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Abstract. The behaviour of interstitial C atoms in Ni has been studied by low-frequency inter-
nal friction measurements using single crystal specimens. The magnitude of the relaxation peak,
which appears at 520 K for f =1 Hz, is the largest when the axis of shear stress is <111>, while
the peak is virtually absent when the stress axis is <100>. This behaviour can be accounted for
by considering pairs of C atoms occupying the 2nd neighbour octahedral sites. The kinetics of
the relaxation is discussed by assuming the relaxation is due to the reorientation of the 2nd
neighbour pairs through the 3rd neighbour configuration.

1. INTRODUCTION

Anelastic methods have made significant contributions in the studies of the behaviour of interstitial
solute atoms in metals, particularly for bee metals. In fcc metals, interstitial atoms occupying the tetra-
hedral or octahedral sites cannot give rise to anelastic relaxation because the symmetry is the same as
the host lattice. However, when solute atoms form complexes of lower symmetry, they may produce
anisotropic distortion of the lattice and undergo stress-induced reorientation. In fact, a number of anelas-
tic effects have been reported for fcc metals containing interstitial solutes [1], most of which have been
attributed to interstitial-interstitial (i-i) and interstitial-substitutional (i—s) atom pairs.

A typical example is the internal friction peak observed for dilute Ni-C alloys [1]. The height of
the peak varies as the square of the C concentration {2}, indicating that the peak is associated with pairs
of C atoms. A magnetic relaxation effect corresponding to the internal friction peak has also been ob-
served [3]. Diamond and Wert [4] studied this effect by anelastic and magnetic measurements and re-
ported that the activation parameters are in good agreement with the diffusion behaviour of C at high
temperatures. They discussed the results on the assumption that the relaxation is caused by the reorien-
tation of C atom pairs occupying the 1st neighbour octahedral sites. The aim of this investigation is to
determine the configuration of C pairs from the anisotropy of the relaxation magnitude, and to clarify
the atomistic mechanism of the relaxation process.

2. EXPERIMENTAL PROCEDURE

Single crystals of pure nickel were prepared from the raw material of 99.97% purity using an induction-
melting Bridgman furnace. Square bar specimens, typically 0.7 mm x 0.7 mm in cross-section and 50
mm in length, were cut out of the crystals. The orientation of the bars was chosen to be nearly parallel to
[100], [411], [211] or [111]. The specimens were loaded with C (about 1 at.%) by annealing in a flow of
CH,4 and H; of atmospheric pressure at 1050°C for 4.8 h. After this treatment, the specimens were
quenched to 0°C. The concentration of C in solution was estimated from the increase in electrical resis-
tivity of the specimen, which was measured at 77 K, using the value of the specific resistivity, Ap = 33
nQm/ at.% C [5]).

Internal friction was measured using an inverted torsion pendulum by the free-decay method at
frequencies of about 1 Hz with the surface shear-strain amplitude of 4 % 10-6. Measurements were made
in an atmosphere of He of about 100 Pa over the temperature range from 300 K to 640 K with a heating
rate of 1 K/min.
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3. RESULTS

Figure 1 shows the internal friction Q! and the square of the frequency f of the [211]-oriented specimen
measured before and after C-loading. The O-1 versus temperature 7 curve before loading shows only a
broad spectrum, while the curve after C loading (1.15 at.%) exhibits a maximum at 520 K. This peak is
identified as the same internal friction peak observed in polycrystalline specimens by previous
researchers and also in the present work [6]. The f2 versus T curves show a marked drop centred at 400—
450 K, which must be due to the motion of magnetic domain boundaries under stress, 1.e. an essentially
the same effect as the AE effect observed for the Young’s modulus [7]. The f2 curve after C-loading
changes its slope abruptly from positive to negative at 610 K. This is related to the ferromagnetic—para-
magnetic transition; the transition temperature, which is 634 K in pure Ni, is lowered by the addition of
C at a rate of ~30 K per at.% C [8]. The Q-! and f2 curves of the other specimens before C-loading were
essentially similar to those of the [211] specimen.

Figure 2 summarises the results after C-loading for the four orientations. The carbon concentra-
tions are approximately equal to each other, viz. 0.99, 0.98, 1.15 and 1.22 at.% for the [100], [411],
[211] and [111] specimen, respectively. The height of the peak at 520 K depends strongly on the crystal
orientation; the peak is almost absent for the [100] specimen, while it attains (2~3) x 10-3, subtracting
the background, for the [111] specimen. The magnitude of the relaxation of the shear compliance, 8G~!
= A G-1, has been determined for each specimen by taking the twice the peak height as the relaxation
strength A and calculating the orientation-dependent shear compliance, G-1, from the anisotropic elastic
constants of Ni at 520 K [9]. The values of gG‘l thus obtained are plotted in Fig. 3 against the orienta-
tion factor I', which is defined as

T=y3y3 +v3v1 + 4193, (D

where y; are direction cosines between the stress axis (= the bar axis) and the crystal axes. The relaxation
magnitudes are normalised to 1 at.% C, assuming that the peak height is proportional to the square of the
C concentration. Taking into account the range of possible errors, which come mostly from uncertainties
in background subtraction, it is concluded that 8G-! = 0 at I" = 0 and increases proportionally with T,
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Figure 1: Internal friction and the square of the frequency of Figure 2: Internal friction of the specimens of different ori-
the [211] specimen before and after loading 1.15 at. % C. entations loaded with ~1 at. % C.
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Figure 3: Orientation dependence of the relaxation
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2t 520 K measmcd in torsion has been found to increase with increasing T,
nisotropy of the relaxation under shear stress is generally expressed as

5G-1= 85 20 + 85 (1-2D), )

shear compliances §* =2 (Si1 — S12) and § = Sy4, respectively.

resen expenmen implies that the relaxation consists only of 858". According to the
ion [10], defects that give rise to 35’ but not to 3S are those of tetrago-

1etry. Table 1 shows some close-neighbour configurations of a pair of

1edral sites. Among the pairs listed in the table, only the 2nd neighbour

d anisotropy. Therefore, the peak is attributed to reorientation of

was reported for the internal friction peak associated with
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where Cj; are elastic stiffness consta is
sociated with the two-defects,  is their separati
the crystal axes. In the present pxoblem ie. two 1dent1

using the elasnc constants of Ni at 520 K [9] and the volume expansmn due to
[12]; the last column of the table shows the results. The interaction energy is of sub
only for the 1st and the 2nd neighbour pairs, the former being positive and the latter ne gatlve The 2nd ‘
neighbour pair is thus energetically favourable over the other configurations. .
Discussion on the kinetics of the relaxation requires a detailed analysis, because a 2nd nelghbour
octahiedral interstitial pair cannot reorient by a single atomic jump. Figure 4 shows the geometry of the
interstitial sites around an interstitial atom on an octahedral site. Since the st neighbour configuration is
unfavoured, it is reasonable to assume that the reorientation of the 2nd neighbour pair is achieved by the
jumps of C atoms leading to the changes in the configuration as 2nd — 3rd — 3rd — 2nd, as indicated
by the arrows in the figure. If this is the case, relaxations associated with the 3rd nelghbour pair (a
<110> monoclinic defect) may occur, viz. one 85" and two 3S relaxations, in addition to the one &S
relaxation due to the 2nd neighbour pair. However, the observed anisotropy indicates that 6S relaxations
are very small in magnitude. In what follows, we discuss solely the kinetics of the two 85’ relaxations.
Following the general theory of kinetics of anelastic relaxation [14, 15], we have derived the ex-
pressions for the rates of the 85" relaxations. The final result is ~

Tyl = 4wz + 3was + wap T [(dwps — Bwsz — wa)? + 16wpswsp]12, )

[ ble 1: Configurations of interstitial atom pairs occupying octahedral sites in the fcc lattice, referred to one intersti-
tial atom located at the origin. a is the lattice parameter, # is the number of equivalent orientations and E is the elas-
_ tic interaction energy between two C atoms in Ni at 520 K.

Shell number Relative position ~ Distance/a . Defect symmetry

<1212 0> 0.707 <110> orthorhombic
<100> 1 tetragonal
<11/21/2> 1.224 <110> monoclinic
<110> 1414 <110> orthorhombic
<3/21/12 0> 1.581 <100> monoclinic
o<l 11> 1.732 trigonal
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where wp,, are the jump rates of an interstitial atom from the m-th neighbour site to the n-th neighbour
site. The fact that both atoms in a pair can jump with equal probabilities has been taken into account.
The theory predicts that the relaxation spectrum is composed of two Debye peaks, the relaxation times
of which are given above. Further discussion of the relaxation spectra is difficult at the moment because
it requires the knowledge of the relaxation magnitudes, which is governed by the lattice distortion
around the defects involved.

Let us briefly examine a special case where wy3 = wa3 = wsy = w. Equation 5 is then reduced to
1,1 = 12w and ©_-! = 4w. The pre-exponential factor and the activation energy of the jump frequency w
are obtainable from diffusion data at high temperatures [16], using the relation D = wa?, as wg = 2.42 x
10451 and Q = 1.54 eV. From these parameters, the peak temperatures of the two relaxations for f =
1 Hz are predicted to be 529 K and 547 K, which are in reasonable accord with the experimental obser-
vation. Moreover, the magnitudes of the relaxation rate, viz. 12w and 4w, agree well with the relaxation
rate determined experimentally by Diamond and Wert [4],

T 1=2.8x 105 exp (-1.51 eV / kT) s~L. ©)

In a separate experiment on polycrystalline specimens by the present authors [6], the peak has been
found to be broader than the Debye peak of this relaxation time by about 10%. This feature may be ex-
plained in terms of the presence of two components with relaxation rates close to each other.
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