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Abstract. The Snoek relaxation due to interstitial solutes in bcc metals is often affected
markedly by the presence of a small amount of substitutional solute atoms. This effect is be-
lieved to originate from the interaction between the substitutional and interstitial solute atoms,
or the s—i interaction. This review summarizes first the experimental observations on the Snoek
relaxation in various dilute alloys such as Fe-M—C/N and V/Nb/Ta-M-O/N, and describes next
. the theoretical studies on the thermodynamics and kinetics of the relaxation. It is suggested
from recent studies that careful examinations of the variation of the spectrum with solute con-
centrations are useful for quantitative characterization of the s—i interaction. .

1. INTRODUCTION

The Snoek relaxation due to interstitial solutes in bce metals is one of the best understood phenomena
among a number of anelastic effects in crystalline solids. In early 1950s, it was found that substitutional
solutes significantly influenced the Snoek relaxation of N in Fe [1]. For example, the addition of 1% V
strongly suppresses the ordinary Snoek peak of N, and gives rise to a new, well-defined peak at a higher
temperature. Since this discovery, a number of experiments have been made on various bee alloys. In
most of the alloy systems studied, distortion of the relaxation spectrum or an appearance of a new peak,
often called an anomalous or abnormal Snoek peak, is recognized. Such effects must be due to-an inter-
action between substitutional and interstitial solute atoms, which is referred to as the s~i interaction. If
the interaction is attractive, interstitial solute atoms are bound, or trapped, to a substitutional atom. Jump
processes of those interstitial atoms may be considerably modified, leading to relaxation peaks that have
relaxation rates and magnitudes very different from the ordinary Snoek peak.

Early investigations on the effect of substitutional solutes were centred at Fe-M-N alloys, those
of which reported by 1970 are reviewed by Fast [2]. Experimental studies were then extended to other
systems, viz. Fe-M~-C alloys and alloys based on group 5 transition metals (V, Nb-and Ta), as summa-
rized by Hasson and Arsenault [3] and by Nowick and Berry [4], both published in 1972. The latter au-
thors gave a qualitative account of the observations on the basis of the general theory of anelastic relax-
ation [5, 6]; some of the characteristic features can be reasonably explained in terms of local attractive
interaction between substitutional and interstitial solute atoms (see also Nowick {7, 8]). In the same pe-
riod of time, Koiwa [9] developed an extended theory of relaxation kinetics in ternary alloys and anal-
ysed various aspects, i.e. reorientation relaxation in dilute alloys [10], hydrostatic relaxation [11], relax-
ation in B2-ordered alloys [12] and effects associated with substitutional atom pairs [13]. Recently, de-
tailed experiments have been made on O in Nb-V alloys [14] and N in Fe-Cr alloys [15, 16], which al-
low quantitative characterization of the s—i interaction. This paper gives a review of those experimental
and theoretical studies of the Snoek relaxation in ternary bec alloys. Citations are made mainly to arti-
cles not included in the earlier reviews.
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2. EXPERIMENTAL STUDIES
2.1 Nin Fe alloys

Figure 1 shows low-frequency internal friction spectra of dilute Fe~Cr—N alloys [15], which serve as an
illustrious example of the effect of a substitutional element on the Snoek relaxation of N. By the addition
of Cr, the ordinary Snoek peak located at 300 K is reduced in magnitude and a new component appears
at 320 K. On further increase in the Cr concentration, another new component appears at a lower tem-
perature. The concentration of N changes the magnitude of internal friction as a whole nearly propor-
tionally, while the shape of the spectrum remains unchanged. Fe-Mn-N alloys are known to exhibit very
similar features [2].

An extra component, or an interaction peak, at a high temperature has been found for a number
of tertiary elements, e.g. Ti [17-20], V [1, 18, 21-23], Cr [21, 24, 25], Mn [2, 26], Mo [1, 21] and W
[271, which are known to interact attractively with N in Fe [28]. For 3d elements, the position of the new
peak is higher in the order Mn, Cr, V and Ti, i.e. in a descending order of group number in periodic
table. Solutes that are unlikely to attract N atoms have no marked influence, e.g. Ni and Co [29]. The
high temperature peak is thus attributed to the reorientation of N atoms trapped to a substitutional solute
atom. The low temperature component, on the other hand, is considered to be due to N atoms bound to a
pair of substitutional solute atoms, for it begins to increase its height at relatively high substitutional so-
lute concentrations, namely above 1 at.%.

Early reports on Fe-Si-N alloys showed that these alloys exhibited a broad and complex internal
friction spectrum [3], which appears to involve two or more extra components at temperatures above the
ordinary Snoek peak. In a study using single crystals of an Fe~5.4 at.% Si alloy [30], all the extra com-
ponents were found to show the same anisotropy as the ordinary Snoek peak: the internal friction mea-
sured in torsion was much lower in a crystal whose axis is close to <100> than the other close to <111>.
This observation suggests that the lattice distortion produced by the defect(s) responsible for the extra
components is similar in character to that associated with an isolated interstitial solute atom.
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2.2 Cin Fe alloys

The effects of substitutional solutes on the Snoek relaxation of C appear very different from the case of
N. For additions less than a few atomic percent of a substitutional alloying element, the Snoek peak of C
is decreased in height but no anomalous peak appears, as first reported for 0.5 % V, Cr, Mn, Ni and Mo
by Wert in 1952 [31]. This trend has been confirmed by recent studies for Cr [32], Mn [33-35], P [36]
and Si [35]. At the same time, however, a substantial broadening of the peak has come to be noticed,
which was not clearly seen in Wert’s work. The decrease in peak height by the addition of Cr and Mn
was once attributed to the lowering of C solubility [37], but it turned out that the solubility was not af-
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fected by the addition of Mn [33]. Thus it appears that extra components do exist ‘m Fe-Mn-C alloys;
the peak in the ternary alloys, smaller in magnitude and larger in width than in unalloyed Fe, probably
consists of the ordinary and extra relaxations occurring at the same temperature range. The reduction in

the relaxation strength can be interpreted as the effect of the substitutional solute atom on the tetragonal
dlstomon -around a C atom located at close-neighbour sites [38].

_ Alloys containing larger amounts of substitutional solutes often exhibit extra peaks at high tem-
peratures For substitutional solutes such as Al [39-41], Si [42, 43] and Ga [44], the Snoek peak of C
diminishes and the high temperature component grows with the increase in the substitutional solute con-
centration. It is interesting to note that these elements, Al, Si and Ga, interact repulsively with C at high

; temperature: [45]. This apparently contradicts the picture of the interaction peak drawn for N. However,

even if the substitutional solutes do not trap C atoms, local lattice distortion around a substitutional so-

lute atom may modify the migration behaviour of C atoms in such a manner. This view is supported by

hat the effect is observed only at relatively high concentrations of substitutional solutes, viz.

ser ; the low temperature side of the ordinary Snoek peak for concentratlons above 1 at.% [46].
Since the interaction of V with C is strongly attractive [45], this effect seems to be due to higher order
clusters of substitutional~interstitial solute atoms, such as s—i~s complexes postulated for Fe-Cr-N and
Fe—Mn-—N alloys.

2 3 Magnetlc after-effeckt of Cand N in Fe alloys

Interstitial C and N in Fe cause a magnetic relaxation effect, called the Richter after-effect, which is an
analogue of the Snoek effect in mechanical relaxation. Fundamental aspects of this phenomenon has
been studied extensively from both experiment and theory (see, e.g. [47]). Investigations have also been
made on the influence of substitutional solutes in ternary Fe alloys.

* Graham and Wauttig [48] measured the magnetic disaccommodation of dilute Fe-M~C and Fe-
M-N alloys for M = Ti, V, Cr and Mn. They found a substantial influence of substitutional solutes on
the after-effect due to N: the position of the relaxation maximum is shifted towards higher temperatures
for M, Cr and V, the magnitude of the shift being larger in this order. In contrast, virtually no effects
were observed on the relaxation behaviour of C. These results agree well with those of the internal fric-
tion studies described above. Moron and colleagues studied magnetic after-effect in dilute Fe-V-C [49],
Fe—V—N [23, 507 and dilute [51], as well as concentrated [52, 53], Fe~Al-C alloys. In all these experl-
ments, several extra components were identified. Some of them were interpreted as contributions of s—i
pairs and others of i-i pairs. Similar measurements have also been made on dilute Fe-Ti-N [54] and Fe—
Cr—N alloys [15]. Generally, the relaxation spectra in dilute ternary alloys show characteristic features
observed in mechanical relaxation experiments on the same alloy systems.

2.4 N and O in V, Nb and Ta alloys

Investigations on the Snoek relaxation in alloys based on group 5 metals were first undertaken on Nb—
Zr-0 alloys [55-57]. Despite the problem that the relaxation profiles were further complicated by the
presence of N as a residual impurity, these investigations provided clear evidence for the s—i interaction:
the ordinary Snoek peak of O is suppressed and new relaxations appear at higher temperatures [56, 57].
Szkopiak and Smith [58] investigated the Snoek relaxation of N and O in Nb-1 at.% M alloys for 13 ele-

ments, and observed subsidiary peaks due to the s—i interaction for most elements. They discussed the

nature of the interaction from various aspects such as atomic size, elastic modulus, chemical affinity, etc.
Szkopiak extended this study to a concentrated Nb-Ta (25%) alloy [59]. Interaction peaks have also

“been reported for Ta—Re~N/O [60], V-Ti-N/O and V-AI-N/O alloys [61].

- The experiments made on single crystals of ternary alloys [56, 62] provided particularly impor-
tant information. For cubic crystals, the relaxation magnitudes in single crystals under uniaxial tensile
and shear stress are given respectively by

SE-1 =%SS”+6S’(%—I‘) +8ST 0
8G-1 = 85" 2T + 88 (1 -2, @

where E stands for Young’s modulus and G the shear modulus, 3S”, 8S” and &S are, respectively, the re-
laxation of the symmetrized compliances S” = 811 + 2512, ' = 2(S11 — S12) and S = S44, and
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=733+ Y33 +v93, 3)

where v; are direction cosines between the stress axis and the crystal axes. The orientation factor I varies
over the range from 0 for the stress in the <100> direction to 1/3 for <111>.

Miner et al. {56] measured internal friction of <100>, <110> and <111>-oriented single crystals
of Nb-1 at.% Zr—O alloys by longitudinal vibration. The relaxation profile observed for the <100>
crystal was complex, which they interpreted as consisting of five components, viz. the contributions of
0, Zr-0, O-Zr-O, N and Zr-N (N was present as an impurity). In contrast, none of these relaxations
was detected for the <111> crystal. The anisotropy of the extra relaxation components is thus identical to
that of the ordinary Snoek peak, in agreement with the result on Fe-Si-N alloys [30]. Referring to Eq. 1,
the observation that 8E-1 =~ 0 in the <111> orientation (I = 1/3) implies that both 8S” and 8S are absent,
or negligibly small. Sagues and Gibala [62] performed measurements on single crystals of Ta-Re-N and
Ta—Re-O alloys under longitudinal stress and also under shear stress, and confirmed that the relaxation
consisted only of 8S". According to the selection rule for anelastic relaxation [5], defects that can give
rise to 85’ are those of tetragonal or <100> orthorhombic symmetry. The symmetry of an interstitial-
substitutional atom pair in a bec crystal is tetragonal for the 1st neighbour configuration and <110> or-
thorhombic for the 2nd. Therefore, the results of the experiments on single crystals strongly suggest that
the defects responsible for the extra relaxations are 1st neighbour s—i pairs. Nowick [63] pointed out,
however, that relaxations due to 2nd neighbour pairs may exhibit very similar anisotropy to that of a
tetragonal defect, because the lattice distortion associated with an interstitial atom on a 2nd neighbour
site is expected to be virtually the same as that of an isolated interstitial atom.

Carlson and colleagues studied the interaction between interstitial O and substitutional solutes in

Nb—(0.24-10) at.% V and V-0.5 at.% Nb [14, 64]. They measured the Snoek relaxation of O and found
a well-defined s-i interaction peak in the Nb-based alloys but not in the V-based alloy; only the ordinary
Snoek peak was observed in the latter. Figure 2 shows the relaxation profiles in Nb-0.24 at.% V alloys
containing various amounts of O. With increasing the O concentration, the height of the interaction peak
located at 500 K first increases its height but saturates at a level close to the V concentration. On further
increase in the O concentration, the ordinary Snoek peak begins to appear and then continues to grow.
This observation indicates that each V atom traps approximately one O atom. Both the two peaks exhibit
features of single relaxation, with the activation energy of the relaxation time being 1.16 eV for the
Snoek peak and 1.43 eV for the interaction peak. The difference in the activation energies agrees with
the V-O binding energy obtained from diffusion experiments [65]. They discussed the characteristics of
the interaction peak in terms of elastic and chemical interactions; the presence of V-O interaction peak
in Nb and the absence of Nb-O interaction in V are consistent with the predictions from elastic and
quasi-chemical models for the interaction.

The Snoek relaxation of O in Nb-Mo and Nb—V alloys has recently been studied over a wide
range of substitutional solute concentrations from 1 to 50 at.% [66].

Figure 2: Internal friction of Nb-0.24
at.% V-0 alloys measured in torsion with
a frequency of about 0.25 Hz. Oxygen
concentrations are in at.% [14]. (Courtesy
of Metallurgical and Materials Transac-
tions.)
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3. THEORETICAL STUDIES

3.1 Simi)ylelthe!ory — strongly bound model

Atomistic mechanism of the relaxation of s—i pairs in bee alloys must be complex because ‘in the bee
lattice an s—i pair cannot reorient to an equivalent configuration by a single nearest neighbour jump of
the interstitial atom’ (Nowick and Berry [4]). Figure 3 shows the octahedral interstitial sites around a
substitutional solute atom (a) and a schematic illustration of a potential energy profile for an interstitial
solute atom (b). When an interstitial atom located at site 1z is to move to site 1x, it should pass through
site 2y, a second neighbour site from the substitutional solute atom, if only nearest neighbour jumps can
occur. The 1st and 2nd neighbour s—i pairs, possessing different defect symmetries, are thus kinetically
coupled in the relaxation process. The actual situation is more complicated since farther pairs must also
be involved. Meijering [67] approached this problem by assuming interstitial solute atoms be confined in
the 1st and 2nd neighbour shells and jumps occur only between neighbouring octahedral sites. He wrote
down a set of rate equations for partial concentrations in each site and derived expressions for the re-
laxation rates and magnitudes. Nowick [7, 8] analysed the problem on the same assumptions but in more
detail on the basis of the general theory of anelastic relaxation based on group theory [5, 6].

(®)

Figure 3: (a) Octahedral interstitial sites around a substitutional solute atom (shaded circle) in the bec lattice. ‘1x* denotes,
for example, a'1st nearest neighbour site with the axis of tetragonal distortion in x-direction. (b) Potential energy profile for
an interstitial solute atom.

According to the general theory, relaxation effects in a cubic crystal belong to one of the three
‘normal modes’ corresponding to the relaxations of the compliances S$”, $” and S. Using the irreducible
representations of group theory, the three modes are referred to as Aj, E and T,. In the present problem,
the 1st neighbour (tetragonal) and 2nd neighbour (<110> orthorhombic) s—i pairs give rise to one A re-
laxation, two E relaxations and one T3 relaxation, as summarized in Table 1. One may observe, there-
fore, four Debye peaks, provided that their magnitudes are not too small to be detected. The relaxation
rates are given [7, 8] as :

Tal =4wa +2w3 @
TEL = 2wy + w3 £ [(2wo — w3)2 + 2wows]12 )
7 =2ws, ©)

where woand ws are the rate of the jump from a 1st to a 2nd neighbour site and that of the reverse jump,
respectively (see Fig: 3b). The ordinary Snoek relaxation belongs to E mode, and its relaxation rate is

TEI Snoek = OW1, Q)
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where w; is the jump rate free from the influence of substitutional solutes. It should be noted that re-
laxation rates cannot always be assigned to individual jumps even in this simplest model (e.g., Eq. 5).

Nowick and Berry [4] (see also Nowick [8]) discussed a limiting but probable case where the
jump rate w, is much lower than ws, and w is in between. Figure 4 illustrates schematically the relax-
ation spectrum expected for such a case. In this approximation, Egs 4 and 5 become

Tal =2ws, (®)
T = 2ws; 5L = 3wy, k )

Therefore, one of the two E relaxations, denoted by E—, would appear at the high temperature side of the
ordinary Snoek peak, while the other (E+) and relaxations A; and T at the low temperature side with
approximately equal relaxation rates. Concerning magnitudes, the strength of E+ relaxation is expected
to be small because they are proportional to the concentration of the 2nd neighbour pair, for which a re-
lation

holds and is thus very low in this approximation. Here C; and C, are the equilibrium concentrations of
the 1st and 2nd neighbour pairs. Relaxation T, which is due entirely to the interstitial atoms on the 2nd
neighbour sites, would be hardly detectable because C, is low and, in addition, the shape factor is small
[63]. Therefore, among the relaxations of shear compliances, the only relaxation actually observable
would be E- relaxation above the Snoek peak. This model thus explains the characteristic features ob-
served in experiments: (1) an extra peak appears at higher temperatures than the ordinary Snoek peak,
and (2) it is the relaxation of the compliance 85" s

Table 1: Number of relaxations for tetragonal and <110> orthorhombic defects in cubic crystals [8].

Irreducible Relevant compliance Defect symmetry Total number of
representation relaxations
Tetragonal <110>
orthorhombic
A] S = Sll + 2512 1 1 1T
E S =2(S;1-512) 1 1 2
T, S = Su 0 1 1

* The relaxation rate of one of the two S” relaxations is zero because of the conservation of the
total number of defects.

Snoek

Internal friction

Figure 4: Schematic internal friction spectrum ex-
pected from the strongly-bound model.

Temperature
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-~ Relaxation Ay, called a ‘reaction mode’ as contrasted to reorientation modes such as E and 75,
occurs when more than one type of defect species are present and they transform to each other; a differ-
ence in volume between defect species leads to an increase in the number of some type of defects at the
expense of others under hydrostatic stress [68]. This relaxation, 8S”, does not appear in measurements
under shear stress, but it does under tensile stress, with its magnitude being independent of the crystal
orientation (see Eq. 1). The relaxation magnitude for the case of two reacting defect species is given [68]
by -

alp Vo

1 2
C, kT3 :

SS” =

[tr(x‘*) - tr(?d*)] (11)

where C,, and Cp are equilibrium concentrations of defects o and P, C; is the total defect concentration,
Vo is the atomic volume, k and T have their usual meanings; and A* and AB are the A tensors of the de-
fects. This relaxation can be of substantial magnitude only when the concentrations of the two defect
species are comparable and the volume dilatation produced by the defects are fairly different from each

_other. Estimation of the relaxation strength for the present case is difficult, however, because it requires

a knowledge on the components of the A tensors of the 1st and 2nd neighbour pairs. Here we make an
order-of-magnitude estimate by letting, rather arbitrarily, the difference in the volume dilatation be 0.1
and C; =50 C,. Then, the relaxation strength is expressed approximately as

A=385"/S"=~0.1 C, (12)

with material constants of iron and T'= 300 K. For C; = 10-3, for example, A = 104, which can readily
be measured by modern instruments. If it is observable with such a magnitude, experiments on the reac-
de, preferably using single crystals, may be useful for characterization of s-i complexes.

3. *E}iténded theory
B ,~t¢ﬁding the approach of Meijering [67], Koiwa [9,.10] developed a theory of the Snoek relaxation
in ternary alloys without the restriction that interstitial solute atoms are bound within the 2nd neighbour

dist ce. In the same manner as Meijering’s treatment, the interstitial sites around a substitutional solute
atom are classified into 1x, 1y, 1z, 2x, 2y, 2z, and so forth, up to the 13th shell, according to the distance

from the substitutional solute atom and the direction of the symmetry axis, and rate equations for partial

concentrations (occupation probabilities of each site) are written with appropriate boundary conditions.
Given the jump rates, which appear as coefficients, the set of simultaneous differential equations can be

solved numerically in general, and analytically in simple cases. The anelastic response of the material is
_calculated from the variations of the partial concentrations under external stress.

\n advantage of this theory is that a number of distinct jumps occurring at various distances
om a substitutional solute atom can be treated explicitly. In principle, it is possible to derive analytical
pressions for relaxation rates and magnitudes for such a general case on the basis of Nowick’s theory.
he mathematics involved must become extremely complicated as the number and the type of
ecies are increased. In Koiwa’s theory, on the other hand, the lattice distortion around an in-
IS lute. atom is assumed. to be tetragonal for all sites, irrespective of the relative position to the
substitutional solute atom. The effect of a substitutional atom on the shape factor is taken into account
only for the 1st neighbour configuration: A1 — A, is treated as different from those for the other sites.
‘  theory shows that a relaxation spectrum can be decomposed in two ways, one into contribu-

tions of interstitial atoms in respective shells (decomposition I), and the other into Debye peaks, each

corresponding to a normal mode of relaxation (decomposition II). It should be noted that each compo-
nent in decomposition I cannot be expressed by a Debye function. In a simplified version of Koiwa’s
theory [10], where the influence of a substitutional atom is assumed to extend up to the 2nd neighbour
shell, there are three components in each decomposition: (I) the contributions of the 1st neighbour, 2nd
' and farther shells, (I) three Debye peaks of E mode, two of which are those referred to as Et

s analysis and the rest is the ordinary Snoek relaxation!. The behaviour of these relaxations
ned analytically and numerically, and it was confirmed that the rates of E+ relaxations do not
the Arrhenius law [10], which can also be seen from Eq. 5 for the case of strong-binding.

~ Koiwa performed numerical calculations of relaxation spectra, in reference to the experimental
observations in Fe—-V-N and Fe-Mn-N alloys [9, 10]. It was demonstrated that similar sets of site ener-

was exami
ob

1 Ty relaxation does not occur because all interstitials are assumed to produce simple tetragonal distortion.
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gies might lead to very different relaxation spectra, depending on the saddle point energies for the jumps
out of or into trap sites. In the same framework, hydrostatic relaxation [11], relaxation in B2-ordered al-
loys [12] and effects of substitutional solute atom pairs [13] were studied. In the last paper, the low tem-
perature. peak observed in some alloys was suggested to be due to the reorientation of interstitials over
the two equivalent configurations in an s—i—s complex. :

Estrin and Khachaturyan [69] presented a theory based on Green’s function method for finding
the relaxation rates due to defects in a crystal containing local lattice disturbances such as solute atoms
or dislocations. Though they do not discuss the case of interstitial solute atoms in the bec lattice, this
theory can also be utilized to analyse the Snoek relaxation in bee metals in the presence of substitutional
solute atoms.

3.3 Atomistic simulation

Johnson, Dienes and Damask [70] performed a pioneering atomistic study on interstitial solute atoms in
bee metals; C in Fe and N in V- were simulated using empirical pairwise interatomic potentials. They
evaluated the magnitude of the lattice distortion around an interstitial solute atom, and the results were in
reasonable agreement with the strength of the Snoek relaxation observed in experiments. The migration
behaviour of interstitial atoms were also examined; diffusional motion of a C atom was found to occur
from an octahedral site through a tetrahedral site as the saddle point and to a neighbouring octahedral
site. :
In Koiwa’s kinetic theory, rates of all the jumps under consideration should be given for a re-
laxation spectrum to be calculated. In his own calculations, the attempt frequency was assumed to be
equal for all the jumps, and migration energies were introduced as parameters. Such an energy profile
cannot known a priori but is obtainable by atomistic simulation. Gouzou et al. [71] calculated the energy
map for an interstitial solute atom in the vicinity of a substitutional solute atom using empirical poten-
tials. With the potentials used, the activation energies for the jumps between the 1st and the 2nd neigh-
bour sites (back and forth) are both lower than the ordinary jump. They also found that a direct jump be-
tween 1st neighbour sites, e.g. between 1x and 1y, is possible via a circular path passing through a saddle
point close to a 2nd neighbour site 2z. The activation energy for the direct jump is approximately equal
to that of the 1st—2nd jump. The theories quoted in the foregoing sections assume that jumps occur only
between neighbouring octahedral sites. However, this result suggests that the possibility of direct jumps
should not be excluded; even though the jump distance is much longer than the nearest-neighbour jump.

4. RECENT PROGRESS
4.1 Lattice distortion associated with an s-i pair :

As described in Section 2.2, the experimental observation on Fe-Mn—C alloys can be interpreted as that
the relaxation of C atoms bound to Mn atoms occurs at the same témperature range as the ordinary
Snoek relaxation but with a substantially lower specific strength. In order to see how the relaxation
strength can be reduced by the presence of substitutional solutes, evaluation of lattice distortion around
an s—i pair is required. Numakura et al. [38] extended the study of Johnson et al. to-include a substitu-
tional solute in the model, and calculated the distortion for various configurations of an s—i pair. With
the potentials used, the tetragonal distortion was found to be the smallest for the 1st neighbour pair,
yielding a binding energy of 0.2 eV: The interatomic potentials adopted in the calculation were empirical
pairwise functions used in previous investigations [70, 71], which do not have sound physical basis, par-
ticularly the potential between the substitutional and interstitial solute atoms. The method is, however,
quite general and applicable to various systems with any interatomic interaction scheme. Calculations
based on models that better describe atomic interactions including interstitial solute atoms, e.g. the em-
bedded-atom method [72]; are expected to provide useful information.

4.2 Quantitative characterization of the s—i interaction in dilute Fe alloys

Despite the development of theories for the thermodynamics and kinetics of relaxation, there has been
little progress in the understanding of the nature of the s interaction, particularly in iron alloys, in the
last two decades. The present authors have undertaken a series of experimental investigations on dilute
iron alloys in order to understand the interaction in a quantitative manner. The first work on Fe-Cr—N al-
loys [15] demonstrated that interaction energy is obtainable from a comparison of relaxation profiles ob-
served in experiments and those calculated from the theory. The next work on the same alloy system but
for very low solute concentrations enabled a more detailed analyses [16]. One can derive the binding and
migration energies from the shape of the relaxation profile and its variation with the substitutional solute
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ps _concentration. Within the framework of the simplified theory where the influence of a substitutional
al- atom is assumed to extend to the 2nd neighbour shell [10], the observed relaxation spectra for Cr levels
n- ranging from 0.05 to 0.2 at.% can be satisfactorily reproduced, and the binding energy of a Cr-N pair
rer has been determined to be in the range between 0.16-0. 18 eV, -

e 5. ~SUMMARY AND CONCLUDING REMARK

s Experimental and theoretical studies of the Snoek relaxation in ternary bee alloys are reviewed. In early
1al years of the research in this field, much effort was made on Fe~-M-N and Fe-M-C alloys, then the be-

haviour of N and O in V; Nb and Ta based alloys was studied extensively. Since quantitative under-
standing of the interaction between the solute atoms has not yet reached a satisfactory level, particularly
in Fe-based alloys, further experimental investigations are desirable. The recent re-examination of Fe—
Cr-N alloys indicates that experiments using very dilute alloys are useful for the evaluation of s—i inter-

n;; action energies.
in _ Historically, the interaction between C or N and alloying elements had been studied first for lig-
ion uid iron and then for yiron [28]. For the liquid and 7y phases, the interaction parameter [28, 45], which is
~ur a thermodynamic measure of the interaction, is known to show a good correlation with the position of
iral the alloying element in the periodic table, indicating that the interaction is mostly chemical in nature. On
the other hand, the binding energy obtained from the analyses of the Snoek relaxation in ternary alloys is
re- a kinetic measure, i.e. derived from the migration behaviour of interstitial solute atoms. It seems interest-
be ing to examine if the two measures conform to each other. Such an attempt has been made for Nb—-V-O
file alloys [65], where the influences of V on the thermodynamic activity and on the diffusivity of O were
v , compared. Parallel experiments of the effect of substitutional solutes on the thermodynamic properties
egn}: and kinetic properties of interstitial solutes will shed more light on the nature of their atomic interaction.
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