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Strain amplitude-dependent anelasticity in Cu–Ni solid solution due
to thermally activated and athermal dislocation–point
obstacle interactions
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Experimental investigations of the internal friction and the Young’s modulus defect in single
crystals of Cu-~1.3–7.6! at. % Ni have been performed for 7–300 K over a wide range of oscillatory
strain amplitudes. Extensive data have been obtained at a frequency of vibrations around 100 kHz
and compared with the results obtained for the same crystals at a frequency of;1 kHz. The strain
amplitude dependence of the anelastic strain amplitude and the average friction stress acting on a
dislocation due to solute atoms are also analyzed. Several stages in the strain amplitude dependence
of the internal friction and the Young’s modulus defect are revealed for all of the alloy
compositions, at different temperatures and in different frequency ranges. For the 100 kHz
frequency, low temperatures and low strain amplitudes (;1027– 1025), the amplitude-dependent
internal friction and the Young’s modulus defect are essentially temperature independent, and are
ascribed to a purely hysteretic internal friction component. At higher strain amplitudes, a transition
stage and a steep strain amplitude dependence of the internal friction and the Young’s modulus
defect are observed, followed by saturation at the highest strain amplitudes employed. These stages
are temperature and frequency dependent and are assumed to be due to thermally activated motion
of dislocations. We suggest that the observed regularities in the entire strain amplitude, temperature
and frequency ranges correspond to a motion of dislocations in a two-component system of
obstacles: weak but long-range ones, due to the elastic interaction of dislocations with solute atoms
distributed in the bulk of the crystal; and strong short-range ones, due to the interaction of
dislocations with solute atoms distributed close to dislocation glide planes. Based on these
assumptions, a qualitative explanation is given for the variety of experimental observations.
© 1999 American Institute of Physics.@S0021-8979~99!03802-5#
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I. INTRODUCTION

Dislocation-point obstacle~PO! interactions are tradi-
tionally considered as basic to the amplitude-dependen
ternal friction ~ADIF! in crystals ~see Refs. 1 and 2, an
references therein!, although other structural scales cou
also be relevant, especially in the low-frequency range3–7

Random solid solutions are inviting materials for experime
tal and theoretical investigations of the dislocation-P
interaction-related internal friction~IF!, since they often sug
gest a priori information on the PO concentration and t
binding energy with a dislocation, or even rule out the app
cability of certain IF models. For instance, the classical
cillating string and the string breakaway Granato and Lu¨cke
models8 are usually considered impractical in the case
concentrated solid solutions,9–12 where the distance betwee
solute atoms is comparable with the Burgers vector ma
tude. From a theoretical standpoint the ADIF in random so
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solutions is traditionally considered to be due to motion
dislocations in an array of obstacles, randomly distributed
a glide plane.2,13–19 When the overcoming of obstacles b
dislocations is thermally assisted, the existence of a re
ational maximum is predicted in the strain amplitude, te
perature and frequency domains. Maxima of this type h
been reported in temperature and strain amplitude dom
for Cu-Al alloys20,21 and for Zr ~Ref. 16! in the Hz and low
kHz ranges, respectively.

The origin of the low-strain amplitude IF background
less well understood. A considerable amount of work, do
since the early 1950s, has shown that the low-amplitude
background in different materials is nearly frequency ind
pendent in the kHz range,22–27 and is orders of magnitude
higher than that predicted by the oscillating string Grana
Lücke model. Several models were suggested to explain
weak frequency dependence and the high values of the
amplitude IF background.13,19,28Quite remarkable is a com
parison of the results in Refs. 19 and 28. To explain the h
values of the IF background in solid solutions in the lo
frequency range, Gremaud28 has suggested that the hystere
t.
4 © 1999 American Institute of Physics
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~frequency-independent! low-amplitude IF background in
solid solutions originates from the long-range interaction
dislocations with elastic stress fields of obstacles situa
away from the dislocation glide plane. In this case, the
background is weakly strain amplitude dependent and a t
sition to the strongly amplitude-dependent IF occurs wh
dislocations overcome strong short-range obstacles dis
uted close to the glide plane~within the dislocation core!.
Distinguishing between two types of dislocation interactio
with obstacles having the same origin also permitted the
thor to explain the regularities of the ‘‘peaking effect’’ du
ing irradiation of crystals.2,28 In a recent theory of the IF in
solid solutions, D’Annaet al., on the contrary, neglecte
elastic interactions and considered solely the thermally
sisted interaction of mobile dislocations with an array of o
stacles distributed in a glide plane.19 They concluded that, a
frequencies well below the dislocation-phonon relaxat
maximum ~;10–100 MHz!, a purely strain amplitude
independent IF should exist due to the thermally activa
dislocation-PO interactions. This amplitude-independent
increases weakly with decreasing frequency, as oppose
the oscillating string Granato-Lu¨cke theory, and transform
into the ADIF with increasing strain amplitude. Thus, com
pletely different approaches with respect to dislocation-
interactions have been employed19,28 to account for the same
phenomenon. Clearly, the issue needs detailed experim
verification.

The problem of thermally activated and athermal dis
cation microplasticity is relevant also to the general conc
of the ADIF. Here, the ADIF frequency dependence is
basic challenge. According to Ref. 29, Kelvin was the first
study the frequency dependence of the ADIF, using torsio
oscillations of wires. His data were irregular; neverthele
the conclusion was drawn that the frequency dependenc
the ADIF is weak. Since that time, numerous attempts h
been undertaken to obtain convincing results concerning
ADIF frequency dependence. Read30 reported that the ADIF
in Zn single crystals was very nearly inversely proportion
to the frequency of longitudinal vibrations at 38 and 76 kH
On the other hand, Nowick22 and Takahashi23 did not ob-
serve frequency dependence of the ADIF, employing re
nant longitudinal and flexural oscillations for single a
polycrystalline Cu, respectively. Hiki also reported that t
ADIF in lead was independent of the vibration frequency
the kHz range.31 Recently, the frequency dependence of t
ADIF has been studied at room temperature over a w
range of frequencies from infrasonic to ultrasonic for a nu
ber of crystals by means of several techniques, includ
direct registration of the dislocation anelastic strain.6,7,32The
conclusion has been drawn that the ADIF does depend
frequency, and that it is determined by contributions by d
ferent, but interrelated, mechanisms, both athermal and t
mally activated ones. However, results on the combined
fluence of the temperature and frequency of vibrations on
ADIF are still lacking.

In this article we report the results of experimental
vestigations of the ADIF and low-amplitude IF backgrou
for Cu-Ni alloys of varying Ni contents, performed ove
wide strain amplitude and temperature ranges. Exten
loaded 02 Sep 2010 to 133.68.192.97. Redistribution subject to AIP licens
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data are obtained at a frequency near 100 kHz and comp
with results in the low-kHz range. The Cu-Ni system w
selected for the experimental study due to the complete s
solubility of its components. Another advantage is the a
sence of a time dependence of the IF in Cu-Ni alloys at l
and moderate temperatures, indicating the lack of PO mo
ity and segregation of solute atoms. Therefore, the Cu
system provides a nearly perfect example of a random s
solution. In the present work we give a qualitative explan
tion for the variety of experimental observations based on
concept of dislocation motion in a two-component array
the PO. In Ref. 33, we suggested a microscopic model
accounts for both thermally activated and athermal contri
tions to dislocation microplasticity in solid solutions. Th
model predicts IF behavior which is in good agreement w
the experimental data over the range of low, moderate
high strain amplitudes. The influence of temperature, f
quency and alloy composition on the IF, qualitatively pr
dicted by the model, also corresponds with available d
and the results of the present research.

II. EXPERIMENTAL DETAILS

A. Internal friction measurements

The strain amplitude dependence of the IF and
Young’s modulus defect for 7–300 K was measured
means of the piezoelectric composite oscillator techniqu34

using longitudinal oscillations at a frequency of about 1
kHz. Specimens were cooled/heated in a He atmosphere
der pressure of;10 kPa with a cooling/heating rate of ap
proximately 1 K/min. A computer-controlled setup35 permit-
ted measurement of the continuous temperature spectr
the IF and resonant frequency of the oscillator for two
lected magnitudes of the oscillatory strain. The two values
the strain amplitude were stabilized in turn for each tempe
ture step~1 K! and were usually selected to fall within ap
parently strain amplitude-independent and strain amplitu
dependent ranges. The difference between the IF at high
low strain amplitudes gives the strain amplitude-depend
part of the total IF. The strain amplitude dependence of
IF and resonant frequency, in the strain amplitude range
approximately 1027– 1024, was taken at selected temper
tures during the same cooling/heating run. In the pres
work only the strain amplitude dependence of the IF and
Young’s modulus is considered in detail. During the me
surements of the strain amplitude dependence the oscilla
strain amplitude was first increased with a preset step fr
the lowest value, and then decreased in a reverse sequen
took approximately 1–2 min~depending on the number o
points! to measure a strain amplitude dependence of the
during cooling/heating of the specimen. The measureme
of the strain amplitude dependence during cooling and h
ing gave essentially similar results for prestrained sampl

The decrement of the specimen,ds , was determined
from the total measured decrement of the composite osc
tor, d t , and the decrement of the quartz transducer alo
dq :msds1mqdq5mtd t , wherems ,mq , and mt are masses
of a specimen, quartz transducer, and the total mass of
oscillator, respectively.34 Before experiments with the com
e or copyright; see http://jap.aip.org/about/rights_and_permissions
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posite oscillator the temperature dependence of the IF in
quartz transducer alone was measured at different strain
plitudes. The decrement of the transducer alone chan
from ;1024 at room temperature to;431025 at 7 K. The
IF of the transducer did not exhibit strain amplitude dep
dence in the investigated range of strain amplitudes.

The IF was measured also at a frequency near 800 H
means of free decay of flexural oscillations.12 Modification
of the previous experimental setup,12 including computer
control and recording, enabled one to perform the meas
ments with higher precision and in a wider strain amplitu
range.

B. Material and preparation of specimens

Cu-Ni alloys with different Ni contents~1.3, 2.3, 3.2,
and 7.6 at. %! were prepared from 99.999% Cu and 99.998
Ni by melting them in an argon arc furnace. Single cryst
with dimensions of 1.53103120 mm were grown from
seeds by the Bridgman technique in an argon atmosphe
graphite molds. Plate-shaped crystals with a surface par
to the~111! plane were oriented for single slip~Schmid fac-
tor 0.45–0.49!. Specimens with dimensions of 1.5310380
and 1.532318 mm for the free decay and for the compos
oscillator techniques, respectively, were spark cut from
grown crystals. The specimens were annealed in vacuu
973 K for 20 h and then furnace cooled. The strain amplitu
dependence was measured first for the annealed specim
Then the specimens were deformed, without regluing th
to a quartz transducer, into three-point bending to a sag
0.05 mm with a span between the lower deforming fixtu
of 11 mm.

III. EXPERIMENTAL RESULTS

A. Influence of temperature on the strain amplitude
dependence of the internal friction

Figure 1 shows the strain amplitude dependence of
IF, taken at ambient and low, 7–11 K, temperatures for
prestrained specimens with different Ni contents. The cur
corresponding to a strain amplitude increase~forward run!
and decrease~reverse run!, as indicated by arrows, are de
picted in Figs. 1~a! and 1~b!. Clearly, the direct and revers
runs of the strain amplitude dependence coincide fairly w
at both low and ambient temperature. This observation in
cates the stability of the structure, related to the ADIF, a
allows one to exclude dislocation multiplication by ultr
sound. Indeed, dislocation multiplication by vibrations, co
trary to our data, is accompanied by a pronounced st
amplitude hysteresis~the ADIF on the reverse run of th
strain amplitude dependence is higher than on the forw
one!.36–38 For the sake of clarity, only one run~usually the
forward one! will be treated hereafter.

As we reported earlier,39,40 the strain amplitude depen
dence of the decrement is exhibited for all of the alloy co
positions in several stages, and are most clearly distinguis
at low temperatures. Transitions between stages depen
the temperature and on the Ni content. Nevertheless,
strain amplitude dependence of the decrement can be s
rated into three typical ranges.
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1. Low strain amplitudes

At low temperatures@Fig. 1 ~b!#, the strain amplitude
dependence shows no amplitude-independent range wh
ever. At the lowest strain amplitudes the strain amplitu
dependence of the decrementdh can be fitted by power func
tions of strain amplitude«0 with an exponentn'0.7– 0.8:

dh5F~c!«0
n , ~1!

whereF(c) is a function of the Ni content.
The independence of the stress exponent of the impu

content is to be noted. The low-amplitude stage is most p
nounced for a Cu-7.6 at. % Ni crystal. The IF in the low
amplitude range at elevated temperatures will be exami
in detail in Sec. III B.

2. Moderate strain amplitudes

The weakly amplitude-dependent part of the IF tran
forms here into a strongly amplitude-dependent one. T
transition is very abrupt at low temperatures and high im
rity concentrations, and becomes rather gradual with a t
perature increase and for lower Ni content. This stage p
sists at both elevated and low temperatures for all of
alloys. Here, in contrast to the low-amplitude stage, the sl

FIG. 1. Strain amplitude dependence of the decrement for specimens o
~1.3–7.6! at. % Ni crystals at room temperature~a! and at 7–11 K~b!. All
the results correspond to the prestrained specimens, except for an ann
Cu-2.3 at. % Ni specimen at 7 K.
e or copyright; see http://jap.aip.org/about/rights_and_permissions
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of the strain amplitude dependence increases significa
with the impurity content, Fig. 1~b!. It also reaches very high
values at low temperatures for the annealed state of a Cu
at. % Ni specimen.

3. High strain amplitudes

Here, the strain amplitude dependence exhibits a
dency toward saturation, more or less pronounced, dep
ing on the temperature and the alloy composition.

As for the general tendency, Figs. 1~a! and 1~b! show
that the typical strain amplitudes of transition from one sta
to another are shifted to higher strain amplitudes with
creasing temperature and increasing impurity content.

B. Analysis of the low-amplitude internal friction
background and the Young’s modulus defect at
100 kHz

The transformation of the low-amplitude stage of t
strain amplitude dependence with temperature can be tr
in Fig. 2. Here, the strain amplitude dependence taken
different temperatures is depicted for the Cu-7.6 at. %
alloy, where this stage is the most pronounced and cove
low temperature the strain amplitude range approxima
from 1026 to 1024. Figure 2 indicates that this prolonge
stage changes to a seemingly amplitude-independent I
160 K and above. For the lowest strain amplitudes,;1026,
the background IF increases approximately an order of m
nitude from 8 to 277 K.

In order to examine the initial part of the strain amp
tude dependence in more detail, the curves from Fig. 2
strain amplitudes below 1.531025, are depicted in Fig. 3 on
a linear scale. Most remarkable is the fact that the IF
amplitude dependent and the slope of the strain amplit
dependence are likely to be the same in the range, 8–21
At elevated temperatures, 159 and 210 K, deviation from
regularity is observed at a strain amplitude of;1025. This
is due to the fact that the initial part of the second AD

FIG. 2. Strain amplitude dependence of the decrement for a specime
Cu-7.6 at. % Ni crystal for 8–277 K. The measurements were made du
cooling.
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stage shifts to lower strain amplitudes with a temperat
increase and falls within the depicted range. Thus, it appe
reasonable to suggest that the low-amplitude part of
strain amplitude dependence is formed by two compone
one weakly dependent on the strain amplitude, but indep
dent of temperature; this component is responsible for
constant slope of the strain amplitude dependence at di
ent temperatures; one amplitude-independent,
temperature-dependent, which is responsible for the par
shift of the strain amplitude dependence at different tempe
tures, Fig. 3. This regularity can be traced for all of the all
compositions, except Cu-1.3 at. % Ni, where the seco
stage of the ADIF is shifted at elevated temperatures to
lowest strain amplitudes investigated, making the lo
amplitude stage barely detectable.

The following procedure was used for further ADI
analysis. The IF component, depending on temperature
not on strain amplitude, was subtracted from all the str
amplitude dependences of the decrement taken at elev
temperatures. For each temperature, the criterion for se
ing the subtracted value was the best fit of the low-amplitu
stage of the curve~Fig. 3! with the strain amplitude depen
dence, taken at the lowest temperature. The results of
procedure are represented in Fig. 4. This procedure is so
what arbitrary for the Cu-1.3 at. % Ni alloy close to roo
temperature, since, as mentioned before, the low-strain
plitude stage of the ADIF cannot be detected accurately h
The results in Fig. 4 show clearly that, for each alloy co
position, a single low-temperature asymptote for all of t
strain amplitude dependence curves exists in the lo
amplitude range. For all of the alloy compositions, there i
transition stage to a pronounced strain amplitude depend
of the IF. Two observations related to this transition sta
merit attention. First, the onset of the deviation from t
asymptotic low-temperature ADIF curve shifts to low

of
g

FIG. 3. Strain amplitude dependence of the decrement for a specime
Cu-7.6 at. % Ni crystal~the same as in Fig. 2! for temperatures of 8–210 K
and strain amplitudes 1026– 1.531025.
e or copyright; see http://jap.aip.org/about/rights_and_permissions
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FIG. 4. Strain amplitude-dependent part of the decrement for specimens of Cu-7.6 at. % Ni~a!, Cu-3.2 at. % Ni~b!, Cu-2.3 at. % Ni~c! and Cu-1.3 at. % Ni
~d! crystals for temperatures of 8–300 K. All the results correspond to the prestrained specimens, except for an annealed Cu 2.3 at. % Ni spe
measurements were made during cooling~a!, ~c! and heating~b!, ~d!.
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strain amplitudes with the decrease of the impurity conte
Second, this transition is very abrupt at low temperatures
becomes more gradual with increasing temperatures.

Figure 5~a! shows the strain amplitude dependence
the Young’s modulus defect for a Cu-7.6 at. % Ni specim
corresponding to the IF data in Fig. 4~a!. Since the
amplitude-independent modulus defect is not known, o
the amplitude-dependent part of the modulus defect can
obtained. The amplitude-dependent Young’s modulus de
~ADMD !, DE/E, is conventionally derived from the reso
nant frequency of a specimenf, which depends on the strai
amplitude«0 :(DE/E)(«0)52@ f i2 f («0)#/ f i , wheref i is the
resonant frequency of a specimen in the strain amplitu
independent range. In the present results, the st
amplitude-independent range was not revealed for the r
nant frequency, as was also true for the IF data. Theref
the resonant frequency of a specimen at the lowest st
amplitude was assumed to bef i . This substitution, evidently
may lead to an underestimation of the value of the ADM
especially at the lowest strain amplitudes, but cannot in
ence the general regularities substantially, since the
loaded 02 Sep 2010 to 133.68.192.97. Redistribution subject to AIP licens
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were taken in a wide strain amplitude range. The data in F
5~a!, apart from the lowest strain amplitudes which are o
scured by the necessary procedure of deriving the ADM
correspond perfectly with the regularities revealed in
strain amplitude dependence of the decrement. The exist
of a similar low-temperature asymptote, weakly depend
on the strain amplitude, is obvious. The deviation of t
ADMD from this asymptote with increasing temperature
very much like that for the strain amplitude dependence
the decrement. Since the ADMD represents an indepen
parameter, these results provide evidence of the correct
of the procedure used to derive the amplitude-dependent
of the IF in Fig. 4.

Figure 5~b! shows the strain amplitude dependence
the in-phase component of the anelastic strain amplitude
the Cu-7.6 at. % Ni specimen obtained from the strain a
plitude dependence of the modulus defect:

«an~«0!5
DE

E
~«0!«0. ~2!
e or copyright; see http://jap.aip.org/about/rights_and_permissions
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The data in Fig. 5~b! demonstrate that the temperatur
independent and weakly strain amplitude-dependent IF c
ponent covers, at low temperatures, the range of anela
strain exceeding three orders of magnitude.

Summarizing Sec. III B, we identify the low-amplitud
IF background observed in the present work as a sum of
components: a purely strain amplitude-independent, but t
perature dependent IF component; a weakly str
amplitude-dependent IF component, the key feature of wh
is temperature independence at ultrasonic frequencies
low temperatures.

C. Comparison of the internal friction data at 1 and
100 kHz

Figure 6 shows the influence of frequency on the str
amplitude dependence of the decrement for the annealed
3.2 at. % Ni and Cu-1.3 at. % Ni specimens. Apparen
both the low-amplitude IF background and the ADIF at t
high-amplitude stage are substantially higher at a freque
around 1 kHz than in the 100 kHz range. The results for
same specimens measured at;100 kHz after prestrain are

FIG. 5. Strain amplitude dependence of the Young’s modulus defect~a! and
anelastic strain amplitude~b! for a specimen of Cu-7.6 at. % Ni crystal fo
8–280 K. The measurements were made during cooling.
loaded 02 Sep 2010 to 133.68.192.97. Redistribution subject to AIP licens
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displayed as well and show a considerable increase with
strain of the IF for all stages of the strain amplitude dep
dence. Several remarks are necessary here concernin
comparison of the data obtained by different techniques
for different specimens.

First, one cannot exclude accidental cold-working of t
specimens during handling and mounting procedure. S
cold-working can change the IF values considerably~see Fig.
6!. To rule out this source of uncertainty, a comparison
tween the specimen in the annealed state at;1 kHz and an
intentionally deformed specimen at 100 kHz shows that
IF for all of the stages is still notably higher in the son
range than at ultrasonic frequencies~see Fig. 6!. An essential
detail is that prestraining of specimens mostly influences
absolute value of the low-amplitude IF and ADIF, where
typical strain amplitudes of the transition from one stage
another are changed only slightly; see the curves for 100
in Fig. 6. Decreasing the frequency below 1 kHz influenc
the absolute values of the damping and noticeably shifts
transition stages of the ADIF to significantly lower values
strain amplitude.

Second, the thermoelastic relaxation should be con
ered as a possible contributor to the amplitude-independ
IF component in the kHz range. The time constantt and the

FIG. 6. Strain amplitude dependence of the decrement at room temper
for specimens of Cu-1.3 at. % Ni~a! and Cu-3.2 at. % Ni~b! crystals for the
annealed state~1!, ~3! and after prestrain~2! at frequencies of;100 ~1!, ~2!
and;1 kHz ~3!.
e or copyright; see http://jap.aip.org/about/rights_and_permissions



-

of
c
f
c-
re
o

tio
ha
st
th

e
f

we
on

se

ic
th

.
on
io
en
n
fo

e
a

ro
ng
le

sic

e
re
s
b
n

e
w

th
th
ts
ts

in
en-
po-
r-

00

m-
ion.
ses

e of
the
in

res.
n-
m-
de
the

he
po-

as
l-

e to
cil-
e
he
fre-
it is
ing
n

the

ow-
in-
e of

inter-
.

1450 J. Appl. Phys., Vol. 85, No. 3, 1 February 1999 Kustov et al.

Down
relaxation amplitudeD for simple bending of a thin rectan
gular bar are given by1,41

t5a2Cpr/~p2kt!,

D5Ea2T/~rCp!,

wherea is the specimen thickness,Cp the heat capacity,r
the density,kt the thermal conductivity,E the Young’s
modulus,a the thermal expansion coefficient, andT the tem-
perature.

The estimations performed for the present geometry
specimen show that~i! the maximum of the thermoelasti
relaxation is expected at frequencies of 80, 37 and 13 Hz
pure Cu, Cu-2 wt % Ni and Cu-10 wt % Ni alloys, respe
tively, and~ii ! the decrement value at a frequency of cor
sponding relaxation maxima at room temperature for all
the alloy compositions should be of the order of 531023.
The Cp , r, kt , and a values for Cu and for Cu-Ni alloys
were taken from Ref. 42. Since the thermoelastic relaxa
maximum is expected at frequencies 20–40 times lower t
the 800 Hz employed in the present work, the thermoela
damping is at least an order of magnitude lower than
measured low-amplitude IF level.

We mention here as well that the amplitude-independ
apparatus background at;1 kHz is also at least an order o
magnitude lower than the measured IF values, this lo
value being necessary to observe the dramatic suppressi
the IF background values with the increase of Ni content~see
the present results, but for a wider range of Ni contents
Ref. 12!.

Third, as far as the ADIF is concerned, the intrins
damping of the material should be compared rather than
damping of specimens measured by different techniques43,44

The conversion of the measured damping to the intrinsic
requires either a homogeneous or a well-known distribut
of dislocations in the bulk of a specimen. This requirem
cannot be met for prestrained specimens. A compariso
the intrinsic ADIF values in the 1 and 100 kHz ranges
annealed Cu-1.3 at. % Ni specimens was performed in R
39, and the ADIF behavior, with a change of frequency, w
the same as in the present work. Besides, it is evident f
the data in Ref. 39 that the influence of the frequency cha
from ;800 Hz to 100 kHz is far in excess of the possib
influence of the procedure of conversion to the intrin
damping.

Thus, the conclusion can safely be drawn that the m
sured low-amplitude IF background and the ADIF are f
quency dependent. Inasmuch as the IF on different stage
the strain amplitude dependence is strongly influenced
prestrain, this frequency-dependent IF is due to dislocatio

D. Origin of the strain amplitude-independent internal
friction component

A question arises at this stage concerning the natur
the strain amplitude-independent component of the lo
amplitude IF background, which was subtracted from
total damping to derive the amplitude-dependent part of
IF in Sec. III B. To clarify the source of this component, i
temperature dependence has been analyzed. The resul
loaded 02 Sep 2010 to 133.68.192.97. Redistribution subject to AIP licens
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Cu-7.6 at. % Ni and Cu-3.2 at. % Ni alloys are represented
Fig. 7. A maximum is observed in the temperature dep
dence of the amplitude-independent IF near 110 K. The
sition of this maximum corresponds rather well with the Bo
doni relaxation@the B2 peak for copper is expected near 1
K for frequency of 100 kHz~Ref. 45!#, clearly pointing to
the dislocation origin for the amplitude-independent IF co
ponent, at least at the temperatures of Bordoni relaxat
However, the amplitude-independent component increa
continuously at temperatures well above the temperatur
the Bordoni relaxation. The influence of the prestrain on
IF, Fig. 6, can be used to verify the dislocation-related orig
of the amplitude-independent IF at elevated temperatu
Evidently, the low-amplitude IF background increases co
siderably with prestrain. The amplitude-independent IF co
ponent constitutes a substantial part of the low-amplitu
damping at room temperature. Therefore, the increase of
low-amplitude damping with prestrain is an indication of t
dislocation nature of the amplitude-independent IF com
nent at temperatures higher than that of Bordoni relaxation
well. There is a possibility that a significant part of the u
trasonic amplitude-independent IF in the;100 kHz range,
observed at temperatures above Bordoni relaxation, is du
the linear viscous friction component, described by the os
lating string model.8 The key issue here is very much lik
that for the ADIF, the frequency dependence of t
amplitude-independent IF component. With regard to the
quency dependence of the low-amplitude IF background,
quite remarkable to note that it increases with decreas
frequency to;1 kHz, contrary to the expected contributio
of the viscous oscillating string component.8 Unfortunately,
the purely strain amplitude-independent component of
low-amplitude IF background at;1 kHz and its frequency
dependence cannot be derived from the present results. H
ever, if the strain amplitude-independent IF component
creases with the frequency decrease, that is likely becaus
a much higher low-amplitude IF background at;1 kHz as
compared to 100 kHz~see Fig. 6!; it could be the evidence in

FIG. 7. Temperature dependence of the strain amplitude-independent
nal friction component for Cu-3.2 at. % Ni and Cu-7.6 at. % Ni crystals
e or copyright; see http://jap.aip.org/about/rights_and_permissions
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favor of the mechanism suggested for solid solutions
D’Anna et al.19 rather than the classical oscillating strin
model.8

E. Influence of temperature and frequency on the
strain amplitude dependence of the internal friction

A comparison of the influence of temperature and f
quency on the strain amplitude dependence of the decrem
is shown in Fig. 8. Here, the strain amplitude dependen
taken for Cu-1.3 at. % Ni and Cu-3.2 at. % Ni alloys at 1
kHz and at temperatures between 8 and 300 K are comp
with those taken at room temperature and a frequency aro
1 kHz. As mentioned before, the ADIF at;1 kHz is sub-
stantially higher for all of the ADIF stages. We wish to ma
two important remarks here.

First, three observations describe the data at both
quencies: the weak strain amplitude dependence at low s
amplitudes, the stronger variation in the intermediate ran
and the saturation at high strain amplitudes. At high tempe
tures the saturation transforms into a maximum for a Cu-
at. % Ni crystal at a frequency of;850 Hz, Fig. 8~a!.

Second, an increase of the temperature and a decrea
frequency are equivalent in their action on both the abso
values of the ADIF and the transitions between the AD
stages. This is a clear indication of a thermally activa
process.

The insets in Fig. 8 show in more detail the behavior
the low-amplitude IF background at;1 kHz on a linear
scale of damping. Clearly, the IF is strain amplitude dep
dent over the entire strain amplitude range investiga
Moreover, it appears that the IF at low strain amplitudes m
have its own substructure at low frequencies. For the Cu
at. % Ni alloy the IF increases noticeably at strain amplitud
from 1027 to 331027. This increase becomes more gradu
exhibiting a kind of a plateau at 331027– 231026, and
only then is followed by the second, steep ADIF stage.

IV. DISCUSSION

A. Comparison with available experimental data

The IF in crystals of the Cu-Ni system has been repor
in Refs. 12, 39, 40, and 46. The measurements for Cu-~0.4–
7.6! at. % Ni single crystals performed by Nishinoet al.12 at
temperatures of 140–295 K in the;1 kHz range covered a
somewhat narrower strain amplitude range than that in
present work, and therefore only the strain amplitud
independent IF and a single stage of the ADIF were dis
guished. The results were analyzed from the standpoint
phenomenological approach,47 permitting one to deduce th
microyield stress from ADIF data. Gottschall and Besher46

investigated the strain amplitude dependence of the IF in
~0–4! at. % Ni single crystals at a frequency;22 kHz in the
temperature range 95–297 K. The strain amplitude ra
corresponded to that of the present work and even slig
exceeded it at 95 K. However, the scatter of the data
considerable, and the damping values for a high Ni con
alloy were ‘‘obscured by the limits of sensitivity of the ap
paratus’’ at the lowest temperature.46 Perhaps, that is why
the authors46 did not observe the temperature-independ
loaded 02 Sep 2010 to 133.68.192.97. Redistribution subject to AIP licens
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ADIF stage at low strain amplitudes, which is persistent
our results especially at the lowest temperatures and hig
concentrations of Ni. Nevertheless, Gottschall and Besh
did distinguish two stages of the strain amplitude dep
dence: the temperature-dependent and the ne
temperature-independent stages at moderate and high s
amplitudes, respectively. The ADIF saturation and, som
times, formation of the ADIF maximum at high strain am

FIG. 8. Strain amplitude dependence of the decrement for prestrained
1.3 at. % Ni~a! and Cu-3.2 at. % Ni~b! specimens for the range 7–300 K a
a frequency of;100 kHz. The strain amplitude dependences, taken a
frequency;1 kHz for annealed specimens of the same compositions,
shown as well. The insets depict the initial parts of the strain amplit
dependences at;1 kHz with a linear scale for the ordinates.
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plitudes are persistent in their data46 for all of the alloy com-
positions, although they did not mention this regularity.
our previous work,39,40 the strain amplitude dependence
the IF was measuredin situ during deformation of Cu-Ni
single crystals at room temperature. No qualitative influe
of the deformation process on the ADIF was reported, po
ing to the stability of the dislocation-PO structure due to lo
Ni atom mobility at low and moderate temperatures. T
same stages as in the present work were observed in
strain amplitude dependence insofar as the ranges overl

The results of Jonet al.9 on the ADIF in a-brass with
20% and 35% Zn, obtained in a wide strain amplitude ran
at room temperature, are quite indicative. The authors9 re-
vealed the same stages of the strain amplitude depende
as in the present work: an amplitude-independent one a
lowest strain amplitudes, below approximately (2 –
31025, depending on the composition, grain size and p
history of the specimen~this range has an upper limit o
;1026 for pure copper!; a weakly amplitude-dependent on
at moderate strain amplitudes below approximately (1 –
31024; a strongly amplitude-dependent one with a satu
tion at the highest strain amplitudes above (1 – 2)31024.
The stages were shifted to somewhat higher strain am
tudes, as compared to the present results, perhaps due
higher content of the alloying element and its higher bind
energy with dislocations.

Thus, the experimental data in the present work co
spond well with previously performed research, but are m
more comprehensive due to the wide temperature and s
amplitude ranges employed and the precision of the m
surements.

B. Suggested mechanisms for the multistaged
amplitude-dependent internal friction in Cu-based
solid solutions

1. Low-strain amplitude range

We will consider below only the mechanisms sugges
for the strain amplitude-dependent components of the IF.
specific mechanism was proposed for the weakly amplitu
dependent part of the strain amplitude dependence, obse
by Jonet al. 9 The authors supposed, however, that fluct
tions in solute atom distribution, with spatial wavelengthl
.wk , wherewk is the kink width, are responsible for th
strong pinning of dislocations, whereas single impurities p
vide much weaker pinning. The region of the weak str
amplitude dependence was identified as due to the unpin
of dislocations from weaker pinning points. As mention
before, this stage has not been discerned by Gottschall
Beshers46 or by Nishinoet al.12

As for other materials, a similar weakly stra
amplitude-dependent and essentially temperatu
independent IF was observed in theb18 martensitic phase o
Cu-Al-Ni crystals at a frequency of;100 kHz.48,49 An ex-
planation was suggested based on the Gremaud conce
the athermal interaction of dislocations with the PO distr
uted in the bulk.28 A weakly strain amplitude-dependent I
was observed at low strain amplitudes in the kHz range
99.999% Cu,50 pure Au,26 and Au-Pt dilute solid solutions.27
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Baur and Benoit26,27 reported that the low-amplitude IF
background was practically temperature independent~200–
300 K! and seemingly frequency independent~0.3–3 kHz!.
This low-amplitude IF background has been attributed t
kind of hysteretic interaction of dislocations with poin
defects, different, however, from the dislocatio
breakaway.26,27 Lauzier et al.50 ascribed the amplitude de
pendence of the low-amplitude IF background, at least in
region of Bordoni relaxation, to the nonlinear properties
the kink pair formation mechanism.

The substructure of the low-amplitude IF backgrou
was revealed both in pure Cu and in Au-Pt solid solutio
The IF rose steeply below a strain amplitude of;(1 – 3)
31027, and then slowly increased at higher stra
amplitudes.27,50 This regularity corresponds with our data
a frequency of;1 kHz; see Fig. 8. Quite remarkable wa
their observation that the stage of the initial increase of
IF background shifted to higher strain amplitudes with d
creasing temperature.27,50This fact apparently contradicts th
suggestion of a purely athermal hysteretic mechanism for
low-amplitude IF background.26,27,51

The present results clearly indicate that the wea
amplitude-dependent IF stage at low strain amplitudes is
sistent for different alloy compositions over wide ranges
temperature and frequency. Comparison with the availa
data shows that this low-amplitude ADIF stage is charac
istic of solid solutions of different compositions as well as
rather pure face-centered-cubic~fcc! metals. Other data48,49

show that weakly strain amplitude-dependent athermal
also persists in a wide range of strain amplitudes and att
very high values in the low-symmetry martensitic phase
Cu-Al-Ni crystals. Thus, one comes up against a rather g
eral phenomenon, a model for which is still lacking.

The most salient feature observed in the present wo
one which should be used to suggest an explanation, is
temperature independence of the low-amplitude ADIF co
ponent at ultrasonic frequencies,;100 kHz, and low tem-
peratures; see Figs. 4 and 5. Decreasing the frequency t
1 kHz range and increasing the temperature lead to the
mation of a low-amplitude IF background with typical su
structure, as previously reported.26,27,50To obtain an expla-
nation of this effect, we intend to analyze in more detail t
transition stage between the temperature-independent
amplitude ADIF and the strongly amplitude-dependent st
at higher strain amplitudes.

The observed regularities in the behavior of the lo
amplitude ADIF stage can be explained self-consisten
based on the Gremaud model of the athermal hystereti
background,2,28 accounting for the dislocation-strong ob
stacle interaction as well. According to the Gremaud mod
an adequate description of dislocation-PO interactio
should consider the PO as distributed in the bulk of
crystal.2,28 With respect to a gliding dislocation, obstacle
situated close to the dislocation glide plane represent str
short-range obstacles, which can be overcome with the a
tance of thermal fluctuations. Those obstacles which lie a
from the glide plane interact elastically with a dislocatio
This weak elastic interaction is long range. Because of
very large activation distances, weak obstacles can be o
e or copyright; see http://jap.aip.org/about/rights_and_permissions
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come only athermally. Following Refs. 2 and 28, the hyst
etic interaction of a dislocation~with or without hard pinning
points! with the weak long-range obstacles is at the origin
the low-amplitude athermal~temperature- and frequency
independent! and weakly strain amplitude-dependent IF
solid solutions. At higher strain amplitudes, a transition
the thermomechanical breakaway from strong obstacles
predicted.2

The low-temperature behavior of Cu-Ni crystals and
Cu-Al-Ni alloy at a frequency of;100 kHz is in qualitative
agreement with the predictions of the Gremaud model. Ho
ever, the model2,28 considers, at the low-amplitude stage, i
teractions of dislocations solely with weak long-range o
stacles. Therefore, the hysteretic low-amplitude IF
expected to be purely temperature and frequency inde
dent. In the present work the deviation of the IF with incre
ing temperature from the single low-temperature asymp
is observed to shift over a wide range of strain amplitud
Fig. 4. This clearly indicates that the interaction of mob
dislocations with strong obstacles already occurs in the st
amplitude range, where the low-amplitude ADIF is pure
hysteretic at low temperatures. Thus we conclude that, in
range of strain amplitudes investigated,dislocation motion
in a two-component system of obstacles should be cons
ered rather than pure hysteretic interaction solely wit
weak long-range obstacles.2,28

Dislocation motion in a two-component system of o
stacles has been investigated theoretically; see, for exam
Ref. 52. However, usually weak obstacles were conside
as due to short-range dislocation-PO interactions. The str
obstacles were ascribed to the interactions of a mobile di
cation with forest dislocations.52 The weak obstacles wer
considered as thermally activated, but the strong ones
athermal at low and moderate temperatures. The fundam
tal difference between the approach used in the present w
and previous ones is twofold. First, both weak~long-range!
and strong~short-range! obstacles may have the same orig
~for instance, substitutional atoms in solid solutions!, their
type being dependent on their position with respect to a g
ing dislocation. Second, the nature of the obstacles with
gard to thermal activation is inverted compared with the c
ventional approach. Namely, weak obstacles are consid
as athermal, whereas the strong ones require thermal ac
tion. Keeping in mind these preliminary considerations,
will consider three typical~with respect to temperature an
frequency! ranges. We restrict our attention here to the ran
of moderate stress amplitudes, well below the critical str
for a long-range dislocation motion in an array of obstacl

a. Low temperatures, high frequencies.Here, at low and
moderate strain amplitudes, dislocations overcome o
weak obstacles. Strong obstacles restrict dislocation mo
and they are not penetrable in short times at low temp
tures. At the present stage it is irrelevant whether dislo
tions are initially pinned or encounter strong obstacles wh
moving. However, it is a reasonable assumption that th
mally activated obstacles in this domain represent strong
ning points, thus determining the average length of a mo
dislocation segment.
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Experimentally, this type of low-amplitude IF behavio
is observed at low temperatures in the present work
Cu-Ni crystals and in the Cu-Al-Ni alloy.48,49

b. Moderate temperatures and intermediate frequenc
In this range, overcoming a progressively larger amount
strong short-range obstacles becomes possible~due to the
thermal energy! in the most favorable dislocation configura
tions. Still, weak long-range obstacles also impede dislo
tion motion. From the standpoint of dislocation motion in
two-component array of obstacles, this is the most com
cated region, where overcoming the strong and weak
stacles is strongly interrelated. Here we suggest that, at
and moderate strain amplitudes, when the temperature is
creased or the frequency decreased, a certain numbe
strong obstacles are so situated as to be overcome durin
course of a stress maximum, leading to an increase of
average length of a dislocation segment moving throu
weak long-range obstacles.

At 100 kHz, this region corresponds to the temperatu
and frequency-dependent transition stage from the pu
hysteretic background to the strongly strain amplitud
dependent ADIF.

c. High temperatures, low frequencies.Here, thermal
agitation reduces the average force due to short-range
stacles. Thus, the efficiency of athermal obstacles and t
mal ones may become comparable. One expects that, in
range, the mobility of dislocations becomes, as it does for
low-temperature range, determined predominantly by w
long-range obstacles, since their concentration is m
higher than that of the thermal ones. Thus, decreasing
quency and/or increasing temperature leads to limiting c
ditions where the hysteretic background model is again
plicable. However, in contrast to the low-temperature/h
frequency range, the average dislocation segment length
comes much longer, since short-range obstacles do not a
hard pinning points any more. Here, another level of def
structure determines the strong pinning points for a mob
dislocation, for instance, the nodes of a dislocation netwo
This leads to considerably higher values of the lo
amplitude IF, which is expected to be slightly frequency a
temperature dependent due to the action of retained t
mally activated obstacles, but in the limit frequency and te
perature independent.

Regularities related to the mechanism of the lo
temperature and low-amplitude ADIF can be analyzed f
ther on the phenomenological level. Figure 9 shows
strain amplitude dependence of the IF and ADMD for
Cu-7.6 at. % Ni crystal at 8 K. As mentioned before, t
strain amplitude dependences of the IF and the modulus
fect are qualitatively similar. This similarity can be ex
pressed quantitatively through the value of the ADIF
ADMD ratio, r 5dh /(DE/E), also represented in Fig. 9. Ap
parently, ther value is nearly constant in a wide range
strain amplitudes, corresponding to the occurrence of
hysteretic IF background mechanism, and increases dram
cally with the onset of the pronounced strain amplitude
pendence. The ADIF data can be fitted in the range
31026– 1024 by a power function~solid line! with the ex-
ponentn50.7; see Eq.~1!. It has been shown for the unlo
e or copyright; see http://jap.aip.org/about/rights_and_permissions
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calized friction model that a power law dependence of
anelastic strain«an on the applied stresss,

«an~s!}sm, ~3!

yields53,54

r 5
4n

n12
, ~4!

wheren5m21 is the exponent in Eq.~1!. Figure 9 repre-
sents also ther value calculated for the unlocalized frictio
static hysteresis and breakaway models according to Eq~4!
above and to Eq.~12! in Ref. 55, respectively. The exper
mental data show reasonable agreement with Eq.~4! up to
strains of;1024, and are obviously inconsistent with th
calculation for the breakaway model. Thus, one conclu
that, at low temperatures, the amplitude-dependent anel
response of Cu-Ni crystals to the applied stress is, like
close to the function of Eq.~3!, corresponding to the hyster
etic unlocalized friction model.

Thus we see that the behavior of the low-amplitude IF
different temperature and frequency ranges can be qua
tively accounted for by the motion of dislocations in a tw
component system of obstacles. The suggestion which
derlies this explanation is that the change of the strengt
one type of obstacle with temperature/frequency leads
change of the effective dislocation segment length.

The explanation of the low-amplitude IF behavior, bas
on the effective dislocation segment length, is strongly s
ported by the data for the Cu-Al-Ni alloy. Partial disloc
tions, bounding stacking faults, are the basic defects of
b18 martensitic structure.56 The existence of long dislocatio
segments in the ordered network of partial dislocations in
b18 martensite was deduced from the large tempera
anomaly of the Young’s modulus, ascribed to the pinning
dislocations by mobile obstacles.48,49Very high values of the

FIG. 9. Strain amplitude dependence of the decrement and the You
modulus defect and their ratior for a Cu-7.6 at. % Ni specimen at 8 K and
frequency of;100 kHz. The solid line represents the fitting of the dec
ment below a strain amplitude of 1024 by the power function with a stres
exponentn50.7.
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low-temperature IF background in Cu-Al-Ni crystals,48,49

similar to the pronounced anomaly of the Young’s modul
are consistent with the existence of long dislocation s
ments.

Thus, the mechanism of the low-amplitude ADIF sta
may be conceived of as an athermal hysteretic one, w
parameters~the average loop length is the principal one! con-
trolled by a thermally activated process. The range of
concentrations in which this hysteretic mechanism is e
cient was reported to be very wide.2,28 Perhaps this gives an
explanation for the observation of the hysteretic lo
amplitude IF background in different, even rather pure, m
terials. Evidently, the overcoming of short-range obstac
also contributes to the low-amplitude IF at elevated tempe
tures. The contribution of the athermal and thermally ac
vated events to the total low-amplitude IF depends on
frequency and the temperature. Estimation of this contri
tion is challenging, and beyond the scope of the pres
work.

2. Moderate and high strain amplitude range

Gottschall and Beshers46 attributed the moderate strai
amplitude stage of the ADIF in annealed Cu-Ni crystals
the thermomechanical breakaway of dislocations from co
bined Suzuki-Cottrell atmospheres. The temperatu
independent~weakly temperature-dependent! part, corre-
sponding to the saturation range of the ADIF, they ascrib
to a hysteretic motion of dislocations over solute atoms
cated outside of the atmospheres. They suggested that d
cations are not retrapped by the atmospheres because
high kinetic energy of dislocations that have broken aw
from the atmospheres.

The ADIF stages, corresponding perfectly to the resu
of the present work, were observed by Jonet al. in a-brass at
room temperature.9 The steep ADIF part at strain amplitude
higher than;1024 was attributed to the activation of Frank
Read sources. According to Ref. 9, dislocation motion
higher strain amplitudes, with the IF leveled off, was co
trolled by viscous forces.

It appears that none of the different mechanisms s
gested in Refs. 9 and 46 to account for very similar pheno
ena is applicable to our data. Considering the interpreta
by Gottschall and Beshers,46 we should mention the follow-
ing points. First, the results reported in the present work
mostly for specimens prestrained at room temperature
contrast to the data by Gottschall and Beshers for anne
crystals. No evidence of detectable pinning of fresh dislo
tions by atmospheres~time dependence of the ADIF, strai
amplitude hysteresis, aging after deformation! is revealed in
the present work at temperatures below;300 K, nor in Refs.
39 and 40 forin situ ADIF measurements during deforma
tion of Cu-Ni crystals. Thus, fresh dislocations free of P
atmospheres are responsible for the anelasticity of defor
crystals reported in the present work. In the following, w
will show that atmospheres, indeed, form in Cu-Ni cryst
as a result of high-temperature annealing, and we ana
their influence on the strain amplitude dependence of the
modulus defect and the friction stress acting on dislocatio
Second, the absence of the retrapping of the dislocation

’s
e or copyright; see http://jap.aip.org/about/rights_and_permissions



R
n

ad
th

in

lit
-

in

e

in
in
tu
e
r
e

b
t

c-
re
th
th
d
p

d
er

he

1.
th

tu

tu
i

d
ra
tr

he
m

io

u
m

ud

en,
0 as
e-
be

e,
a-

.
me
y of
stic
a-
at

out
at
ura-
the
tura-
rain

,
k-
olid

he

ict
ion

e
the
for

d

1455J. Appl. Phys., Vol. 85, No. 3, 1 February 1999 Kustov et al.

Down
atmospheres after the breakaway has been ascribed in
46 to inertial effects. However, inertial effects are efficie
only when the viscous constantB is rather low~low tempera-
tures, superconducting state of metals57,58!, and should be
negligible at room temperature.

The basis for claiming that the activation of Frank-Re
sources and the viscous friction were responsible for
steep ADIF part with a saturation was9 an increase of the
ADMD, more pronounced than the ADIF, whereas the str
breakaway model predicts their ratio to be;1, and therefore,
the long-range dislocation motion was supposed; a qua
tive similarity of the ADIF behavior with the phenomeno
logical law, relating the dislocation velocityv(s) with the
applied stress during unidirectional motion of dislocations
static experiments.

Several comments are needed regarding the argum
adduced.

a. Activation of Frank-Read sources.First, a complete
reversibility of the strain amplitude dependence of the IF
prestrained crystals is typical both for the steep ADIF
crease and the saturation range at low and high tempera
~see Fig. 1!. This is a clear indication of the stability of th
dislocation structure in our experiments, whereas a very p
nounced hysteresis of the strain amplitude dependenc
typical for the dislocation multiplication by vibrations~for-
mation of slip lines! in annealed crystals.36–38 Second, the
activation of Frank-Read sources is usually considered to
an athermal process. The microplastic ADIF which is due
dislocation multiplication or dislocation-dislocation intera
tion was reported to be practically temperatu
independent.59 No data on temperature dependence of
steep ADIF stage, which might permit one to ascribe it to
athermal activation of Frank-Read sources, were reporte
Ref. 9, whereas our results show a strong temperature de
dence of this ADIF stage.

b. Viscous drag.The present data on the ADIF an
ADMD, obtained in a wide temperature range and at diff
ent frequencies, allow us to verify also the hypothesis9 of
viscous friction forces that control dislocation motion at t
highest strain amplitudes~the ADIF saturation range!. Figure
10 shows an analysis of the ADIF saturation for a Cu-
at. % Ni crystal. The strain amplitude dependences of
decrement and the Young’s modulus defect are shown
Fig. 10 for a frequency of;100 kHz at 295 and 8 K. The
strain amplitude dependence of the anelastic strain ampli
is deduced from the ADMD values according to Eq.~2!. The
intersecting straight lines show how the onset of ADIF sa
ration was determined, whereas the vertical arrows determ
the corresponding values of anelastic strain amplitu
Clearly, the onset of ADIF saturation, at different tempe
tures, corresponds to approximately the same anelastic s
amplitude value~the same strain rate! for frequency of;100
kHz. However, provided the ADIF saturation is due to t
viscous friction, one should expect a strong influence of te
perature on the strain rate at the onset of ADIF saturat
since the viscous friction constant,B, changes drastically
with temperature. Additional evidence against the visco
friction mechanism of ADIF saturation can be obtained fro
the frequency dependence of the ADIF. The strain amplit
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dependence of the decrement for an annealed specim
taken at room temperature near 850 Hz, is seen in Fig. 1
well. The data on the ADMD are not available at this fr
quency. However, as an estimation, the ADIF values can
used as a substitution for the ADMD in Eq.~2!, since the
ADIF and ADMD are of the same order of magnitude; se
for example, Fig. 9. The corresponding curve for the estim
tion of anelastic strain at;850 Hz is also shown in Fig. 10
Apparently, ADIF saturation again occurs at nearly the sa
values of the anelastic strain amplitude, as at a frequenc
;100 kHz. As a consequence, the values of the anela
strain rate,«̇an, corresponding to the onset of ADIF satur
tion, are approximately two orders of magnitude lower
850 Hz than at 100 kHz. This observation also rules
viscous friction as the origin of ADIF saturation, since in th
instance one should expect the occurrence of ADIF sat
tion at room temperature and different frequencies for
same anelastic strain rate values. Inasmuch as ADIF sa
tion is determined by anelastic strain rather than by the st
rate, it is likely not a dynamic effect.

c. ADIF to ADMD ratio. First, as analyzed in Sec. I
unlocalized friction IF models, rather than the string brea
away ones, are applicable in the case of concentrated s
solutions. Therefore, there is no point in referring to t
ADIF to ADMD ratio predicted by the Granato-Lu¨cke break-
away model. Models of the unlocalized friction type pred
at high strain amplitudes, without assuming the dislocat

FIG. 10. Strain amplitude dependence of the decrement~1!, ~2!, ~3!, the
Young’s modulus defect~4!, ~5! and anelastic strain amplitude~6!, ~7!, ~8!
for a specimen of Cu-1.3 at. % Ni alloy at frequencies near 100 kHz~1!, ~2!,
~4!, ~5!, ~6!, ~7!, 850 Hz~3!, ~8! and temperatures of 8~1!, ~4!, ~6! and 295
K ~2!, ~3!, ~5!, ~7!, ~8!. The intersections of the solid lines indicate how th
onset of the ADIF saturation was determined; the vertical arrows show
anelastic strain amplitude at the onset of the ADIF saturation. The curve
the decrement at;100 kHz and at 295 K is shown with a subtracte
amplitude-independent component.
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multiplication, the steep ADIF increase with saturati
~maximum!, accompanied by the monotonic ADMD increa
~see, for example, Ref. 28!. This type of the behavior corre
sponds qualitatively with the results in Ref. 9 and those
the present work~see Fig. 10!. Second, considering the com
parison of the ADIF and ADMD in Ref. 9, we should mak
the following general remark. It appears that the heating
specimens by ultrasound should be taken into considera
for the rather high strain amplitudes employed in Ref.
Consider, for example, the vibrations of a specimen w
strain amplitude«051023 and Q2 l5331023 at a fre-
quency of 20 kHz.9 The energy, dissipated in a cycle o
vibrations in a unit volume of a specimen material, is giv
by DW52pQ21W, whereW5E«0

2/2 is the maximum value
of the elastic energy of the vibrations. Under these circu
stances, powerDW;20 W/cm3 is dissipated in the speci
men, sufficient to increase its temperature adiabatically
;5 K in 1 s. Heating of the specimen may seemingly chan
the ADMD with increasing strain amplitude due to the te
perature dependence of the elastic moduli. Heating usu
influences the ADIF values to a lesser extent, thus chang
the ADIF to ADMD ratio. Therefore, one should take spec
precautions to avoid the effect of heating the specimen
measured ADMD magnitudes when very high strain am
tudes are employed.

It appears that the ADIF and ADMD behavior observ
in the present work at moderate and high strain amplitu
can be explained qualitatively using the simplest form of
unlocalized friction concept, which is often used to acco
for the ADIF in solid solutions.2,14–17 For the simplified
model, represented schematically in Fig. 11, the onset of
ADIF corresponds to the conditions05scr , wherescr is the

FIG. 11. Schematic representation of the stress-anelastic strain hystere~a!
and strain amplitude dependence of the decrement and the Young’s mo
defect ~b!, corresponding to the internal friction model of the unlocaliz
friction type.D represents the relaxation strength.
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critical stress for the stationary thermally activated dislo
tion motion over an array of short-range obstacles. M
pronounced ADIF saturation, compared to the ADMD b
havior, is expected with a strain amplitude increase, wh
dislocation motion becomes progressively more control
by the line tension. This tendency in the ADIF and ADM
behavior in the range of the ADIF saturation is, indeed, o
served in our data; see Fig. 10.

For the unlocalized friction model, the critical stress
given by:28

scr5
F0

Lb F12
kT

U0
lnS v0

v D Ga

,

whereU0 andF0 are the maximum values of the activatio
energy and interaction force between a dislocation an
short-range obstacle,L andb are the average dislocation se
ment length and the magnitude of the Burgers vector,v0 and
v are the attack and applied angular frequencies,
1,a,2 is a constant. Clearly,scr is frequency, temperature
and impurity concentration dependent. This dependence
counts qualitatively for the observed ADIF and ADMD b
havior.

C. Friction stress acting on dislocations: Annealed
and prestrained specimens

We suggest using the concept of the average frict
stress acting on a dislocation to gain a better insight into
dislocation dynamics in the ADIF range. Suppose we hav
stress-anelastic strain hysteresis of an arbitrary form, for
sake of simplicity, of the unlocalized friction type, Fig. 1
The energy dissipated in a cycle of vibrations in a unit v
ume corresponds to the area within the hysteresis lo
DW5rsd«. We define theaverage friction stress, s̄ f , by
DW54s̄ f«an

0 , where «an
0 is the anelastic strain amplitude

On the other hand, by definition, the strain amplitud
dependent decrement and the Young’s modulus defect
dh5DW/2W andDE/E5«an

0 /«0 . Since the strain amplitude
dependences of the IF and modulus defect are available f
the experiment, one can easily deduce the average fric
stress directly from the experimental data:

s̄ f5
DW

4«an
0 5

dh

DE/E

E«0

4
,

or, in terms of the ADIF to ADMD ratio,

s̄ f5r
E«0

4
. ~5!

For example, in the case of a ‘‘simple hysteresis,’’22 the
average friction stress should exhibit a linear increase w
the strain amplitude. The notion of friction stress acting o
moving dislocation in solid solution has been used in Re
10 and 14. The mean value of the frictional stress was
duced from the whole strain amplitude dependence of
decrement by fitting a certain phenomenological equation
the present work we propose analyzing the stress ampli
dependence of the average friction stress.

Figure 12 shows how the average friction stress may
used to reveal the formation of pinning atmospheres a
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result of high-temperature annealing of a Cu-Ni crystal. F
ure 12~a! represents the stress amplitude dependences o
IF and modulus defect for an initially annealed Cu-2.3 at
Ni specimen. The stress amplitude,s0 , was derived from the
elastic strain amplitude«0 using the measured value of th
Young’s modulusE5136 GPa for the Cu-2.3 at. % Ni crys
tal: s05«03E. Similar results are depicted for the sam
specimen after deformation at room temperature in thr
point bending. Figure 12~b! shows the stress amplitude d
pendence of the r value, whereas Fig. 12~c! represents the
amplitude dependence of the average friction stress, ca
lated according to Eq.~5!. As usual, three stages of ADI
and ADMD behavior can be discerned; see Fig. 12~a!.
Clearly, prestraining leads to an overall increase of the AD
and ADMD. The ADIF and ADMD at the low-amplitude
stage~below;1 MPa! increase with prestrain to the greate
extent. However, the slope of the amplitude dependence
this stage is almost unchanged. At moderate stress am
tudes~1–3 MPa! both the ADIF values and the slope of th
stress amplitude dependence change with prestrain. The
plitude dependences of the IF and modulus defect bec
more gradual after deformation of the specimen. We re
here that the same regularities have been found in the s
amplitude dependence of the annealed and deformed s

FIG. 12. Influence of annealing at 973 K and prestrain at room tempera
on the stress amplitude dependence of the amplitude-dependent interna
tion and the Young’s modulus defect~a!, their ratio~b!, and average friction
stress~c! for a Cu-2.3 at. % Ni specimen.
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mens at low temperatures, Fig. 1~b!: the athermal low-
amplitude ADIF stage had the same slope for the anne
and deformed samples and for different Ni contents; de
mation and Ni content influenced the absolute values of
ADIF at this stage; ~2! the slope of the temperature
dependent ADIF stage at moderate strain amplitudes
creased with Ni content, and was the highest for an anne
Cu-2.3 at. % Ni specimen.

Figure 12~b! shows that for the annealed specimen
pronounced maximum of the r value exists. The position
the maximum corresponds to the steep part of the stress
plitude dependence which occurs at stress amplitu
;~1–3! MPa.

Finally, two observations merit closer attention to t
behavior of the average friction stress, Fig. 12~c!. First, the
average friction stress is nearly the same for the annealed
deformed states at low and high stress amplitudes. Secon
moderate stress amplitudes, a kind of smooth maximum
observed for the annealed state. In the vicinity of this ma
mum, the friction stress is noticeably higher for the annea
than for the deformed state of the specimen.

The above mentioned regularities correspond fairly w
with the suggested hierarchical model of the ADIF in so
solutions, if one assumes that high-temperature annea
~20 h at 973 K! leads to formation of pinning atmosphere
around dislocations. It is reasonable to suggest that the a
spheres are not too extended and that they represent s
short-range obstacles for dislocations. According to the s
gested model, the low-strain amplitude stage of the ADIF
solid solutions is mostly due to the interaction of dislocatio
with PO distributed in the bulk. Therefore, the formation
atmospheres does not influence the functional form of
ADIF on the low-strain amplitude stage, since the slope
the low-amplitude IF stage does not depend on the Ni c
tent; see Fig. 1~b!. In contrast, the formation of atmospher
strongly affects the steep ADIF stage at moderate stress
plitudes, which is supposed to be due to the dislocation
teractions with the solute atoms situated close to the dislo
tion glide plane. In this stage the slope of the IF and
modulus defect stress amplitude dependence increases
Ni content, Figs. 1~b! and 4. The effect of the annealing
similar to the increase of the Ni content; see Figs. 1~b! and
12~a!. This is an indication of a higher solute atom conce
tration around the dislocations in the annealed state. Ap
ently, interaction of dislocations with the solute atoms for
ing the atmospheres leads to an increase of the friction st
at moderate stress amplitudes, Fig. 12~c!. At higher stress
amplitudes, when dislocation motion occurs on a larg
scale, the contribution of atmospheres becomes less sig
cant, and the friction stress for the annealed and deform
states again attains the same values, Fig. 12~c!.

Thus, the suggested qualitative model accounts also
the difference in the ADIF of prestrained and annealed cr
tals.

D. Qualitative model for temperature/frequency
dependence of the ADIF in solid solutions

As stated above, the ADIF at low strain amplitudes, lo
temperatures and high frequencies is predominantly du
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the athermal motion of dislocations over long-range o
stacles distributed in the bulk of a crystal. However, the pr
ence of weak long-range obstacles should also influence
ADIF behavior at moderate and high strain amplitudes. T
influence should be especially pronounced at high temp
tures and low frequencies, when short-range strong obsta
become progressively weaker. Schematically, the influe
of temperature and frequency on both the low-amplitude
and the ADIF at moderate and high strain amplitudes can
seen in Fig. 13. One expects that, at very high temperatu
low frequencies, the motion of dislocations is again govern
by weak athermal obstacles, even at rather high strain am
tudes. It is remarkable that in this limiting case the str
amplitude dependence of the IF transforms in the wh
range of strain amplitudes into a strain amplitude-depend
hysteretic damping determined by an average loop len
L2 , much higher than that at low temperatures/high frequ
cies, L1 . It means that the frequency- and temperatu
dependent steep ADIF component should diminish with
creasing temperature/decreasing frequency. Apparently,
experimental data in Fig. 8 correspond qualitatively with t
hypothesis suggested. We should mention here that the
posed analysis does not account for possible contribution
larger scales of the defect structure, which might beco
important at high values of anelastic strain~high tempera-
tures, low frequencies!. For instance, dislocation-dislocatio
interactions can contribute considerably to the ADIF.3–7

V. CONCLUSIONS

Detailed experimental investigations of the ADI
ADMD and dislocation anelastic strain in single crystals
the Cu-Ni system in wide temperature and strain amplitu
ranges and at different frequencies reveal the existenc
several stages of dislocation microplasticity. These stages
ascribed to the athermal and thermally activated motion
dislocations over stress fields of solute atoms.

The variety of the experimental observations can be
plained self-consistently considering dislocation motion
the two-component array of the PO. The distinctive feat
of the present approach is the assumption that weak obst
are long range and athermal ones, whereas strong obst
are short range and can be overcome with the assistanc
thermal activation. These types of dislocation-PO inter

FIG. 13. Schematic representation of the influence of temperature and
quency on the amplitude-dependent internal friction in solid solutions.
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tions correspond to the solute atoms distributed in the bulk
a crystal and in the dislocation glide plane respectively.

A qualitative explanation for the formation of the low
amplitude IF background in solid solutions in different tem
perature and frequency ranges has been suggested.
asymptotic ranges are expected where the ADIF should
hibit temperature- and frequency-independent behavior.

Low temperatures, high frequencies.Here, the hysteretic
IF background should be observed due to the disloca
motion over weak obstacles. The average dislocation l
length is determined by the strong short-range obstac
which can be overcome at higher strain amplitudes, prod
ing the temperature- and frequency-dependent ADIF sta

High temperatures, low frequencies.The ADIF in this
domain is again mostly due to the dislocation motion ov
weak long-range obstacles. However, the ADIF here sho
attain much higher values due to the increase of the ave
loop length. The steep temperature- and frequen
dependent ADIF stage should diminish in this domain, m
ing the ADIF again frequency and temperature independ
in a wide range of strain amplitudes.

A more detailed microscopic model is under develo
ment.
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