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Structure sensitivity of parameters of acoustic
relaxation a-peak in niobium and iron
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Influence of dislocation structure on parameters of low-temperature internal friction
a-peak and related Young’s modulus defect has been studied in niobium single crystals and
polycrystals and pure iron single crystals. A statistical interpretation of the temperature
dependence and structure sensitivity of dynamic relaxation characteristics in the vicini ty
of a-peak has been proposed based on assumed random scatter of activation energy of
elementary relaxators. The attempt period, average value, and dispersion of activation
energy have been estimated for the relaxation process responsible for the a-peak in the
materials studied.

Ha MoHO- M moJauKpucTaiaX HUOOUS C Pa3JNuHON KOHIleHTpamueill mpuMecei, a TakiKe
Ha MOHOKPHCTAJIJIaX UYMCTOTO JKeJjie3da SKCIePUMEHTAJIbHO M3YYeHO BINSHNE U3MEHEHUS IUC-
JIOKAIIMOHHOH CTPYKTYPHI 00pas3iioB HA IapaMeTpPhl HM3KOTEMIIEpAaTyPHOTO O-NMHWKa BHYTPEH-
HEro TPeHWs W COOTBETCTBYyIomiero emy aedexrta moxyas IOura. IlpemioskeHa craTucTuye-
CKasg WHTEpIpeTanus TeMIepaTypHOW 3aBUCHUMOCTH U CTPYKTYDPHOM UYBCTBUTEJIBHOCTH Xa-
PAKTEPUCTUK [OUHAMHUUECKON pejlaKkcalmu B OKPECTHOCTH (-MMKa, OCHOBaHHAas Ha
NPeAIOJIOKEeHNN O CHyYaiHOM pa3bpoce 3HAUEHWN HHEPruM aKTUBALIUYN 9JI€MEHTAPHBIX pe-
nakcaropoB. IlosiyueHBl 9SMOIMPUUYECKYE OIEHKU AJs IepPUofa MONBITOK, CPeJHEero 3HaYeHUs
¥ AVCIEePCHUM SHEPru¥ aKTUBALUM PEJaKCAIIMOHHOTO IIPOIlecca, OTBETCTBEHHOTO 3a O-MUK B
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HN3YUYEeHHBbIX MaTepuaJiax.

When studying temperature dependences
of internal friction in niobium samples of
different purity and structure perfection
grades, various authors have observed in
moderately low temperature region acoustic
absorption peaks with properties typical of
a-peaks in bee metals. The peak localization
temperature Tp varies from 90 K to 200 K
as the vibration frequency varies within
wide limits from infrasound values of about
1073 Hz up to ultrasonic region of about
10° Hz [1-13].

The sample plastic pre-straining or the
action of thermoelastic stresses during ther -
mocycling result in increased height and
width of the absorption peaks as well as in
the T, shift towards higher temperatures.
The subsequent prolonged low-temperature
annealing causes reverse changes of the ab-
sorption peak parameters. These behavior
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peculiarities of the absorption peak shape
and parameters evidence its sensitivity to
defect structure details of the sample under
study, in particular, to statistical disloca-
tion ensemble and random fields of internal
stresses caused thereby that are introduced
into the crystal samples due to plastic de-
forming.

A similar relaxation resonance was ob-
served also in studies of internal friction in
high-purity iron. At vibration frequencies
about 10° Hz, the acoustic relaxation peak
is observed at temperatures about 50 K
[14-21]. In contract to niobium, o-peak in
iron is observed in plastic-deformed sam -
ples. It is to note that the low-temperature
absorption peak was observed also when the
internal friction in pure iron was studied
using low-frequency methods. At vibration
frequency about 1 Hz, this peak was re-
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Table 1
Sample Structure ¢, p.c. (at.)
Nb-37 Single crystal <100> 8.010°2
Nb-60 Polycrystal (grain 0.1 mm) 5.00072
Nb-290 Polycrystal (grain 5 to 12 mm) 1.010°2
Nb-660 Polycrystal (grain 5 to 12 mm) 4.5010°3
Nb-970 Polycrystal (grain 5 to 12 mm) 3.000°3
Nb-2100 Single crystal <100> 1.400073 Nb-10000
Fe Single crystal <731> <1.000™*

corded in temperature interval of 28 to
35 K [22—-24]. It was supposed [18] that the
peaks in Fe observed in [14-16, 22—24] are
of the same physical origin, that is, the
resonance interaction of elastic vibrations
with thermally activated nucleation of kink
pairs at non-screw dislocations.

The effect of plastic deforming, thermo -
cycling, and low-temperature annealing on
parameters of low-temperature internal
friction a-peak and the related Young’s
modulus defect in niobium single crystals
and polycrystals with different total impu-
rity concentrations, c, as well as in high-pu-
rity iron single crystals was studied using
mechanical spectroscopy at frequencies of
about 90 kHz.

The Nb samples were shaped as rectangu-
lar parallelepipeds of 38x3x21 mm3 size.
Those were cut out of niobium single crys -
tals and polycrystals of different purity
grades using spark erosion, then ground to
the required shape and size using abrasive
powders and chemically polished to remove
surface layers damaged by machining. The
crystallographic orientation of the single
crystal sample longitudinal axis was deter-
mined to within *1° using Laue diffraction
patterns.

The polycrystals had coarse-grain bam -
boo-type structure, that is, the sample
cross-section dimensions (3x3 mm?2) were
smaller than the grain size (5 to 12 mm).
The initial dislocation density in the sam -
ples was of 10° to 10% cm™2. The spectral
analysis has shown that the main substitu-
tion impurities were Mo, Ta, and Zr atoms.
The amount of N, O, and H interstitial im-
purities was minimized by prolonged high-
temperature annealing first in oxygen flow
at a pressure of about 1073 Pa, and then in
ultrahigh vacuum (about 1078 Pa) [25].
The reduced residual electric resistance
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RRR = R3p9/Ry was used as an integral
measure of the sample purity; the RRR val-
ues for metallic solid solutions are well-
known to be in inverse proportion to the
impurity concentration. To determine RRR,
temperature dependences of the sample re-
sistance were measured in 2 to 300 K tem -
perature range, and then the experimental
data obtained were extrapolated to 0 K and
zero external magnetic field that was used
to convert the samples into normal state at
temperatures lower than the superconduc-
tive transition point, T.=9.3 K [26].

The Fe sample shaped as a 27 mm long
cylindrical rod of 4 mm diameter was cut
out of a high-purity single crystal grown by
recrystallization method [27]. The high pu-
rity of the sample was attained by 7-fold
zone melting of the initial commercial metal
(Johnson & Matthew, Great Britain) and
prolonged (about 7 days) annealing of the
grown single crystal in anhydrous hydrogen
with heated zirconium absorbent [28]. The
final content of interstitial impurities (C,
N, etc.) was less than 10074 % (at.). The
initial density of growth dislocations was of
10° to 10% cm™2. To establish the relation-
ship between the acoustic properties and
dislocation processes, fresh dislocations
were introduced into the sample at room
temperature by plastic deforming using
four-point bending, the sample remaining
glued to the piezoelectric transducer. The
plastic strain measure was the residual out-
side-line deformation, €y = 3 %.

The Fe sample orientation was deter-
mined using Laue diffraction pattern; the
longitudinal sample axis was coincident
with the longitudinal sound wave vector
and with the loading axis at plastic deform -
ing. Its direction was close to <731> copla-
nar with <111> and <101> ones and mak-
ing about 45° angles therewith. The chosen
sample orientation provided singlet sliding
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Fig. 1. a-peak in coarse-grain niobium poly-
crystals with various impurity content (a—
the 1st cooling 300-150 K,; b—1st re-heat-
ing 150-300 K): Nb-970 (1), Nb-660 (2), Nb-290

in the (I01) plane with maximum resolved
stress in the Burgers vector direction [111]
[29]. The main characteristics of the sam -
ples are presented in Table 1.

Acoustic measurements were made by
two-composite vibrator method [30, 31].
Longitudinal standing waves of 90 kHz fre-
quency were excited in the sample. The ul-
trasonic strain amplitude in our experi-
ments was g ~ 1077, thus answering to am-
plitude-independent acoustic relaxation.
Under the sample cooling and heating at a
rate of about 1 K/min within temperature
range 6 K<T7<310 K, temperature depend-
ences of the sample logarithmic decrement
0 and resonance frequency of the composite
vibrator. Using the latter parameter, the
dynamic elastic Young modulus E was cal-
culated [31].

The relaxation resonance localization
temperature (T,) and its characteristic
width (T},) in Nb and Fe have been found to
depend on the sample structure state that
was varied by plastic pre-deforming at room
temperature (Nb and Fe, Fig. 1 and 2) and
thermocycling (Nb, Fig. 2) as well as by
varying the impurity concentration (Nb,
Fig. 3). Increasing Nb sample purity results
in elevated peak localization temperature as
well as in increased width and amplitude
thereof.

Evolution of temperature dependences of
the vibration decrement and dynamic elastic
modulus resulting from plastic deforming
followed by low-temperature annealing is
due to introduction of fresh dislocations
into the sample. The fresh dislocations, at
the one hand, act as relaxators: kink pairs
arise thereon in a fluctuation manner. The
acoustic vibration resonance with this proc-
ess causes the relaxation peak. At the other
hand, chaotic distribution of dislocations
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Fig. 2. Effect of the Nb-60 sample structure
on the a-peak: 1st thermoclycling (300-6—
300 K) of non-deformed sample (1); 1st ther-
moclycling (300—-6—-300 K) (2); plastic de-
forming, €, =15 % (3); 1 year exposure of
deformed sample at 300 K (4).

results in statistical distribution of internal
stress local fields and of the kink pair pa-
rameters in the sample volume. In the
course of annealing, a partial relaxation of
the dislocation structure and long-range in -
ternal stress fields associated with disloca -
tions takes place. It can be shown [13, 21,
32] that various actions on the sample caus-
ing structure changes may change the pa-
rameters of the statistical distribution of
activation energy U of the process respon-
sible for the acoustic absorption peak. In
this case, increased dispersion of the activa -
tion energy results in the peak broadening
and the peak localization temperature shift
towards higher values. It is obvious that
the reduced dispersion (resulting from the
sample annealing) causes an opposite result.
The temperature dependence of the modulus
defect is subjected to corresponding
changes.

It has been shown [13, 21, 32] that, at
statistical distribution of activation energy
values, instead of Debye temperature spectrum
of relaxation (typical of an ideal crystal)

AM(w) Mo —M;i(w) A, (1)
M, M, 1+ w22
M
i@ =2 o

M, "1+ P12’

where AM(w)/M, is the susceptibility
(modulus) defect; M, the unrelaxed suscep-
tibility; @ 1(w), inverse mechanical quality;
A, = CA,, the relaxation force; Ay, charac-
teristic dimensionless elementary contribu -
tion to the material dynamic response; C,,
relative dimensionless volume concentration
of elementary relaxators interacting with
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Fig. 3. Temperature dependences of decre-
ment O (a) and modulus defect AE/E (b) in
Fe: non-deformed sample (1); plastic deform-
ing, €y = 3 % (2); 3 days exposure of de-
formed sample at 300 K (3): 11 years expo-
sure of deformed sample at 300 K (4).

the sample vibration mode under considera -
tion; in the case of thermally activated re-
laxation process with the relaxation time

U(T) = tgexp(Uy/ kT), (2)

where 1y and U, are the attempt period and
activation energy of elementary relaxer, re-
spectively; k, the Boltzmann constant; T,
temperature; the dynamic response of a crys-
tal containing defects is characterized by av-
erage on a spectrum of activation energy

2
0
U U - Uy0
P(U,U,,D) = ———expU- 7=——0 U
(U.Uo.D) \/?T[DerXpD 0 V2D B 0
o 3)

J’ P(U,Uy,D)dU =1
0

by response functions

AM /M, = AAIXT, w, T, Up, D) and
Q- Arm(z)(T, w, Ty, Uy, D);

where
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(1) = 1
V) 3 @U]P(U’UO’D)dU and
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ou O
<) (A)Toexp N
iads
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(U, Uy, D)dU.
0o 1+ u)%%exp%%fJ
U

The functions p(1) and u(2) are convenient
to be presented as

0 (5)
u® =0 ox %f(x,e,ﬂ,d)
1

00

u(2) =X [II dx Elf(x,e,Q’d)
1

2
O O
1 Inx Blnx - InQO
f(x,0,Q,d) = = 0 Expl+ g
( ) 2 702 + x2 p[l% d E 0
_ 20062
X J1dlnQ’

Here, 6=T/T,(0) is the dimensionless
temperature; Q = 1/wt,, inverse dimension-
less frequency; d =72D/kTp(0), dimension-

less dispersion characteristic.
Consideration of expressions (5) shows

that the resonance localization temperature
Tp and the absorption peak width T}, meas-
ured at half-height of its maximum ampli-
tude are related to the elementary relaxa-
tion parameters by the following relation -
ships:

D20 (6)
- 7(0 D=
Tp‘Tg)DEl’rUzB

O 00

D 0
T, =T 0H - Iner,
0" V2u, OO

It follows from the expression for Tp that

Tp can be estimated basing on the activation

plot:
| S U3 +D%2 1
nw= nTO - TO D—kTp.

Formulas making it possible to determine
Uy and D using the known wr, value and
experimental data on T, and T) have the
form
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Table 2. Empirical estimations of activation parameters (U,, D, and Ty) of relaxation process
responsible for the a-peak in Nb

Sample T, K T,, K 10100, ¢ Uy, eV 102D, eV
Nb-60 1891, 190 65.2(1), 65.5() 1.0 0.78M), 0.79()
2023), 1974 74.48) 65.749 0.983), 0.67®
Nb-290 1980), 251(6) 55(5) 3.0 00), 2.65©)
Nb-660 2210), 255(6) 78(5) 6.7 0.15 0(5), 2.68©6
Nb-970 2340), 275(6) 790) 11.0 00, 2.42(6)
Nb-37(6) 226 86 0.8 2.42
Nb-2100(7 255 81 2.8 3.0
Nb-10000(®) 265 - 16.0 1.76

(1) single thermocycle, @ repeated thermocycling, ) plastic deforming, €y =5 %, 4) anneal at
300 K for 365 days, ® 1st cooling, ® 1st re-heating, (7 plastic deforming, €y =15 %, after

prolonged anneal, 1st cooling.

E(lnwry)3 7
U, = (Inorp) y (7
2(2 + (Inwry)?)
0 2Ty, T EMT T O
XD-TP-FIH(.\): —\/;127_%_271}21[,]
0 Inoot, 0
_ V2Ek(Inwrg)? y (8)
4(2 + (Inwrg)?)
O T IrT T O
x BT - Tylnety - V2 - 210Th _ gl
o-» P Inwr, hU

The relaxation force A, can be found
from the condition

experiment) (9)

AM(T)[f
M_ U
@ DI'>>TP

=) O =A.

) (T’w’TO’UO’D)DF»Tp A, = A,
It has been found that the ratio of tem-
perature derivatives in the function inflex -
ion points p(2)(0, Q, d) has the same value

@0 0
K = —max%m—g min%m—m that depends
098 o 099 0

significantly on the Q parameter but is es-
sentially independent of the dispersion pa-
rameter d and permits the analytical ap-
proximation K(Q) =1+ 10/(InQ)'2. This
formula makes it possible to find the pa-
rameter T, basing on the peak shape only
and doing no experiments with varying fre-
quency (.

The processing of experimental data al-
lowed to estimate empirically the activation
parameters (U, and Tj) that characterize the
relaxation process responsible for the a-peak
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Table 3. Activation parameters of relaxation
process responsible for the a-peak in Fe

Peak Sample structure state
porameters| 2 3 !

T,K 54.3 49.5 44 .4

T;,, K 41.8 36.1 28.5

D, eV 0.018 0.015 0.014

Uy, eV 0.037

Tp» C© 2.50071!

The sample structure states are numbered
as in Fig. 3.

in Nb and Fe as well as the activation en-
ergy dispersion values D corresponding to
various structure states of the samples
(Tables 2 and 3). The effect of impurity
content on O-peak parameters in Nb is due

to Ty dependence on the impurity concentra-
tion (see Table 2).

Consideration of the whole experimental
data set obtained at the study of the a-
peak in niobium allows us to conclude that
the peak results from resonance interaction
of the sample elastic vibrations with the
process of thermally activated generation of
kink pairs at dislocation segments lying in
the valleys of the Peierls potential relief.

References

1. L.J.Bruner, Phys. Rev., 118, 399 (1960).

2. R.H.Chambers, J.Schultz, Acta Metall., 8,
585 (1960).

3. R.H.Chambers, J.Schultz, Phys. Rev. Lett., 6,
273 (1961).

325



V.D.Natsik et al. /| Structure sensitivity of ...

10.

11.

12.

13.

14.

15.

16.

17.

326

. F.M.Mazzolai,

. P.G.Bordoni, M.Nuovo, L.Verdini, Phys. Rev.,

123, 1204 (1961).

. J.Schultz, R.H.Chambers, Bull. Am. Phys. Soc.,

9, 214 (1964).

. E.J.Kramer, C.L.Bauer, Phys. Rev., 163, 407

(1967).
M.Nuovo, Solid State Com-

muns., 7, 103 (1969).

. R.H.Chambers in Physical Acoustics, W.P.

Maison ed., Academic Press, New York, Lon-
don, V IIIA, (1966).

. R.Klam, H.Schultz, H.-E.Schaefer, Acta Met-

all., 27, 205 (1979).
N.Kuramochi, H.Mizubayashi,
Scripta Metall., 14, 1047 (1980).
V.V.Zoninashvili, I.A.Naskidashvili,
U.Messerschmidt et al., Phys. Stat.Sol., A75,
K205 (1983).

N.Kuramochi, H.Mizubayashi, S.Okuda, Phys.
Stat. Sol., A104, 453 (1987).

V.D.Natsik, P.P.Pal-Val, L.N.Pal-Val,
Yu.A.Semerenko, Low Temp.Phys., 25, 558
(1999).

M.Kakegawa, K.Sakamoto, Jap.J.Appl. Phys.,
9, 1057 (1970).

K.Takita, K.Sakamoto, Scripta Metall., 4, 403
(1970).

P.P.Pal-Val, S.Kadeckova,
A94, K29 (1986).
P.P.Pal-Val, V.D.Natsik, S.Kadeckova, Phys.
Stat. Sol., A105, K37 (1980).

S.Okuda,

Phys. Stat. Sol.,

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

P.P.Pal-Val, V.D.Natsik, S.Kadeckova, Phil.
Mag., A56, 407 (1987).

P.P.Pal-Val, Fiz. Nizk. Temp., 23, 1250 (1997).
P.P.Pal-Val, Fiz. Nizk. Temp., 25, 83 (1999).
V.D.Natsik, P.P.Pal-Val, L.N.Pal-Val,
Yu.A.Semerenko, Low Temp.Phys., 26, 522
(2000).

V.Hivert, P.Groh, P.Moser, W.Frank, Phys.
Stat. Sol., A42, 511 (1977).
1.G.Ritchie, J.F.Dufrresne,
Stat. Sol., A50, 617 (1978).
J.San Juan, G.Fantozzi, C.Esnouf et al., J. de
Physique, 44, C9-685 (1983).

B.Fellmuth, H.Maas, D.Elefant, Metrologia,
21, 169 (1985).

P.P.Pal-Val, V.D.Natsik, L.N.Pal-Val,
Nizk. Temp., 21, 647 (1995).

K.Z.Saleeb, S.Kadeckova, Kristall und Tech-
nik., 9, 1265 (1974).

T.Hejnal, S.Kadeckova, V.Novak, B.Sestak,
Czech J. Phys., B27, 1263 (1977).
B.Sestak, J.Blaghovec, Phys. Stat.Sol.,
595 (1970).

P.P.Pal-Val, H.-J.Kaufmann, Fiz. Nizk. Temp.,
9, 325 (1983).

V.D.Natsik, P.P.Pal-Val, S.N.Smirnov, Akus-
tich.Zh., 49, 640 (1998).

V.D.Natsik, P.P.Pal-Val, L.N.Pal-Val,
Yu.A.Semerenko, Low Temp.Phys., 27, 404
(2001).

P.Moser,

Phys.

Fiz.

40,

CrpyKTypHa UyTJAMBiCcCTh mapamMeTpiB O-miKy
aKyCTHMYHOI pesiakcalil y Hio0il Ta 3aJrisi

B./l.Hayux, Il.Il1.I1ans-Bane, JI.H.Ilansv-Banv, I0.0.Cemepenro

Ha mono- Ta mosikpucramax Hio6io 3 pisHHM BMicTOM AOMIIIIOK, a TAKOXX Ha MOHOKPUC-
Tajgax YUCTOrO 3aJida eKCIepUMEeHTaJbHO BUBUEHO BIJIMB 3MiHU AUCJIOKAIiHOI CTPYKTYpHU
3pasKiB Ha ImapaMeTpy HU3bKOTEMIEPATYPHOro O-IMiKy BHYTPiIIHBOTO TEPTS Ta BiAMOBigHOTO
omy medexty moayas IOHra. 3ampomoHOBaHO CTATHUCTHUUYHY iHTepIIpeTallilo TeMiepaTypHOI
3aJIe’KHOCTI Ta CTPYKTYPHOI UYTJMBOCTI XapaKTepUCTUK AUHAMiuHOI pesakcairii B o6iacti
O-miky, AKa 06as3yeTbcs Ha IPUNYILIeHHI IPO HAABHICTH BUIAJKOBOTO PO3SKUAY BHAYEHb
eHeprii axTwBanii eremMeHTapHUX pejaxcaropiB. OTpuMaHO eMIipuuHi OIiHKU Aia mepiomy
cupob, cepegHLOTO 3HAUEHHA Ta Auclepcii eHeprii akTuBaiii pesakcamifiHOTO IpPOIlECy, IO

BifmoBizmae 3a O-IMiK y BUBUEHUX MaTepianmax.
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