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Abstract The compositional and temperature depen-

dence of the anelastic relaxation behavior in Nb–Ti–O al-

loys have been investigated. Using a fitting method, the

complicated relaxation spectra were resolved into several

elementary Debye peaks, which corresponded to the

reorientation transitions of O atoms at different octahedral

interstitial sites. The number of the peaks depended upon

the Ti concentration. The calculation results of the site

energies show that the interstitial oxygen atoms preferen-

tially occupy the octahedral interstitial site, which has

nearest-neighbor Ti substitutional atoms. Therefore, sub-

stitutional Ti solutes will markedly influence the Snoek

relaxation behavior in Nb-Ti-O ternary system, even if the

concentration of Ti is rather low.

Introduction

Interstitial solute atoms present in body-centered cubic

(BCC) metals exhibit the well-known Snoek relaxation

peak [1]. Recently, a Snoek-type high damping alloys was

developed [2]. In this alloys, a high solid solution of

oxygen (exceed 1.0 at%) was designed on the basis of a

Nb–Ti BCC alloy. Experimental results show evidence that

the Snoek damping mechanism can be applied to Nb–Ti–O

alloys, and high damping capacity and high strength,

induced by a certain amount of oxygen solutes, can be

obtained simultaneously. It was also found that, in

comparison with the theoretical single-time Debye curve, a

strongly broadened damping peak was observed in the

alloys. Such effect indicated that the peak has complex

spectrum of relaxation times. The purpose of this work was

to investigate the nature of these complex peaks and to

study in more detail the influence of Ti concentration on

the internal friction of Nb-based alloys.

A large number of investigations [3–7] have been made

in the past 50 years for various ternary BCC alloys in order

to clarify the nature of the complex damping effects.

However, the explanation of these effects was quite con-

tradictory. One explanation [8] is the occurrence of addi-

tional relaxation processes at higher temperature due to

stress-induced reorientation of pairs, triplets or quadruplets

of interstitials. Another explanation [9] is the asymmetrical

broadening of the peak and its small shift to higher tem-

perature due to the continuous distribution of relaxation

times. Undoubtedly, a complex Snoek effect in a ternary

system contains several elementary relaxation processes.

Therefore, the problem-solving method of such investiga-

tion should be, first, separating a total relaxation curve into

its component relaxations, and second, interpreting the

relaxations using reasonable physical assumptions.

There were several works dealing with the investigation

of internal friction in the Nb–Ti–O system. Szkopiak et al.

showed [10, 11] that in diluted Nb–1.0 at% Ti alloys the Ti

atoms acted as traps for O atoms. The latter are located in

octahedral interstitial sites near Ti atoms and the activation

energy for their reorientation jump increases, so that the

corresponding peak shifts towards a higher temperature.

The situation becomes more complicated in concentrated

alloys since they feature a high probability of different

configuration prior to and after the interstitial atom jump.

Thus, the relaxation peaks of Nb-based alloys with high Ti

contents were resolved into several elementary Debye
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peaks, which were supposed to be due to Nb–O, Nb–O–O,

Ti–O, Ti–O–O etc. interactions [12–14]. However, in these

works, the relaxation parameters, such as the peak tem-

perature and the activation energy, exhibited qualitative

consistency but quantitative disagreement. One important

reason for the mentioned discrepancy may have been the

lack of a clear and rational physical model.

In the present paper, the temperature-dependence of the

internal friction of a series of Nb-based alloys with dif-

ferent Ti content was investigated, the complex O Snoek

peaks were analyzed by computer, and individual Debye

constituent peaks were extracted. Then, the significance of

the parameters and the nature of these peaks were dis-

cussed by using a short-range statistical model. Finally, the

influence of the interaction between the substitutional (s) Ti

and interstitial (i) O solutes on the relaxation behavior of

Nb–Ti–O alloys were discussed.

Experimental

The design of Snoek-type high damping Nb-Ti alloys has

been discussed in Ref. [2]. Nb and Ti metals with a purity

of 99.99% were used and the alloy ingots were prepared in

an argon-levitation melting furnace with a cold crucible.

The Ti loss problem can be effectively avoided with levi-

tation furnace since the molten metal does not contact with

the crucible during melting process [15]. The investigated

alloys contained 0.75, 25, 45 and 74 at % Ti. The prepared

Nb–Ti alloy ingots were segmented and remelted with the

addition of TiO2 powder in order to obtain the desired Nb–

Ti–O alloys. The alloys were analyzed by means of energy

dispersive X-ray spectroscopy. Table 1 shows the chemical

compositions of four of the investigated alloys.

Beam-shaped samples of dimensions 1 · 10 · 60 mm3

were used for internal friction (Q–1) measurements on a

dynamic mechanical analyzer (DMA-2980, TA Instrument,

Inc.). A forced vibration in the dual-cantilever mode was

applied to the samples. The temperature range of the

measurements extended from 10 to 450�C and the heating

rate and frequency were 2 �C/min and 1 Hz, respectively.

The peak of Snoek relaxation can be described by the

following expression [1]:

Q�1ðTÞ ¼
X

Q�1
m sec h

H

R

1

T
� 1

Tm

� �� �
ð1Þ

where H is the activation enthalpy, Q�1
m and Tm are the peak

height and temperature, respectively. The decomposition of

the complex curves into constitutive peaks was realized

using Eq. 1 by specifying a set of parameters H, Q�1
m and

Tm. The most reliable of these parameters was fixed, while

the others were varied until the best fit to the experimental

curve was achieved.

The linear correlation between H and Tm for a Snoek-

like peak, i.e. the so-called Wert-Marx equation [16], was

used as the coupled-equation of Eq. 1. The aim was to

reduce the speculatitve nature of the fitting procedure.

HðTmÞ ¼ RTm ln kTm=hfmð Þ þ TmDS ð2Þ

where k and h are the Boltzmann and Plank constants. For

the entropy of activation DS a value of 1.1 · 10–4 eV/K

was used as it gave the best matching with those deduced

from the Arrhenius plot of the Snoek relaxation [17].

The elementary isolated Snoek peak proves to be

broader than the theoretical one. The spectrum was de-

scribed by a distribution function r2(b) [1] according to the

following expression:

Q�1ðTÞ ¼
X

Q�1
m sec h

H

r2ðbÞR
1

T
� 1

Tm

� �� �
ð3Þ

in which b is the peak broadening parameter and for a

single Debye peak b = 0. It can be shown that the effect on

the peak width of a change of b is similar to that of a

change of H, in that an increase of b is equivalent to a

decrease of H by a factor n, which is the ratio of the half-

width of the experimental peak (with a certain b) to that of

the ideal peak (b = 0). Thus, Eq. 3 can be rewritten as:

Q�1ðTÞ ¼
X

Q�1
m sec h

H

nR

1

T
� 1

Tm

� �� �
ð4Þ

here we define n as the peak shape parameter. Kushnareva

suggested an experiential relation between b and n for Nb-

based alloys [18, 19]. Adopting this method, we took into

account the spread of individual fitting peaks by using

values for n between1.01 and 1.8.

Table 1 The chemical compositions of the as-cast Nb–Ti–O alloys (at %)

Alloy Nb Ti Fe Al O C N

Nb–0.75Ti–1.5O 97.37 0.89 0.015 0.007 1.705 0.004 0.0062

Nb–25Ti–1.5O 73.71 24.77 0.013 0.009 1.488 0.004 0.0061

Nb–45Ti–1.5O 53.58 44.85 0.022 0.012 1.521 0.004 0.0072

Nb–74Ti–1.5O 25.20 73.73 0.033 0.006 1.705 0.004 0.0065
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Results

The Snoek relaxation peak due to O atoms in unalloyed Nb

[20, 21] was found at about 431 K (at frequency 1 Hz) and

its activation energy is 107 kJ/mol (different works gave

this value as ranging from 107 to 117 kJ/mol). This peak,

which will be denoted P0, can be identified firstly in the

peak resolution process. With an increase in Ti concen-

tration (CTi), the peak broadens on the high temperature

side. By the fitting procedure a series of additional peaks,

denoted as P1, P2, .... in sequence, can be identified.

The temperature-dependent curves of internal friction and

the fitting results for alloys with 0.75 at % Ti are shown in

Fig. 1. For the Nb–0.75 Ti alloy, besides peak P0, two peaks

(P1 and P2) could be resolved at about 465 K and 574 K, and

the corresponding activation energies H1 and H2 are 116 kJ/

mol and 144 kJ/mol, respectively. It can be seen that the

fitting curve is in good coincidence with the experimental

one. The shape parameter n and the broadening parameter b
of peak P0 are 1.03 and 0.3[18], respectively. It indicates that

the shape of P0 is close to ideal.

The results for the Nb–25Ti alloy are shown in Fig 2a.

Besides P0, P1 and P2, an additional peak, P3, appears at

about 518 K whose activation enthalpy H3 is equal to

129 kJ/mol. Different from the Nb–0.75Ti alloy, peak P2

was the biggest one among the fitting elementary peaks in

this alloy. The situation for alloy Nb–45Ti (Fig 2b) is

similar to that for alloy Nb–25Ti. All four peaks P0, P1, P2

and P3 are present in the fitting result. However, the rela-

tive height of the elementary peaks has remarkably chan-

ged, peak P3 being the highest one in this case.

In comparison to the above alloys, the experimental

peak width of Nb–74Ti alloy was smaller and the peak

shape became more symmetrical. As shown in Fig 3, peak

P0 disappeared and P2 became very trifling. A huge peak P4

formed at about 486 K and its activation enthalpy H4 was

about 121 kJ/mol.

The fitting parameters (Tm, H and n) in Nb–Ti–O alloys

at 1 Hz are summarized in Table 2. The broadening

parameter b of each peak determined by the Kushnareva

method [18] are also listed. One can see that, with

increasing the numbering of the peak index j, the value of

broadening parameter b increases. This indicates a larger

broadening effect on the higher numbering peaks, which

appear in the high Ti content alloys.

Discussion

The nature of the elementary peaks (Pj)

It can be seen that, in Nb–Ti alloys (with up to 74 at% Ti)

O gives rise to several elementary Snoek peaks at different

Fig 1 Temperature dependence of internal friction (at 1 Hz) and the

fitting results in Nb–0.75Ti–1.5O (points–experimental; dashed

line—fitted elementary peaks; solid line—the sum of the elementary

peak)

Fig 2 Temperature dependence of internal friction (at 1 Hz) and the

fitting results in: (a) Nb–25Ti–1.5O; (b) Nb–45Ti–1.5O (points–

experimental; dashed line—fitted elementary peaks; solid line—the

sum of the elementary peak)
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temperatures. The number of the peaks varies with the Ti

content. Thus, the O relaxation peak in Nb–Ti alloys is

obviously perturbed by the presence of Ti.

In Nb–Ti–O alloys, an octahedral interstitial O atom is

surrounded by two nearest and four next-nearest neighbor

atoms, which may be host (Nb) or substitutional solute (Ti)

[22]. The situation is illustrated in Fig. 4. Therefore, as a

result of the introduction of Ti into Nb, the octahedral

interstitial sites can be classified in seven types, differing in

the number (j) of Ti atoms (j = 0–6). The number of distin-

guishable sites becomes eighteen if the symmetry features

associated with the distribution of substitutional solutes

among the six neighbor lattices sites are also take into ac-

count [23]. Different types of interstitial O atoms have dif-

ferent relaxation characteristics. These facts have been

confirmed by results of the analysis of peaks in Nb–Zr–N

[24], Nb–V–O [25, 26] and Fe–Cr(Al)–C(N) [17, 27] alloys.

Pick’s method [28] for calculating the fraction of the

various types of octahedral sites in a random solid solution

has been applied to the present system. For convenience,

we shall label these different types of sites (cells) as

Nb6–jTij. Since each matrix atom (Nb or Ti) has three

octahedral interstitial sites, the number of the different cells

(nj) can be calculated based on the statistical occupation

probabilities of the matrix atoms:

n0 ¼ 3Nð1� CÞ6 ð5:1Þ

n1 ¼ 3N6Cð1� CÞ5 ð5:2Þ

n2 ¼ 3N15C2ð1� CÞ4 ð5:3Þ

n3 ¼ 3N20C3ð1� CÞ3 ð5:4Þ

n4 ¼ 3N15C4ð1� CÞ2 ð5:5Þ

n5 ¼ 3N6C5ð1� CÞ ð5:6Þ

n6 ¼ 3NC6 ð5:7Þ

where N is the total number of matrix atoms and C is the

concentration of substitutional atoms. The total number of

different octahedral cells (nt) should be:

nt ¼
X6

j¼0

nj ð6Þ

The fraction of cells of type j can be calculated as

hj = nj/nt. The results for the Nb-0.75, 25, 45 and 74 at %

Ti are listed in Table 3.

Based on data in Table 3 we can discuss the experi-

mental and fitting results. It can be seen that in the Nb–0.75

Ti alloys: 6.41% of the cells contain on Ti atom (Nb5Ti)

and about 0.18 % contain two Ti (Nb4Ti2), and the residual

are cells of type Nb6. Following Szkopiak [10], we explain

peak P1 as being due to O atoms located in cells of type

j = 1. Lauf estimated [29] that the binding energy of sub-

stitutional Ti–O in diluted Nb alloy could be as high as

0.7 eV; this means that Ti atoms would act as strong traps

Fig 3 Temperature dependence of internal friction (at 1 Hz) and the

fitting results in Nb–74Ti–1.5O. (points–experimental; dashed

line—fitted elementary peaks; solid line—the sum of the elementary

peak)

Fig 4 Schematic of a octahedral cell in BCC lattice. (n—interstitial

site; s—nearest neighbor sites; d—next-nearest neighbor site)

Table 2 Parameters of elementary peaks in Nb–Ti–O alloys (1 Hz)

Peaks

Pj(j = 0–4)

P0 P1 P2 P3 P4

Tm,j (K) 430 465 574 518 486

Hj (KJ/mol) 107 116 144 129 121

n=b 1:03=0:3 1:29=1:1 1:44=1:4 1:66=1:75 1:65=1:75
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for O and would give rise to a large Ti–O interaction peak.

The small peak P2 at 574 K in Fig. 1 could be attributed to

the small fraction of O atoms located inside the type j = 2

cells.

For the Nb–25Ti alloy, cells containing three Ti atoms

(Nb3Ti3) are also present and their fraction is 13.18%. As a

result, peak P3 appears at 518 K (Fig 2a). The situation of the

Nb–45Ti alloy is similar. In this case, the cells of type j = 3

became preponderant (fraction = 30.27%), thus, most of the

O atoms should be trapped in the j = 3 type of cells. This is

the reason why peak P3 became the highest in Fig 2b.

Let us now turn to the Nb–74Ti alloy. There are no cells

of type j = 0 in this alloy. As a result, peak P0 disappeared

in Fig. 3. About 83.25% of the cells in this alloy are of type

j ‡ 4, thus we attribute the huge peak P4 occurring at

486 K to reorientation of O atoms located within cells with

four or more substitutional Ti atoms. Based on the present

fitting method, the experimental curve of Nb–74Ti alloy

can not be resolved into a higher elementary peaks with

index higher than 4. The reason may be that O atoms have

similar distribution probabilities and similar relaxation

parameters in cells that contain more than 4 Ti atoms.

One may notice that the broadening parameter b of fit-

ting peaks increase with the numbering of the peak j. This

is a quite reasonable result. For the peak P0, all six

neighbor sites of the interstitial O atom are occupied by Nb

atoms, therefore, only one configuration exists for this cell.

However, with increasing the number j, multiform con-

figurations of matrix atoms can occur. For example, cells of

type Nb5Ti may have two configurations (b1 = 1.1) and

Nb4Ti2 may have four configurations (b2 = 1.4) since Ti

atoms can occupy different symmetry sites among the six

nearest and next nearest lattice sites. These factors will lead

to a scatter in the relaxation time sj and result in a broad-

ening effect on the corresponding peak. The situation is

shown in Figs. 5 and 6.

Kushnareva thought that [21], compared to the differ-

ence between sj and sj ± 1, the difference in sj for the cells

with the same j but different configuration was rather

small. In addition, a more energy-favorable configuration,

among the possible configurations of a cell, would exist

in a higher probability. Therefore, for a certain type of

octahedral cell, only one broadened elementary peak can

be resolved, rather than a series of separate peaks.

It should be pointed out that, here the transition of

interstitial atoms was assumed to be a confined-reori-

entation in one octahedral cell. The actual situation is

more complicated [23] since a Snoek transition of

interstitial atoms occur between two adjacent octahedral

cells.

The influence of Ti–O interactions

As it has been seen, substitutional Ti solutes will markedly

influence the relaxation behavior in Nb–Ti–O alloys. Such

an effect is most likely due to the interaction between

substitutional Ti and interstitial O atoms. This interaction

will determine the site energy of O interstitial atoms in

different cells. Here an embedded cell model [30] is used to

calculate the octahedral site energy of O atoms in ternary

Nb–Ti–O alloys, and the calculation results are used to

estimate the influence of the Ti–O interaction on the

relaxation peaks.

In principle, an octahedral cell Nb6–jTij can be treated as

an alloy with local concentration y¢ = j/6 embedded into

the alloy matrix Nb1–yTiy with concentration y (as shown in

Fig. 7). The site energy is assumed to depend predomi-

nantly on the difference between the cell local component

and the matrix. It is composed of two main parts: (i) the

elastic interaction of the local strain field (e) of a cluster in

the matrix alloy, and (ii) the chemical affinity (L) between

interstitial atoms and the nearest neighbor metal atoms, i.e.:

Ej ¼ EjðKÞ þ EjðeÞ ðj ¼ 0; 1; . . . ; 6Þ ð7Þ

According to the embedded cell method, the elastic

interaction part of the site energy (eO
u ðeÞ) of an octahedral

interstitial site in a ternary BCC alloy can be expressed as:

EjðeÞ ¼ Xð1�DÞ ð1� yÞ VNb þ yVTi �
ð6� jÞVNb þ jVTi

6

� �

ð8Þ

where VNb and VTi are the cell volume of Nb6 and Ti6 in the

pure metals. W is the bulk modulus of the alloy which can

be estimated by W = (1–y) WNb + yWTi. The parameter

D2[0, 1] and represents the force constant between nearest

neighbor atoms.

Analogous to Eq. 8, the chemical affinity (L) can be

estimated by the following expression:

EjðKÞ ¼ ðy� j=6ÞK ð9Þ

where K ¼ DHf
NbO � DHf

TiO2
. DHf

NbO and DHf
TiO2

are the

heat of formation (DHf) of NbO and TiO2 respectively.

Table 3 The fraction of octahedral cells with various numbers of Ti

neighbours

CTi (at%) hj

0 1 2 3 4 5 6

0.75 0.9341 0.0641 0.0018 – – – –

25 0.1780 0.3560 0.2966 0.1318 – – –

45 0.0281 0.1373 0.2791 0.3027 0.1846 – –

74 – 0.0053 0.0375 0.1424 0.3041 0.3642 0.1642
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Here we apply this procedure to the Nb–Ti–O alloy

system. The calculated values of Ej are plotted versus alloy

composition in Fig. 8.

It is worth noting that the energy of a given site depends

on the average composition of the alloy matrix, and Ti6 site is

the most energetically favorable for O occupancy compared

to other sites. Since Nb and Ti have similar atomic radius, the

elastic interaction is negligible. The main contribution to the

site energies is due to chemical affinity. In this system, Ti

substitutional solute has a higher affinity for O than the host

element Nb, therefore, O atom tends to distribute over the

octahedral cells which contain more Ti solutes.

The thermodynamic equilibrium concentrations (cj) of

the O atoms in different cells could be described using the

Maxwell–Boltzmann statistical equation:

cj ¼
hj exp �Ej=kT

� �

P6

i¼0

hi exp �Ei=kTð Þ
ð10Þ

Substituting Eq. 7, 8 and 9 into Eq. 10, leads to a set of

nonlinear equations in the unknown quantities cj. With the

boundary condition C ¼
P6

j¼0

cj, the normalized site con-

centrations cj/C, calculated as a function of Ti content (y)

in Nb(1–y)Tiy for different temperatures, are shown in

Fig. 9.

It can be seen that interstitial O atoms preferentially

occupy the octahedral interstitial site, which have near-

est-neighbors Ti atoms due to the Ti–O interaction. For

example, in the Nb–0.75Ti–1.5O (at%) alloy, the frac-

tion of octahedral cell Nb6, is 93.41%, however, only

33.35 % of O atoms distributed over these cells. Most

of O atoms occupy cells of type Nb5Ti and Nb4Ti2.

Therefore, substitutional Ti solutes will markedly influence

Fig 5 Schematic configurations

of octahedral cell Nb5Ti: (a) Ti

atom occupy the nearest site; (b)

Ti atom occupy the nest-nearest

site (n—interstitial O atoms;

s—Ti; d—Nb)

Fig 6 Four possible

configurations of octahedral cell

Nb4Ti2 (n—interstitial O atoms;

s—Ti; d—Nb)

Fig. 7 Schematic representation of the embedded-cell model. An

octahedral cell Nb6–jTij is treated as an alloy with local concentration

y¢ = u/6, and embedded into the matrix alloy Nb1–yTiy with the

concentration y
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the Snoek relaxation behavior in Nb–Ti–O ternary sys-

tem, even if the concentration of Ti is rather low. At

higher temperature (Fig. 9b), occupancies of higher en-

ergy sites become appreciable and may contribute to the

anelastic relaxation. As a result, the Snoek peak will be

broadened, asymmetric, or even new peaks may appear,

especially in the alloys containing higher concentrations

of Ti substitutional solutes.

Conclusions

(1) The complicated internal friction peak of Nb–Ti–O

alloys can be resolved into several elementary quasi-

Debye peaks, and each peak corresponds to reorien-

tation of O atoms sitting in certain octahedral cells,

containing j (j = 0... 6) substitutional Ti atoms. The

number and the kind of peaks depend upon the Ti

concentration. The broadening effect increases with

increasing the numbering of the elementary peak.

(2) The interstitial oxygen atoms preferentially occupy

the octahedral interstitial site which has Ti substitu-

tional atoms as nearest-neighbors. This effect happens

due to the Ti-O interaction. Therefore, substitutional

Ti solutes markedly influence the Snoek relaxation

behavior in the Nb–Ti–O ternary alloys.
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