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Nuclear-acoustic-resonance studies of the Ta-H system: An interpretation
that characterizes the hydride precipitate
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Previously measured nuclear-acoustic-resonance linewidths at low concentrations of hydrogen in
tantalum metal at 78 K show a very strong linewidth anisotropy as an external magnetic field is
varied. This anisotropy produces the greatest linewidth in { 100) directions and the anisotropic part
of the linewidth increases with hydrogen concentration. At 78 K almost all of the hydrogen is
present as a precipitate of tantalum hydride in the tantalum lattice. It is shown that the measured
linewidths can be explained by an isotropic contribution and an anisotropic contribution due to elec-
tric field gradients in (100) directions in different parts of the single crystal and that the aniso-
tropic contribution increases with increasing hydrogen concentration. It is concluded that the elas-
tic strain due to the hydrogen precipitate must exist in {100) directions, and this is shown to be
consistent with previous optical metallography and transmission-electron-microscopy measure-

ments.

I. INTRODUCTION

Dynamic quadrupole coupling! has been used in many
nuclear acoustic resonance (NAR) investigations>~!3 of
81T in single-crystal tantalum with low concentrations
of hydrogen impurities. Because of the large quadrupole
moment (3.9 b) and large Sternheimer antishielding factor
(estimated® to be 220) and the fact that NAR line shapes
do not have contributions from the —+ to 3 transition,
the observed NAR line shapes and linewidths are strongly
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FIG. 1. TaHgouss NAR linewidth vs magnet angle for

magnet-angle variation in a (110) plane. The sample was cooled
slowly over 6 h from 300 to 78 K. Open circles are the experi-
mental points and the solid line is the computed fit. 6 = 0°is a
[001] direction.

affected by electric field gradients due to ionized impuri-
ties and lattice strain. In particular, NAR measurements
of the linewidths of ®!Ta can give detailed information
about the hydrogen atoms which have precipitated as S-
hydride particles dispersed in the a matrix at 78 K. Opti-
cal metallography measurements'* of these precipitates at
the surfaces of single crystals reveal that they have {100}
habit planes. Transmission electron microscopy measure-
ments’> of the B-phase (Ta,H) particles at hydrogen con-
centrations exceeding 10 at. % reveal that the largest lat-
tice expansion is along a {100) direction. Earlier, the an-
isotropy of the Am = +2 NAR linewidth for Ta crystals
containing less than 2 at.% hydrogen was measured® as
the angle between the external magnetic field and the
[001] direction was varied. The present interpretation of
those experiments is consistent with the description given
above for the B-hydride precipitates dispersed in the a
matrix.

II. RESULTS

A. Linewidth analysis

The NAR Am = +2 line shape in the a+ S alloy con-
sists of a broad resonance and an apparent narrow reso-
nance. The narrow resonance is believed to be an anoma-
ly"® explained by Fedders’s theory!®!” of intra-spin iso-
cross relaxation. Strobel et al.? have measured an iso-
tropic broad resonance in TaHj o4 and in TaHg gop9 at 78
K. At the same temperature, Wang® measured the
linewidth dependence of the broad line on angle for
TaHj go4ss (Fig. 1), for TaHg ;s (Fig. 2), and for
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FIG. 2. TaHgo;;s NAR linewidth vs magnet angle for
magnet-angle variation in a (110) plane. The sample was cooled
slowly over 6 h from 300 to 78 K. Open circles are the experi-
mental points and the solid line is the computed fit. 6 = 0°is a
[001] direction.

TaHj o116 (Fig. 3). In Figs. 1—3, the magnetic field was
rotated in a (110) plane. The tantalum single crystals of
Figs. 1 and 2 were cooled from 300 to 78 K over a period
of 6 h while the tantalum single crystal of Fig. 3 was
cooled through the same temperature range in 30 min.
The samples of Figs. 2 and 3 were studied at 78 K with no
previous cool down through the solvus temperature since
the samples were annealed and charged with hydrogen.
The sample of Fig. 1 was cooled and warmed through the
solvus temperature several times before the data of Fig. 1
were taken.

The above data on the broad linewidth variation with
magnet angle at different hydrogen concentrations indi-
cate that there is an isotropic contribution to the broad
linewidth which dominates at the lowest hydrogen con-
centrations and an anisotropic contribution which can
first be seen for hydrogen concentrations between
TaHj o929 and TaH gog4g- The anisotropic contribution in-
creases as the hydrogen concentration increases and is
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FIG. 3. TaHgg;6 NAR linewidth vs magnet angle for
magnet-angle variation in a (110) plane. This sample was cooled
quickly (in less than 30 min) from 300 to 78 K. Open circles are
the experimental points and the solid line is the computed fit.
6 = (°is a [001] direction.
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maximum in the [001] direction, when the magnetic field
is rotated in a (110) plane. During the magnetic field ro-
tation, there is a single broad resonance line shape which
varies in width.

The anisotropic linewidth variation can be explained if
there are electric field gradients (EFG) along the [100],
[010], and [001] directions in different parts of the single
crystal which affect the tantalum atoms. Independent of
which (100) direction the EFG is taken, the electric-
field-gradient component ¥V, computed along the direc-
tion of the external magnetic field as it rotates in a (110)
plane has the same angular dependence (3 cos’6—1),
where 0 is the angle between the magnetic field direction
and the [001]. In order to analyze the data in Figs. 1-3,
we write

A = K(3 cos’60—1)/2 , (1)

where K is the difference in A between 6 = 0° and 54.75°.
If the total linewidth is the sum of isotropic and aniso-
tropic contributions, then at 6 = 54.75° the anisotropic
contribution should be zero and the measured width is the
isotropic contribution. It should be noted that the iso-
tropic contribution in the sample of Fig. 1, which was cy-
cled through the solvus temperature several times, is
larger than the samples of Figs. 2 and 3, which were stud-
ied in their first cool down through the solvus tempera-
ture. The linewidth in the two samples of lower hydrogen
concentrations studied by Strobel et al.? increased with
hydrogen concentration. As suggested by Strobel et al., it
is possible that the isotropic linewidth is caused by an in-
crease in the number of local dislocations associated with
the hydride precipitate particles after thermal cycling of
samples through the solvus temperature. We therefore ex-
pect that the isotropic linewidth will increase with the
number of hydrogen impurities and also be dependent on
the thermal history of the sample.

The lines drawn through the data points in Figs. 1—3
have been determined as follows. We first assume that the
18lTa line shape does not change as the linewidth
broadens. Then the anisotropic linewidth should be pro-
portional to the electric field gradient causing the
broadening at any given angle. The isotropic contribution
is found from the linewidth at 6 = 54.75° and is subtract-
ed from the linewidth at 6 = 0°, which gives the ampli-
tude of the anisotropic contribution. Anisotropic
linewidth contributions from Eq. (1) are then computed
and added to the isotropic linewidths which give the com-
puted linewidths and are plotted as the solid lines in Figs.
1-3.

We note that the good agreement in Figs. 1—3 indicates
that the linewidth anisotropy is explained by EFG in dif-
ferent (100) directions at '3!Ta nuclear positions at dif-
ferent positions in the single crystal. Since the magnitude
of the anisotropic contribution increases with hydrogen
concentration, the anisotropic broadening is probably
caused by hydride precipitation producing strain in dif-
ferent (100) in different parts of the single crystal, which
thereby destroys the cubic symmetry at the tantalum nu-
clear position. This conclusion is consistent with the
determination that the Ta,H platelets have {100} habit
planes! and that the largest expansion in the platelets is
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in (100) directions.'®

As noted above, a single broad resonance line shape was
measured as the magnetic field was rotated in the (110)
plane. A single resonance line shape in this case suggests
one type of tantalum nuclear position, namely that in
which there is a (100) EFG. We note that the strain con-
tribution to the EFG is known to fall off!® as 3, where »
is the distance from the source of the strain to the position
where the EFG is measured. One explanation of the sin-
gle line shape is that (100) direction strain fields extend
many lattice constants beyond the strain sources, so that
most tantalum nuclear positions “see” one of the possible
(100) strains depending on position in the tantalum sin-
gle crystal.

B. Elastic strain estimate

By comparing the data for Figs. 2 and 3, we see a large
increase in the anisotropic line broadening for an insignifi-
cantly small change in hydrogen concentration. We con-
clude that the faster rate of cooling for the sample in Fig.
3 caused additional strain in {100) directions possibly be-
cause fewer prismatic dislocation loops were punched out
by the precipitating platelets and larger residual coherency
stresses resulted.

An estimate of the average strain at those tantalum
atoms which experience anisotropic linewidth broadening
can be made. We take the measured anisotropic line
broadening of 340 G for TaHj ;5 (Fig. 2) and define its
square as the second moment. The second moment due to
quadrupole broadening has been determined by Bersohn'®
for nuclear magnetic resonance line shapes and extended
to NAR line shapes.?’ The second-moment contribution
for Am = +2 transitions can be written?® as
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E; = eQ[4I(2I-1)]7! = A(V,);

and
2z = (S11—Splez

In the above equations, I is the nuclear spin, N is the num-
ber of nuclear spins/cm® which contribute to the second
moment, Q is the electric quadrupole moment of the nu-

cleus, and S; and S, are components of the tensor relat-
ing the electric field gradient ¥, to the elastic strain com-
ponent €,,. From Eq. (2), the square root of the average
square strain at a tantalum nuclear position that experi-
ences the anisotropic broadening can be estimated as
3 X 107*% where the following values are used: I=+, Q
= 39b, S;;—S;; = 28 X 10" statvoltcm~2222 Such
large strains in the vicinity of hydride platelets are prob-
ably not surprising; Asano et al.?* have shown that con-
verting a-Ta to B-Ta,H causes the cubic Ta lattice with
ay, = 3.3027 A (Ref. 24) to distort to a monoclinic sublat-
tice of Ta atoms with @ = b = 3.359 A ¢ = 3.398 A and
¥ = 90.3°. Thus the c axis expands by about 2.89% while
a and b are expanding about 1.70%. Obviously, there is a
large discrepancy between this anisotropic strain generated
by the formation of the [B-phase platelet and the average
strain of approximately 3 X 10~* that was calculated
above for those nuclei that are responsible for the aniso-
tropic contribution to the linewidth. This discrepancy is
consistent with the idea that the anisotropic strain gen-
erated at the platelet is distributed elastically in the a
phase over a distance that is many times greater than the
thickness of the B-phase platelet. Thus, even though the
phase constitutes only a small fraction of the sample
volume, a large fraction of the Ta nuclei in the sample
contributes to the anisotropic part of the measured
linewidth.

III. SUMMARY

The analysis of the large linewidth anisotropy of '*!'Ta
NAR, which increases with hydrogen concentration,
shows that it can be explained by elastic strain in (100)
directions from Ta,H precipitates, which have their larg-
est expansions in (100) directions. The magnitude of the
average strain seen by the '®!Ta spin system is estimated
from the linewidth broadening to be 3 X 10~*. The fact
that a single resonance line shape was observed as the
magnetic field was rotated in the (110) plane is suggested
as evidence that oriented strain extends many lattice con-
stants beyond the source of the strain.
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