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Experimental investigations of the internal friction and the Young's modulus defect in single
crystals of Cufl.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 frequendykdiz. 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 amplituded@ '—10 %), 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 Physids$0021-897@9)03802-3

I. INTRODUCTION solutions is traditionally considered to be due to motion of
dislocations in an array of obstacles, randomly distributed in
Dislocation-point obstacléPO) interactions are tradi- a glide plané:**~'°When the overcoming of obstacles by
tionally considered as basic to the amplitude-dependent indislocations is thermally assisted, the existence of a relax-
ternal friction (ADIF) in crystals(see Refs. 1 and 2, and ational maximum is predicted in the strain amplitude, tem-
references therejn although other structural scales could perature and frequency domains. Maxima of this type have
also be relevant, especially in the low-frequency rahide. been reported in temperature and strain amplitude domains
Random solid solutions are inviting materials for experimen<for Cu-Al alloys®?* and for Zr(Ref. 16 in the Hz and low
tal and theoretical investigations of the dislocation-POkHz ranges, respectively.
interaction-related internal frictio(iF), since they often sug- The origin of the low-strain amplitude IF background is
gesta priori information on the PO concentration and the less well understood. A considerable amount of work, done
binding energy with a dislocation, or even rule out the appli-since the early 1950s, has shown that the low-amplitude IF
cability of certain IF models. For instance, the classical osbackground in different materials is nearly frequency inde-
cillating string and the string breakaway Granato anddeu  pendent in the kHz rang@;?” and is orders of magnitude
modelé§ are usually considered impractical in the case ofhigher than that predicted by the oscillating string Granato-
concentrated solid solutiods?where the distance between Liicke model. Several models were suggested to explain the
solute atoms is comparable with the Burgers vector magniweak frequency dependence and the high values of the low-
tude. From a theoretical standpoint the ADIF in random solidamplitude IF backgrount*°?8Quite remarkable is a com-
parison of the results in Refs. 19 and 28. To explain the high
Ipermanent address: A. F. loffe Physico-Technical Institute, 194021 stvalues of the IF background in solid solutions in the low-
Petersburg, Russia; electronic mail: Koustov@igahpse.epfl.ch frequency range, Grematfichas suggested that the hysteretic
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(frequency-independentiow-amplitude IF background in data are obtained at a frequency near 100 kHz and compared
solid solutions originates from the long-range interaction ofwith results in the low-kHz range. The Cu-Ni system was
dislocations with elastic stress fields of obstacles situatedelected for the experimental study due to the complete solid
away from the dislocation glide plane. In this case, the IFsolubility of its components. Another advantage is the ab-
background is weakly strain amplitude dependent and a trarsence of a time dependence of the IF in Cu-Ni alloys at low
sition to the strongly amplitude-dependent IF occurs wherand moderate temperatures, indicating the lack of PO mobil-
dislocations overcome strong short-range obstacles distriity and segregation of solute atoms. Therefore, the Cu-Ni
uted close to the glide plan@vithin the dislocation core  system provides a nearly perfect example of a random solid
Distinguishing between two types of dislocation interactionssolution. In the present work we give a qualitative explana-
with obstacles having the same origin also permitted the auion for the variety of experimental observations based on the
thor to explain the regularities of the “peaking effect” dur- concept of dislocation motion in a two-component array of
ing irradiation of crystal€:?® In a recent theory of the IF in the PO. In Ref. 33, we suggested a microscopic model that
solid solutions, D’Annaet al, on the contrary, neglected accounts for both thermally activated and athermal contribu-
elastic interactions and considered solely the thermally agions to dislocation microplasticity in solid solutions. The
sisted interaction of mobile dislocations with an array of ob-model predicts IF behavior which is in good agreement with
stacles distributed in a glide plah®They concluded that, at the experimental data over the range of low, moderate and
frequencies well below the dislocation-phonon relaxationhigh strain amplitudes. The influence of temperature, fre-
maximum (~10-100 MH2, a purely strain amplitude- quency and alloy composition on the IF, qualitatively pre-
independent IF should exist due to the thermally activatedlicted by the model, also corresponds with available data
dislocation-PO interactions. This amplitude-independent IRNd the results of the present research.
increases weakly with decreasing frequency, as opposed to
the oscillating string Granato-icke theory, and transforms || ExpPERIMENTAL DETAILS
into the ADIF with increasing strain amplitude. Thus, com- o
pletely different approaches with respect to dislocation-pd®- Intermal friction measurements
interactions have been employ&é®to account for the same The strain amplitude dependence of the IF and the
phenomenon. Clearly, the issue needs detailed experimentgbung’s modulus defect for 7-300 K was measured by
verification. means of the piezoelectric composite oscillator technffue,
The problem of thermally activated and athermal dislo-using longitudinal oscillations at a frequency of about 100
cation microplasticity is relevant also to the general concepkHz. Specimens were cooled/heated in a He atmosphere un-
of the ADIF. Here, the ADIF frequency dependence is theder pressure of-10 kPa with a cooling/heating rate of ap-
basic challenge. According to Ref. 29, Kelvin was the first toproximately 1 K/min. A computer-controlled sefiipermit-
study the frequency dependence of the ADIF, using torsionaled measurement of the continuous temperature spectra of
oscillations of wires. His data were irregular; neverthelessthe IF and resonant frequency of the oscillator for two se-
the conclusion was drawn that the frequency dependence tdcted magnitudes of the oscillatory strain. The two values of
the ADIF is weak. Since that time, numerous attempts havehe strain amplitude were stabilized in turn for each tempera-
been undertaken to obtain convincing results concerning thtre step(1 K) and were usually selected to fall within ap-
ADIF frequency dependence. Ré3deported that the ADIF  parently strain amplitude-independent and strain amplitude-
in Zn single crystals was very nearly inversely proportionaldependent ranges. The difference between the IF at high and
to the frequency of longitudinal vibrations at 38 and 76 kHz.low strain amplitudes gives the strain amplitude-dependent
On the other hand, Nowiék and Takahasft did not ob-  part of the total IF. The strain amplitude dependence of the
serve frequency dependence of the ADIF, employing resol and resonant frequency, in the strain amplitude range of
nant longitudinal and flexural oscillations for single andapproximately 10’—10 4, was taken at selected tempera-
polycrystalline Cu, respectively. Hiki also reported that thetures during the same cooling/heating run. In the present
ADIF in lead was independent of the vibration frequency inwork only the strain amplitude dependence of the IF and the
the kHz range! Recently, the frequency dependence of theYoung’s modulus is considered in detail. During the mea-
ADIF has been studied at room temperature over a widsurements of the strain amplitude dependence the oscillatory
range of frequencies from infrasonic to ultrasonic for a num-strain amplitude was first increased with a preset step from
ber of crystals by means of several techniques, includinghe lowest value, and then decreased in a reverse sequence. It
direct registration of the dislocation anelastic sttif?The  took approximately 1-2 miridepending on the number of
conclusion has been drawn that the ADIF does depend opointy to measure a strain amplitude dependence of the IF
frequency, and that it is determined by contributions by dif-during cooling/heating of the specimen. The measurements
ferent, but interrelated, mechanisms, both athermal and theof the strain amplitude dependence during cooling and heat-
mally activated ones. However, results on the combined ining gave essentially similar results for prestrained samples.
fluence of the temperature and frequency of vibrations onthe The decrement of the specimed,, was determined
ADIF are still lacking. from the total measured decrement of the composite oscilla-
In this article we report the results of experimental in-tor, 8,, and the decrement of the quartz transducer alone,
vestigations of the ADIF and low-amplitude IF background &,:mgds+mgd,=m;6;, wheremg,m,, andm; are masses
for Cu-Ni alloys of varying Ni contents, performed over of a specimen, quartz transducer, and the total mass of the
wide strain amplitude and temperature ranges. Extensivescillator, respectively? Before experiments with the com-
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posite oscillator the temperature dependence of the IF in the
guartz transducer alone was measured at different strain am-
plitudes. The decrement of the transducer alone changed
from ~10™ 4 at room temperature te 4x 10 ° at 7 K. The
IF of the transducer did not exhibit strain amplitude depen-
dence in the investigated range of strain amplitudes.

The IF was measured also at a frequency near 800 Hz by
means of free decay of flexural oscillatioffsModification
of the previous experimental setifpjncluding computer
control and recording, enabled one to perform the measure-
ments with higher precision and in a wider strain amplitude
range.

(@

Decrement

- Cu-1.3Ni
—— Cu-2.3Ni
- Cu-3.2Ni
=~ Cu-7.6Ni

B. Material and preparation of specimens

10"
Cu-Ni alloys with different Ni content$1.3, 2.3, 3.2, 107 5
and 7.6 at. %were prepared from 99.999% Cu and 99.998% ] -

. ) . : -~ Cu-1.3Ni, 7K
Ni by melting them in an argon arc furnace. Single crystals 1 |- cu23Ni 7K
with dimensions of 1.810xX120mm were grown from 1024 | e cu-32Ni, 11K
seeds by the Bridgman technique in an argon atmosphere in ] |=—cu-7.6Ni, 8K
graphite molds. Plate-shaped crystals with a surface parallel ]
to the(111) plane were oriented for single sl{chmid fac-
tor 0.45-0.49. Specimens with dimensions of X3.0x 80
and 1.5<2x18 mm for the free decay and for the composite
oscillator techniques, respectively, were spark cut from the
grown crystals. The specimens were annealed in vacuum at 10 3
973 K for 20 h and then furnace cooled. The strain amplitude 2
dependence was measured first for the annealed specimens. : il (b)
Then the specimens were deformed, without regluing them 1075 T rrr———rrrer
to a quartz transducer, into three-point bending to a sag of 107 107 10° 10" 107
0.05 mm with a span between the lower deforming fixtures Strain amplitude
of 11 mm.

Decrement

107

FIG. 1. Strain amplitude dependence of the decrement for specimens of Cu-

(1.3-7.6 at. % Ni crystals at room temperatui@ and at 7—11 K(b). All

11l. EXPERIMENTAL RESULTS the results correspond to the prestrained specimens, except for an annealed
Cu-2.3 at. % Ni specimen at 7 K.

A. Influence of temperature on the strain amplitude

dependence of the internal friction

. . . 1. Low strain amplitudes
Figure 1 shows the strain amplitude dependence of the W stral pit

IF, taken at ambient and low, 711 K, temperatures for the At low temperaturegFig. 1 (b)], the strain amplitude
prestrained specimens with different Ni contents. The curve§€pendence shows no amplitude-independent range whatso-
corresponding to a strain amplitude incredgeward run ever. At the lowest strain amphtudes_ the strain amplitude
and decreas@everse rup as indicated by arrows, are de- dependence of the decremefjtcan be fitted by power func-
picted in Figs. 18) and Xb). Clearly, the direct and reverse tions of strain amplitudey with an exponenh~0.7-0.8:
runs of the strain amplitude dependence coincide fairly well Sh=F(c)el, (1)
at both low and ambient temperature. This observation indi- ] ) ]
cates the stability of the structure, related to the ADIF, angvhereF(c) is a function of the Ni content. o
allows one to exclude dislocation multiplication by ultra- ~ The independence of the stress exponent of the impurity
sound. Indeed, dislocation multiplication by vibrations, con-Content is to be noted. The low-amplitude stage is most pro-
trary to our data, is accompanied by a pronounced straifounced for a Cu-7.6 at.% Ni crystal. The IF in the low-
amplitude hysteresigthe ADIF on the reverse run of the famplltu_dg range at elevated temperatures will be examined
strain amplitude dependence is higher than on the forward detail in Sec. 111 B.
one.*6~38 For the sake of clarity, only one rusually the . ,
forward one will be treated hereafter. 2. Moderate strain amplitudes

As we reported earlie?’*° the strain amplitude depen- The weakly amplitude-dependent part of the IF trans-
dence of the decrement is exhibited for all of the alloy com-forms here into a strongly amplitude-dependent one. This
positions in several stages, and are most clearly distinguishddansition is very abrupt at low temperatures and high impu-
at low temperatures. Transitions between stages depend oity concentrations, and becomes rather gradual with a tem-
the temperature and on the Ni content. Nevertheless, theerature increase and for lower Ni content. This stage per-
strain amplitude dependence of the decrement can be sepsists at both elevated and low temperatures for all of the
rated into three typical ranges. alloys. Here, in contrast to the low-amplitude stage, the slope
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FIG. 2. Strain amplitude dependence of the decrement for a specimen of 0 5 10 15
Cu-7.6 at. % Ni crystal for 8—-277 K. The measurements were made during Strain amplitude, 10°
cooling.

FIG. 3. Strain amplitude dependence of the decrement for a specimen of
Cu-7.6 at. % Ni crystalthe same as in Fig.)Zor temperatures of 8—210 K

of the strain amplitude dependence increases significant/§d strain amplitudes 16-1.5<10"*.
with the impurity content, Fig. (b). It also reaches very high
values at low temperatures for the annealed state of a Cu-2

) . s%age shifts to lower strain amplitudes with a temperature
at. % Ni specimen.

increase and falls within the depicted range. Thus, it appears
3. High strain amplitudes reasonable to suggest that the low-amplitude part of the

Here, the strain amplitude dependence exhibits a tengtram amplitude dependence is formed by two components:

dency toward saturation, more or less pronounced, depené:g ﬁtvz?igr):] d:rp;:]?ee_ntth?sn ég?nsgig]n?rigp:gdz’ngilétlénfoip;ne'
ing on the temperature and the alloy composition. P ’ P P

As for the general tendency, Figs(al and ib) show constant slope of the strain amplitude dependence at differ-

that the typical strain amplitudes of transition from one stag ent temperatures; one  amplitude-independent,  but

to another are shifted to higher strain amplitudes with dee_%emperature—dependent, which is responsible for the parallel

creasing temperature and increasing impurity content. shift of t_he stralq amphtud.e dependence at different tempera-
tures, Fig. 3. This regularity can be traced for all of the alloy

compositions, except Cu-1.3 at.% Ni, where the second
stage of the ADIF is shifted at elevated temperatures to the
lowest strain amplitudes investigated, making the low-

amplitude stage barely detectable.

The transformation of the low-amplitude stage of the  The following procedure was used for further ADIF
strain amplitude dependence with temperature can be tracenhalysis. The IF component, depending on temperature but
in Fig. 2. Here, the strain amplitude dependence taken atot on strain amplitude, was subtracted from all the strain
different temperatures is depicted for the Cu-7.6 at. % Niamplitude dependences of the decrement taken at elevated
alloy, where this stage is the most pronounced and covers &mperatures. For each temperature, the criterion for select-
low temperature the strain amplitude range approximatelyng the subtracted value was the best fit of the low-amplitude
from 1076 to 10" *. Figure 2 indicates that this prolonged stage of the curvéFig. 3 with the strain amplitude depen-
stage changes to a seemingly amplitude-independent IF dence, taken at the lowest temperature. The results of this
160 K and above. For the lowest strain amplituded,0”®, procedure are represented in Fig. 4. This procedure is some-
the background IF increases approximately an order of magwhat arbitrary for the Cu-1.3 at. % Ni alloy close to room
nitude from 8 to 277 K. temperature, since, as mentioned before, the low-strain am-

In order to examine the initial part of the strain ampli- plitude stage of the ADIF cannot be detected accurately here.
tude dependence in more detail, the curves from Fig. 2, afhe results in Fig. 4 show clearly that, for each alloy com-
strain amplitudes below 12510 °, are depicted in Fig. 3 on position, a single low-temperature asymptote for all of the
a linear scale. Most remarkable is the fact that the IF isstrain amplitude dependence curves exists in the low-
amplitude dependent and the slope of the strain amplitudamplitude range. For all of the alloy compositions, there is a
dependence are likely to be the same in the range, 8—210 Kransition stage to a pronounced strain amplitude dependence
At elevated temperatures, 159 and 210 K, deviation from thi®f the IF. Two observations related to this transition stage
regularity is observed at a strain amplitude-eL0™°. This  merit attention. First, the onset of the deviation from the
is due to the fact that the initial part of the second ADIFasymptotic low-temperature ADIF curve shifts to lower

B. Analysis of the low-amplitude internal friction
background and the Young’'s modulus defect at
100 kHz
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FIG. 4. Strain amplitude-dependent part of the decrement for specimens of Cu-7.6 afa@oQ\i-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 specimen. The
measurements were made during coolfay (c) and heatingb), (d).

strain amplitudes with the decrease of the impurity contentwere taken in a wide strain amplitude range. The data in Fig.
Second, this transition is very abrupt at low temperatures anfi(a), apart from the lowest strain amplitudes which are ob-
becomes more gradual with increasing temperatures. scured by the necessary procedure of deriving the ADMD,
Figure 5a) shows the strain amplitude dependence ofcorrespond perfectly with the regularities revealed in the
the Young’s modulus defect for a Cu-7.6 at. % Ni specimenstrain amplitude dependence of the decrement. The existence
corresponding to the IF data in Fig.(at Since the of a similar low-temperature asymptote, weakly dependent
amplitude-independent modulus defect is not known, onlyon the strain amplitude, is obvious. The deviation of the
the amplitude-dependent part of the modulus defect can h&DMD from this asymptote with increasing temperature is
obtained. The amplitude-dependent Young's modulus defeatery much like that for the strain amplitude dependence of
(ADMD), AE/E, is conventionally derived from the reso- the decrement. Since the ADMD represents an independent
nant frequency of a speciménwhich depends on the strain parameter, these results provide evidence of the correctness
amplitudeeq: (AE/E)(eg) =2[fi—f(eg)]/f;, wheref, isthe  of the procedure used to derive the amplitude-dependent part
resonant frequency of a specimen in the strain amplitudeef the IF in Fig. 4.
independent range. In the present results, the strain Figure §b) shows the strain amplitude dependence of
amplitude-independent range was not revealed for the resthe in-phase component of the anelastic strain amplitude for
nant frequency, as was also true for the IF data. Thereforeghe Cu-7.6 at. % Ni specimen obtained from the strain am-
the resonant frequency of a specimen at the lowest straiplitude dependence of the modulus defect:
amplitude was assumed to be This substitution, evidently,
may lead to an underestimation of the value of the ADMD,
especially at the lowest strain amplitudes, but cannot influ- £f£0) = _E(8 e @)
ence the general regularities substantially, since the data 2" % g ““0%0
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FIG. 5. Strain amplitude dependence of the Young’s modulus dé&feanhd
anelastic strain amplitudgo) for a specimen of Cu-7.6 at. % Ni crystal for

8-280 K. The measurements were made during cooling. displayed as well and show a considerable increase with pre-

strain of the IF for all stages of the strain amplitude depen-

The data in Fig. &) demonstrate that the temperature- dence. .Several remarks are necessary here congerning the
independent and weakly strain amplitude-dependent IF co zomparison of thg data obtained by different techniques and
ponent covers, at low temperatures, the range of anelastl@” dn_‘ferent Specimens. . .
strain exceeding three orders of magnitude. F_lrst, one cgnnot exc_lude acmdental_ cold-working of the
Summarizing Sec. IlI B, we identify the low-amplitude Specimens during handling and mounting _procedure_. Such
IF background observed in the present work as a sum of twgold-worklng can .change the IF valueg con&der&b@g Fig.
components: a purely strain amplitude-independent, but temG)' To rule out t_h|s source of uncertainty, a comparison be-
perature dependent IF component a weakly strair‘}ween_ the specimen in the gnnealed state-tkHz and an
amplitude-dependent IF component, the key feature of whictitentionally deformed specimen at 100 l.(HZ ShOWS that t_he
is temperature independence at ultrasonic frequencies aﬂ'czj for all of the stage; is still notably .hlgher in the sonic
low temperatures. range .than at ultrasc.)nllc frequenc'(eee Fig. 6. Aq essential
detail is that prestraining of specimens mostly influences the
) ) o absolute value of the low-amplitude IF and ADIF, whereas
f(.)oclc()ﬂwzparlson of the internal friction data at 1 and typical strain amplitudes of the transition from one stage to
another are changed only slightly; see the curves for 100 kHz
Figure 6 shows the influence of frequency on the strairin Fig. 6. Decreasing the frequency below 1 kHz influences
amplitude dependence of the decrement for the annealed Cthe absolute values of the damping and noticeably shifts the
3.2 at.% Ni and Cu-1.3 at.% Ni specimens. Apparently transition stages of the ADIF to significantly lower values of
both the low-amplitude IF background and the ADIF at thestrain amplitude.
high-amplitude stage are substantially higher at a frequency Second, the thermoelastic relaxation should be consid-
around 1 kHz than in the 100 kHz range. The results for theered as a possible contributor to the amplitude-independent
same specimens measured-at00 kHz after prestrain are IF component in the kHz range. The time consta@ind the
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relaxation amplitude\ for simple bending of a thin rectan-
gular bar are given By* 1 [ cwsmi

-0~ Cu76Ni
T= aZCpp/(ﬂ'zk[),
A= EaZT/(pCp),

wherea is the specimen thickness,, the heat capacityp
the density,k; the thermal conductivityE the Young's
modulus,a the thermal expansion coefficient, afidhe tem-
perature.

The estimations performed for the present geometry of a
specimen show thafi) the maximum of the thermoelastic _
relaxation is expected at frequencies of 80, 37 and 13 Hz for o
pure Cu, Cu-2 wt% Ni and Cu-10 wt% Ni alloys, respec- 0 50 100 150 200 250 300
tively, and(ii) the decrement value at a frequency of corre- Temperature, K
sponding relaxation maxima at room temperature for all of
the alloy compositions should be of the order of 503, FIG. 7. Temperature dependence of the §train amplitude-independent inter-

. nal friction component for Cu-3.2 at. % Ni and Cu-7.6 at. % Ni crystals.
The Cp, p, k¢, and « values for Cu and for Cu-Ni alloys
were taken from Ref. 42. Since the thermoelastic relaxation
maximum is expected at frequencies 20—40 times lower than
the 800 Hz employed in the present work, the thermoelastic
damping is at least an order of magnitude lower than theCu-7.6 at. % Ni and Cu-3.2 at. % Ni alloys are represented in
measured low-amplitude IF level. Fig. 7. A maximum is observed in the temperature depen-

We mention here as well that the amplitude-independendience of the amplitude-independent IF near 110 K. The po-
apparatus background atl kHz is also at least an order of sition of this maximum corresponds rather well with the Bor-
magnitude lower than the measured IF values, this lowegoni relaxatior{the B2 peak for copper is expected near 100
value being necessary to observe the dramatic suppressionRffor frequency of 100 kHzZRef. 45], clearly pointing to
the IF background values with the increase of Ni conteeeé  the dislocation origin for the amplitude-independent IF com-
the present results, but for a wider range of Ni contents segonent, at least at the temperatures of Bordoni relaxation.
Ref. 12. However, the amplitude-independent component increases

Third, as far as the ADIF is concered, the intrinsic continyously at temperatures well above the temperature of
damping of the material should be compared rather than thge gordoni relaxation. The influence of the prestrain on the

damping of specimens measured by different technifi€s. IF, Fig. 6, can be used to verify the dislocation-related origin

The _conve_rsion of the measured damping to the int_rin_sic ONGf the amplitude-independent IF at elevated temperatures.
requires either a homogeneous or a well-known d'St”bUt'orEvidently, the low-amplitude IF background increases con-

of d|sl?(;at|onst '? the butlk.ofg specimen. TR'S requiremen iderably with prestrain. The amplitude-independent IF com-
cannot be met Ior prestrained specimens. A companson Qf, ot constitutes a substantial part of the low-amplitude

the intrinsic ADIF values_ N thg 1 and 100 kHz ranges for amping at room temperature. Therefore, the increase of the
annealed Cu-1.3 at. % Ni specimens was performed in Re ow-amplitude damping with prestrain is an indication of the
39, and the ADIF behavior, with a change of frequency, was P bing P

the same as in the present work. Besides, it is evident frorﬁ“s'loc{jltlon nature of the amplitude-independent IF compo-

the data in Ref. 39 that the influence of the frequency changréem at temperatures higher than that of Bordoni relaxation as

from ~800 Hz to 100 kHz is far in excess of the possiblewe”' There is a possibility that a significant part of the ul-

influence of the procedure of conversion to the intrinsictra‘gonIC amplitude-independent IF in th{_eloo kH.Z range,
damping. observed at temperatures above Bordoni relaxation, is due to

Thus, the conclusion can safely be drawn that the mea{—he linear viscous friction component, described by the oscil-

sured low-amplitude IF background and the ADIF are fre- ating string modef. The key issue here is very much like
guency dependent. Inasmuch as the IF on different stages Hfat .for the ADIF, the frequency dependence of the
the strain amplitude dependence is strongly influenced b@MPlitude-independent IF component. With regard to the fre-

prestrain, this frequency-dependent IF is due to dislocationduency dependence of the low-amplitude IF background, it is
quite remarkable to note that it increases with decreasing

frequency to~1 kHz, contrary to the expected contribution

of the viscous oscillating string componénitinfortunately,

the purely strain amplitude-independent component of the
A question arises at this stage concerning the nature dbw-amplitude IF background at1 kHz and its frequency

the strain amplitude-independent component of the lowdependence cannot be derived from the present results. How-

amplitude IF background, which was subtracted from theever, if the strain amplitude-independent IF component in-

total damping to derive the amplitude-dependent part of thereases with the frequency decrease, that is likely because of

IF in Sec. llIB. To clarify the source of this component, its a much higher low-amplitude IF background-at kHz as

temperature dependence has been analyzed. The results tmmpared to 100 kHisee Fig. 6; it could be the evidence in

—
<
i

A
1

Decrement, 10*

D. Origin of the strain amplitude-independent internal
friction component
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favor of the mechanism suggested for solid solutions by 107 3 =

D’Anna et al!® rather than the classical oscillating string Joon ] 2 8508e]

model® ] /
001 e

E. Influence of temperature and frequency on the | 10°

strain amplitude dependence of the internal friction

A comparison of the influence of temperature and fre- 10'25
guency on the strain amplitude dependence of the decrement ]

is shown in Fig. 8. Here, the strain amplitude dependences =
taken for Cu-1.3 at. % Ni and Cu-3.2 at. % Ni alloys at 100 S
kHz and at temperatures between 8 and 300 K are compared §
with those taken at room temperature and a frequency around ﬁ;?K
1 kHz. As mentioned before, the ADIF atl kHz is sub- 1077 ek
stantially higher for all of the ADIF stages. We wish to make ] :;}‘E
two important remarks here. ] a2k
First, three observations describe the data at both fre- 1 19K
guencies: the weak strain amplitude dependence at low strain . :ﬁggﬁ
amplitudes, the stronger variation in the intermediate range, * 295K, 850Hz @
and the saturation at high strain amplitudes. At high tempera- L —
tures the saturation transforms into a maximum for a Cu-1.3 10° 107 10° 10° 10"
at. % Ni crystal at a frequency 6f850 Hz, Fig. 8a). Strain amplitude
Second, an increase of the temperature and a decrease of 10"
frequency are equivalent in their action on both the absolute 0.004
values of the ADIF and the transitions between the ADIF ] /
stages. This is a clear indication of a thermally activated 1 00031
process. 1
The insets in Fig. 8 show in more detail the behavior of 102 | 0002 +—rrrer

the low-amplitude IF background atl kHz on a linear

scale of damping. Clearly, the IF is strain amplitude depen- _______/""

dent over the entire strain amplitude range investigated.

Moreover, it appears that the IF at low strain amplitudes may g ,

have its own substructure at low frequencies. For the Cu-3.2 Z 107 4

at. % Ni alloy the IF increases noticeably at strain amplitudes =

from 10”7 to 3x 10 7. This increase becomes more gradual, ]

exhibiting a kind of a plateau at>310 '—2x 10 ®, and ] T_;;E

only then is followed by the second, steep ADIF stage. B
1 -9

IV. DISCUSSION ] ™I2K
1 -o—- 182K

A. Comparison with available experimental data 1 —©-265K

« 295K, 760Hz )]

The IF in crystals of the Cu-Ni system has been reported 10°%
in Refs. 12, 39, 40, and 46. The measurements fof@A+— 107 0° 10° To* 10°
7.6) at. % Ni single crystals performed by Nishieoal? at
temperatures of 140-295 K in thel kHz range covered a
somewhat narrower strain amplitude range than that in th&lG. 8. Strain amplitude dependence of the decrement for prestrained Cu-
present work, and therefore 0n|y the strain amplitude-1-3 at. % Ni(a) and Cu-3.2 at. % Ndb)_ specimens for the range 7—-300 K at
. . . .. a frequency of~100 kHz. The strain amplitude dependences, taken at a
mdependent IF and a single stage of the ADIF were _dlsun'frequency~1 kHz for annealed specimens of the same compositions, are
guished. The results were analyzed from the standpoint of shown as well. The insets depict the initial parts of the strain amplitude
phenomenological approaéﬁpermitting one to deduce the dependences atl kHz with a linear scale for the ordinates.
microyield stress from ADIF data. Gottschall and Besffers
investigated the strain amplitude dependence of the IF in Cu-

(0-4) at. % Ni single crystals at a frequeney22 kHz in the  ADIF stage at low strain amplitudes, which is persistent in
temperature range 95-297 K. The strain amplitude rangeur results especially at the lowest temperatures and highest
corresponded to that of the present work and even slightlgoncentrations of Ni. Nevertheless, Gottschall and Beshers
exceeded it at 95 K. However, the scatter of the data wadid distinguish two stages of the strain amplitude depen-
considerable, and the damping values for a high Ni contentlence: the temperature-dependent and the nearly
alloy were “obscured by the limits of sensitivity of the ap- temperature-independent stages at moderate and high strain
paratus” at the lowest temperatufePerhaps, that is why amplitudes, respectively. The ADIF saturation and, some-
the author® did not observe the temperature-independentimes, formation of the ADIF maximum at high strain am-

Strain amplitude
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plitudes are persistent in their d&téor all of the alloy com-  Baur and Benoff?’ reported that the low-amplitude IF
positions, although they did not mention this regularity. Inbackground was practically temperature independ260—

our previous work>° the strain amplitude dependence of 300 K) and seemingly frequency independ¢dt3—3 kH2.

the IF was measureth situ during deformation of Cu-Ni  This low-amplitude IF background has been attributed to a
single crystals at room temperature. No qualitative influencdind of hysteretic interaction of dislocations with point
of the deformation process on the ADIF was reported, pointdefects, different, however, from the dislocation
ing to the stability of the dislocation-PO structure due to lowbreakaway®?’ Lauzier et al>® ascribed the amplitude de-
Ni atom mobility at low and moderate temperatures. Thependence of the low-amplitude IF background, at least in the
same stages as in the present work were observed in thegion of Bordoni relaxation, to the nonlinear properties of
strain amplitude dependence insofar as the ranges overlapthe kink pair formation mechanism.

The results of Joret al® on the ADIF in a-brass with The substructure of the low-amplitude IF background
20% and 35% Zn, obtained in a wide strain amplitude rang&vas revealed both in pure Cu and in Au-Pt solid solutions.
at room temperature, are quite indicative. The authces  The IF rose steeply below a strain amplitude -ef1-3)
vealed the same stages of the strain amplitude dependencel10 7, and then slowly increased at higher strain
as in the present work: an amplitude-independent one at th@mplitude<’”*° This regularity corresponds with our data at
lowest strain amplitudes, below approximately (2-3)a frequency of~1 kHz; see Fig. 8. Quite remarkable was
X107, depending on the composition, grain size and pretheir observation that the stage of the initial increase of the
history of the specimerithis range has an upper limit of |F background shifted to higher strain amplitudes with de-
~10"° for pure copper, a weakly amplitude-dependent one creasing temperatufé®° This fact apparently contradicts the
at moderate strain amplitudes below approximately (1-2)uggestion of a purely athermal hysteretic mechanism for the
x10™4; a strongly amplitude-dependent one with a saturajow-amplitude IF backgroungf:?">!
tion at the highest strain amplitudes above (1x2p~*. The present results clearly indicate that the weakly
The stages were shifted to somewhat higher strain ampliamplitude-dependent IF stage at low strain amplitudes is per-
tudes, as compared to the present results, perhaps due to #)etent for different alloy compositions over wide ranges of
higher content of the alloying element and its higher bindingtemperature and frequency. Comparison with the available
energy with dislocations. data shows that this low-amplitude ADIF stage is character-

Thus, the experimental data in the present work correstic of solid solutions of different compositions as well as of
spond well with previously performed research, but are muchgther pure face-centered-culifcc) metals. Other dafg4°
more comprehensive due to the wide temperature and strahow that weakly strain amplitude-dependent athermal IF
amplitude ranges employed and the precision of the meagy|so persists in a wide range of strain amplitudes and attains

surements. very high values in the low-symmetry martensitic phase of
Cu-Al-Ni crystals. Thus, one comes up against a rather gen-
B. Suggested mechanisms for the multistaged eral phenomenon, a model for which is still lacking.
amplitude-dependent internal friction in Cu-based The most salient feature observed in the present work,
solid solutions one which should be used to suggest an explanation, is the

temperature independence of the low-amplitude ADIF com-
ponent at ultrasonic frequencies, 100 kHz, and low tem-
We will consider below only the mechanisms suggestegeratures; see Figs. 4 and 5. Decreasing the frequency to the
for the strain amplitude-dependent components of the IF. Nd kHz range and increasing the temperature lead to the for-
specific mechanism was proposed for the weakly amplitudemation of a low-amplitude IF background with typical sub-
dependent part of the strain amplitude dependence, observsttucture, as previously reporté®’°*°To obtain an expla-
by Jonet al. ® The authors supposed, however, that fluctua-nation of this effect, we intend to analyze in more detail the
tions in solute atom distribution, with spatial wavelength transition stage between the temperature-independent low-
>w,, wherew, is the kink width, are responsible for the amplitude ADIF and the strongly amplitude-dependent stage
strong pinning of dislocations, whereas single impurities pro-at higher strain amplitudes.
vide much weaker pinning. The region of the weak strain ~ The observed regularities in the behavior of the low-
amplitude dependence was identified as due to the unpinnirgmplitude ADIF stage can be explained self-consistently
of dislocations from weaker pinning points. As mentionedbased on the Gremaud model of the athermal hysteretic IF
before, this stage has not been discerned by Gottschall arzhckground:?® accounting for the dislocation-strong ob-
Besher®® or by Nishinoet al? stacle interaction as well. According to the Gremaud model,
As for other materials, a similar weakly strain an adequate description of dislocation-PO interactions
amplitude-dependent  and essentially  temperatureshould consider the PO as distributed in the bulk of a
independent IF was observed in t8¢ martensitic phase of crystal>?® With respect to a gliding dislocation, obstacles
Cu-Al-Ni crystals at a frequency of100 kHz?849 An ex-  situated close to the dislocation glide plane represent strong
planation was suggested based on the Gremaud concept stiort-range obstacles, which can be overcome with the assis-
the athermal interaction of dislocations with the PO distrib-tance of thermal fluctuations. Those obstacles which lie apart
uted in the bulkk® A weakly strain amplitude-dependent IF from the glide plane interact elastically with a dislocation.
was observed at low strain amplitudes in the kHz range inrhis weak elastic interaction is long range. Because of the
99.999% Cu? pure Au?® and Au-Pt dilute solid solutior®.  very large activation distances, weak obstacles can be over-

1. Low-strain amplitude range
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come only athermally. Following Refs. 2 and 28, the hyster-  Experimentally, this type of low-amplitude IF behavior
etic interaction of a dislocatiofwith or without hard pinning is observed at low temperatures in the present work for
points with the weak long-range obstacles is at the origin ofCu-Ni crystals and in the Cu-Al-Ni allo§?*°
the low-amplitude athermaltemperature- and frequency- b. Moderate temperatures and intermediate frequencies.
independent and weakly strain amplitude-dependent IF in In this range, overcoming a progressively larger amount of
solid solutions. At higher strain amplitudes, a transition tostrong short-range obstacles becomes possitle to the
the thermomechanical breakaway from strong obstacles wdbermal energyin the most favorable dislocation configura-
predicted’ tions. Still, weak long-range obstacles also impede disloca-
The low-temperature behavior of Cu-Ni crystals and thetion motion. From the standpoint of dislocation motion in a
Cu-Al-Ni alloy at a frequency of~100 kHz is in qualitative two-component array of obstacles, this is the most compli-
agreement with the predictions of the Gremaud model. Howcated region, where overcoming the strong and weak ob-
ever, the modé?® considers, at the low-amplitude stage, in- stacles is strongly interrelated. Here we suggest that, at low
teractions of dislocations solely with weak long-range ob-and moderate strain amplitudes, when the temperature is in-
stacles. Therefore, the hysteretic low-amplitude IF iscreased or the frequency decreased, a certain number of
expected to be purely temperature and frequency indepe§irong obstacles are so situated as to be overcome during the
dent. In the present work the deviation of the IF with increas-course of a stress maximum, leading to an increase of the
ing temperature from the single low-temperature asymptot@verage length of a dislocation segment moving through
is observed to shift over a wide range of strain amplitudesveak long-range obstacles.
Fig. 4. This clearly indicates that the interaction of mobile At 100 kHz, this region corresponds to the temperature-
dislocations with strong obstacles already occurs in the straif"d frequency-dependent transition stage from the purely
amplitude range, where the low-amplitude ADIF is pure|yhysteret|c background to the strongly strain amplitude-
hysteretic at low temperatures. Thus we conclude that, in thdePendent ADIF.

range of strain amplitudes investigatetislocation motion _C. High temperatures, low frequencieslere, thermal
in a two-component system of obstacles should be consig@d'tation reduces the_ average force due to short-range ob-
ered rather than pure hysteretic interaction solely with stacles. Thus, the efficiency of athermal obstacles and ther-

weak long-range obstacle?® mal on(tahs mayb_t;_?cone_ (iom?_arablbe. One expe(_:tt.:,]| that;c |ntt:|s
Dislocation motion in a two-component system of ob- range, the mobiiity of disiocations bécomes, as it does for the

stacles has been investigated theoretically; see, for examplI ’\r/]v-ti;r;]pzragubr;;;rége, S(:re];rr?hn;? E;i(jc(;rtlrr‘aat‘ir]c::]y il;y xﬁiﬁ
Ref. 52. However, usually weak obstacles were considereﬁf g 9 ' .

. . . . igher than that of the thermal ones. Thus, decreasing fre-
as due to short-range dislocation-PO interactions. The stro

n . . rea
obstacles were ascribed to the interactions of a mobile disloc?uency and/or increasing temperature leads to limiting con-

cation with forest dislocatior®. The weak obstacles were ditions where the hysteretic background model is again ap-

. . licable. However, in contrast to the low-temperature/high
considered as thermally activated, but the strong ones af:s . .
requency range, the average dislocation segment length be-

?trgirfrfnfl r?t Iot\)/v t?\?d rr??hderatertemkr]) erat:rierihTherfuni?:;e%;omes much longer, since short-range obstacles do not act as
al dinerence between e approach use € prese %ard pinning points any more. Here, another level of defect
and previous ones is twofold. First, both we@ddng-range

q h b | h h . . structure determines the strong pinning points for a mobile
an _strongs ort-ran_g¢9 stacles may have the same ongin dislocation, for instance, the nodes of a dislocation network.
(for instance, substitutional atoms in solid solutiprheir

This leads to considerably higher values of the low-

type being dependent on their position with respect to a glidz jis e |F, which is expected to be slightly frequency and

ing dislocation. Second, the nature of the obstacles with regmnerature dependent due to the action of retained ther-
gard to thermal activation is inverted compared with the CONally activated obstacles, but in the limit frequency and tem-
ventional approach. Namely, weak obstacles are considerggh ot re independent.

as athermal, whereas the strong ones require thermal activa- Regularities related to the mechanism of the low-

tion. Keeping in mind these preliminary considerations, Weemperature and low-amplitude ADIF can be analyzed fur-
will consider three typicalwith respect to temperature and ther on the phenomenological level. Figure 9 shows the
frequency ranges. We restrict our attention here to the rang&strain amplitude dependence of the IF and ADMD for a
of moderate stress amplitudes, well below the critical stresgy-7.6 at. % Ni crystal at 8 K. As mentioned before, the
for a long-range dislocation motion in an array of obstaclesstrain amplitude dependences of the IF and the modulus de-
a. Low temperatures, high frequencietere, at low and  fect are qualitatively similar. This similarity can be ex-
moderate strain amplitudes, dislocations overcome onlyressed quantitatively through the value of the ADIF to
weak obstacles. Strong obstacles restrict dislocation motiol\DMD ratio, r = 6,,/(AE/E), also represented in Fig. 9. Ap-
and they are not penetrable in short times at low temperaparently, ther value is nearly constant in a wide range of
tures. At the present stage it is irrelevant whether dislocastrain amplitudes, corresponding to the occurrence of the
tions are initially pinned or encounter strong obstacles whilehysteretic IF background mechanism, and increases dramati-
moving. However, it is a reasonable assumption that thereally with the onset of the pronounced strain amplitude de-
mally activated obstacles in this domain represent strong pineendence. The ADIF data can be fitted in the range 3
ning points, thus determining the average length of a mobilex 107 6~104 by a power functior(solid line) with the ex-
dislocation segment. ponentn=0.7; see Eq(1). It has been shown for the unlo-
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ADIF - value low-temperature IF background in Cu-Al-Ni cryst4fs'®

ADMD similar to the pronounced anomaly of the Young’s modulus,

107 are consistent with the existence of long dislocation seg-
] [ ments.

] :gi\;m ; L3 Thus, the mechanism of the low-amplitude ADIF stage

1074 1 - value _.-:; [ may be conceived of as an athermal hysteretic one, with
] ; I parameters$the average loop length is the principal dren-

: trolled by a thermally activated process. The range of PO

concentrations in which this hysteretic mechanism is effi-

cient was reported to be very widé® Perhaps this gives an

10
J Calculated r-value

/\ [ explanation for the observation of the hysteretic low-
. M _ A unlocalized | , amplitude IF background in different, even rather pure, ma-
107 4({( friction } terials. Evidently, the overcoming of short-range obstacles
2 I also contributes to the low-amplitude IF at elevated tempera-

breakaway | tures. The contribution of the athermal and thermally acti-

10° T = 0 vated events to the total low-amplitude IF depends on the

10° 10° 10 10° frequency and the temperature. Estimation of this contribu-
Strain amplitude tion is challenging, and beyond the scope of the present

FIG. 9. Strain amplitude dependence of the decrement and the Young%vork'

modulus defect and their ratiofor a Cu-7.6 at. % Ni specimert 8 K and

frequency of~100 kHz. The solid line represents the fitting of the decre- 2, Moderate and high strain amplitude range
ment below a strain amplitude of 1t by the power function with a stress . .
exponenn=0.7. Gottschall and Beshéfsattributed the moderate strain

amplitude stage of the ADIF in annealed Cu-Ni crystals to
the thermomechanical breakaway of dislocations from com-
calized friction model that a power law dependence of thenined Suzuki-Cottrell atmospheres. The temperature-

anelastic strairz,, on the applied stress, independent(weakly temperature-dependgnpart, corre-
m sponding to the saturation range of the ADIF, they ascribed
ga(0)%a", 3 ; ) . .
_ 254 to a hysteretic motion of dislocations over solute atoms lo-
yields® cated outside of the atmospheres. They suggested that dislo-
4n cations are not retrapped by the atmospheres because of a

r (4) high kinetic energy of dislocations that have broken away
from the atmospheres.
wheren=m-—1 is the exponent in Eql). Figure 9 repre- The ADIF stages, corresponding perfectly to the results
sents also the value calculated for the unlocalized friction of the present work, were observed by &bral.in a-brass at
static hysteresis and breakaway models according tq4¥q. room temperatur@The steep ADIF part at strain amplitudes
above and to Eq(12) in Ref. 55, respectively. The experi- higher than~10" % was attributed to the activation of Frank-
mental data show reasonable agreement with(Bgup to  Read sources. According to Ref. 9, dislocation motion at
strains of~10"4, and are obviously inconsistent with the higher strain amplitudes, with the IF leveled off, was con-
calculation for the breakaway model. Thus, one concludesrolled by viscous forces.
that, at low temperatures, the amplitude-dependent anelastic It appears that none of the different mechanisms sug-
response of Cu-Ni crystals to the applied stress is, likelygested in Refs. 9 and 46 to account for very similar phenom-
close to the function of E(3), corresponding to the hyster- ena is applicable to our data. Considering the interpretation
etic unlocalized friction model. by Gottschall and Beshef&we should mention the follow-
Thus we see that the behavior of the low-amplitude IF ining points. First, the results reported in the present work are
different temperature and frequency ranges can be qualitanostly for specimens prestrained at room temperature, in
tively accounted for by the motion of dislocations in a two- contrast to the data by Gottschall and Beshers for annealed
component system of obstacles. The suggestion which urerystals. No evidence of detectable pinning of fresh disloca-
derlies this explanation is that the change of the strength aions by atmosphere&ime dependence of the ADIF, strain
one type of obstacle with temperature/frequency leads to amplitude hysteresis, aging after deformatianrevealed in
change of the effective dislocation segment length. the present work at temperatures belew®00 K, nor in Refs.
The explanation of the low-amplitude IF behavior, based39 and 40 forin situ ADIF measurements during deforma-
on the effective dislocation segment length, is strongly suption of Cu-Ni crystals. Thus, fresh dislocations free of PO
ported by the data for the Cu-Al-Ni alloy. Partial disloca- atmospheres are responsible for the anelasticity of deformed
tions, bounding stacking faults, are the basic defects of therystals reported in the present work. In the following, we
B; martensitic structuré® The existence of long dislocation will show that atmospheres, indeed, form in Cu-Ni crystals
segments in the ordered network of partial dislocations in thas a result of high-temperature annealing, and we analyze
B1 martensite was deduced from the large temperaturéheir influence on the strain amplitude dependence of the IF,
anomaly of the Young’s modulus, ascribed to the pinning ofmodulus defect and the friction stress acting on dislocations.
dislocations by mobile obstaclé$*°Very high values of the Second, the absence of the retrapping of the dislocations by

“hz
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atmospheres after the breakaway has been ascribed in Ref. 107 F10™
46 to inertial effects. However, inertial effects are efficient ] g
only when the viscous constaBtis rather low(low tempera-
tures, superconducting state of metaf$, and should be
negligible at room temperature.

The basis for claiming that the activation of Frank-Read
sources and the viscous friction were responsible for the
steep ADIF part with a saturation waan increase of the
ADMD, more pronounced than the ADIF, whereas the string
breakaway model predicts their ratio to b4, and therefore,
the long-range dislocation motion was supposed; a qualita-
tive similarity of the ADIF behavior with the phenomeno-
logical law, relating the dislocation velocity(o) with the
applied stress during unidirectional motion of dislocations in
static experiments.

Several comments are needed regarding the arguments
adduced. 10
a. Activation of Frank-Read sourceBirst, a complete
reversibility of the strain amplitude dependence of the IF in

&

=
S
o
Anelastic strain amplitude

Decrement, ADMD

_

<
&
%

— ...,...10"0
10° 10° 10"

Strain amplitude

prestrained crystals is typical both for the steep ADIF in- : ;Eﬁiiiigg;gz) iiigﬁ;ﬁ(’&)ﬁzﬂs)
crease and the saturation range at low and high temperatures o~ 5 (ADMD, 295K, 100kHz) ——6 (Strain, 8K. 100kHz)
(see Fig. 1L This is a clear indication of the stability of the —+—7 (Strain, 295K, 100kHz) - 8 (Strain, 295K, 850Hz)

dislocation structure in our experiments, whereas a very pro-

nounced hysteresis of the strain amplitude dependence oung’s modulus defedt4), (5) and anelastic strain amplitud§), (7), (8)

typical for the dislocation multiplication by vibratior($or- for a specimen of Cu-1.3 at. % Ni alloy at frequencies near 100(i}£2),
mation of slip line% in annealed c:rysta@.‘38 Second, the (4, (5), (6), (7), 850 Hz(3), (8) and temperatures of @), (4), (6) and 295
activation of Frank-Read sources is usually considered to bg (2). (3), (5), (7), (8). The intersections of the solid lines indicate how the
an athermal process. The microplastic ADIF which is due (675010 ADI seuretor vas e e vt arows o0 e
dislocation multiplication or dislocation-dislocation interac- the decrement at~100 kHz and at 295 K is shown with a subtracted
tion was reported to be practically temperatureamplitude-independent component.
independent® No data on temperature dependence of the
steep ADIF stage, which might permit one to ascribe it to the
athermal activation of Frank-Read sources, were reported idependence of the decrement for an annealed specimen,
Ref. 9, whereas our results show a strong temperature depei@ken at room temperature near 850 Hz, is seen in Fig. 10 as
dence of this ADIF stage. well. The data on the ADMD are not available at this fre-
b. Viscous dradhe present data on the ADIF and quency. However, as an estimation, the ADIF values can be
ADMD, obtained in a wide temperature range and at differ-used as a substitution for the ADMD in E), since the
ent frequencies, allow us to verify also the hypotﬁbg‘s ADIF and ADMD are of the same order of magnitude; see,
viscous friction forces that control dislocation motion at thefor example, Fig. 9. The corresponding curve for the estima-
highest strain amplitudeshe ADIF saturation rangeFigure  tion of anelastic strain at850 Hz is also shown in Fig. 10.
10 shows an analysis of the ADIF saturation for a Cu-1.3Apparently, ADIF saturation again occurs at nearly the same
at.% Ni crystal. The strain amplitude dependences of th&alues of the anelastic strain amplitude, as at a frequency of
decrement and the Young’s modulus defect are shown in-100 kHz. As a consequence, the values of the anelastic
Fig. 10 for a frequency of-100 kHz at 295 and 8 K. The strain rateg,,, corresponding to the onset of ADIF satura-
strain amplitude dependence of the anelastic strain amplitud#on, are approximately two orders of magnitude lower at
is deduced from the ADMD values according to E2). The 850 Hz than at 100 kHz. This observation also rules out
intersecting straight lines show how the onset of ADIF satuviscous friction as the origin of ADIF saturation, since in that
ration was determined, whereas the vertical arrows determin@stance one should expect the occurrence of ADIF satura-
the corresponding values of anelastic strain amplitudetion at room temperature and different frequencies for the
Clearly, the onset of ADIF saturation, at different tempera-same anelastic strain rate values. Inasmuch as ADIF satura-
tures, corresponds to approximately the same anelastic strdion is determined by anelastic strain rather than by the strain
amplitude valudthe same strain ratéor frequency of~100 rate, it is likely not a dynamic effect.
kHz. However, provided the ADIF saturation is due to the c. ADIF to ADMD ratio. First, as analyzed in Sec. I,
viscous friction, one should expect a strong influence of temunlocalized friction IF models, rather than the string break-
perature on the strain rate at the onset of ADIF saturationaway ones, are applicable in the case of concentrated solid
since the viscous friction constarB, changes drastically solutions. Therefore, there is no point in referring to the
with temperature. Additional evidence against the viscousADIF to ADMD ratio predicted by the Granato-cke break-
friction mechanism of ADIF saturation can be obtained fromaway model. Models of the unlocalized friction type predict
the frequency dependence of the ADIF. The strain amplitudat high strain amplitudes, without assuming the dislocation

G. 10. Strain amplitude dependence of the decreni®nt(2), (3), the
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Stress critical stress for the stationary thermally activated disloca-
tion motion over an array of short-range obstacles. More
pronounced ADIF saturation, compared to the ADMD be-

€an havior, is expected with a strain amplitude increase, when

dislocation motion becomes progressively more controlled

Anclastic strain by the line tension. This tendency in the ADIF and ADMD
20,, i /
O

behavior in the range of the ADIF saturation is, indeed, ob-
@ served in our data; see Fig. 10.
For the unlocalized friction model, the critical stress is
given by?8

whereU, andF, are the maximum values of the activation
energy and interaction force between a dislocation and a
short-range obstaclé,andb are the average dislocation seg-
AE/E ment length and the magnitude of the Burgers veebgrand

(b) o are the attack and applied angular frequencies, and
——————— 1<a<?2 is a constant. Clearlyr., is frequency, temperature
0 1 2 3 4 5 6 and impurity concentration dependent. This dependence ac-
G/ counts qualitatively for the observed ADIF and ADMD be-

havior.
FIG. 11. Schematic representation of the stress-anelastic strain hystaresis
and strain amplitude dependence of the decrement and the Young’s modulus
defect(b), corresponding to the internal friction model of the unlocalized C. Friction stress acting on dislocations: Annealed
friction type. A represents the relaxation strength. and prestrained specimens

5, AE/E
[=1]

We suggest using the concept of the average friction
stress acting on a dislocation to gain a better insight into the

multiplication, the steep ADIF increase with saturation yigiocation dynamics in the ADIF range. Suppose we have a
(maximum), accompanied by the monotonic ADMD increase gyress_anelastic strain hysteresis of an arbitrary form, for the

(see, for example, Ref. 28This type of the behavior corre- gye of simplicity, of the unlocalized friction type, Fig. 11.

sponds qualitatively with the results in Ref. 9 and those it energy dissipated in a cycle of vibrations in a unit vol-

the present worksee Fig. 10 Second, considering the com- e corresponds to the area within the hysteresis loop:

parison of the ADIF and ADMD in Ref. 9, we should make W=gode. We define theaverage friction stressor . b

the following general remark. It appears that the heating oé =0 0 : 9 ) . fr y

specimens by ultrasound should be taken into consideratioy V=4 €an, Wheré ey, is the anelastic strain amplitude.
On the other hand, by definition, the strain amplitude-

for the rather high strain amplitudes employed in Ref. 9. ,

Consider, for example, the vibrations of a specimen Withdependent decrement anod the Y_oungs mod_ulus de_fect are
strain amplitudee,=10"2 and Q'=3x1072% at a fre- 0,=AW/2W andAE/E=¢,{e,. Since the strain amplitude
quency of 20 kHZ. The energy, dissipated in a cycle of dependences of the IF and modulus defect are available from

vibrations in a unit volume of a specimen material, is giventN® €xperiment, one can easily deduce the average friction

by AW=27Q~'W, whereW=E2/2 is the maximum value stress directly from the experimental data:

of the elastic energy of the vibrations. Under these circum- __ AW 8, Eeq

stances, poweAW~20W/cn? is dissipated in the speci- Tt=2:0  AE/E 4

men, sufficient to increase its temperature adiabatically by an

~5 K in 1 s. Heating of the specimen may seemingly chang®r, in terms of the ADIF to ADMD ratio,

the ADMD with increasing strain amplitude due to the tem- Eeo

perature dependence of the elastic moduli. Heating usually afer. 5)

influences the ADIF values to a lesser extent, thus changing

the ADIF to ADMD ratio. Therefore, one should take special For example, in the case of a “simple hysteres?$, the

precautions to avoid the effect of heating the specimen omverage friction stress should exhibit a linear increase with

measured ADMD magnitudes when very high strain ampli-the strain amplitude. The notion of friction stress acting on a

tudes are employed. moving dislocation in solid solution has been used in Refs.
It appears that the ADIF and ADMD behavior observed10 and 14. The mean value of the frictional stress was de-

in the present work at moderate and high strain amplitudeduced from the whole strain amplitude dependence of the

can be explained qualitatively using the simplest form of thedecrement by fitting a certain phenomenological equation. In

unlocalized friction concept, which is often used to accounthe present work we propose analyzing the stress amplitude

for the ADIF in solid solutiong:**~" For the simplified dependence of the average friction stress.

model, represented schematically in Fig. 11, the onset of the Figure 12 shows how the average friction stress may be

ADIF corresponds to the conditiang= o, Whereo isthe used to reveal the formation of pinning atmospheres as a
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mens at low temperatures, Fig(bl: the athermal low-
amplitude ADIF stage had the same slope for the annealed
and deformed samples and for different Ni contents; defor-
mation and Ni content influenced the absolute values of the
ADIF at this stage;(2) the slope of the temperature-
dependent ADIF stage at moderate strain amplitudes in-
creased with Ni content, and was the highest for an annealed
Cu-2.3 at. % Ni specimen.

Figure 12b) shows that for the annealed specimen a
pronounced maximum of the r value exists. The position of
the maximum corresponds to the steep part of the stress am-
plitude dependence which occurs at stress amplitudes
~(1-3 MPa.

Finally, two observations merit closer attention to the
] e . behavior of the average friction stress, Fig(Q2First, the
11 + + annealed average friction stress is nearly the same for the annealed and

] o deformed | (b) deformed states at low and high stress amplitudes. Second, at
0] : : . moderate stress amplitudes, a kind of smooth maximum is
observed for the annealed state. In the vicinity of this maxi-
mum, the friction stress is noticeably higher for the annealed
than for the deformed state of the specimen.

F The above mentioned regularities correspond fairly well
] with the suggested hierarchical model of the ADIF in solid
11 g solutions, if one assumes that high-temperature annealing
(©) (20 h at 973 K leads to formation of pinning atmospheres
] oetoAe around dislocations. It is reasonable to suggest that the atmo-
eReO Rl T spheres are not too extended and that they represent strong
0.1 1 10 short-range obstacles for dislocations. According to the sug-
gested model, the low-strain amplitude stage of the ADIF in
solid solutions is mostly due to the interaction of dislocations
FIG. 12. Influence of annealing at 973 K and prestrain at room temperaturgyith PO distributed in the bulk. Therefore, the formation of
on the stress amplitude dependence of thg amplitude-dependentinte_rnal f”&‘tmospheres does not influence the functional form of the
tion and the Young’s modulus defe@, their ratio(b), and average friction . . .
stress(c) for a Cu-2.3 at. % Ni specimen. ADIF on the low-strain amplitude stage, since the slope of
the low-amplitude IF stage does not depend on the Ni con-
tent; see Fig. (). In contrast, the formation of atmospheres

result of high-temperature annealing of a Cu-Ni crystal. Fig-Strongly affects the steep ADIF stage at moderate stress am-

ure 14a) represents the stress amplitude dependences of tfditudes, which is supposed to be due to the dislocation in-
IF and modulus defect for an initially annealed Cu-2.3 at. giteractions with the solute atoms situated close to the disloca-

Ni specimen. The stress amplituds,, was derived from the 10N glide plane. In this stage the slope of the IF and the
elastic strain amplitude, using the measured value of the modulus defect stress amplitude dependence increases with

Young's modulusE=136 GPa for the Cu-2.3 at. % Ni crys- N_i (?ontent, Figs. (b) and 4. Thg effect of the a_nnealing is
tal: oo=s,XE. Similar results are depicted for the same similar to the increase of the Ni content; see Figg) And

specimen after deformation at room temperature in threel2@- This is an indication of a higher solute atom concen-

point bending. Figure 1B) shows the stress amplitude de- tration around the dislocations in the annealed state. Appar-

pendence of the r value, whereas Fig(clZepresents the ently, interaction of dislocations with the solute atoms form-

amplitude dependence of the average friction stress, caICliﬂg the atmospheres Iead§ to an in_crease of t_he friction stress
lated according to Eq(5). As usual, three stages of ADIF at moderate stress amplitudes, Fig(d2At higher stress

and ADMD behavior can be discerned; see Fig(al2 amplitudes, when dislocation motion occurs on a larger

Clearly, prestraining leads to an overall increase of the ADIFSC@€, the contribution of atmospheres becomes less signifi-
and ADMD. The ADIF and ADMD at the low-amplitude cant, and Fhe frlgnon stress for the ann_ealed and deformed
stage(below ~1 MPg increase with prestrain to the greatest States again attains the same values, Figc)12

extent. However, the slope of the amplitude dependence on 11uS, the suggested qualitative model accounts also for
this stage is almost unchanged. At moderate stress ampﬁhe difference in the ADIF of prestrained and annealed crys-
tudes(1—3 MP3 both the ADIF values and the slope of the (@S-

stress amplitude dependence change with prestrain. The am- L
plitude dependences of the IF and modulus defect becon{#' Qualitative model for temperature/frequency
more gradual after deformation of the specimen. We recal ependence of the ADIF in solid solutions

here that the same regularities have been found in the strain As stated above, the ADIF at low strain amplitudes, low
amplitude dependence of the annealed and deformed spetemperatures and high frequencies is predominantly due to

10! 7] —+ ADIF, annealed
1 | = ADMD, annealed
1 | -9~ ADIF, deformed
10 § | =&~ ADMD, deformed

ADIF, ADMD
=)

r-value

2 + annealed .

o deformed

Average friction stress, MPa
*,

0

Stress amplitude, MPa
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tions correspond to the solute atoms distributed in the bulk of
a crystal and in the dislocation glide plane respectively.
A qualitative explanation for the formation of the low-

T amplitude IF background in solid solutions in different tem-

perature and frequency ranges has been suggested. Two

asymptotic ranges are expected where the ADIF should ex-

LT, HF hibit temperature- and frequency-independent behavior.

Low temperatures, high frequenciétere, the hysteretic

IF background should be observed due to the dislocation

motion over weak obstacles. The average dislocation loop
logay length is determined by the strong short-range obstacles,

FIG. 13. Schematic representation of the influence of temperature and fré’-vhICh can be overcome at higher strain amplitudes, produc-

guency on the amplitude-dependent internal friction in solid solutions.  iNg the temperature- and frequency-dependent ADIF stage.

High temperatures, low frequencieshe ADIF in this
domain is again mostly due to the dislocation motion over

the athermal motion of dislocations over long-range ob-Weak long-range obstacles. However, the ADIF here should

stacles distributed in the bulk of a crystal. However, the presattain much higher values due to the increase of the average

ence of weak long-range obstacles should also influence tHeop length. The steep temperature- and frequency-

ADIF behavior at moderate and high strain amplitudes. Thiglependent ADIF stage should diminish in this domain, mak-

influence should be especially pronounced at high temperdng the ADIF again frequency and temperature independent

tures and low frequencies, when short-range strong obstaclés a wide range of strain amplitudes.

become progressively weaker. Schematically, the influence A more detailed microscopic model is under develop-

of temperature and frequency on both the low-amplitude IFMent.

and the ADIF at moderate and high strain amplitudes can be

seen in Fig. 13. One expects that, at very high temperature$fCKNOWLEDGMENTS
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