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The natural mechanism of the broadened Snoek relaxation peak in the ternary bcc alloy system has been
investigated by an embedded-cell model of statistical mechanical treatment. In this method, interstitial sites of
different geometries �octahedral, tetrahedral, etc.� in bcc crystals are considered and further distinguished by
element species and atomic arrangements within their first shell of the neighbors. Following these precondi-
tions, the interstitial site occupancies, the spatial configurations, and the transition probabilities of the intersti-
tial atoms are concretely calculated for the ternary bcc alloy system, and all possible elementary relaxation
processes contributing to the broadened Snoek peak are physically described with the determined activation
energy and peak temperature for each elementary process. Using this approach for Snoek peak deconvolution,
the broadened Snoek peak of the ternary bcc alloy can be resolved into several elementary Debye peaks, which
correspond to the concrete relaxation mechanism. In the present study, this method is successfully applied to
analyze the natural mechanism of experimentally observed Snoek relaxation in Nb-Ti-O systems.
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I. INTRODUCTION

Snoek relaxation1 is the mechanical relaxation phenom-
enon caused by the stress-induced redistribution of octahe-
dral interstitial atoms in body-centered-cubic �bcc� metals.
Although this is one of the best-understood relaxation phe-
nomena among a number of anelastic effects in crystalline
solids, the atom transition mechanism of this process has not
been unambiguously identified. Especially in the ternary
alloys,2,3 complex interactions exist among interstitial atoms
�I� and host- �M� and substitutional-metal �S� atoms. These
interactions will markedly influence the anelastic relaxation
processes, which are controlled by the thermally activated
transitions of the interstitial atoms between the equivalent
interstitial sites. As a result, Snoek relaxation in ternary bcc
alloys usually shows complex characteristics2 such as broad-
ening, asymmetry or even new peak formation, etc. In the
past 50 years, many ternary bcc alloys have been investi-
gated in order to clarify the nature of the complex Snoek
relaxation. However, the explanations were quite contradic-
tory and limited.4

Broadened Snoek peaks have also been observed in con-
centrated binary bcc alloys, such as Ta-O �Ref. 5� or Nb-O
�Refs. 6 and 7� systems. Early studies of the broadened re-
laxation peaks were attributed to the stress-induced transi-
tions of interstitial atoms in pairs, triplets, or higher order
clusters. This interpretation is the so-called S-kI interaction
model �k=1, 2, 3, or 4�. Botta et al. and Florencio et al.
extended this model into Nb-Zr-O and Nb-Ti-O ternary
systems.8,9 However, the deduced relaxation parameters,
such as the peak temperature and the activation energy, ex-
hibited qualitative consistency but quantitative disagreement.
These results seem to be rather speculative.

Early investigations on the effect of substitutional solutes
in ternary alloy systems were focused on Fe-Mn-N alloys,10

and then extended to Fe-Mn�Cr�-C systems11 and alloys
based on group-V transition metals �V, Nb, and Ta�.12,13 In
most of these studies, distortion of the relaxation spectrum

was attributed to the interaction between substitutional and
interstitial solute atoms, which was referred to as the “S-I”
interaction.14 Some of the characteristic features can be
qualitatively explained in terms of local attractive S-I inter-
action based on the general theory given by Nowick and
Heller15 and Koiwa.16 These theoretical approaches were
made with the assumption that all substitutional atoms exist
as isolated single atoms. This is only an adequate approxi-
mation for ternary alloy systems with a highly diluted sub-
stitutional solute.

With the increase of substitutional solutes concentration,
more than one substitutional atoms may occupy the nearest-
neighbor lattice sites of the octahedral interstice. To account
for this case, the interaction between interstitial atoms and
the adjacent substitutional solutes, i.e., the so-called jS-I in-
teraction �j=0,1 , . . .6�, has been considered and emphasized
in recent investigations. This viewpoint has been
used to interpret the complex Snoek effect in concentrated
ternary alloys, such as Nb-V�Mo,Zr�-O�N�,17–20

Fe-Cr�Al,Mn�-C�N�,21–23 Ta-Re-O,24 etc. In this approach,
the transition of interstitial atoms was assumed to be a con-
fined orientation in one octahedral cell. However, as shown
in Fig. 1, the actual situation is more complicated since a
Snoek transition of interstitial atoms must occur between two
adjacent octahedral cells. Therefore, a certain type of el-
ementary relaxation process jS-I should possess different re-
laxation parameters since the multiform spatial correlation
may exist in this transition.

Undoubtedly, complex Snoek relaxation in a ternary alloy
system contains several elementary relaxation processes.
However, the assignment of the constituent peaks to indi-
vidual jump processes is generally invalid if it does not re-
flect a concrete and reasonable physical mechanism. There-
fore, the problem-solving method should be first, to analyze
all possible elementary relaxation processes using the rea-
sonable physical models and, second, to separate the total
relaxation profile into the component relaxation peaks.

A Snoek relaxation process mainly depends on the occu-
pancies of the octahedral interstitial sites and on the transi-
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tion status of the interstitial atoms. These factors are con-
trolled not only by the site energies but also by the complex
interactions between interstitial atoms and matrix metal
atoms.25 Thus, the description of Snoek relaxation in ternary
alloy system is usually tackled under simplified
assumptions,26 such as ideal intersolubility between the host
metal and substitutional solutes, random distribution among
the lattices site, short-range interaction between interstitial
atoms, etc. Recently, an embedded-cell model,27–29 based on
the statistical mechanical method,30–32 was developed to deal
with the interstitial atoms’ behavior in ternary interstitial al-
loys. In this model, the interstitial sites of different geom-
etries �octahedral, tetrahedral, etc.� are considered and fur-
ther distinguished by the chemical composition and atomic
arrangement in the first shell of the neighboring metal atoms,
and then, the interstitial atoms’ behavior is controlled by the
composition of both the embedding matrix and the first shell
formed by metal atoms. This model has been successfully
applied to calculate the diffusion and solution heat of hydro-
gen �and deuterium� interstitial in ternary fcc or bcc
system.28,29 Biscarini et al. applied this method to deal with
the anelastic relaxation behavior of interstitial solutes in ter-
nary systems, but the estimation was quite qualitative and
poorly operable.26

In the present work, we extend this embedded-cell model
to analyze the broadened Snoek relaxation behavior in bcc
ternary alloys. The influence of the short-range ordering, the
spatial correlation of lattice sites, and the site-dependent ac-
tivation energies will be simultaneously taken into account.
The main objective is to acquire a clearer picture of the con-
crete mechanisms that contribute to the Snoek relaxation in
such alloy systems. In addition, this investigation could pro-
vide a useful method for the description and understanding
of anelastic behaviors and diffusion mechanisms related to
interstitial atoms in ternary alloy systems.

This paper is organized as follows. In Sec. II the static
distribution and the spatial correlation of the interstitial at-
oms at octahedral sites in ternary bcc systems are calculated
in detail. This information is then used to analyze the pos-
sible elementary relaxation processes, which correspond to
the concrete transition configurations. Then, in Sec. III the
dynamic transitions of these elementary processes and their

contributions to the whole Snoek relaxation profile are
treated using a fitting procedure. Following this analysis, the
complicated relaxation spectrum can be reasonably resolved
into elementary relaxation peaks. Finally, as an example, this
method is applied to analyze the Snoek relaxation in Nb-
Ti-O alloys with different Ti compositions �Sec. IV�. Nb-
Ti-O alloys were chosen for the following reasons. Unlike
other interstitial atoms such as nitrogen, carbon, etc., oxygen
atoms have a high solubility in Nb-Ti-based alloys.33 Recent
research34 has shown that practical Snoek-type high-damping
alloys can be realized in this alloy. Nb and Ti have approxi-
mately the same molar volume,29 so elastic interaction be-
tween the metal atoms can be neglected. Furthermore, it has
been established that the local order parameter ��� in Nb-Ti
alloys was rather low35 �� ranging between 0.1 and 0.15�,
which indicated that this alloy could be approximately
treated as a random system. These structural factors have a
good coincidence with the assumptions required by the sta-
tistical mechanical method.

II. STATIC DISTRIBUTION OF THE INTERSTITIAL
ATOMS IN THE TERNARY bcc SYSTEM

The present calculations will be made with the following
assumptions.

�i� Interstitial atoms occupy only the octahedral inter-
stices under thermal equilibrium conditions.

�ii� The interstitial atoms are allowed to transit only to
the nearest-neighbor octahedral sites

�iii� In the absence of an external stress, the distribution
of interstitial atoms over various sites is that of thermal equi-
librium at any temperature.

A. Distribution of interstitial sites

According to the assumption of the embedded-cell model,
in a random bcc alloy A1−yBy, seven octahedral interstitial
sites Iu

O �u=0,1 ,2 , . . . ,6� and five tetrahedral sites Iv
T �v

=0,1 , . . . ,4� can be distinguished, depending on the chemi-
cal composition and atomic arrangement within the first shell
�as shown in Table I�. Here, u or v represents the number of
substitutional atoms occupying the nearest-neighbor lattice
sites of the octahedral or tetrahedral interstice, respectively.
Thus, the first shell of neighbors can be considered to be a
cell of composition A6−uBu or A4−vBv. The number of distin-
guishable sites becomes 24 if the symmetry features associ-
ated with the distribution of substitutional solutes among the
nearest lattice sites are also take into account. In an ideal
system ��=0�, the atoms are randomly distributed among the
lattice sites and the fraction Pu

O �or Pv
T� of a certain type of

interstitial site Iu
O �or Iv

T� can be given by a binomial distri-
bution function. The expressions of Pu

O and Pv
T in an ideal

system are also listed in Table I. Under thermal equilibrium
conditions, interstitial atoms are assumed to occupy only the
octahedral interstices.

However, in most actual alloy systems, short-range or-
dered or ordered effects have been observed. The detailed
derivation of tetrahedral cluster probability Pv

T��� was given

FIG. 1. The schematic process of a Snoek relaxation. In this
procedure, the interstitial atom transits between two adjacent octa-
hedral cells, i.e., jumps from octahedral site Iu

O to Iu�
O . It also can be

seen that four metal atoms are shared by the adjacent cells. Here,
the superscript O represents the octahedral interstice.
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in Ref. 29, in which the local order parameter � ���0� was
considered. Here, we extend this method to calculate the
fractions of octahedral cells. As shown in Fig. 2, an octahe-
dral cell contains two sub-cells: a tetrahedron cell and a
double-atom cell. The probability of finding an A6 cell in the
system is thus given by

P0
O��� = P0

T���PAPAA. �1a�

The analogous expressions for the formation of the other
octahedral cells are

P1
O��� = P0

T���PAPAB + P0
T���PBPBA + P1

T���PAPAA,

�1b�

P2
O��� = P0

T���PBPBB + P1
T���PAPAB + P1

T���PBPBA

+ P2
T���PAPAA, �1c�

P3
O��� = P1

T���PBPBB + P2
T���PAPAB + P2

T���PBPBA

+ P3
T���PAPAA, �1d�

P4
O��� = P4

T���PAPAA + P3
T���PAPAB + P3

T���PBPBA

+ P2
T���PBPBB, �1e�

TABLE I. Distinguishable octahedral and tetrahedral interstitial sites �Iu
O and Iv

T� in a bcc alloys �A1−yBy�
and the associated fractions �Pu

O and Pv
T� in randomly status ��=0�. ��—A atoms and �—B atoms; the

superscript O and T represent the octahedral and tetrahedral interstices, respectively.�

FIG. 2. Structure of a octahedral cell in bcc system. It can be
treated as a clusters chain in which contain a tetrahedron cell and a
double-atom cell.
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P5
O��� = P4

T���PAPAB + P4
T���PBPBA + P3

T���PBPBB,

�1f�

P6
O��� = P4

T���PBPBB, �1g�

where PA or PB is the probability of the lattice atoms, and
PAA�B� is the probability of finding an A �or B� atom as near-
est neighbor of another A atom. The fractions of different
octahedral sites Pu

O in a short-range ordered and ordered sys-
tem are shown in Fig. 3. It can be seen that the cell fractions
are strongly influenced by the amount of short-range order �.
In an ordered system, i.e., �=1, four kinds of octahedral
cells exist: A6, B6, and the transitional cells A4B2 and A2B4
between A6 and B6.

B. Spatial correlation between adjacent octahedral interstitial
sites

Pairs of adjacent octahedral interstitial sites are shown in
Fig. 1 together with the cells of their nearest neighbor metal
atoms. It can be seen that four metal atoms are shared by
adjacent cells. Due to this geometric restriction, some jump-
ing routes of interstitial atoms are precluded. For example,
an interstitial atom in A6 site cannot transit into an adjacent

B6 interstitial site, since the probability of finding a B6 site
next to an A6 site is zero. In order to calculate the probability
factors for an interstitial atoms’ transition from one intersti-
tial site to another, spatial short-distance correlations among
different types of sites need to be known as a function of the
alloy composition y. For this purpose, the conditional prob-
ability quu�

O that, given an octahedral interstitial site of type u,
another site selected among the sites adjacent to the first one
is of type u�, needs to be calculated. The expressions26 for
quu�

O are listed in Table II, where empty spaces mean that the
probability quu�

O is equal to zero. All possible configurations
of adjacent octahedral sites in a bcc ternary system have been
taken into account in Table II. One may notice that the tran-
sition of interstitial atoms between adjacent octahedral sites
can only occur if the difference value between u and u� is
less than or equal to 2, i.e., �u−u���2.

C. Occupancies of interstitial atoms in the octahedral
interstitial sites

The interstitial atom concentration in a certain octahedral
site cu

O, i.e., the number of interstitial atoms occupying a
given type of site �Iu

O� divided by the total number of the

FIG. 3. Friction Pu
O of octahedral sites of a short range ordered or ordered ternary bcc system. The sites were distinguished by the

different chemical compositions in the first shell of neighbors: �a� �=0 �ideal random system�, �b� �=0.15, �c� �=0.30, and �d� �=1
�ordered system�.
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octahedral interstitial sites, mainly depends on the site en-
ergy eu

O. In a diluted interstitial solute system, the interaction
between interstitial atoms can be neglected and cu

O can be
described using the Maxwell-Boltzmann statistical equation.
While in a concentrated system, the Fermi-Dirac statistics
become more suitable as has been discussed by Kirchheim,36

since the interstitial atom interactions can be taken into ac-
count by adding a concentration-dependent contribution f�c�
to the site energy eu

O,

cu
O =

Pu
O

1 + exp��eu
O + f�c��/kT�

�u = 0,1, . . . ,6� . �2�

In Eq. �2�, the interaction f�c� is assumed to depend only
on the total interstitial atoms concentration C with the
boundary condition C=�u=0

6 cu
O for reasons discussed in Refs.

28 and 32.
The site energy �eu

O� of an interstitial atom strongly de-
pends on the chemical affinity ��� between interstitial atoms
and the nearest neighbor metal atoms, and on the elastic
interaction of the local strain field ��� of a cell in a matrix
alloy, i.e.,

eu
O = eu

O��� + eu
O��� . �3�

Here, an embedded-cell method29,32 was applied to calcu-
late the site energy �eu

O�. An octahedral cell A6−uBu can be
treated as an alloy with a local concentration y�=u /6, and
embedded into the matrix alloy A1−yBy with the concentra-
tion y �as shown in Fig. 4�. The site energy is assumed to
depend predominantly on the difference between the local
cell component and the matrix. If a cell is embedded in an
alloy with the same average composition as the cell itself, for
example, an A3B3 cell in an A0.5B0.5 alloy, this cell is a so-
called free cell. The site energy of the free cell, denoted

eu
O*

�eu
O*

=eu
O*

���+eu
O*

����, is used as the reference value.
As shown in Ref. 28, prior to and after embedment, the

difference of the cell volume ��V� can be expressed as

�V = �1 − y�VA + yVB −
�6 − u�VA + uVB

6
�u = 0,1, . . . ,6� ,

�4�

in which VA and VB are the cell volumes of A6 and B6 in the
pure metals. Thus, the elastic interaction part of the site en-
ergy �eu

O���� of an octahedral interstitial site in a ternary bcc
system can be given by

eu
O��� = eu

O*
��� − �1 − D���V . �5�

Here, � is the bulk modulus of the alloy. The parameter
D� �0,1� represents the force constant between nearest-
neighbor atoms.

The chemical interaction should be roughly proportional
to the different “affinity” between the interstitial-
substitutional solute �S-I� and the interstitial-host element
�M-I�. A quantitative measure of the affinity force of inter-
stitial atoms with matrix atoms is not generally available, but
a good approximation might be given by the difference of
heat of formation ��Hf� of the steady-state compound,37 i.e.,
�HSI

f and �HHI
f . Analogous to Eq. �5�, we have

eu
O��� = eu

O*
��� − �y − u/6�� , �6�

where �=�HHI
f −�HSI

f .
Here, we apply this procedure to the Nb-Ti-O alloys. The

parameters used in these calculations are listed in Table. III.

In this case, the energy of the free cell eu
O*

is assumed to be
zero as a reference value. NbO and TiO2 oxides are used in
the calculation of �. The calculated values of eu

O are plotted
versus alloy composition in Fig. 5.

As shown in Fig. 5, the energy of a given site depends on
the average composition of the embedding alloy matrix, and
the Ti6 site is the most energetically favorable for oxygen
occupancy compared to other sites. Since Nb and Ti have
similar atomic radii, the elastic interaction is negligible. The
main contribution to the site energy is due to the chemical
affinity force. In this system, the Ti substitutional solute has
a higher affinity for oxygen than the host element Nb; there-

TABLE II. Conditional probabilities quu�
O , which means finding an octahedral site of type u� as the nearest

neighbor of site of type u as a function of the ternary system composition.

quu� I0
O I1

O I2
O I3

O I4
O I5

O I6
O

I0�
O �1−y�2 2�1−y�y y2

I1�
O 1

4 �1−y�2 1
2 �1−y�y

+ 3
4 �1−y�2

3
2 �1−y�y+ 1

4 y2 3
4 y2

I2�
O 1

16�1−y�2 1
8 �1−y�y

+ 1
2 �1−y�2

7
16�1−y�2+ 1

16y2

+�1−y�y

7
8 �1−y�y

+ 1
2 y2

7
16y2

I3�
O 3

16�1−y�2 3
8 �1−y�y

+ 1
8 �1−y�2

3
16�1−y�2+ 3

16y2

+ 5
4 �1−y�y

3
8 �1−y�y

+ 5
8 y2

3
16y2

I4�
O 7

16�1−y�2 7
8 �1−y�y

+ 1
2 �1−y�2

1
16�1−y�2+ 7

16y2

+�1−y�y

1
8 �1−y�y

+ 1
2 y2

1
16y2

I5�
O 3

4 �1−y�2 3
2 �1−y�y

+ 1
4 �1−y�2

1
2 �1−y�y

+ 3
4 y2

1
4 y2

I6�
O �1−y�2 2�1−y�y y2
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fore, oxygen atoms tend to distribute in the octahedral cells
that contain more Ti solutes.

Substituting Eqs. �3�, �5�, and �6� into Eq. �2� leads to a
set of nonlinear equations in the unknown quantities cu

O. With
the boundary condition C=�u=0

6 cu
O, the normalized site con-

centrations cu
O /C, calculated as a function of Ti content �y� in

Nb�1−y�Tiy for different temperatures, are shown in Fig. 6.
It can be seen that interstitial oxygen atoms preferentially

occupy the octahedral interstitial sites, which have nearest-
neighbor Ti substitutional atoms due to more favorable site-
dependent energies. For example, in the Nb-0.75Ti-1.5O
�at. %� alloy, the fraction of octahedral cell Nb6 is 96.68%;
however, only 33.35% of oxygen atoms distribute over these
cells. Most oxygen atoms occupy the cells of the types Nb5Ti
and Nb4Ti2, which contain one and two Ti atoms, respec-
tively. Therefore, substitutional Ti solutes will markedly in-
fluence the Snoek relaxation behavior in the Nb-Ti-O ternary
system, even if the concentration of Ti is rather low.38 At
higher temperature �Figs. 6�b� and 6�c��, the occupancies of
higher-energy sites become appreciable and may contribute
to the anelastic relaxation performance. As a result, the
Snoek peak will be broadened, asymmetric, or even new
peaks may appear, especially in the case where a local attrac-
tive interaction exists between the substitutional solutes and
the interstitial atoms.

III. DYNAMIC TRANSITION OF INTERSTITIAL ATOMS
AND SNOEK RELAXATION PROFILE

So far, the static distribution of interstitial atoms in differ-
ent octahedral interstitial sites in a ternary bcc system has
been considered. As previously mentioned, a Snoek relax-
ation results from the stress-induced transitions of interstitial
atoms between the adjacent octahedral interstitial sites, i.e.,
�uIu

O→ Iu�
O . In order to get a complete picture of the intersti-

tial atoms relaxation, the activation energy of each elemen-
tary jump �Iu

O→ Iu�
O � has to be determined.

A. Transition activation energy of interstitial atoms between
adjacent octahedral sites

The potential energy for interstitial atoms migrating over
adjacent octahedral sites �Iu

O→ Iu�
O � has been illustrated sche-

matically in Fig. 7. The saddle-point energy of the interstitial

atoms’ jump �Quu�� appears at the tetrahedral interstitial site
Iv

T between two adjacent octahedral sites.14,39 This tetrahedral
site is surrounded by four nearest-neighbor lattice atoms �de-
noted by 1, 2, 3, and 4 in Fig. 7�, which are shared by the
adjacent octahedral cell. Therefore, the saddle-point energy
Quu� can be treated as the tetrahedral site energy ev

T, and the
activation energy Huu� can be calculated by the following
relation:

Huu� = Quu� − eu
O = ev

T − eu
O �u = 0,1, . . . ,6,v = 0,1, . . . ,4� .

�7�

The tetrahedral site energy ev
T can be calculated by the

embedded cell method. Here, the embedded clusters are tet-
rahedral clusters, i.e., A4−vBv. The calculated results of tetra-
hedral site energies ev

T in the Nb-Ti-O system are shown in
Fig. 8. This is also the result of the saddle-point energy of the
oxygen Snoek relaxation in Nb-Ti alloys.

It is worth noting that adjacent octahedral clusters may
have multiform spatial configurations, therefore, one kind of
transition �Iu

O→ Iu�
O � may possess different activation energies

�Huu�� for different saddle-point status. For example, for the
jump of interstitial atoms between two adjacent clusters A5B,
i.e., I1

O→ I1�
O , there are two possible configurations as shown

in Fig. 9. It can be seen that two different saddle-point sites
could exist in this transition, and accordingly, the activation

TABLE III. Data used in the calculations of the octahedral site
energy of oxygen interstitial atoms in Nb-Ti alloys.

Vm

�cm3/mol�a
�

�kJ/cm3�a Da � �kJ/mol�b �c

Nb 10.8 171 0.75 −50.1 0.15

�-Ti 10.6 95 0.76

aFrom Ref. 28.
bFrom Ref. 37.
cFrom Ref. 35.

FIG. 4. Schematic representation of the embedded-cell model.
An octahedral cell A6−uBu was treated as an alloy with local con-
centration y�=u /6 and embedded into the matrix alloy A1−yBy with
the concentration y.

FIG. 5. The octahedral site energy eu
O of oxygen atoms in Nb-Ti

alloys as a function of alloy composition. Curves are calculated
with the embedded-cell model.
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energies should be H11�=e0
T−e1

O for case �a� and H11�=e1
T

−e1
O for case �b�, respectively. These different activation en-

ergies will lead to a scatter in the relaxation time 	 j and result
in a broadening effect on the corresponding peak.

B. Transition probabilities of interstitial atoms and the Snoek
relaxation

The probability25,40 of a transition Iu
O→ Iu�

O is proportional
to cu

O and to the fraction of adjacent sites Iu�
O that can be

occupied, that is to say, to a joint factor 
uu�
O as given by


uu�
O = cu

Oquu�
O 	1 −

cu�
O

Pu�
O 
 . �8�

where 1−cu�
O / pu�

O represents the conditional probability that,
given an occupied site Iu

O, site Iu�
O is not occupied.

The strength � of the overall relaxation26 can be ex-
pressed as the sum of terms corresponding to all possible
transitions between the adjacent interstitial sites of the vari-
ous types, with each term’s contribution being proportional
to the corresponding jump probability factor 
uu�

O , i.e.,

� = �
u

Kuu�
uu�
O , �9�

where the coefficient Kuu� represents the relaxation strength
of a unit transition.

The temperature dependence of a Snoek relaxation, which
contains several elementary Debye processes, can be de-
scribed by the following expression:41

Q−1�T� = �
u

Kuu�
uu�
O sec h�Huu�

R 	 1

T
−

1

Tmuu�

� , �10�

where Huu� is activation energy for the jumping of Iu
O→ Iu�

O ,
which can be calculated by Eq. �7�. Tmuu� is the peak tem-
perature of the corresponding jump. Wert and Marx42 have
shown a linear correlation between Huu� and Tmuu� for
Snoek-like peaks,

Huu��Tmuu�� = RTmuu� ln	 kTmuu�

hfm

 + Tmuu��S , �11�

where k and h are the Boltzmann and Plank constants, �S is
the entropy of the activation process, and fm is the measuring
frequency.

From Eqs. �8�–�11�, a Snoek relaxation peak in a ternary
bcc system could be calculated in principle, and on the other
hand, a complex anelastic experimental result could be re-
solved into elementary anelastic processes. These elementary
processes should be the natural mechanism of the whole
Snoek profile. Here, we apply this method to analyze the
Snoek relaxation mechanism of Nb-Ti-O alloys.

IV. EXPERIMENT AND DISCUSSION

A. Materials and data treatment procedures

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 prepared Nb-Ti alloy ingots
were then segmented and remelted by the addition of TiO2
powder in order to obtain the desired Nb-Ti-O alloys. Two
different Nb-Ti-O systems were used in the present investi-
gation: Nb-0.75Ti-1.5O and Nb-74Ti-1.5O �at. %�.

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

were used for relaxation spectra �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 measuring temperature range
was set from 10 to 450 °C at a heating rate of 2 °C/min and

FIG. 6. The octahedral site concentration cu
O of of oxygen atoms

in Nb-Ti alloys at different temperatures: �a� at 300 K, �b� at 500 K,
and �c� at 700 K.
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the frequency was set at 1 Hz. An exponentially formed
background internal fraction was corrected according to the
conventional method.43

The division of the temperature-dependence relaxation
curves into constitutive Debye peaks was realized in Eq. �10�
by specifying a set of reliable parameters: the transition
probability 
uu�

O , the activation energy Huu�, and the peak
temperature Tmuu�. These parameters were calculated by Eqs.
�7�, �8�, and �11�, while the factor Kuu�, as the fitting param-
eter, was varied until the best fit to the experimental curve
was achieved. Then, a series of elementary peaks could be
obtained corresponding to the possible elementary transitions
Iu

O→ Iu�
O . For the entropy of activation, �S=1.1

�10−4 eV/K was usually used as it gave the best matching
of single experiments with those carried out by the Arrhenius
plot for the Debye relaxation.44 The Peak Fitting Module of
the Microcal Origin program was used in the fitting proce-
dures.

B. Experimental and fitting results

1. Nb-0.75Ti-1.5O (at. %)

In this system, oxygen atoms mainly distribute in three
octahedral interstitial sites: I0

O in the cell Nb6, I1
O in the cell

Nb5Ti, and I2
O in the cell Nb4Ti2. Based on the analysis of

spatial correlation as shown in Sec. II, there are six possible
types of transitions between these interstitial sites: I0

O↔ I0
O,

I0
O↔ I1

O, I0
O↔ I2

O, I1
O↔ I1

O, I1
O↔ I2

O, and I2
O↔ I2

O. As previously
mentioned, some transitions may possess several spatial con-
figurations. All possible spatial configurations and the pa-
rameters of these transitions are listed in Table IV.

Ten possible elementary transitions can be defined in this
system. However, four of them, I1

O↔ I1
O�I�, I1

O↔ I2
O�I�,

I2
O↔ I2

O�I�, and I2
O↔ I2

O�III�, can be neglected due to their
poor transition probability. The main contribution to the total
relaxation performance should be from the rest of the six
transition processes. Accordingly, by fitting the shape of the
experimental results, six elementary peaks can be deter-
mined. The fitting results are presented in Fig. 10. The
dashed lines represent the six relaxation processes proposed,
and the full line corresponds to the sum of relaxation pro-
cess. This figure shows that the fitting curve has an essen-
tially good coincidence with the experimental points. The
area fraction Auu� of each elementary relaxation process, nor-
malized to the whole area encompassed by the experimental
points, is shown in Fig. 11. It can be seen that the I0

O↔ I1
O

and I0
O↔ I0

O transitions were the main relaxation processes in

FIG. 7. The potential-energy diagram for interstitial solute at-
oms migrating over adjacent octahedral sites. The saddle-point en-
ergy of migrating �Quu�� appears at the tetrahedral interstitial site Iv

T

between two adjacent octahedral sites �Iu
O and Iu�

O �. This tetrahedral
site is surrounded by four nearest-neighbor lattice atoms �respec-
tively denoted by 1, 2, 3, and 4�, which are shared by adjacent
octahedral cell.

FIG. 8. Tetrahedral site energy ev
T of oxygen atoms in Nb-Ti

alloys. This energy is also treated as the saddle-point energy Quu�
for oxygen atom migration.

FIG. 9. Different possible spatial configurations for the transi-
tion type of I1

O→ I1�
O in ternary system A1−yBy: �a� no substitutional

atom B is shared by adjacent octahedral clusters and �b� one sub-
stitutional atom B is shared. Accordingly, they have different acti-
vation energies. �—B atoms, �—A atoms.
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the Snoek effect of the Nb-0.75Ti-1.5O �at. %� alloys. The
area fractions of both processes are as high as 45.31% and
20.73%, respectively.

It is worth noting that two elementary peaks at tempera-
tures below the normal Snoek peak P�I0

O↔ I0
O� were fitted in

this procedure: P�I1
O↔ I1

O�II�� and P�I2
O↔ I2

O�II��, respec-
tively. These peaks should be due to interactions between
oxygen atoms and the single or pairs of substitutional Ti
solutes which are shared by the adjacent octahedral cell. This
phenomenon was also observed in Fe-Mn�Cr�-N alloys,11

and was qualitatively interpreted as arising from interstitial
solutes trapped to pairs of substitutional atoms. Here, these
elementary relaxation processes can be distinctly resolved
and related to the concrete relaxation mechanism.

2. Nb-74Ti-1.5O (at. %)

In this alloy, oxygen atoms mainly distribute in the I6
O and

I5
O sites �as shown in Fig. 6�. Only at higher temperatures,

minor parts of the oxygen will redistribute into the I4
O site.

Therefore, the transition situation of oxygen atoms in this
alloy is simpler than the case of the Nb-0.75Ti-1.5O �at. %�
system. Four main transition configurations and their corre-
sponding parameters are listed in Table V. Here, we use
these four elementary processes to resolve the experimental
curve. The fitting results and the area fractions of each el-
ementary peak are shown in Figs. 12 and 13, respectively.
These results show that the main relaxation effects in this
alloy should be due to the transitions of I5

O↔ I5
O�II� and

I6
O↔ I6

O.

TABLE IV. The configurations and the relaxation parameters of all possible transitions of oxygen solute
atoms in Nb-0.75Ti-1.5O �at. %� alloys. ��—Nb atoms and �—Ti atoms.�
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C. Discussion

In view of the complex spatial configurations of the lattice
structure and the energy factors in an actual ternary system, a
great number of elementary relaxation processes are theoreti-
cally possible. Some of these processes may be undetectable
experimentally, and in some extreme cases they may only
contribute to an increase of background dissipation. Biscarini
et al. have proposed a qualitative expression to deal with this
problem,26 but this objective was not explicitly pursued. The
present investigation achieved this goal in the ternary Nb-
Ti-O alloys. Based on the theoretical analysis of the possible
elementary jumps, a complex anelastic experimental result

was resolved into effective elementary anelastic processes. In
addition, these elementary relaxation processes can also be
used as local probes for the physical and chemical structures
of ternary bcc alloys.

As has been mentioned, the physical meaning of Kuu� is
the relaxation strength of a unit transition. The fitting values
of Kuu� of both systems are shown in Figs. 14�a� and 14�b�,
respectively. As a comparison, the transition probabilities

uu�

O /�u
uu�
O of the corresponding elementary peaks are also

listed. One can see that for an elementary peak: �1� no direct
relation exists between Kuu� and 
uu�

O , �2� the values of Kuu�
are notably different for different peaks, and �3� a higher
activation-energy elementary peak always has a higher Kuu�.

TABLE V. The configurations and the relaxation parameters of the main transitions of oxygen solute
atoms in Nb-74Ti-1.50 �at. %� alloys. ��—Nb atoms and �—Ti atoms.�

FIG. 10. Temperature dependence of the internal friction �at
1 Hz� and the fitting results in Nb-0.75Ti-1.5O �at. %� alloys
�points—experimental, dashed line—fitted elementary peaks, and
solid line—the sum of the elementary peak�.

FIG. 11. The area fraction Auu� �normalized to the whole area
encompassed by the experimental points in Fig. 10� of each elemen-
tary relaxation peak in Nb-0.75Ti-1.5O �at. %� alloys.
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It is well known that the strength of the Snoek relaxation
mainly depends on the interstitial solute concentration, the
anisotropy of the strain field around the interstitial solute
atom14 and the symmetry characteristics of the point-defect
reorientation. Recalling Eqs. �8� and �9�, the influence of the
interstitial atom concentration has been considered in the
factor 
uu�

O . The strain field of the oxygen interstitial atoms
can be treated as a constant in different elementary relaxation
processes in the Nb-Ti-O system since Nb and Ti have simi-
lar atomic radii. Therefore, the fitting parameter Kuu� mainly
reflects the symmetry-related responses of the interstitial sol-
ute reorientation in the relaxation process. In principle, the
symmetry characteristics of point-defect reorientation can be
calculated using the elastic-dipoles selection rules suggested
by Nowick and Berry1 and Nowick and Heller.15 However,
this is an inconvenient method since there are many un-
known parameters and numerous possible spatial correla-
tions, and it needs to be tackled case by case. Some ex-
tremely simple cases can be experimentally measured under

single-crystal conditions. Here, this information can be ob-
tained, at least relatively, by using the fitting results of the
factor Kuu�.

To a certain extent, the contribution of an elementary pro-
cess to the overall relaxation effects mainly depends on the
factor Kuu�, rather than the transition probability. For ex-
ample, in Nb-0.75Ti-1.5O �at. %� alloys, the main jumps of
interstitial oxygen atoms occur in the process I0

O↔ I0
O; how-

ever, the main relaxation contribution results from the pro-
cess I0

O↔ I1
O, since the latter has a higher factor Kuu�. There-

fore, the factor Kuu� can be used to analyze and compare the
validity among the elementary relaxation processes.

As shown in Fig. 14, the transition types of I0
O↔ I2

O and
I4

O↔ I4
O are the most effective relaxation processes in the

present two alloys. Both of these transitions have the same
symmetry characteristics of their reorientation responses;
i.e., prior to and after the transitions, they change from the
symmetrical about 
1 0 0� to the symmetrical about 
0 1 0�. It
implies that such reorientation could induce the largest relax-
ation effect. This result can also be applied in the design of
high-damping alloys. High damping performance could be
obtained by the selection of the alloy components and the
controlling of ordering structure,45 which can cause the dis-
tribution and the transition of the major interstitial atoms in
the most effective relaxation processes.

FIG. 12. Temperature dependence of internal friction �at 1 Hz�
and the fitting results in Nb-74Ti-1.5O �at. %�alloys �points—
experimental, dashed line—fitted elementary peaks, and solid
line—the sum of the elementary peak�

FIG. 13. The area fraction Auu� of each elementary relaxation
peak in Nb-74Ti-1.5O �at. %� alloys.

FIG. 14. The fitting values of Kuu� of each elementary peaks in
both alloys: �a� Nb-0.75Ti-1.5O and �b� Nb-74Ti-1.5O �at. %�.
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V. CONCLUSIONS

An extended statistical mechanical model, combined with
a fitting method, has been proposed to resolve the compli-
cated Snoek relaxation peak in ternary bcc system.

�1� The interstitial site occupancies, the spatial site con-
figurations and the transition probabilities of the octahedral
interstitial solute atoms were calculated in detail using an
embedded-cell model, assuming the energy of the interstitial
atoms to be predominantly determined by the nearest-
neighbor metal atoms. Based on these information, all pos-
sible elementary processes of the Snoek relaxation in ternary
bcc system can be predicted.

�2� Following the embedded-cell model, both octahedral
and tetrahedral site energies of the interstitial atoms in these

elementary relaxation processes were calculated. The results
were used to estimate the activation energy and the peak
temperature of the corresponding elementary relaxation pro-
cess. Then, using a fitting method, the complicated Snoek
spectrums were resolved into several effective elementary
Debye peaks, which correspond to the concrete relaxation
mechanism.

�3� This method has been successfully applied to analyze
the complex Snoek peak in Nb-Ti-O alloys. The fitting re-
sults shown that the most notable relaxation process occurs
in the reorientation response in which the symmetry charac-
teristic changes from the symmetrical about 
1 0 0� to about

0 1 0� prior to and after the oxygen transition.

�4� This method can be used to describe the Snoek relax-
ation behavior in ternary bcc systems.

1 A. S. Nowick and B. S. Berry, Anelastic Relaxation in Crystalline
Solids �Academic, New York, 1972�, Chaps. 9 and 11.

2 H. Numakura and M. Koiwa, J. Phys. IV 6, C8–97 �1996�.
3 T. G. Chen, C. Jiang, and Z. L. Wu, J. Phys. 46, C10–39 �1985�.
4 M. S. Blanter and M. Y. Fradkov, Acta Metall. Mater. 40, 2201

�1992�.
5 R. W. Powers and M. V. Doyle, Acta Metall. 4, 233 �1956�.
6 M. S. Ahmad and Z. C. Szkopiak, J. Phys. Chem. Solids 31, 1799

�1970�.
7 G. Gibala and C. A. Wert, Acta Metall. 14, 1095 �1966�.
8 F. W. J. Botta, O. Florencio, C. R. Grandini, H. Tejima, and J. A.

R. Jordao, Acta Metall. Mater. 38, 391 �1990�.
9 O. Florencio, F. W. J. Botta, C. R. Grandini, H. Tejima, and J. A.

R. Jordao, J. Alloys Compd. 211/212, 37 �1994�.
10 L. J. Dijkstra and R. J. Sladek, Trans. AIME 197, 69 �1953�.
11 I. G. Ritchie and R. Rawlings, Acta Metall. 15, 491 �1967�.
12 Z. C. Szkopiak and J. T. Smith, J. Phys. D 8, 1273 �1975�.
13 R. Cantelli and Z. C. Szkopiak, Appl. Phys. 9, 153 �1976�.
14 H. Numakura, G. Yotsui, and M. Koiwa, Acta Metall. Mater. 43,

705 �1995�.
15 A. S. Nowick and W. R. Heller, Adv. Phys. 12, 251 �1963�.
16 M. Koiwa, Philos. Mag. 24, 81 �1971�; 24, 107 �1971�; 24, 539

�1971�; 24, 799 �1971�.
17 E. Miura, K. Ota, K. Yoshimi, and S. Hanada, Philos. Mag. 83,

2343 �2003�.
18 N. P. Kushnareva, S. E. Snejko, and I. P. Yarosh, Acta Metall.

Mater. 43, 4393 �1995�.
19 N. P. Kushnareva and S. E. Snejko, J. Alloys Compd. 211/212, 75

�1994�.
20 D. Mosher, C. Dollins, and C. Wert, Acta Metall. 18, 797 �1970�.
21 P. Gondi and R. Montanari, Phys. Status Solidi A 131, 465

�1992�.
22 I. S. Golovin, J. Alloys Compd. 310, 356 �2000�.
23 S. Alberici, R. Montanari, and M. E. Tata, J. Alloys Compd. 310,

209 �2000�.
24 A. A. Sagues and R. Gibala, Scr. Metall. 5, 689 �1971�.
25 A. Biscarini, B. Coluzzi, and F. M. Mazzolai, Acta Mater. 47,

3447 �1999�.
26 A. Biscarini, B. Coluzzi, and F. M. Mazzolai, Defect Diffus. Fo-

rum 165–166, 1 �1999�.
27 R. C. Brouwer, E. Salomons, and R. Griessen, Phys. Rev. B 38,

10217 �1988�.
28 R. C. Brouwer and R. Griessen, Phys. Rev. B 40, 1481 �1989�.
29 R. C. Brouwer, J. Rector, N. Koeman, and R. Griessen, Phys.

Rev. B 40, 3546 �1989�.
30 R. B. McLellan, Acta Metall. 30, 317 �1982�.
31 K. Alex and R. B. McLellan, J. Phys. Chem. Solids 32, 449

�1971�.
32 R. Griessen, Phys. Rev. B 27, 7575 �1983�.
33 Z. C. Szkopiak, J. Phys. �Paris� 32, C2–1 �1971�.
34 F. X. Yin, S. Iwasaki, D. H. Ping, and K. Nagai, Adv. Mater.

�Weinheim, Ger.� 18, 1541 �2006�.
35 P. S. Rudman, Acta Metall. 12, 1381 �1964�.
36 R. Kirchheim, Defect Diffus. Forum 143–147, 911 �1997�.
37 R. J. Lauf and C. J. Altstetter, Acta Metall. 27, 1157 �1979�.
38 T. C. Niemeyer, C. R. Grandini, and O. Florencio, Mater. Sci.

Eng., A 396, 285 �2005�.
39 D. E. Jiang and E. A. Carter, Phys. Rev. B 67, 214103 �2003�.
40 B. Coluzzi, C. Costa, A. Biscarini, and F. M. Mazzolai, J. Phys.:

Condens. Matter 4, 53 �1992�.
41 A. Puskar, Internal Friction of Materials �Cambridge Interna-

tional Science, Cambridge, 2001�, Chap. 3.
42 C. Wert and J. Marx, Acta Metall. 1, 113 �1953�.
43 M. S. Ahmad, D. E. Barrow, E. A. Little, and Z. C. Szkopiak, J.

Phys. D 4, 1460 �1971�.
44 I. S. Golovin, H. Neuhauser, and A. Riviere, Intermetallics 12,

125 �2004�.
45 S. Shang and A. J. Bottger, Acta Mater. 51, 3597 �2003�.

YU, YIN, AND PING PHYSICAL REVIEW B 75, 174105 �2007�

174105-12


