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Ultrasound is used to study the production and annealing of the diaelastic effect in Fe. Frenkel pairs
created by 2.3-MeV-electron bombardment cause the shear moduli, C' and C44, to soften by ( —27+2)%
and ( —17+4)%, per at. % pair, if resistivity per at. % pair is 20 pA cm. Smaller diaelastic effects were
expected theoretically, given the high migration energy of self-interstitials in Fe. The magnitudes are of
the same order as for Cu, but the observed anisotropy matches that detected in Mo, the only other bcc
metal tested.

I. INTRODUCTION

Few measurements of the diaelastic-shear-modulus
softening exist. Measurements in fcc Cu and Al have
proven fruitful, though; for example, in helping to estab-
lish the (100)-dumbbell configuration of self-interstitial
atoms (SIA's) in fcc metals. ' More recently, such mea-
surements were key to a model of liquid and amorphous
states of fcc metals. The model applies to other systems
as well, but the only other available diaelastic measure-
ments are for bcc Mo, for which values given by two
different sources differ substantially. Aside from their
relevance to the above model, measurements in Fe are
important for comparison with theoretical calculations
for the configuration of self-interstitials of iron.

The diaelastic effect is a softening of shear moduli
produced by the reaction of interstitial defects to
shear stress. Near an interstitial the lattice is highly
compressed, and a pair of neighboring atoms is suscepti-
ble to being tilted by shear stress: traverse restoring
forces on the pair are negative, due to high repulsion be-
tween the pair. In turn, the axial repulsive forces acting
at a tilted angle apply a shear stress on the crystal. Thus,
in analogy with diamagnetism, an external stress field in-
duces an additional stress field in the crystal. Similar to
the distinctions between diamagnetism and paramagne-
tism, diaelasticity is independent of the temperature and
frequency of applied stress. ' in contrast to paraelasticity
(anelastic relaxation), which depends on both.

An aspect unaddressed until recently is that this tilting
of pairs of atoms may produce displacements along
close-packed directions that extend well beyond the im-
mediate locality of the defect. This leads to an unusually
large entropy per defect, thus making SIA's plausible
sources of liquid and amorphous states. In fact, SIA's
give rise to three universally known characteristics of
amorphous materials: (1) crystallographically equivalent
configurations that provide multiple wells (often referred

TABLE I. Diaelastic softenings from self-interestitials in Cu,
Al, Mo, and Fe.

Cu
Al
Mo

Fe

8 lnB
Bc

8 lnC44

Bc

—28+5
—27+2
—5.5+2

—14
—17+4

8 lnC'
Bc

—13+3
—16+2
—14+2
—28
27+2

Reference

1,8
9

10
11

Present work

to as two-level tunneling systems, (2) low-frequency vi-
brational resonance modes; and (3) softening of shear
moduli.

The limited available data, ' " including results of
the present work, are listed in Table I. In the table the
bulk modulus is 8 =(C»+2C&2 )/3 and the shear moduli
are C44 and C'=(C» —C,2)/2, in terms of the cubic
elastic constants. The diaelastic effect is expressed as
d (lnC)/dc, the relative softening of the modulus per unit
concentration of Frenkel pairs (FP's). The concentration
of interstitials, c, was determined from resistivity mea-
surements using p„p=2. 5, 4, 14, and 20 pQcm/at. %
FP's for Cu, Al, Mo, and Fe, respectively. Cu is the only
material for which a complete set of measurements is
available. The results for Al and Mo given by Robrock
were obtained using the same electron radiation source.
The values for Mo are substantially smaller than those
given by Okuda and Mizubayashi for fast neutron darn-
age.

The diaelastic effect is a relatively strong effect. The
softenings of shear moduli are an order of magnitude
bigger than other effects of the self-interstitials, like relax-
ation volume and change of the bulk modulus, which are
of the same order as the concentration of defects. In the
case of fcc metals, the large diaelastic effect, together
with its anisotropy, provides strong evidence that the in-
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terstitials are split, since the dumbbell atoms are highly
compressed and expected to have large negative trans-
verse spring constants, giving big diaelastic effects. '

The diaelastic effect is chosen to be measured in Fe be-
cause, first, it is the only material, besides Cu, for which
there are numerical predictions of the diaelastic effect
second, there are experimental advantages associated
with the study of Fe because the migration energy for in-
terstitials is high. Experiments can be conducted at
higher irradiation temperatures and Auxes, resulting in
significant savings of cost and time. The high migration
energy in Fe is the highest known for fcc and bcc materi-
als.

Interstitials in Fe have a migration energy of 0.3 eV, '

as compared to 0.083 eV in Mo, ' 0.115 eV in Al, and
0.117 eV in Cu. Interstitials in Fe do not anneal out un-
til relatively high temperatures, near 100 K. Most
recovery (80—85 %) is'due to annihilation of interstitials
and occurs during stage-I annealing. Substages I &

through ID refIect annihilation of interstitials by their as-
sociated vacancies, and substage IE (120—145 K) marks
recombination between uncorrelated FP's, the tempera-
ture of the substage depending upon the distance separat-
ing the pairs. The last substage is suppressed if there is a
high concentration of impurities that trap migrating in-
terstitials. All the temperatures of stage-I annealing in
Fe are much higher than those, for instance, in Mo,
where stage-I ends at 40 K. The high migration energy
has been attributed to ferromagnetism of Fe. ' '

The configuration of the self-interstitial in Fe is not
universally agreed to. The theoretical calculations of
Johnson, ' Schober, ' Erginsoy, Vineyard, and Engler, '

and Taji et al. ' concur with a ( 110)-split configuration
of the interstitial in Fe. Experimental evidence for this
configuration is provided by internal friction measure-
ments of Hivert et al. , from magnetic relaxation mea-
surements by Chambron, Verdone, and Moser ' and from
Huang x-ray scattering by Ehrhart. However, magnetic
after-effect results of Hirscher et al. and internal fric-
tion measurements of Wolf and Kronmiiller indicate
that this stage Iz interstitial has a ( 111)-oriented
configuration.

Predictions of the diaelastic effect are available only for
the ( 110)-split configuration and not the ( 111)-oriented
configuration. Librational resonance modes of the
dumbbell give rise to the diaelastic effect, and diaelastic
softenings are proportional to inverse squares of the reso-
nant frequencies. The (110) dumbbell gives two libra-
tional resonance modes, B& and B2, corresponding to
dumbbell rotation in mutually perpendicular planes.
Since resonant frequency, cu&g, is less than co2g, and C'
stress couples better than C44 does with the B&g mode,
Ram expects C' softening to be bigger than C44 soften-
ing. Measurements in Mo bear out these expectations
(see Table I). Ehrhart, Robrock, and Schober similarly
predict this result for bcc metals with low migration tern-
peratures but expect diaelastic effects to be less in Fe due
to its high migration temperature. Interstitial migration
is thought to be driven by the librational resonance
modes ' and a high migration energy is taken to indi-
cate that dumbbell tilting is reduced. Schober's' calcu-

lated results for the total softenings per FP, where the in-
terstitial and vacancy are well separated, are nearly iso-
tropic and much smaller than fcc diaelastic effects.

8 lnC44 8 lnC'
7 2( 0 3) = —6.2( —2. 8)

Bc Bc

These figures include volume effects (see comments in dis-
cussion), and estimated image volume effects are indicat-
ed in parentheses. One attributes the smaller dumbbell
tilting to a strengthening of transverse spring constants
by the dumbbell's effect on local ferromagnetism. '

II. EXPERIMENTAL TECHNIQUE

Ultrasonics measurements are performed on single
crystals of a iron cut from two boules of Armco Fe
(Monocrystals Co. of Cleveland, OH). Secondary ion
mass spectroscopy (SIMS) analysis performed on boule
No. 1 indicates that concentrations of C (577 at. ppm), N
(207 at. ppm), and O (3735 at. ppm) match typical levels
of Armco Fe. Other expected impurities are S (400
at. ppm), Mn (200 at. ppm), Si (trace), and P (90
at. ppm). ' Most of the interstitial impurities are ex-
pected to be in the form of precipitates, though; the solu-
bility limit of interstitial impurities in solid solution is ap-
proximately 1000 ppin [C (300 at. ppm), N (40 at. ppm),
0 (300 at. ppm), and S (300 at. ppm)). Thin foil resistivi-
ty samples are cut from both boules and the resisti-
vity ratios are 21. If room-temperature resistivity is
11+1 pQ cm, ' ' resistivity of all interstitial impurities is
close to that for C or N, 6.5 pQ cm/at. %, and intersti-
tial impurities in solid solution dominate the residual
resistivity; then the resistivity ratio indicates that the
concentration of interstitial impurities in solid solution is
indeed near 1000 ppm.

Each cylindrical bulk sample (roughly 7 mm long) is
hand lapped on granite blocks to produce a pair of ( 110)
faces parallel to within 70 sec of arc. A quartz transduc-
er is mounted with Nonaq stopcock grease to give shear
waves in either the C' or C~ mode. Resonant frequency
and attenuation are monitored with a pulse-echo super-
position system described in detail by Read and Holder.
Changes in resonant frequency f are related to changes in
the elastic constant C and the volume V by the relation,

hC 2hf hV 2bf
C f 3V f

Changes of the resonant frequency are resolvable on the
order of one part in 10 .

Bulk samples are potted in a brass holder with indium
and placed in a closed-cycle refrigerator-cryostat system
designed by Johnson. The apparatus permits irradiation
by 2.3-MeV electrons from a Van de Graaf accelerator
and in situ ultrasonic measurements. The rate of FP pro-
duction is calibrated by resistivity changes in the thin foil
sample mounted in front of the bulk sample (assumes
pFp=20 pQ cm/at. % FP).

Table II lists the parameters for the experiments. In
trial 1, 10- and 30-MHz data are extracted simultaneous-
ly. In trials 6 and 7, a pair of ceramic cobalt magnets are
attached to the sample holder to magnetize the sample in
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TABLE II. Elastic modulus measured, resonant ultrasonic frequency, maximum temperature of irra-
diation, specimen boule, and whether resistivity is measured or magnetic field is applied.

Elastic
modulus

C44

Cl
C'
C'
C'
C'
C'

Frequency
(MHz)

11~ 10
428.61

27.48
10.86
10.86
11.45
10.97
9.94

Irradiation
temperature

(K)

50

45
45
23
45
58
51

Sample
No.

Resistivity
measured?

no

yes
yes
yes
no
no
yes

Magnetic
field?

no

no
no
no
no
yes
yes

the easy (100) direction. The strength of the field in tri-
al 7 is at least 0.1 T, sufficient to freeze magnetic domain
(Bloch) walls, as shown at room temperature by cancella-
tion of the AE effect. The AE effect is a softening of the
Youngs modulus resulting from Bloch wall motion,
and, in Fe, the (100) Youngs modulus and, therefore,
the C' shear modulus are susceptible to this effect. The
strength of the field in trail 6 is weaker, and Bloch walls
may not be frozen entirely.

A sample is irradiated briefIy and the temperature is
raised well above stage-I annealing to pin any loose dislo-
cations with SIA's or impurity-SIA complexes, although
dislocations probably are well pinned already by impuri-
ties. During the main irradiation, after each session, ve-
locity, and attenuation are measured between 4.2 and
-20 K, and, if a resistivity sample is mounted, resistance
is measured at 4.2 K. After the final irradiation session,
FP's are annealed isochromally at 1 K/min to a given
temperature, annealed isothermally for ten min, and
ramped down at 1 K/min. Successive isothermal anneals
are spaced apart 15 or 20 K. Between trials 2 and 3 the
temperature is not raised above 200 K. Due to con-
straints of the ultrasonic bond, data cannot be taken
above 190 K.

III. EXPERIMENTAL RESULTS

Shear moduli steadily drop as irradiation damage accu-
mulates. The drop cannot be due to a relaxation because
no attenuation peak is evident (particularly below 20 K).

Also, the drop is generally independent of temperature,
as illustrated by 30 MHz measurements of C~ [Fig. 1(a)].
However, for the 10 MHz measurements of C44 and C'
trials 2, 3, and 7, a small peak extending between 6 and
15 K of unknown origin (possibly a magnetoelastic effect)
is noted. If measurements are taken away from this in-
terference, then the shear moduli drop linearly with FP
production, and comparison against 30-MHz data shows
the drops are independent of frequency [Figs. 1(b) and
1(c)j, contrary to expectations for a relaxation, but con-
sistent with a diaelastic efFect. For C', the slope of the
30-MHz data appears a little larger than that of 10 MHz,
but the discrepancy is likely due to error in the damage
rate of the 30-MHz trial; unlike the C44 measurements,
30- and 10-MHz data are not taken concurrently. To ac-
commodate different damage rates, data points are plot-
ted in Fig. 1(c) as functions of estimated damage instead
of raw counts of irradiation. Data of trial 4 is available
only at 4.2 K, unfortunately, where error for this trial is
relatively high, possibly due to the above-mentioned in-
terference. Data points for the C44 trials are adjusted
slightly to compensate for a brief accidental anneal after
the first irradiation session. In all graphs, error bars that
are not much bigger than data points are omitted.

Calculations of the diaelastic effects are listed in Table
III. Slopes of weighted linear fits to diaelastic softenings
per count of irradiation are divided by estimates of rates
of FP production to give BlnC4~/Bc or BlnC'/Bc, the
diaelastic relative softenings per unit FP concentration.

TABLE III. Slopes of diaelastic softenings per count of irradiation, estimates of rates of FP genera-
tion, and diaelastic effects as relative softenings per unit FP concentration. Frenkel pair resistivity is
assumed to be 20 pQ cm/at. % FP.

Trial
Elastic

modulus

C44
Cl
C'
C'
Ct

1
66C

C
1000 counts

—6.44 (+0.14)
—8.16 (+0.21)
—6.10 (+0.16)
—7.65 (+0.60)
—2.89 (+0.055)

atppm FP
1000 counts

0.370 (+0.81)
0.272 (+0.049)
0.223 (+0.024)
0.286 (+0.029)
0.133 (+0.015)

B lnC
Be

—17.4 (+3.8)—30.0 (+5.4)
—27.4 (+3.0)—26.7 (+3.5)—21.7 (+2.4)
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The C44 slope is the average of the 30- and 10-MHz
slopes. Since no resistivity measurements are conducted
during this mode, the damage rate is extrapolated from
damage rates of unmagnetized C' trials, with 22% uncer-
tainty. The higher damage rate rejects the absence of
shielding by a resistivity sample. The final diaelastic
effect is 8 lnC44/Bc = —17+4. C' trials conducted
without resistivity measurements (trials 5 and 6) are omit-
ted from Table III. The best estimate of the unmagnet-
ized C' diaelastic effect is the weighted average of the
values of trails 3 and 4, t) InC'/t)c = —27+2 [line with in-
termediate slope in Fig. 1(c)], a bigger effect than the
magnetized C' diaelastic effect, —22+2 (line with shal-
lower slope). These calculations of the diaelastic effects
scale with the FP resistivity, ppp assumed to be 20
pAcm/at. % FP. If pFp is 30 pAcm/at. % FP, then
t) lnC'/Bc = —41 and BlnC&&/t)c = —26; if pFp is 12.5
pQ cm/at. % FP, then t) 1nC'/Bc = —17 and
a Inc„/ac = —11.

Annealing results are shown in Fig. 2. Resistivity
recovery is shown in Fig. 2(a), and the curves agree
within estimated error, except near 80 K, where trial 4
better reproduces previous studies. ' Anneals of all
10-MHz C' trials are shown in Figs. 2(b) and 2(c). The
unmagnetized C' trials display a curious overhardening
that grows from 90 to 120 K (in trial 4, overhardening
starts at 75 K). Overhardenings in trials 3, 4, and 5 are
AC'/C'= 10, although three successive anneals at 120
K (with the third isothermal anneal lasting an hour) are
required to reach this magnitude during trial 5. [In Fig.
2(c), the recoveries are plotted relative to the respective
diaelastic effects of the various trials, and the overharden-
ings appear different among all trials. ] Results of trials 6
and 7 demonstrate that the overhardening diminishes
with increasing applied magnetic field. There is evidence
that C44 overhardens during annealing, too. Figure 2(d)
shows that the rate of C44 recovery for 120—160 K
exceeds rates of recoveries of resistivity and magnetized
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FIG. 2. (a) Resistivity recoveries as a function of temperature of isothermal anneal. (~ ) trial 3. (L, ) trial 4. (b) and (c) Annealings
of C' diaelastic effect. (~ ) trial 3. (A) trial 4. ( ~ ) trial 5. (f) trial 6, magnetized. ( X ) trial 7, magnetized. (d) Annealings of resis-
tivity and C' and C44 diaelastic effects. () resistivity (trial 4). (&) C, magnetized (trial 7). ( ~ ) C44, 28.61 MHz (trial 1). ( X ) C44,
11.10 MHz (trial 1). Error bars that are not much bigger than data points are omitted.

C', and by 140 K the C44 and C' softenings probably are
too anisotropic to be explained on the basis of the diaelas-
tic effect alone. Unlike the C' case, the C44 overharden-
ing persists through higher temperature anneals, and by
185 K recovery exceeds 100%.

IV. DISCUSSIQN

The moduli softenings per FP are taken to reAect most-
ly the diaelastic effect of the interstitial. Vacancies do
not give rise to high compression of nearest neighbors, as
is expected with interstitials. Schober calculates the rela-
tive softenings per unit concentration of vacancies to be
smaller than —5, similar to results for vacancies in
copper. ' Volume effect corrections are likewise small.
Softenings due to local (5v ) and image (5v' ) volumes
in the FP are '

where Q is the atomic volume, B the modulus, and C is
the appropriate shear modulus. The local volume change
does not affect nearest-neighbor separations at sites away
from the defects and the 6rst term is the softening from
expansion of a harmonic crystal. Conversely, the image
volume is uniform expansion of the crystal, and the
second term contains both harmonic and anharmonic
effects of the expansion. An approximation for these
volume effects may be obtained by using measurements of
elastic constants at 4 K (C«=1.219X10' dyn/cm ),
C'=0. 525X10' dyn/cm, 8 =17.31 X 10' dyn/cm ),

"
a continuum approximation for the image volume
(5v' =0.695v in Fe), and measurements of pressure
derivatives of the elastic constants at room temperature
(BC&&/BP=2. 63, BC'/BP=1. 11). For both C' and

C44, softenings per unit FP concentration from volume
effects are approximately

1 5v
3 0

1m 8 gC
0 C BP

6C $96V 175V 1 8
cC 0 Q
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where 5v""' is the total volume change per FP, 1.05
Q. ' Thus, volume effects account for only small frac-
tions of the observed softenings.

The potential inAuences of internal stress from vacan-
cies and impurities and of magnetostriction strain are
recognized, but hard to predict quantitatively. In close
pair FP's, stress from the vacancy affects compression of
atoms about the interstitial, but it depends on orientation
of the axis separating the pair: the bcc lattice is
compressed along (100)-type directions away from the
vacancy, but stretched in other directions. Thus, the
influence of vacancies is mixed (as is true for impurities,
although, on average, vacancies should relieve compres-
sion of atoms about the interstitial and suppress the diae-
lastic effect. Magnetostriction distorts every domain, and
a domain with its magnetization parallel to the (100)
axis, for example, is spontaneously stretched along this
axis 0.003%, a bigger distortion than the ultrasonic
shear strain. If SIA s are split interstitials, then the
compression of (110) and (101) dumbbells is relieved,
but ( 011 ) dumbbells may be compressed. Since more
dumbbells are stretched than compressed, the likely net
inhuence of magnetostriction is to lower the diaelastic
effect. These reductions from vacancy stress and magne-
tostriction cannot be large, though; otherwise, it would
imply that the diaelastic effects would be unrealistically
high when vacancies or magnetostriction do not interfere.
The effect of impurity stress likely is of similar scale as
the effect of vacancy stress, and is small.

A potential parallel source of C' softening comes from
disruption of ferromagnetic ordering by creation of inter-
stitials. (The perturbation from vacancies is expected to
be much less. ) Ferromagnetism significantly strengthens
C' by splitting spin degeneracy of the e band at the Fer-
mi level and preventing the occurrence of a band Jahn-
Teller effect that weakens second-nearest-neighbor spring
constants in paramagnetic Fe. If the interstitial is a
(110) dumbbell, Ono estimates that the lattice is like a
compressed fcc lattice and concludes that magnetization
is lowered. ' It is unknown how much the lattice resem-
bles a compressed fcc lattice when the concentration of
interstitials is low, as in this experiment, and whether fer-
romagnetic ordering is disturbed sufficiently for a band
Jahn-Teller effect to occur. However, any C' softening
subtracts from the measurements of the C' diaelastic
effect and likely is limited, if the diaelastic effect is to
have anisotropy predicted for the split interstitial, con-
sistent with Ono's assumption of this configuration.

The lower C' diaelastic effect obtained when the sam-
ple is magnetized (trial 7) may be due to coupling be-
tween point defects and local magnetization. This cou-
pling is described elsewhere in relation to the magnetic
after effect, where it is explained that a point defect
adds a local magnetization anisotropy energy that estab-
lishes preferred alignments of moments on surrounding
atoms. As a point defect moves, one might expect mag-
netization on surrounding atoms to rotate; conversely, if
the magnetization direction is fixed by an external field,
motion of the point defect should be constrained.

Since overhardening of C' during the anneals disap-
pears when a sample is magnetized initially and domain

walls are frozen, the hardening is attributed to wall
motion; that is, to dampening of that motion. The C'
modulus is softened by wall motion according to the AE
effect, but if wall mobility decreases then the hE effect is
partially suppressed and C' becomes relatively stiffer.
Overhardening is observed to increase during stages
IC IF —(90—120 K), where, due to the high concentration
of impurities in solid solution, SIA's likely are trapped
[for example, by C (Refs. 40 and 49) and Mn (Ref. 50)].
(In trial 4, overhardening starts earlier at 75 K, and it
may be due to SIA's being trapped by defect species left-
over from trial 3.) Interstitial C atoms effectively in-
crease wall viscosity, but viscosity from impurity-SIA
complexes may be higher, thus accounting for the
overhardening. Point defects raise wall viscosity if they
are embedded in walls, where coupling with local magne-
tization impedes rotation of moments. Also, point de-
fects affect walls through interaction between the defect
internal stress and magnetostriction stress.

SIA's alone might raise wall viscosity, too, but prob-
ably less than impurity complexes (particularly with in-
terstitial impurities). (Also, Ono finds that FP s in Fe
affect wall mobility less than in Ni. '

) Increase of wall
viscosity by SIA's during irradiation is expected to be
small. If the effect of SIA's on walls were large, then har-
dening might be expected to grow nonlinearly, due to dis-
tribution of wall mobilities and pinning centers in the
walls; however, only a linear net change of C' is observed
during irradiation. Any hardening that occurs is less
than hardening produced by a magnetic field, since net
softening is still bigger than when the sample is magnet-
ized (trial 7).

Decline of C' overhardening after IE is taken to reAect
migration or dissociation of the impurity-SIA complexes
that interfere with wall motion. Previous studies suggest
that Fe-Mn complexes migrate shortly before IE (Ref. 50)
and that the continuum of stage-II annealing may include
agglomeration of Fe-C complexes at 146 K (Ref. 51) and
dissociation at 160 K (Ref. 40). Similar to the diffusion
after effect, impurity-SIA complexes embedded in walls
might undergo long-range diffusion, due to translational
forces exerted by varying magnetic moments of the wall.
Decrease of wall viscosity may result then from com-
plexes either migrating out of the walls or becoming
trapped by agglomerates or precipitates, with the result
of reducing their dampening of wall motion.

C44 hardening similarly is attributed to suppression of
the AE effect. In contrast to C' softening, C44 softening
is derived from the b,E effect of (111) tension, which in
Fe results from rotation of magnetization of domains.
Agglomeration or growth of precipitates may be respon-
sible for the hardening, which only represents about 1%
of the b,E effect. No hardening appears below stage IE,
since the smaller isolated point defects are not expected
to inhibit rotation significantly.

V. CONCLUSIONS

The diaelastic effect of Fe is large, as in Cu. However,
the anisotropy of the effect is reversed, as with the other
bcc metal tested, Mo (

—BlnC'/Bc ) —81nC44/Bc). In
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fact, the present results are close in magnitude to those of
Okuda and Mizubayashi's results for neutron-irradiated
Mo.

Sizes of the effects are in disagreement with expecta-
tions of Ehrhart, Robrock, and Schober and the effects
are both much larger and more anisotropic than
Schober's results. ' The reason for this discrepancy is un-
known. Influences of wall viscosity from SIA's, stress
from nearby vacancies, stress from nearby impurities,
magnetostriction strain, and changes of ferromagnetism
have not been estimated quantitatively, but the first,
second, and fourth factors only serve to depress the mea-
sured diaelastic effect, and effects of the third and fifth
factors likely are limited. Measurements conform with
Ram's predictions for a (110)-split interstitial (and the
predictions of Ehrhart et a/. for bcc metals with low mi-
gration temperatures), with the anisotropy consistent
with a resonant frequency co,g that is less than co2g.

Pending the calculation of diaelastic effects expected
from the (111)-oriented configuration, it remains uncer-
tain whether these results are evidence in favor of the

split configuration over the ( 111) -oriented configuration.
Extrapolating from explanations of the large diaelastic
effects produced by split configurations, though, to ac-
count for the observed large diaelastic effects, it seems
necessary that the modeling of the (111)-oriented
configuration would have to provide for low-frequency
resonance modes that couple with shear stresses.

The trend among fcc and bcc metals tested so far is
that the diaelastic effect is sizable. The softenings of
shear moduli produced by self-interstitials are an order
larger than those produced by vacancies. A large diaelas-
tic effect is consistent with a model of phase transforma-
tions of fcc metals between condensed matter states that
is based on changing populations of self-interstitials. It
seems likely that this model applies to bcc metals as well.
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