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a b s t r a c t   

The development of intermetallic titanium aluminides has been driven by the aeronautic and aerospace 
industries because of the excellent mechanical properties and low density of γ-TiAl based alloys. Up to now, 
several generations of γ-TiAl based alloys were developed with increasing complexity of the alloy systems. 
Nb is one of the most important alloying elements in γ-TiAl alloys and although it is considered as a slow 
diffuser, its influence has not been fully quantified yet. In this work we demonstrate, through mechanical 
spectroscopy measurements conducted on several γ-TiAl based alloys with different Nb content, that Nb 
impedes the diffusion of Ti atoms in the α2-Ti3Al phase. Internal friction measurements show a relaxation 
peak P(α2), which is associated with short distance diffusion of Ti atoms in the α2 phase, involving stress- 
induced rotation of dipoles Al-VTi-Al, whose activation energy is dependent on the Nb content. The increase 
of the activation energy is quantified as ΔEa(Ti)= 0.037 eV × at% Nb, being attributed to the next-neighbor 
interaction of Nb atoms with the local configuration of Ti-VTi. This mechanism also produces a further 
broadening of the relaxation peak, which is attributed to the near-next-neighbor interactions for high Nb 
contents. Finally, an atomic model for the mechanism responsible for this relaxation is proposed allowing to 
explain the observed experimental behavior. 

© 2021 The Author(s). Published by Elsevier B.V. 
CC_BY_NC_ND_4.0   

1. Introduction 

At the end of the last century, γ-TiAl based alloys were targeted as 
one of the most interesting materials for high-temperature applica-
tions. Its low density (≈ 4 g/cm3), high elastic stiffness (double of Ni- 
superalloys), good oxidation resistance (up to 800 °C) as well as en-
hanced strength at high temperature made TiAl alloys very attractive 
to be used in aerospace and automotive engines [1–6]. Worldwide 
research activities have come a long way during the last two decades 
to overcome several obstacles, allowing move forward from funda-
mental aspects to real applications. The first generation of binary and 
ternary TiAl alloys [1,2] was followed by the development of a second 
generation of more advanced ternary and quaternary alloys: 
Ti–(45−48) Al–(1−3) Cr, Mn–(2−5) Nb, Ta, Mo at% [7,8]. Then, a third 
generation of Nb-rich Ti–45 Al–(5−10) Nb–(0–0.5) B, C at% alloys, 
termed TNB alloys, was developed to improve concurrently room 
temperature ductility and high temperature creep resistance [8–10]. 

In the last decade, a fourth generation of β-stabilized γ-TiAl alloys, 
with a well balanced amount of Nb and Mo, called TNM alloys, was 
designed to promote near conventional processing and allow to adjust 
long-term creep-resistant microstructures [11–13]. These interna-
tional efforts succeed reaching commercial products in technological 
applications. Indeed, cast blades of the second generation of γ-TiAl 
based alloys, the so-called 48–2–2, are already introduced in the low- 
pressure turbine of the General Electric GEnx-1B engine [14], used in 
several aircrafts, as for instance the Boeing Dream Liner 787 [15]. The 
fourth generation of TNM alloys, is also being used in the low-pres-
sure turbine of advanced aero-engines [16] and in racing applications, 
e.g. Formula 1 engines [6]. At present, the efforts are devoted to in-
crease creep resistance through the introduction of controlled 
amounts of Si and C in the improved TNM+ alloy family [17–20], as 
well as to extend the service temperature range by the addition of 
refractory metals such as W [21,22]. However, improving the material 
behavior at elevated temperatures requires a deep knowledge of the 
atomistic mechanisms controlling diffusion and dislocation climbing. 
The study of these processes can be approached by internal friction 
measurements through mechanical spectroscopy [23–26]. Indeed, 
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since the pioneering works on the first generation γ-TiAl based alloys  
[27,28] as well as on second and third generation alloys [29–32], 
several internal friction studies were carried out on TNM alloys  
[33,34], on various Mo-rich γ-TiAl prototype alloys [35,36] and re-
cently on TNM+ alloys [37]. These studies allowed identifying several 
relaxation processes associated with short-distance atomic diffusion 
mechanisms in the different phases of TiAl alloys, namely γ-TiAl (L10, 
P4/mmm), α2-Ti3Al (D019, P63/mmc) and βo-TiAl (B2, Pm-3 m) [8]. 
Although Nb is a slow diffuser in the α2-Ti3Al phase [38,39] and 
therefore is considered to impede the diffusion processes at high 
temperature [12], there is no a quantitative assessment of the influ-
ence of Nb on the diffusion of other atomic species and, in particular, 
on Ti self diffusion. Consequently, the objective of the present work is 
to elucidate such potential influence of Nb. With this idea in mind, it 
is worthy of mention that a relaxation process was associated with 
the short-distance Ti diffusion in α2 phase [34,35,37], hence the de-
pendence of this IF peak P(α2) on the Nb content could offer a valuable 
information. Thus, in order to reach this goal, three γ-TiAl based alloys 
with different nominal Nb concentration were studied by mechanical 
spectroscopy and the obtained internal friction spectra were com-
pared with the ones reported for other Nb leaner or even Nb-free γ- 
TiAl based alloys. Indeed, a quantitative analysis of the observed re-
laxation processes allows establishing the dependence of the activa-
tion energy for Ti diffusion in the α2 phase on the prevailing Nb 
concentration. 

2. Materials and methods 

2.1. Samples and microstructural characterization 

In order to study the influence of Nb on the diffusion processes, 
samples of three different alloys were measured by mechanical 
spectroscopy. Two samples were produced at the Helmholtz- 
Zentrum Geesthacht [8,40]. The first one with nominal composition 
Ti-45Al-8Nb-0.2C (at%) was extruded at 1200 °C, using a deforma-
tion ratio of 12:1, and subsequently was annealed 4 h at 1000 °C (it is 
named TNB8-Ex). The second alloy has a nominal composition of Ti- 
45Al-5Nb-0.2C-0.2B (at%) and was extruded at 1250 °C (ratio of 8:1), 
then forged parallel to the extrusion direction at 1150 °C and finally 
annealed 4 h at 1030 °C (it is named TNB-V5). Another sample, with 
a nominal composition Ti-45Al-5Nb-0.2C (at%), was made from thin 
sheets produced at Plansee SE, Austria, [5,6]. This sample was hot 
extruded (ratio of 7:1), then hot rolled and subsequently annealed 
2 h at 1050 °C. Finally the specimen was heat treated at 1350 °C for 
10 min, followed by gas quenching inside the furnace (it is named 
TNB5-PL). In the present study these three alloy variants are in-
vestigated and the obtained results are compared among each other 
and with a TNM4 alloy of nominal composition Ti-43Al-4Nb-1Mo- 
0.1B-0.02C (at%), which was produced at GfE, Germany, [11,41], 
whose internal friction spectra were previously measured [34], as 
well as with an another Nb-free alloy, i.e. Ti-46Al-1Mo-0.2Si (at%), 
termed TMS. This alloy was produced at the Max Planck Institute für 
Eisenforschung in Düsseldorf, Germany, [42] and was previously 
studied by mechanical spectroscopy as reported in [35]. The mi-
crostructures of the Nb containing alloys are shown in Fig. 1, evi-
dencing that all of them are in the predominantly biphasic α2+γ 
state, except the TNM4 alloy which additionally contains a small 
amount of βo phase. Their compositions are summarized in Table 1. 
In addition, as the studied relaxation is taking place in the α2 phase, a 
quantitative analysis of the Nb content in the α2 phase was sys-
tematically conducted in all Nb containing alloys. The prevailing 
phases were identified by backscattered electron contrast in a field 
emission Focused Ion Beam, Helios Nanolab 650 from FEI, working at 
10 keV, and quantitatively analyzed by energy dispersive X-ray 
spectroscopy (EDX), employing a Silicon Drift Detector from Oxford, 
with pure element standards and a beam current of 1 nA. This 

procedure was carried out in at least five different sites where sev-
eral tens of analyses were performed to obtain a reliable average for 
each alloy. The average values of the Nb content existing in the α2 

phase are also included in Table 1. 

2.2. Mechanical spectroscopy 

Internal Friction (IF) and Dynamic Modulus (DM) variation 
measurements were carried out by mechanical spectroscopy in a 
high-temperature sub-resonant torsion pendulum described else-
where [43,44]. The mechanical spectrometer works under high va-
cuum (< 10−5 mbar) in order to prevent oxidation of the specimen at 
high temperature. Samples in form of 50 × 5 × 1 mm3 plates were cut 
by electro-discharge machining and then grinded and polished. A 
detailed description of the analysis procedures used in mechanical 
spectroscopy and its different working modes can be found in the 
literature, e.g. [23–26]. As described in these overviews, the IF is also 
denoted as Q−1or tanϕ (ω), with ϕ (ω) being the lag angle between the 
strain and the stress during the application of the oscillating stress of 
angular frequency ω (this is what is measured in a sub-resonant 
pendulum), which should neither cause permanent deformation nor 
irreversible alteration of the microstructure. Therefore, we have used 
a maximum oscillation amplitude of ε0 = 2 × 10−5 at room tempera-
ture to avoid any plastic deformation. Both IF and DM measurements 
were performed in forced oscillation mode for several frequencies 
ranging from 2.0 Hz down to 0.01 Hz, in a temperature range from 
600 K to 1330 K, applying a heating rate of 1 K/min. The analysis of 
the relaxation peaks requires the subtraction of the high tempera-
ture background (HTB) and for this purpose the method of Schoeck 
et al. [45] was used, as described in the next section. 

3. Experimental results 

The occurrence of a relaxation IF peak P(α2) was reported in the 
literature for several γ-TiAl based alloys, e.g. see [29–35,37], which 
was finally attributed to short distance diffusion of Ti atoms in the α2 

phase. It takes place by exchange of a Ti atom with a vacancy, VTi, 
being responsible for the rotation of the dipoles Al-VTi-Al in the 
lattice of the Ti3Al phase [34]. In the present paper we focus our 
attention on the possible influence of Nb on this relaxation peak, 
which has been measured in the three TNB alloys indicated in  
Table 1. A series of IF measurement as a function of temperature at 
different frequencies was performed for each alloy and the corre-
sponding results are plotted in Fig. 2. In all three alloys, a relaxation 
peak at about 1070 K for 1 Hz is clearly observed, superimposed to a 
HTB, which is growing very fast on the high temperature side of the 
IF spectra. It was demonstrated that this HTB is related to the creep 
behavior [20,33], however this is not the subject of the present work. 
The IF peak shift towards low temperature when decreasing the 
frequency and a dynamic modulus variation occurs associated with 
the peak, which is thus identified with a relaxation peak. The dy-
namic modulus variation is illustrated in Fig. 2c for the TNB8-Ex 
alloy, but it is also observed for the other alloys, although it is not 
plotted for a better clarity of the diagrams. The height of the re-
laxation peak varies from one alloy to another because it is depen-
dent on the microstructure and the volume fraction of the phases 
therein. 

Due to the fast growing HTB, the shift in temperature of the peak 
can thus be influenced. Consequently, a precise determination of the 
activation energy of the relaxation peak requires the subtraction of 
the HTB as the first step before to proceed with any further analysis. 
According to Schoeck et al. [45], the HTB follows an exponential 
behavior and its subtraction requires the corresponding fitting of the 
HTB to an exponential function. In practice such procedure is per-
formed through the fitting of Ln(IF)HTB versus 1/T to a straight line; 
this is a standard procedure and does not deserve further comments. 
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Thus, the HTB was subtracted from all the spectra shown in Fig. 2a to 
c and the corresponding IF peaks are plotted in Fig. 3a to c for the 
three alloys. It is assumed that the relaxation time of the process 
follows an Arrhenius behavior, = E k Texp( / )a B0 . Taking into ac-
count that the condition for the IF peak maximum is given for 

= 1, the activation energy Ea of the process can be easily obtained  
[23,25] from the expression: 

=Ln Ln
E

k T
( ) ( ) a

B P
0 (1)  

Plotting the temperature of the maximum of the IF peak, TP, for each 
measured frequency in a plot of Ln(ω) versus 1/T a straight line can be 
fitted, whose slope is Ea/kB. This procedure was applied to each one of 
the IF spectra series in Fig. 3a to c, and the corresponding Arrhenius 
diagrams are displayed for each alloy in Fig. 3d to f, respectively. A 
straight line is fitted with a correlation factor of R >  0.999 in all cases. 
The determined activation energies are also indicated in each graph. 

It is worthy to note that the samples TNB5-PL and TNB-V5 give 
exactly the same activation energy, as could be expected because 
both samples have the same composition, see Table 1, although they 
come from different producers and exhibit different processing-re-
lated microstructures. This fact constitutes a good test on the re-
producibility of the IF measurements. Indeed, the activation energy 
of the relaxation peak P(α2) as well as its temperature position in-
creases with the Nb content. In Fig. 4a we have plotted the spectra 
measured at the frequency of 0.1 Hz for the TNB5-PL, the TNB8-Ex 
and the TNM4 alloy, the last one is taken from the data reported in 
reference [34]. In addition, we have fitted all experimental peaks to a 
Debye peak broadened by a Gaussian distribution [23] using the 
following equation, which gives the mathematical expression of a 
broadened peak as a function of temperature [25]: 

= =Q
E

r k T T
tan( ) tan ( ) cosh

( )
1 1a

B P

1
max

1

2 (2)  

Fig. 1. Scanning electron micrographs taken in backscattered electron mode (10 kV and 0.8 nA) of the three studied alloys: (a) TNB5-PL, (b) TNB-V5 and (c) TNB8-Ex as well as (d) 
alloy TNM4, which were analyzed by EDX in the same experimental conditions for a better comparison (see Table 1). 

Table 1 
Nominal composition of the different TiAl alloy variants and Nb concentration in the α2 phase measured by EDX at 10 kV and 1 nA           

Sample Nominal alloy composition (at%) (balance is Ti) Nb in α2 at% C in α2 at% 

Al Nb Mo C Si B EDX APT  

TNB8-Ex  45  8  0  0.2  0 0 8.13 0.38 
TNB-V5  45  5  0  0.2  0 0.2 5,32 0.38 
TNB5-PL  45  5  0  0.2  0 – 5.31 0.38 
TNM4  43  4  1  0.02  0 0.1 4.14 0.03 
TMS  46.8  0  1  0  0.2 0 0 – 

Note: The C concentration in the α2 phase was determined by means of Atom Probe Tomography (APT) and was taken from ref. [20]. The first three alloys are investigated in this 
study.  
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Here, r2(β) is the broadening factor defined in [23] for a Gaussian 
distribution, β being the width of the distribution. For a more simple 
notation, in the following it will be noted that r2(β)≡r. The best fit for 
each experimental spectrum is obtained for a different broadening 
factor r and they are also represented in Fig. 4a. For a better com-
parison, the best fit of the theoretical spectra, using the 

corresponding experimental parameters, were normalized and 
plotted in Fig. 4b. Increasing the Nb content leads to an increased 
activation energy of the peak P(α2), which shifts towards higher 
temperature and, in addition, becomes broader. All these parameters 
are summarized in Table 2 for comparison. 

Nevertheless, the correlation of the activation energy Ea with the 
Nb content requires a further refinement, because the alloys mea-
sured in the present work also contain 0.2 at%C. Recently, it was 
demonstrated [37] that C atoms also have an influence on the Ti 
diffusion in the α2 phase, slightly modifying its activation energy. 
However, this influence was quantified in [37] and will allow us to 
estimate the required C-correction. The C solubility is much higher 
in the α2 phase than in the γ phase. In fact, the solubility of C in γ at 
1000 °C is about 200 ppm [46], whereas it has been estimated to be 
above 1 at% for the α2 phase [47–49]. This is because small C atoms 
preferentially occupy 6Ti-type interstitial octahedral sites in the α2 

phase [46], which are energetically preferred over the 4Ti-2Al oc-
tahedral sites in the γ phase [50]. The partition coefficient of C in α2 

and γ phases was precisely determined by atom probe tomography 
(APT) as described in [17] and, accordingly to the analysis in similar 
γ-TiAl alloys, e.g. see [20], an average concentration of C = 0.38 at% in 
the α2 phase can be estimated from the overall C concentration of 
0.2 at% in our alloys. The increment of the activation energy of the 
peak P(α2), due to the presence of C, was quantified in ΔE = 0.32 eV × 
at%C [37], and thus an increase of ΔEa = 0.12 eV is expected in our 
alloys when the influence of C atoms is considered. This correction is 
included in Table 2 and in Fig. 5 the corrected activation energy Ea of 
the relaxation peak P(α2) is plotted as a function of the Nb content 
(at%) present in the α2 phase. All the alloys included in Table 2 are 
plotted in Fig. 5, and a straight line fit rather well the dependence of 
the activation energy Ea on the Nb content, with a slope of 
ΔEa(Ti) = 0.037 eV × at% Nb. This dependence of Ea on the Nb content 
is much smaller than the dependence of Ea on the C content, but 
taking into account the respective concentrations used in en-
gineering alloys, the influence of Nb is dominant. Thus, it can be 
concluded that Nb has a clear effect on the diffusion process re-
sponsible for the P(α2) relaxation, because it increases its activation 
energy and shifts the peak towards higher temperatures. Under-
standing the physical origin of these effects requires a deep analysis 
of the atomic mechanisms responsible for the P(α2) relaxation pro-
cess, which will be discussed in the next section. 

4. Discussion 

The solubility of Nb in α2-Ti3Al and γ-TiAl is rather high [8], being 
distributed in equal amounts in both phases [51], reaching a solu-
bility above 15% in the α2+γ phase region for the isopleth around 
45 at% Al [52]. In fact, Ti and Nb have very similar atomic volumes, 
that of Nb being slightly bigger, and the Nb atoms occupy substitu-
tional Ti lattice positions in both phases [8]. The diffusion of Nb 
atoms in Ti3Al through the exchange with a Ti vacancy VTi is slower 
than Ti self-diffusion with an activation energy of Ea(Nb) = 3.51 eV  
[38] when compared with Ea(Ti) = 2.99 eV [37,53]. In Fig. 6 the lattice 
of the Ti3Al phase (Ti in blue and Al in green) is represented with a 
vacancy VTi (pink color) in the basal plane and a Nb atom (red color) 
in the intermediate plane, i.e. at 1/2c axis, although the relative 
positions of the Nb atom is irrelevant because of the symmetry of 
the lattice. 

The relaxation peak P(α2) is attributed to the stress-induced ro-
tation of the elastic dipoles Al-VTi-Al, taking place because of the 
short distance diffusion of a Ti atom by exchange with a vacancy VTi 

in each one of the three equivalent positions [34]. In absence of Nb, 
the measured activation energy was Ea(Pα2) = 2.99 eV [35], corre-
sponding to the Ti self-diffusion in α2-Ti3Al [37,53]. Nevertheless, 
when a vacancy exists at next-neighbor position of a Nb atom, a 
binding energy EB(VTi-Nb) appears, modifying the mobility of the 

Fig. 2. Experimental internal friction (IF) spectra measured for the three studied alloys at 
the different indicated frequencies: (a) TNB5-PL, (b) TNB-V5 and (c) TNB8-Ex. The dy-
namic modulus variation curves, associated with the IF spectra, are also shown in (c). 

J. Ibáñez-Pérez, M.L. Nó, M. Oehring et al. Journal of Alloys and Compounds 867 (2021) 158880 

4 



vacancy. Consequently, the short distance atomic diffusion me-
chanism responsible for the peak P(α2) must be also affected by the 
presence of the Nb atom. In Fig. 7a to c, the atomic configuration of 
the basal plane in the α2 phase is depicted, including the projection 
of the Nb atom (red) in the three possible positions with respect to 
the vacancy (pink) as well as the three different orientations of the 
dipole Al-VTi-Al. Below these schematic images, in Fig. 7d to f, the 
motion of the vacancy VTi in the neighborhood of each Nb position is 
indicated, grouped by pairs (a-d), (b-e) and (c-f), in which the ro-
tation of the dipole is shown for each configuration Nb-VTi. Here we 
have to remark that when the condition of a Nb atom at a next 
neighbor position of the vacancy VTi is imposed, some dipole con-
figurations are forbidden. For instance the Nb-2 position is not 
compatible with the dipole configuration shown in Fig. 2a or f. Such 
dipole configurations are still available for the other Nb-1 and Nb-3 
positions. Hence, Fig. 7 shows the six compatible configurations 
between the Nb atom and the Al-VTi-Al dipoles. This means, that 
independently of the Nb position, the stress-induced rotation of the 
dipole can be still activated, and, consequently, the relaxation pro-
cess of the peak P(α2) will occur in a similar way. However, the 
motion of the Ti atom, exchanging with the vacancy at next- 
neighbor position of the Nb atom, as shown in each pair of  
Fig. 7(a−d), (b−e) and (c−f) will require a higher activation energy 
and, thus, an increase of the activation energy ΔEa for the peak P(α2) 
would be expected, as observed in Fig. 5. Indeed, as the Nb atom is 
bigger than the Ti atom, it will produce a noticeable expansive lattice 
distortion and, besides other possible reasons, it can be expected 
that this makes the motion of a Ti atom at a next neighbor position 
of the Nb atom more difficult and, therefore, a higher activation 
energy is required to overcome the saddle point. According to 
Boltzmann statistics, the activation energy of the relaxation process 

will be an average of the individual jumps of Ti atoms, with and 
without the Nb atom at next-neighbor position. The point, however, 
is that the activation energy of these two local atomic configurations 
are rather close to each other as to be separated in individual re-
laxation peaks [23], leading to a continuous distribution of the re-
laxation times. Hence, in alloys with intermediate Nb content in the 
α2 phase, only one apparent peak, including the continuous dis-
tribution of both configurations, will be observed. Consequently, the 
measured activation energy will depend on the relative relaxation 
strength of each configuration. Thus, the activation energy of the 
peak P(α2) will be dependent on the Nb content, as presented in  
Fig. 5. This increase of the activation energy will be responsible for 
the shift of the peak towards higher temperatures, as shown in Fig. 4, 
in agreement with the expectation from a Wert-Marx plot [54]. 
Obviously, both atomic configurations can also be modified by the 
presence of interstitial C atoms, which exhibit a similar binding 
energy EBC(VTi-C) as reported recently [37]. This is the reason why 
we have estimated and corrected the influence of C atoms in order to 
quantify the exclusive influence of Nb on the activation energy of the 
peak P(α2). 

Another aspect that deserves a comment is the increase of the 
broadening factor r and, consequently, the width of the Gaussian 
distribution β with the increasing content of Nb, which was pre-
sented in Fig. 4. Until now, we have considered that the binding 
energy EB(VTi-Nb) and the local configuration Ti-VTi-Nb are not de-
pendent on the Nb concentration. However, it should be considered 
that for high Nb contents, as, for instance, 8 at% in sample TNB8-Ex, 
the α2 phase will exhibit one Nb atom for every two cells of the 
lattice in average. Then, statistically the probability of having Nb 
atoms at near-next-neighbor positions of other Nb atoms or, what is 
most important, at near-next-neighbor positions of the vacancy VTi 

Fig. 3. Internal friction spectra after subtraction of the high temperature background (from Fig. 2) for the three studied alloys: (a) TNB5-PL, (b) TNB-V5 and (c) TNB8-Ex. The 
corresponding Arrhenius diagrams obtained from the maximum of the peaks are presented in (d), (e) and (f), respectively, and the determined activation energies are indicated. 
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with a Nb atom at a next-neighbor position, becomes higher with 
increasing Nb content. This effect will generate a supplementary 
broadening of the Ea distribution for the Ti-VTi exchange in such 
complex local configurations, thus explaining the results of Fig. 4. 

It can be concluded that the proposed atomic model for the internal 
friction peak P(α2) allows to explain all experimental observations, in 
particular the increase of both the activation energy and the broad-
ening factor with increasing Nb content as presented in Figs. 4 and 5. 

However, one can be tempted of invoking another scenario in 
which the peak P(α2) might be formed from the superposition of two 
similar, but clearly different mechanisms. The first mechanism would 
be associated with the jump of a Ti atom by exchange with a vacancy 
with an activation energy of Ea(Ti) = 2.99 eV, as described above. The 
second one would be due to the same process, but involving the jump 
of a Nb atom by exchange with a vacancy, which, according to the 
diffusion coefficient measured in α2-Ti3Al [38], must have an activa-
tion energy of Ea(Nb) = 3.51 eV. Nevertheless, in this case the activa-
tion of these two processes will generate two independent internal 
friction peaks with the corresponding activation energy for the short 
distance diffusion of both atomic species, Ti and Nb. A simple simu-
lation shows that, due to the difference of energies, in this case a clear 
evidence of the presence of two separated peaks, or at least one peak 
with a noticeable shoulder at its high-temperature side, should be 

Fig. 4. (a) For comparison, the IF spectra of the samples TNB5-PL and TNB8-Ex are 
plotted for the same frequency of 0.1 Hz, together with the one of TNM4 from ref. [34]. 
The fittings of the theoretical broadened Debye peaks, with the indicated broadening 
parameter, are shown superimposed to the experimental results; (b) the fitted peaks 
for the three alloys are plotted normalized, allowing a clear comparison of tem-
perature shift as well as broadening. 

Table 2 
Broadening factor r and Gaussian factor β; measured and C-corrected activation energies of the peak P(α2) as well as the Nb concentration of the α2-Ti3Al phase, see text.        

Sample Broadening factor r Gaussian factor β Measured Ea P (α2) (eV) C-corrected Ea P (α2) (eV) Nb at% in α2 phase  

TNB8-Ex 1.7 1.95 3.40  3.28  8.13 
TNB-V5 1.6 1.7 3.32  3.20  5.32 
TNB5-PL 1.55 1.6 3.32  3.20  5.31 
TNM4 1.4 1.3 3.14[34]  3.13  4.14 
TMS – – 2.99[35]  2.99  0 

Fig. 5. Dependence of the P(α2) activation energy on the Nb content. The increment of 
the activation energy per at% Nb is indicated. 

Fig. 6. Atomic lattice of the α2-Ti3Al phase (with Ti atoms in blue and Al atoms in 
green), showing a Ti vacancy VTi (in pink color) and a substitutional Nb atom (in red 
color), which have been introduced at a next-neighbor position. 
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observed. However, the experimental results displayed in Figs. 2 and 3 
do not show such evidence and neither do the corresponding fittings 
(Fig. 4) in any of the measured samples. So, it can be definitely con-
cluded that this explanation is not supported by the experimental 
results and thus can be discarded. 

5. Conclusions 

Three intermetallic γ-TiAl based alloys with different Nb contents 
have been studied by mechanical spectroscopy in order to elucidate 
the influence of Nb on the relaxation processes at high temperatures. 
The results have been compared with those from literature obtained 
for other γ-TiAl based alloys which are leaner in Nb or even Nb-free. 
The following conclusions can be drawn:  

• Mechanical spectroscopy is a powerful tool to characterize the 
short distance diffusion of point defects through the associated 
relaxation processes.  

• An internal friction peak P(α2) at about 1070 K for 1 Hz appears in 
all measured γ-TiAl based alloys, being associated with a re-
laxation process taking place in the α2-Ti3Al phase, which is at-
tributed to the stress-induced rotation of Al-VTi-Al dipoles, 
occurring during short distance Ti diffusion by Ti-VTi exchange.  

• The activation energy Ea of the P(α2) relaxation peak is dependent 
on the Nb content and the analysis of the obtained results al-
lowed to quantify this dependence as ΔEa(Ti) = 0.037 eV × at% Nb.  

• The peak P(α2) shift towards higher temperatures and its 
broadening factor r increases with the increasing Nb content.  

• An atomic model is proposed, illustrating how the short distance 
diffusion of Ti and the rotation of the Al-VTi-Al dipoles are in-
fluenced by the next-neighbor VTi-Nb interaction, giving place to 
a contribution to the activation energy.  

• The proposed relaxation mechanism allows explaining all the 
observed experimental results, in particular the dependence of Ea 

on the Nb content as well as the shift in temperature of the peak 
P(α2) and its broadening with increasing Nb content. 

These findings offer new insights on the impact of Nb, which 
represents one of the most important alloying elements used for 

intermetallic γ-TiAl based alloys. The obtained results are very useful 
for the further design of new advanced γ-TiAl based alloys showing 
improved high-temperature capabilities. 
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