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X-ray diffraction (XRD) analysis was used to study the effect of alloying with 5 at.% Nb, 5 at.% Zr and
5 at.% (Zr + Hf) on the lattice parameters of the c(TiAl) and a2(Ti3Al) phase in the intermetallic alloys
based on Ti-44Al-0.2B (at.%). Before XRD analysis near the same duplex structures were obtained in the
alloys under study. The XRD data were used to calculate the tetragonal distortion (cc/ac) of the c phase, the
ca2/aa2 ratio of the a2-phase and the c/a2 lattice misfits in the alloys. The cc/ac ratio and the c/a2 lattice
misfits were found the highest in the base alloy, followed by the Nb-, (Zr + Hf)- and Zr-containing alloy. The
ca2/aa2 ratio in the alloys was the highest in the Nb-containing alloy, followed by the base alloy and the Zr-
and (Zr + Hf)-containing alloy. As was revealed in our previous work, the Ti-44Al-0.2B-based alloys doped
with Zr and Zr + Hf demonstrated appreciably higher creep resistance than the alloy doped with Nb and
the base alloy. It is assumed that the lower cc/ac and ca2/aa2 ratios obtained for the (Zr + Hf)- and Zr-
containing alloys contributed to the decrease and the increase in the creep resistance, respectively. The fact
that the (Zr + Hf)- and Zr-containing alloys showed higher creep resistance than the Nb-containing alloy
should be mostly attributed to the lower lattice misfits in the (Zr + Hf)- and Zr-containing alloys and the
higher solution hardening due to doping with Zr + Hf and Zr. Therefore, the impact of alloying on the
creep resistance in the b-solidifying c-TiAl alloys should be considered taking into account the changes of
the lattice parameters of the c and a2 phase, which have the influence on physical factors affecting the creep
behavior.
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1. Introduction

Intermetallic alloys based on the c-TiAl+a2-Ti3Al phases
(hereafter called as c-TiAl alloys) are lightweight high-temper-
ature materials, which have recently been used in aircraft
engines instead of nickel base superalloys (Ref 1-3). However,
the production technologies of c-TiAl alloys are still rather
expensive, and further improvements in processing methods are
required to reduce the cost of c-TiAl production. Another desire
of manufacturers is to increase the heat-resistant properties of
c-TiAl alloys while maintaining acceptable ductility and
processability. To meet these requirements so-called b-solidi-
fying alloys typically doped with Nb, Mo and B were
developed (Ref 4-10). In contrast to peritectically solidifying
alloys, the c-TiAl alloys solidifying solely through the b phase
and doped with the indicated elements have better chemical
homogeneity, refined as-cast structure free of sharp casting
texture and better hot deformability (Ref 8-10). However,

alloying with Nb and especially with Mo, which is known as a
strong b-stabilizing element in Ti- and TiAl-based alloys, leads
to formation of the b(bo) phase. This phase in the ordered
condition is brittle and only elastically deformed at room
temperature (Ref 11) limiting the room temperature ductility. In
addition, the presence of the b(bo) phase causes undesirable
phase transformations during exposure at potential operating
temperatures (Ref 12-14). Therefore, it seems to be reasonable
to replace Nb and Mo by other substitution elements having a
lower b stabilizing effect and a high solubility in the c-TiAl and
a2-TiAl phase.

Our previous investigation revealed that c-TiAl alloys based
on the Ti-44Al-0.2B alloy doped with Zr and Zr + Hf
demonstrated appreciably higher creep resistance than the alloy
doped with Nb and the base alloy while maintaining near the
same ductility below the brittle-ductile transition temperatures
(Ref 15). Higher creep resistance resulted from alloying with
Zr + Hf and Zr vs. Nb was ascribed to stronger solid solution
hardening due to larger atomic radii of Zr and Hf and to
different partitioning behaviors of the alloying elements.
Apparently, there was one more reason of different creep
properties of the alloys doped with Nb, Zr and Zr + Hf.
Neumeier et al. have recently demonstrated that alloying with
Zr instead of Nb decreased the c(TiAl)/a2(Ti3Al) lattice misfits
(Ref 16). This should reduce coherency stresses causing
dislocation emission from the c/a2 interfaces and increase the
creep resistance of a lamellar c+a2 structure. This factor should
also play a certain role in case of a duplex structure.
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As is known, the crystallographic relationship between the c
and a2 phase in c-TiAl alloys obeys the Blackburn orientation
relationship:

0001ð Þa2 111f gcand 1120
� �

a2

���
���

���
���< 110�c ðEq 1Þ

There are slight differences in the interatomic distances in
the close-packed directions of the c and a2 phase inducing
coherent or residual stresses (Ref 3, 17). Since the c <110] and
c <101] directions are not equivalent in the c phase having the
L10 superlattice, the lattice misfits between the parallel
a2(0001) and c{111} planes in c <110] and c <101]
directions (e110 and e101) of the c phase are different and
expressed as follows (Ref 16):

e110 ¼
aa2ffiffiffiffiffiffiffiffiffiffiffi
2 � a2c

q � 1 ðEq 2Þ

e101 ¼
aa2ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2c þ c2c

q � 1 ðEq 3Þ

In the present work, the effect of Nb, Zr and Zr + Hf on the
lattice parameters of the b-solidifying alloys based on Ti-44Al-
0.2B was investigated. The tetragonal distortion (cc/ac), the ca2/
aa2 ratio of the a2 phase and the lattice misfits calculated by Eq
2 and 3 were determined for the alloys. As in our previous work
(Ref 15), the same processing route and similar duplex
structures were obtained in the alloys. This allowed us to
exclude the effect of different microstructures on the lattice
parameters and to define the effect of the alloying elements.
The obtained results were compared with the creep properties
of the alloys in the duplex conditions.

Generally speaking, the present work aims at partial or
complete replacement of Nb and Mo as the basic alloying

elements in the b-solidifying c-TiAl alloys by Zr and Hf having
a smaller b-stabilizing effect, larger atomic radii and a high
solubility in the c-TiAl and a2-Ti3Al phase. To reach this goal,
a better understanding of the influence of these elements on the
lattice parameters of the intermetallic phases affecting different
physical processes (such as dislocation glide, dislocation
emission from the c/a2 interfaces etc.) and the creep behavior
is required.

2. Materials and Experimental

The following c-TiAl alloys were studied (at.%): Ti-44Al-
0.2B (base composition), Ti-44Al-5Nb-0.2B, Ti-44Al-5Zr-0.2B
and Ti-44Al-2.5Zr-2.5Hf-0.2B (hereinafter designated as BC,
BC-Nb, BC-Zr and BC-(Zr + Hf), respectively). The alloys
were produced via arc-melting as ingots with an approximate
weight of 100 g. The ingots were remelted many times to attain
good chemical homogeneity. The ingot compositions measured
by energy dispersive x-ray (EDS) analysis were found to be
very close to the nominal compositions.

The as-cast alloys were subjected to upset forging at
T = 950 �C and low strain rates as described in detail elsewhere
(Ref 15). The forged alloys were subjected to the same heat
treatment, which included annealing at T = 1250 �C (2 h),
followed by furnace cooling and at T = 900 �C (4 h). From the
forged and heat-treated workpieces, the specimens for creep
testing were prepared by spark cutting and mechanical
grinding. The creep tests were carried out at T = 700 �C as
described in Ref 15. The minimum creep rates were determined
for the alloys from these creep tests and compared to the lattice
misfits.

Scanning electron microscopy (SEM) in the back-scattering
electron (BSE) mode was carried out in a Mira-3 Tescan

Fig. 1 BSE images of the (a) BC, (b) BC-Nb, (c) BC-Zr and (d) BC-(Zr + Hf) alloys in the duplex conditions
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microscope. X-ray diffraction (XRD) analysis was carried out
using Cu-Ka radiation. The lattice parameters were measured
taking into consideration two different samples per alloy, and
the mean lattice parameters were taken into account. The
tetragonal distortion of the c unit cell (cc/ac ratio) was

calculated using the (002) and (200) peaks. The ca2/aa2 ratio
of the a2 phase was calculated using the 2110

� �
and (0002)

peaks. The lattice misfits are calculated using Eq 2 and 3.

3. Results

BSE images of the alloys after upset forging and heat
treatment are shown in Fig. 1. The microstructures were
significantly refined after processing, and duplex structures
with very similar microstructural parameters were obtained in
the alloys (Ref 15). Figure 2 represents XRD patterns obtained
for the alloys. The c-TiAl and a2-Ti3Al were detected in the
alloys. The b(bo) phase was not revealed that is consistent with
the BSE images.

Figure 3 shows the XRD patterns corresponding to the range
of 44-46�. The comparison of the patterns shows that the
distance between the 002 and 200 peaks of the c phase is
smaller in the BC-Zr and BC-(Zr + Hf) alloys as compared to
that in the BC and BC-Nb alloys. This indicates that the
tetragonal c phase became closer to cubic in the BC-Zr and BC-
(Zr + Hf) alloys.

Table 1 and Fig. 4 show the lattice parameters of the c and
a2 phase and the calculated values of the tetragonal distortion
cc/ac of the c unit cell and the ca2/aa2 ratio of the a2 unit cell
obtained for the alloys at room temperature. In comparison with
the BC alloy, doping with Nb insignificantly changed the lattice
parameters of both phases in the BC-Nb alloy. This should be
ascribed to the fact that the size difference between Ti and Nb
atoms is not more than 0.2% (Ref 3) (taking into account that
Nb occupies only the Ti sublattice in c-TiAl alloys). Therefore,
the cc/ac and ca2/aa2 ratios in the BC-Nb alloy were near the
same as in the BC alloy.

Alloying with Zr and Zr + Hf led to a small increase in the
cc and ca2 parameters and to a more appreciable increase in the
ac and aa2 parameters. Note that Ti and Al atoms are arranged
in layers in the c-TiAl phase (superlattice L10). Zr and Hf atoms
having significantly larger radii than Ti (0.160 and 0.159 nm
against 0.145 nm) and occupy only or preferentially the Ti
sublattice in layers (Ref 3) and, therefore, change first of all the
ac parameter. In the a2 phase (superlattice D019), the basal
planes (0001) contain not only Ti atoms, but also Al atoms and,
therefore, the effect of larger radii of Zr and Hf occupying the
Ti sublattice led to a smaller increase in the aa2 parameter as
compared to the ac parameter. The different influence of Nb, Zr
and Zr + Hf on the lattice parameters of the c and a2 phase can
be also associated with a different partitioning behavior of Nb,
Zr and Hf. Partitioning preference is known to be near equal or
c>a2 for Nb, strongly c>a2 for Zr and near equal for Hf (Ref

Fig. 2 XRD patterns obtained for the investigated alloys in the
duplex conditions

Fig. 3 XRD patterns obtained for the investigated alloys in the
range of 2H=44-46� at room temperature

Table 1 Average lattice parameters of the c and a2 phase and the calculated cc/ac and ca2/aa2 ratios obtained for the
alloys at room temperature

Alloy ac, Å cc, Å cc/ac aa2, Å ca2, Å ca2/aa2 cc/ac (Ref 16) ca2/aa2 (Ref 16)

BC 4.0107 4.0603 1.0124 5.754 4.6365 1.6116 1.02 (Ti-44Al) FL 1.6106
BC-Nb 4.0146 4.0611 1.0116 5.7558 4.6496 1.6156 1.012 (Ti-44Al-5Nb) FL 1.6202
BC-Zr 4.0463 4.0743 1.0069 5.7757 4.639 1.6064 1.0061 (Ti-44Al-5Zr) FL 1.6029
BC-(Zr + Hf) 4.0419 4.0722 1.0075 5.7804 4.6429 1.6064 … …
FL fully lamellar conditions.
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15, 16, 18). As a result, alloying with Zr and Zr + Hf provided
an appreciable decrease in the tetragonal distortion cc/ac of the
c unit cell and a smaller decrease in the ca2/aa2 ratio of the a2
unit cell. Thus, in terms of crystal symmetry, the tetragonal c
phase became closer to cubic and the a2 phase became farther
from the ideal hexagonal close-packed lattice in the BC-Zr and
BC-(Zr + Hf) alloys, whereas the cc/ac and ca2/aa2 ratios were
found near the same in the BC and BC-Nb alloys (Fig. 4).

The comparison with data obtained in Ref 16 shows a good
agreement for the Nb- and Zr-containing alloys and some
difference of the cc/ac value in the case of the base alloy, which
is probably associated with refined duplex-type structure in the
BC alloy in contrast to the coarse lamellar structure obtained in
Ti-44Al (Table 1).

Table 2 shows the lattice misfits in the duplex conditions of
the alloys determined in both crystallographic directions. The
lattice misfits decreased from the BC alloy to the BC-Nb and
then to the BC-(Zr + Hf) and BC-Zr alloy. Note that the lattice
misfits obtained for the Nb- and Zr-containing alloys in Ref 16
were similar to those obtained in the present work (Table 2).
Some difference was revealed for the BC alloy and the binary
alloy. As in the case of the cc/ac ratio, this may be associated
with a coarse lamellar structure obtained in the Ti-44Al alloy in
contrast to the refined duplex structure obtained in the Ti-44Al-
0.2B alloy.

As is known (Ref 3), the lattice misfit induces coherency
stresses promoting dislocation emission from the c/a2 inter-
faces under creep testing. This factor is especially important for
a fully lamellar condition but should be also taken into
consideration in the case of a duplex condition. Figure 5 shows
the minimum creep rates at 700 �C taken from our previous
work (Ref 15) as a function of the lattice misfit averaged over
the c <110] and c <101] directions for the alloys in the
duplex conditions. The highest creep resistance showed the
BC-(Zr + Hf) and BC-Zr alloys, followed by the BC-Nb and

BC alloys. Generally speaking, the smaller lattice misfit should
decrease the minimum creep rate. However, there are also other
factors, which are discussed below, having an impact on the
creep resistance. Therefore, the dependencies of the minimum
creep rate on the lattice misfit are nonmonotonic (Fig. 5).

4. Discussion

The obtained results show that alloying with Zr and Zr + Hf
has a rather tangible influence on the lattice parameters and the
resulting cc/ac and ca2/aa2 ratios (the ca2/aa2 ratio to a lesser
extent) in the c and a2 phase, whereas alloying with Nb leads
only to insignificant changes in the lattice parameters and the
resulting cc/ac and ca2/aa2 ratios in comparison with the BC
alloy. However, the cc/ac and ca2/aa2 ratios and the lattice
misfits do not show definite correlations with the creep
resistance of the investigated alloys because a number of
factors influence the creep resistance.

The smaller the cc/ac ratio (closer to 1), the easier the
dislocation glide in the c phase. Therefore, a lower cc/ac ratio
obtained for the BC-Zr and BC-(Zr + Hf) alloys should have a
negative impact on the creep resistance. Reduced ca2/aa2 ratio,
on the contrary, should hinder the movement of dislocations in
the a2 phase that can have a slight positive influence on the
creep resistance. The smaller the lattice misfits, the higher creep
resistance. As mentioned, Zr and Hf have larger atomic radii
than Nb. This provides higher solution hardening that was
confirmed by tensile properties (Ref 15). Higher solution
hardening should have a positive impact on the creep
resistance.

Alloying with Nb slows down the diffusivity stronger than
with Zr (Ref 19). There is no data on Hf but a high melting
point of Hf should slow down the diffusivity and have a

Fig. 4 (a) Tetragonal distortion cc/ac of the c unit cell and (b) the
ca2/aa2 ratio of the a2 unit cell obtained for the alloys at room
temperature. The dotted line indicates the ca2/aa2 ratio corresponding
to the ideal hexagonal close-packed lattice

Table 2 Lattice misfits determined for the alloys in the duplex conditions in both crystallographic directions

Alloy e110, % e101, % e110, % (Ref 16) e101, % (Ref 16)

BC 1.45 0.82 2.1 (Ti-44Al, FL) 1.12 (Ti-44Al, FL)
BC-Nb 1.38 0.79 1.33 (Ti-44Al-5Nb, FL) 0.7 (Ti-44Al-5Nb, FL)
BC-Zr 0.93 0.59 1.07 (Ti-44Al-5Zr, FL) 0.75 (Ti-44Al-5Zr, FL)
BC-(Zr + Hf) 1.13 0.75 … …
FL fully lamellar conditions.

Fig. 5 Minimum creep rate for the alloys at (a) 700 �C / 250 MPa
and (b) 700 �C / 350 MPa as determined in Ref 15, as a function of
the lattice misfit averaged over the c <110] and c <101] directions
for the investigated alloys with the duplex structures
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positive impact on the creep resistance. The partitioning
preference is different for Nb, Zr and Hf (Ref 15, 16, 18).
The strong c>a2 preference for Zr should be favorable for
creep resistance in a duplex condition.

The presence of Nb, as mentioned, can lead to phase
transformations during exposure at high temperatures (Ref 12-
14), which should have a negative impact on the creep
resistance. Zr and Zr + Hf have a high solubility in the c and a2
phase and should not lead to formation of undesirable phases.
At last, Nb and Zr + Hf gave weak and approximately equal b-
stabilization effect and slightly higher than Zr (Ref 15). A
weaker b-stabilization effect of Zr should have a positive
impact on the creep resistance. Table 3 summarizes the
mentioned factors and gives the qualitative assessment of their
influence on the creep resistance of the alloys under study.

Thus, the effect of Nb, Zr and Zr + Hf on the creep
resistance of b-solidifying c-TiAl alloys should be considered
through the effect of the alloying elements on different physical
factors. Apparently, some of them, such as the c/a2 lattice
misfits, solution hardening, effect of alloying on the tetragonal
distortion of the c unit cell and the diffusivity, are more
significant than the others. Considering these factors as having
near the same influence on the creep resistance, one can
conclude that the number of positive factors is higher for the
BC-Zr and BC-(Zr + Hf) alloys than for the BC-Nb alloy.
Therefore, the BC-Zr and BC-(Zr + Hf) alloys demonstrated a
better creep resistance (a lower minimum creep rate) than the
BC-Nb alloy.

5. Conclusions

The influence of alloying with 5 at.% Nb, 5 at.% Zr and
2.5 at.% Zr + 2.5 at.% Hf on the lattice parameters of the Ti-
44Al-0.2B base alloy was studied by XRD technique. Before
XRD analysis near the same duplex structures were obtained in
the alloys. The obtained results suggest that the effect of
alloying on the creep resistance should be considered taking
into account the changes in the lattice parameters, which have
the influence on different physical processes and the creep
behavior.

(1) The cc/ac ratio in the alloys was the highest in the base
alloy, followed by the Nb-, (Zr + Hf)- and Zr-containing
alloy.

(2) The ca2/aa2 ratio in the alloys was the highest in the
Nb-containing alloy, followed by the base alloy and the
Zr- and (Zr + Hf)-containing alloy.

(3) The lattice misfits in the alloys were the highest in the
base alloy, followed by the Nb-, (Zr + Hf)- and Zr-con-
taining alloy.

(4) The lower cc/ac ratios obtained for the (Zr + Hf)- and
Zr-containing alloys should promote easier dislocation
glide in the c phase and most likely played a negative
role in the creep resistance. On the contrary, the lower
ca2/aa2 ratios obtained for the (Zr + Hf)- and Zr-contain-
ing alloys should hinder dislocation glide in the a2
phase that most likely played a positive role in the creep
resistance. The fact that the Ti-44Al-5(Zr + Hf)-0.2B
and Ti-44Al-5Zr-0.2B alloys demonstrated better creep
resistance than the Ti-44Al-5Nb-0.2B alloy should be
mostly contributed to the different lattice misfits in the
alloys and the higher solid solution hardening due to
doping with Zr + Hf and Zr.

(5) The lattice misfit itself is an important factor having a
strong impact on the creep resistance of the b-solidify-
ing c-TiAl alloys even in case of a duplex structure.
The larger the lattice misfit, the lower the creep resis-
tance. For the (Zr + Hf)-containing alloy this tendency
was slightly distorted because of Hf, which being a
refractory element, apparently contributed to a decrease
in the diffusivity.
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