exemplary fashion by
the radiotracer technique combined with mechanical sec-
tioning (full circles).

While the measured diffusion coefficients of Nb can be
represented by a linear Arrhenius dependence, Ti diffusion
reveals strong nonlinear temperature dependence at elevated

temperatures. However, below the temperature of about
1470 K the temperature dependence of the Ti diffusivity DTi
can be approximated by the Arrhenius function:

DTi = �9.50−5.2
+11.4� × 10−6 exp�−

�273.3 � 8� kJ � mol

RT � m2�s�1

(Eq 2)

The Arrhenius parameters of Nb and Ti diffusion in the Ti
aluminides under investigation are listed in Table 1.

The experimental results of Ti and Nb diffusion in the
ternary high-Nb-containing �Ti-54Al-10Nb alloy are pre-
sented in Fig. 4. Again, an agreement between the mechani-
cal sectioning results and the ion-beam sputtering data is
observed. Both Ni and Ti diffusivities follow Arrhenius
temperature dependencies with the parameters listed in
Table 1.

Nb and Ti diffusion in the binary �2-Ti-33Al alloy were
found[7,8] to follow Arrhenius temperature dependencies
with the parameters given in Table 1.

Figure 5 compares the Nb and Ti diffusivities in the Ti
aluminides under investigation. In all three phases, Nb dif-
fuses more slowly than Ti. This difference amounts to about
an order of magnitude in the binary �2-Ti-33Al and �Ti-
56Al phases. Simultaneously, the activation enthalpy of Nb
diffusion QNb is considerably larger than that of Ti diffu-
sion, QTi, by almost 50 kJ/mol in these phases (Table 1). In
the ternary �Ti-54Al-10Nb alloy, Nb diffuses more slowly
than Ti only by a factor of two to three. The two activation
enthalpies, QNb and QTi, are quite similar in the high-Nb-
containing alloy.

The ordered lattice structures of the binary �TiAl and
�2-Ti3Al phases are schematically presented in Fig. 6. The
ternary high-Nb-containing �Ti-54Al-10Nb alloy also has a
layered L10 structure (Fig. 6b).

Nb was shown to occupy the Ti sublattice in both �2-
Ti3Al[13] and �TiAl.[14,15] In a ternary �TiAlNb alloy, the
Nb atoms hence occupy the Ti sublattice dominantly. Heavy
Nb alloying of the �TiAl intermetallics increases both pa-
rameters a and c of the L10 structure as well as their ratio
c/a.[15]

One of the most striking features in Fig. 3 is a strongly
curved temperature dependence of Ti diffusion in �TiAl, if
it is measured in an extended temperature interval.[9] This

Fig. 3 Ti diffusion (squares) and Nb diffusion (circles) in the
binary �Ti-56Al alloy. The dashed line represents the temperature
dependence of Ti diffusion, which is obtained by an Arrhenius fit
at temperatures below 1470 K. The full symbols show the results
of mechanical sectioning experiments,[9] whereas the open sym-
bols represent the results of the SIMS analysis[10] and ion beam
sputtering for Nb and Ti, respectively.

Table 1 Activation enthalpy Q and preexponential
factor D0 of Ti and Nb tracer diffusion in binary and
ternary titanium aluminides

Material Tracer D0 , m2/s Q, kJ/mol

�2-Ti-33Al Ti 2.4 × 10−5 288
Nb 3.2 × 10−4 339

� Ti-56Al Ti 9.5 × 10−6 273
Nb 1.5 × 10−4 324

� Ti-54Al-10Nb Ti 4.0 × 10−4 304
Nb 1.9 × 10−5 280

Note: The Arrhenius parameters of Ti diffusion in the � Ti-56Al alloy were
obtained by an Arrhenius fit in the temperature range below 1470 K.
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behavior was explained by accounting for different atomis-
tic mechanisms of Ti diffusion at lower and higher tem-
peratures in �TiAl.[9,16] According to atomistic calcu-
lations, the vacancy concentration on the Ti sublattice ex-
ceeds that on the Al sublattice by orders of magnitude.[9]

Moreover, a relatively high concentration of Ti antistructure
atoms (i.e., Ti atoms on Al sublattice in antistructure
positions) was calculated to be formed, especially at
higher temperatures.[9] Whereas the Ti sublattice diffusion
mechanism was proposed to dominate Ti diffusion at
lower temperatures, the so-called antistructure bridge
mechanism benefits from the large concentration of Ti an-
tistructure atoms and enhances significantly the Ti diffusiv-
ity at higher temperatures.[9] On the other hand, a linear
temperature dependence of Ti diffusion in �2-Ti3Al was
observed when plotted in the Arrhenius coordinates[7] (Fig.
5). This behavior was related to the Ti sublattice diffusion
mechanism in the D019 structure (Fig. 6a) of the �2-Ti3Al
alloy.[7]

As mentioned above, Nb diffuses more slowly than Ti
in the binary �2-Ti3Al and �TiAl aluminides by an order
of magnitude. Due to the preferential solubility of Nb to
the Ti sublattice,[14] such behavior was explained by the
Ti sublattice diffusion mechanism of Nb atoms and a re-
pulsive interaction between Nb atoms and Ti vacancies.

According to the standard electrostatic model of vacancy-
solute atom interaction,[17] one would expect that the addi-
tion of Nb to TiAl would produce a retardation effect on the
diffusion rates. This is definitely not the case for the high-
Nb-containing alloys. Both Ti and Nb diffuse faster in the
ternary alloy in comparison to the binary ones.

Because the addition of a large amount of Nb atoms
increases both the lattice parameters and the c/a ratio,[15]

the energy barriers may be decreased, enhancing sim-
ultaneously the diffusion rates. Atomistic simulations
would be helpful to explain the observed experimental be-
havior.

Heavy alloying by Nb was shown to enhance the creep
resistance of TiAl alloys at working temperatures of about
700 °C.[2] Extrapolating the Ti diffusivity in the ternary
�Ti-54Al-10Nb and the binary �Ti-56Al alloys down to
these temperatures, one can see that the ratio of the diffusion
rates is reversed: self-diffusion in �TiAl alloy occurs faster
than in the ternary �TiAlNb alloy (Fig. 5).

The above-mentioned superior creep properties of Ti-Al-
Nb alloys may probably be related to this bulk diffusion
retardation. However, one should not overinterpret this find-
ing. At relatively low working temperatures, grain boundary
diffusion may play a decisive role and may profoundly af-
fect the creep resistance. In this case, the probable segrega-
tion of Nb atoms at grain boundaries can produce a retar-
dation effect on the grain-boundary self-diffusion of Ti and
thus on the creep rate.

Fig. 4 Arrhenius plot of Ti diffusion (squares) and Nb diffusion
(circles) in the ternary �Ti-54Al-10Nb alloy. The full symbols
show the results of mechanical sectioning experiments, whereas
the open symbols represent the results obtained by ion beam sput-
tering.

Fig. 5 Ti diffusion (dashed lines) and Nb diffusion (full lines) in
the �Ti-54Al-10Nb ternary alloy in comparison to their diffusivi-
ties in the binary �Ti-56Al alloy[9,10] and �2-Ti-33Al alloy[7,8]
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5. Summary

Ti and Nb tracer diffusion in the binary alloys (�2-Ti-
33Al and �Ti-56Al) and ternary �Ti–54Al-10Nb alloy is
presented. The results obtained by the mechanical section-
ing (larger penetration depths >10 �m and higher tempera-
tures) are very consistent with the diffusion data derived by
ion-beam sputtering or SIMS analysis (i.e., shorter penetra-
tion depths of several micrometers or even less, and lower
temperatures). This supports the reliability of the diffusion
data that were determined.

Both Ti and Nb reveal almost linear Arrhenius-type tem-
perature dependencies in all phases, excepting the case of Ti
diffusion in �TiAl. In the latter case, a strongly curved
temperature dependence is obtained. In the temperature in-
terval studied, Nb diffuses more slowly than Ti by an order
of magnitude in the two binary aluminides and by a factor
of two to three in the ternary high-Nb-containing alloy.

Both Ti and Nb tracer diffusivities are enhanced in the
ternary composition with respect to their diffusivities in
binary Ti3Al and TiAl alloys at T > 1000 K. The effect is
related to an elastic distortion of the L10 structure of the
�TiAl phase by alloying with oversized Nb atoms.
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