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Internal friction due to diffusion of H and D atoms under stress was calculated for Ta(Nb)-H(D)-
O(N) alloys. The long-range strain-induced (elastic) interaction was supplemented by a repulsive
interaction in the nearest coordination shells due to a screened Coulomb interaction between charged
interstitials. Short-range order in the interstitial solid solution was simulated by the Monte Carlo
method. It was suggested that the interatomic interaction affects internal friction by changing the
arrangement and the energy of H or D atoms in solid solution and therefore the activation energy
of the relaxation process. Computer simulation was carried out with calculated values of energies of
elastic interaction and with different radii of additional repulsive interaction. The calculated spectra
are in good agreement with experimental data when the repulsive interaction extends out to the
third coordination shell. The strain-induced interaction model, when supplemented by repulsion in
the three nearest shells, is a useful description of these solid solutions.

I. INTRODUCTION

The interaction of solute atoms in metals has been the
subject of numerous experimental studies because such
information is indispensable for understanding many ba-
sic physical processes such as short-range order, segrega-
tion, ordering, diffusion, etc. The interaction energies are
necessary for calculations of phase equilibria and phase
diagrams, and the mechanical and physical properties of
solid solutions.

The theory of solute interactions is yet imperfectly de-
veloped and it is so far impossible to obtain these ener-
gies. However, the more limited theory of strain-induced
(elastic) interaction in the framework of the model of a
discrete crystal lattice has been developed! and the ener-
gies of the pair interactions of H, D, O, N, and C in bcc
metals (V, Nb, Ta, Cr, Mo, W, and a-Fe) evaluated.2™®
The interaction is strong and long range.

Calculations”® of atomic structure in interstitial solid
solutions with a long-range order, based on V, Nb, Ta,
and a-Fe, performed with the calculated energies of the
strain-induced interaction, showed that the interaction
determines, in general, the structure of such solid solu-
tions. However, the calculations showed! also that it is
necessary to supplement the long-range elastic interac-
tion by a short-range repulsion of interstitials. In the
case of the H-H interaction, the existence of this repul-
sion is evident from analysis of hydride structures.®

A possible source of the repulsion is the screened
Coulomb interaction of charged interstitials.®> Rough es-
timations of the energies of this interaction were carried
out for H-H pairs in Nb,? but for further progress it is
necessary to find methods for investigation of the inter-
action. It is known that internal friction spectra of solid
solutions are connected with the solute interaction.1%!
However, internal friction is usually used to get qualita-
tive information or rough estimations of the interaction
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energy. These estimations are not adequate for calcula-
tions of the structure and properties of solid solutions.

More accurate data can be obtained by the method of
computer simulation of internal friction spectra taking
into account the concrete energies of the solute interac-
tion. This method has been used for investigation of the
interatomic interaction in Ta-O (Ref. 12) and Nb-V-O
(Ref. 13) alloys.

In this paper the internal friction due to “diffusion un-
der stress” of H and D atoms near O or N atoms in Nb
and Ta was calculated taking into account the calculated
energies of the long-range strain-induced interaction and
varying the radius of the screened Coulomb repulsion.
The purpose was (a) to determine the radius of the repul-
sion, (b) to verify the applicability of the applied model
of the solute interaction, and (c) to refine the relaxation
mechanism.

II. INTERACTION ENERGIES

As mentioned above, the model of H-H, D-D, O-H,
0O-D, N-H, and N-D interactions is a long-range elastic
interaction supplemented by a screened Coulomb inter-
action in the nearest coordination shells. The calculation
of the H-H Coulomb interaction in Nb (Ref. 3) and an
analysis of hydride structures® showed that this interac-
tion is repulsive. However, there is no information about
the O(N)-H(D) Coulomb interaction. According to an
electrotransport experiment, oxygen has a positive effec-
tive charge in Nb and Ta (Ref. 14) similar to hydrogen,
suggesting that the H(D)-O(N) screened Coulomb inter-
action is also repulsive.

The energies of the strain-induced pair interaction of
interstitials calculated within the model of a discrete
crystal lattice were taken from previous papers3~3 or cal-
culated in the present paper based on the data from the
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TABLE I. Values of the concentration coefficients of the
expansion of the crystal lattices u1; and usj.

Metal Nb Ta
Interst.| O N |Hand D| O N H D

u;; | -0.06 | -0.08 | +0.058 | -0.04 | -0.05 | +0.052|+40.048
uzs |+0.50|/+0.60| +0.058 |+0.47|+0.56|+0.052|+0.048

papers mentioned above. The description of the calcula-
tion method can be found in Khachaturyan’s book.*

The following parameters were used in the calculations:
(i) u11 and uss are the coefficients of expansion of the
crystal lattice per unit concentration. They describe dis-
tortions created by the interstitials. For octahedral intes-
tices (oxygen and nitrogen atoms) u1; is not egual to uss
and for tetrahedral interstices (hydrogen and deuterium
atoms) uj; = ugs. (ii) The Born-von Karman constants
were used for a description of the elastic behavior of the
crystal lattice.

The reported energies of the elastic interaction®® were
corrected by taking into account new more precise values
of u1; and uss (Table I). For oxygen and nitrogen, u;;
and uzz were found from the concentration dependence
of the lattice parameters and the Snoek relaxation inten-
sity of solid solution,? for hydrogen and deuterium from
the concentration dependence of the volume of the solid
solution.®

The energies W (r; — r;) of the strain-induced pair in-
teractions of interstitials located in tetrahedral interstices
can be expressed as?

W(r; —r;) = ud3A(r; — 1;) , (1)

and those of two atoms when one is located in a octahe-
dral interstice and the other is located in a tetrahedral
interstice (O-H, O-D, N-H, and N-D pairs) can be ex-

pressed as

W(r; — ;) = wsduld [B(r; — r;) + G(r; —1;)t] ,  (2)

Nb(Ta)

FIG. 1. Disposition of tetrahedral interstices around O or
N atoms.
where u§°3) and t = u{9/ u:(;;) stand for atoms located in
octahedral and ugts) in tetrahedral interstices. The vec-
tors r; and r; show the positions of the atoms of the pair.
A(r; —r;), B(r; —r;) and G(r; —r;) are universal coef-
ficients which are valid for any interstitial solid solution
for a given host lattice.

The coefficients A(r; — r;) were evaluated using data
for Nb (Ref. 3) and for Ta (Ref. 5), as were B(r; —r;) and
G(r; —r;) for Nb and Ta.* The energies displayed in Ta-
bles II and III were determined by substitution of these
coefficients and the values of uy; and us3 (see Table I) in
Egs. (1) and (2). The disposition of the tetrahedral inter-
stices in the nearest coordination shells of a octahedral
interstice is shown in Fig. 1.

Positive values of the interaction energy W(r; — r;)
mean repulsion. One can see in the tables that this in-
teraction is strong, long range, and anisotropic. In all
cases the elastic interaction is strongly attractive at the
nearest distances up to the third coordination shell.

The Coulomb repulsion was taken into account by sup-
pression of the elastic attraction in the nearest coordina-
tion shells. We used different radii of the repulsion and

TABLE II. Energies (eV) of the strain-induced pair interaction of interstitials located in tetra-

hedral interstices r; =4(201)ao and r;.

Number of Energies
L";;—'ﬁ coord. shells L'-a_‘o'.z_’
H-H and H-H D-D

D-D in Nb in Ta in Ta
101 1 0.35 -0.295 -0.244 -0.208
200 2 0.5 -0.186 -0.168 -0.143
211 3 0.61 -0.097 -0.101 -0.086
220 4 0.71 -0.053 -0.048 -0.041
301 5 0.79 -0.037 -0.036 -0.031
222 6 0.87 -0.020 -0.016 -0.014
321 7 0.94 +0.011 +0.009 +0.008
004 8a 1 -0.017 -0.013 -0.011
400 8b 1 +0.037 +0.016 +0.014
330 9a 1.06 +0.050 +0.043 +0.036
141 9b 1.06 +0.054 +0.049 +0.042
402 10a 1.12 -0.005 -0.004 -0.003
042 10b 1.12 +0.071 +0.063 +0.053
332 11 1.17 +0.001 -0.004 -0.003
422 12 1.22 -0.003 +0.003 +0.002
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TABLE III. Energies (eV) of the strain-induced pair interaction of interstitials, one located in
the octahedral interstice r; =2(001)ao (O or N atoms) and the other in the tetrahedral interstice

r; (H or D atoms).

Number Energies
4(':‘"’1') of |r,'—rl~|
* coord. ° 0o-H(D)| NHD)| OH N-H 0-D N-D
shell in Nb in Ta
100 1 0.25 -0.73 -0.94 -0.80 -0.94 -0.74 -0.87
201 2 0.56 -0.29 -0.39 -0.33 -0.39 -0.30 -0.36
300 3a 0.75 -0.12 -0.18 -0.15 -0.17 -0.14 -0.16
212 3b 0.75 -0.064 -0.12 -0.087 -0.10 -0.08 -0.09
230 4 0.90 +0.08 +0.094 +0.068 +0.081 +0.063 +0.075
232 5a 1.03 -0.025 -0.021 -0.018 -0.021 -0.017 -0.019

calculated energies of O(N)-H(D), H-H, and D-D interac-
tion (see Tables II and III) for calculation of the internal
friction spectra. The radii of the Coulomb repulsion were
obtained by comparing the cases of coincidence of the cal-
culated spectra with the experimental ones. When the
Coulomb repulsion radii were obtained, the energies of
the elastic interaction outside these radii could be used
for calculation of the structure and properties of solid
solutions.

III. CALCULATION METHOD

It is known that the “hydrogen Snoek-type maximum”
appears due to diffusion under stress of H or D atoms near
immobile O or N atoms. For calculation of the internal
friction taking into account the solute interaction, the
following assumptions were made.

(i) The long-range interaction of interstitials affects the
arrangement of H and D atoms [creates O(N)-H(D) pairs
and short-range order of hydrogen and deuterium atoms]
and changes the energy of H and D atoms in tetrahedral
interstices by AE, and consequently changes the individ-
ual diffusion barrier H,, of the pth hydrogen or deuterium
atom.

(ii) The preexponential factor 7o of the relaxation time
7 is independent of the solute interaction. This assump-
tion is supported by the fact that the values of 7o of
identical relaxation processes are in close agreement in
different solid solutions and that 7o of the Snoek relax-
ation depends only slightly on substitutional atoms.®

(iii) Contributions to the internal friction are created
by H and D atoms in the first four coordination shells
around O and N atoms (the distance of the strongest
atractive interaction).

Thus calculation of the internal friction was performed
in two stages: (a) Monte Carlo computer simulation of
the arrangement of mobile H or D atoms in the model
crystal with immobile O or N atoms taking into account
the pair H(D)-H(D) and O(N)-H(D) interaction, with de-
termination of the energy AE, of each H or D atom in
the potentials of other interstitials; (b) for each pth H
or D atom located near fixed O or N atoms its contribu-
tion to the internal friction was obtained according to its
activation energy Hp.

A. Monte Carlo simulation

To calculate short-range order and AE, a computer
Monte Carlo simulation was carried out. H or D atoms
were randomly placed into tetrahedral interstices of a
(12x12x12)ad (ao is the lattice parameter of the host
lattice) bec crystal with periodic boundary conditions.
Isolated fixed oxygen or nitrogen atoms were also placed
in octahedral interstices periodically.

The Hamiltonian of the system is equal to the sum of
all pair interaction energies

k= (1/2) [Z W (r; — r;)C(r:)C(r;)

+ Z W(r; — r,,)C(r;)

i,m

) 3)

where r; and r; are positions of tetrahedral interstices,
and r,, are positions of fixed oxygen or nitrogen atoms.
W (r; — r;) are pairwise (D-D) or (H-H) interaction en-
ergies; W(r; — r,;,) are pairwise H(D)-O(N) interaction
energies. C(r;) are the occupation numbers for tetrahe-
dral intersticies. C(r;) = 1 if the interstice is occupied,
C(r;) = 0 otherwise.

A mobile H or D interstitial and one of its four neigh-
boring tetrahedral interstices were randomly chosen at a
constant temperature. When the chosen interstice was
empty, the Hamiltonian difference Ax of the correspond-
ing jump was calculated. The jump was allowed if ei-
ther Ax happened to be negative or the probability of
the jump ¢ = exp(—Ak/kT) was greater than a cer-
tain random number 0 < z < 1 (k is the Boltzmann
constant). After multiple repetition of the process some
steady short-range order configurations were obtained.

For the atomic configuration, the pth atom located in
the tetrahedral interstice has an energy of interaction,
AE,, with other interstitials, fixed and mobile, equal to

AE, = W(r, —1)C(r;) + Y W(r, —tm) . (4)

B. Calculation of internal friction

The contribution of the pth H or D atom is expressed
by the Debye equation with the activation energy H,,



3606

TABLE IV. Parameters of diffusion (Ref. 17) and preex-
ponential factor 7o.

Metal Nb Ta
Diffusing species H D H D
Hp (eV) 0.068 0.127 0.040 0.160
Do (107* cm®s7™1) 0.9 5.2 0.02 4.6
10 (10713 5) 1.68 0.29 75.6 0.33
H,=Hp - AE,, (5)

where Hp is equal to the activation energy of diffusion of
an interstitial atom. We neglected the change of energy
of the saddle point of the diffusion barrier according to
calculations for Ta-O.12

Then at a given temperature 7' the internal friction
Q7! can be calculated summing up all interstitial contri-
butions

-1 A N WwTp (6)
Q= sz::ll-i—(w'rp)2 ’

where N is the number of H or D atoms, w = 27 f is the
angular frequency of vibration, 7, is the relaxation time
of the pth atom, A is the relaxation strength, and T is
absolute temperature, and further

Tp = To exp(Hp/kT) . (7

Dividing A by T takes into account the well-known tem-
perature dependence of the relaxation strength.

Hp and 79 were taken according to diffusion datal?
obtained from the Gorsky effect. For diffusion through

tetrahedral interstices of the bcc lattice!®
2
Qo
To = ) 8
°~ 72D, ®)

where D is the preexponential factor of the diffusion
coefficient. The values of Hp, Dy, and 79 used in this
paper are shown in Table IV. The internal friction Q!
was calculated at each temperature by averaging Q!
over the atomic configurations obtained from the Monte
Carlo simulation.
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IV. RESULTS AND DISCUSSION

We know experimental data on the hydrogen Snoek-
type maximum for seven Nb(Ta)-H(D)-O(N) systems of
eight possible. For three of these systems—Nb-H-O, Nb-
D-O, and Ta-H-O—we have experimental data over wide
ranges of frequency and temperature. For the other sys-
tems (except Nb-D-N), data are available only for one
frequency. We have detailed experimental data for Nb-
H-O alloys and therefore we would like to describe the
results of a computer simulation for this alloy in detail.

A. Nb-H-O alloys

Preliminary analysis was performed for f =1 Hz. At
f =0.76 Hz the experimental temperature of the hy-
drogen maximum in Nb is 50 K.® Experimental data
were taken for specimens with different concentrations of
“light” and “heavy” interstitials; the temperature of the
hydrogen Snoek-type maximum is almost independent of
concentration but its height depends upon the concentra-
tion. A preliminary simulation of Nb-H-O alloys in wide
ranges of H (0.09-0.38 at.%) and O (0.23-1.85 at. %)
concentration showed that the calculated peak tempera-
ture is also independent of concentration. Therefore, all
results in this paper are given for one level of concentra-
tions (0.26 at. % of H or D and 0.8 at. % of O or N).

The results of the computer simulation of the internal
friction spectra in the range of 30-80 K are shown for
different radii of H-H and H-O repulsions in Table V.
When the repulsion is not taken into consideration there
are no internal friction maxima in the temperature range.
The absence of peaks is caused by too high values of AE,
and consequently H; if the maximum does appear, its
temperature is much higher than the experimental one.
Internal friction maxima are also absent when the H-O
repulsion expands out to the third-b coordination shell.
In this case the H-O elastic attraction is too weak to hold
hydrogen near oxygen and therefore Q! = 0.

For H-O repulsion in the two or three nearest shells and
for H-H repulsion in the three nearest shells, a maximum
appears as in the experiments. A weak additional peak
appears at higher temperatures in the calculated spec-

TABLE V. Calculated internal friction spectra of Nb-H-O alloys (30-80 K, f = 1 Hz).

H-O interaction

Radius of repulsion (coord. shell number)

Without 2 3a 3b
repulsion
H-H interaction Without No peaks No peaks No peaks No peaks No peaks
radius of repulsion
repulsion 1 No peaks No peaks No peaks No peaks No peaks
(coord. shell 2 No peaks No peaks No peaks No peaks No peaks
number) 3 No peaks No peaks One peak One peak No peaks
at 74 K at 56 K
4 No peaks No peaks Two peaks One peak No peaks
at 56 K
5 No peaks No peaks Three peaks One peak No peaks

at 56 K
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TABLE VI. Calculated and experimental parameters of hydrogen Snoek-type maxima.

Parameter Version of Nb-H-O Nb-D-O Ta-H-O
potentials
T, (K) at A 104 128 127
f=1000 Hz B 74 98 87
Experiment 79 106 77
T, (K) at A 118 140 152
f=10000 Hz B 83 111 101
Experiment 93 120 88
Heg (eV) A 0.19 0.25 0.18
B 0.145 0.17 0.13
Experiment 0.135 0.17 0.12
To(s) A 1.1x10713 1.8x10714 1.4x1071
B 1.8x107* 2.0x10773 3.7x10712
Experiment 8.5x10713 9.9x10713 1.4x10712
References for 20, 21 21, 22 20
experimental data
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trum, similar to a peak noted in some experiments.!®
Generally, one can conclude in those cases that the cal-
culated spectrum is in qualitative agreement with the
experimental spectrum. There is quantitative agreement
only for H-O repulsion out to the third-a shell and H-H
repulsion out to at least the third shell. In this case the
calculated temperature (56 K) is in good agreement with

12
E
=
4-
0 T
5 g
12 Nb—D—0
1\
3
4_
2
1
o | T
5 9 13 17
12 Ta—H-0
8_
3
4_
2
1
O T T T T
53 9 13 17
1000/Tp(K)

FIG. 2. Frequency dependence of hydrogen Snoek-type
peak temperature T,. 1 and 2, calculated with potentials
of versions A and B, respectively; 3, experimental.

the experiment (50 K).

The shortest radius of the H-H repulsive interaction
(three shells) found necessary for agreement of the cal-
culated and experimental spectra is in good agreement
with data obtained from the structure of hydrides.®

For analysis in a wide range of temperatures and fre-
quencies we have used two versions of the potentials: the
H-O repulsive interaction in shells 1 and 2 (version A)
and in shells 1, 2, and 3a (version B). H-H repulsion was
taken in the three nearest shells. The results are shown
in Fig. 2 and Table VI. One can see that both calculated
and experimental data are described by the usual depen-
dence of the temperature of maximum 7}, on frequency,!!

Heﬂ'
9
kT, ’ ®)

In f = —In(2n7) —
where Hg is the effective energy of the relaxation pro-
cess.

All the experimental data shown in Table VI were ob-
tained from the curves numbered 3 in Fig. 2. The re-
sults of calculations for Nb-H-O with version B are in
good agreement with the experimental results over a wide
range of frequencies. Version A is much farther off.

It is interesting to note that the calculated spectrum is
not determined by the value of the highest energy of the
H-O attraction after compensation of the elastic attrac-
tion in the nearest shells. For potentials of version B this
value is equal to —0.064 eV in the 3b shell. We calculated
internal friction using the value —0.064 eV in shells 1, 2,
3a, and 3b (Fig. 1), each in its turn without attraction
in the rest of these shells. The temperature of the peak
was in an agreement with the experimental one only for
shell 3b. This means that the axis of the H-O pair in Nb
is close to the [111] direction but not to [100]. Therefore,
we can observe the peak in monocrystals when an alter-
nating load is applied in the [111] direction but not in the
[100] one. The result is confirmed by experiment.!® Fig-
ure 1 also shows that during the relaxation process the
hydrogen atom can move from one tetrahedral interstice
in shell 3b around an oxygen atom to another tetrahedral
interstice in the same shell.



3608
B. Other alloys

A computer simulation of the internal friction of Nb-D-
O and Ta-H-O alloys (Fig. 2 and Table VI) for which we
have experimental data in a wide frequency range con-
firmed the results for Nb-H-O alloys. The use of version
A of potentials gives results which do not coincide with
the experiment. When we used version B, the calculated
temperatures of the peaks and the effective activation en-
ergies of the relaxation process were in good agreement
with the experiment. Increase of the repulsion radius of
O-H(D) pairs out to shell 3b results in the absence of the
peak.

Thus, in all three investigated systems, Nb-H-O, Nb-
D-0O, and Ta-H-O, the repulsive interaction is essential
up to shell 3a and the model of strain-induced interac-
tion of H-H(D-D) and O-H(D) atoms supplemented by
such repulsive interaction is useful for description of the
internal friction due to diffusion under stress of H and D
atoms.

It is interesting to observe that although the calculated
effective activation energy H.g is close to the sum of the
activation energy of diffusion of H or D atoms and the
maximum energy of attraction of O and H(D) atoms (in
shell 3b), it is not equal to this sum. For Nb-D-O alloys
the difference is equal to 0.02 eV, for Nb-H-O —0.012
eV. The results show that internal friction is governed
not only by the maximum interaction energy but also by
the interaction involving several coordination shells.

As for the other four alloy systems, the computer sim-
ulation was made with the use of only version B of po-
tentials (Table VII). One can see that in three cases
(Nb-H-N, Ta-H-N, Ta-D-O) the calculated temperature
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TABLE VII. Comparison of calculated and experimental
temperatures of internal friction maxima.

Alloys f (Hz) Tp (K)
Calculated Experimental
Nb-H-N 0.76 65 60
Ta-H-N 0.61 63 50°
Ta-D-O 20000 143 126°
Ta-D-N 0.76 98 65°

®Reference 23.
PReference 24.
“Reference 25.

of the internal friction peak is in good agreement with
experiment. In one case (Ta-D-N) the difference is con-
siderable but that does not mean that the model of the
interatomic interaction is not useful for a description of
these solid solutions.

V. CONCLUSIONS

(1) The spectra of internal friction due to diffusion
under stress of interstitial atoms in bcc metals are very
sensitive to interatomic interaction energies.

(2) The long-range strain-induced (elastic) energies
of the H-H(D-D) and O(N)-H(D) interactions, supple-
mented by a repulsive interaction in the nearest coor-
dination shells, are useful for a description of the solid
solutions.

(3) The repulsive interaction of interstitial atoms in
bcc metals extends up to the third coordination shell.
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