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Internal friction in Invar Fe—35 % Ni alloy
after combined SPD by hydroextrusion and
drawing
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The temperature dependence of internal friction on frequency of ~3 Hz and ~60 Hz
were studied in Invar Fe-35.0% Ni-0.49% Mn-0.03% C alloy after annealing at 18373 K and
combined severe plastic deformation (SPD) by hydroextrusion and subsequent drawing
with the total degree of accumulated deformation &; = 4.69. The reduction of the relaxa-
tion IF peak intensity is observed in deformed sample of the alloy at ~380 K (the
activation energy 0.82-0.93 eV) due to decreasing of mechanical and magnetomechanical
relaxation losses the contribution of which is renewed after ageing of the deformed alloy.
The damping growth nearby temperatures 780-820 K after combined SPD and partial its
reduction after ageing of the alloy were revealed. The estimated activation energy of the
relaxation process is 1.82-1.97 eV.

Hsyuena TemmeparypHas 3aBHCHMOCTb BHyTpeHHero Tpenus (BT) ma vacrore ~3 ' u ~ 60 't B
unBapaoMm cmiaee Fe-35.0% Ni-0.49% Mn-0.03% C mocne romorenumsarnuu npu 1373 K mHuxe u
eitre T C u mocoeyromell KOMOMHNPOBAHHOM MHTEHCHUBHON ILtactruueckoil medopmaruy (UII)
MeTOJaMU T'HAPOIKCTPYSHH H IIOCJEAYIOIIEero BOJIOUEHUS ¢ CYMMAPHOM CTEIeHbI0 HAKOILIEHHOU
medopmanuu €5 = 4.69. B medopmmposarnom obpasie ciuiasa mpu 380 K mabmogaerca cHunxenue
VHTEHCUBHOCTH yIVIepoAHoro penaxcannonuoro nuka BT (sHeprua axrusanun 0.82-0.93 B) s3a cuer
YMEHBIIEHNST MEXaHNUEeCKNX M MArHHTOMEXAHWUYECKUX PEeJaKCAIIMOHHBIX II0TE€Phb, BKJIAJ KOTOPBIX
BoccTaHaBauBaercd mocie orskura. I[locie xomOuuupoBannoii YT criaBa ofHApyKeH POCT 3aTyxa-
Husi KoJsebaumii BOausu revneparyp 780-820 K u uacruunoe mMx cHMiKeHUe Iocie orsura. Ilo
OLICHKE SHEPIus aKTUBAIMYN PEJaKCAI[MOHHOIO IIpolecca cocrasiser 1.82-1.97 »B.

Buympiwne mepmsa 6 ineapuomy cnnaéi Fe-35% Ni nicna wom6inoeanot IIIJ]
memodamu 2idpoexcmpy3sii ma éonowinus. Hadymoe B.M., Bawyx J.J1., [Tununenrxo A.M.,
Haeudenro O.A., Beaowenxo B.O.

HMocrigsxeHo TeMIIepaTypPHY 3aJIeKHICTb BHYTPilHBOrO Teptd Ha yactori ~3 I'm ra ~ 60 'y B
inBapuomy cmiasi Fe-85.0% Ni-0.49% Mn-0.03% C micna romorenisanii mpu 1378 K Ta nacryn-
Hol KoMOiHoBamoi inTeHcwBHOI TmactTuunoi medopwmartii (ITIM) metomamu rigpoekcTpysii i mo-
JaIbIIOTo BOJMOYIHHA 3 CYMapHUM CTylleHeM HaKonmdeHoi gedopmarii ex= 4.69. ¥V medopmosa-
HOMy 3pasky cmaaBy npu ~380 K cmocrepiraerbes SHMIMKEHHS iHTEHCHMBHOCTI peJsakcamiiiHoro
niky BT (emepris axrmsanii 0.82-0.93 eB) s3a paxyHOK 3MeHIIeHHA MeXaHiuHMX i mMar"irome-
XaHIYHMX pelakcaliilHMX BTpar, BHECOK SKHX BiIHOBIOETHCA IIiciad Biamany nedOpMOBAHOIO
cuaaBy. Ilicna xomOinoBanoi IIIJ[ craBy BUABJIEHO picT 3aracaHHs KOJUBAHL IOOJIU3Y TeMIIe-
paryp 780-820 K cmiasBy i #oro uacTkoBe 3HMMKEHHS IIicad Bigmanay. 3a OIiHKOI eHeprisa
agTuBaIlii perakcarniiiHoro mpoiecy craHosuTh 1.82-1.97 eB.
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1. Introduction

Special requirements are lodged to me-
chanical properties particularly to the me-
chanical quality factor of a product from
Fe—Ni Invar alloy possessing low thermal
expansion coefficient (TEC). For example,
the high quality factor is required for preci-
sion ultrasonic equipment. By opposite, the
high damping of elastic oscillations (high
level of internal friction) in individual units
of laser equipment and structural elements
of telescopes is required. Taking into ac-
count magnetic subsystem as the main con-
tribution to anomalous behavior of proper-
ties of the Fe—Ni alloys the study of differ-
ent mechanisms of the internal friction (IF)
in these materials is an important task.

The study results on IF in Invar Fe—Ni
alloys after high temperature annealing are
presented in [1-5]. In the studies of tempera-
ture dependence of the IF in Fe-Ni Invar
alloy containing 0.01 %C and 0.25 %C on
frequencies of 0.37 Hz and 0.78 Hz at the tem-
perature below the Curie point (T = 533 K)
[1-3] a carbon peak at 483 K and the abnor-
mally large damping of oscillations with re-
ducing temperature below the room one
were interpreted as the Finkel’stein-Rozin
relaxation peak and the magneto-diffusion
losses respectively [2, 3]. The damping of
elastic oscillations in binary Invar Fe—(30-
36 %)Ni alloys or containing carbon ones
after homogenizing heat treatment were stud-
ied at frequency 1.8 kHz [4, 5] that allows
separate two relaxation contributions to the
IF and thereby more accurately evaluate the
activation energy of carbon diffusion in Fe—
Ni austenite and the Young’s modulus above
and below the T». An anomalous growth of
the IF background when the temperature
drops to 200-300 K was revealed in [4].
The studies of the amplitude dependent IF
in Fe-Ni Invar have shown that the damp-
ing of elastic oscillations can increase or
decrease depending on Ni and C content [4].

The standard Invar FeggNi alloy has low
mechanical properties [12]. Severe plastic
deformation (SPD) is an effective hardening
method and it is frequently used for metal
products manufacturing. The structure and
properties of the f.c.c.-Fe—-Ni alloys was
studied after the plastic deformation by ten-
sion [6], rolling [7], equal-channel angular
pressing [8, 9], hydroextrusion [10]. Effect
of structure grinding by combined treat-
ment including hydroextrusion (HE) and
subsequent drawing on thermal expansion,
hardness and magnetic properties of Invar
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Fe—385.0 %Ni alloy was studied in [11]. At
the same time the influence of such treat-
ments particularly their combination, re-
sulting in formation of the particular struc-
tural states in Invar [10, 12], on the dissi-
pation of the elastic energy and elastic
properties of the Invar are not described in
the literature. Although these data access-
ing for understanding the factors resulting
in the Invar anomaly and the creation pros-
pects at such approach the stronger struc-
tural states is an important task.

In this work, the SPD was carried out by
combination of HE and drawing. The damp-
ing of elastic energy in the Invar alloys
after their hardening by means of denoted
methods has not been studied yet. Such
studies are important taking into account
the wide application of the HE and drawing
techniques for manufacture of hardened
metal bar and wire items.

2. Experimental

Our study was carried out on industrial
Invar Fe—Ni alloy containing 85.0 9%Ni,
0.49 %Mn, 0.032 %C, 0.07 %Cu, 0.03 %C
(hereinafter Fe—35.0 % Ni—0.49 % Mn—0.03 % C).
A sample of the alloy of 2 mm in diameter
for measurements of the temperature de-
pendence of internal friction (IF) was ma-
chined and then heated at 1373 K in vac-
uum of 107® Torr for 0.5 h and sub-
sequently quenched in oil. Cylindrical billets
of 21 mm in diameter were annealed at
1373 K (0.5 h) and then quenched in oil
before combined SPD, which was performed
consistently by the HE and drawing with a
total degree of €5 = 4.69 (the degree of plas-
tic deformation was determined using ex-
pression € = 2 In(dy/d), where d, and d are
diameters of a sample before and after
SPD). The strain degree before drawing re-
sulting from multiple passes through the ex-
truder was achieved ey = 3.47. The restricted
degree of plastic deformation caused by this
value because of the formation of the sub-
structure boundaries accompanying with
strengthening and decreasing TEC of the Invar
is practically completed at e5x= 2.2-3.47 [12].

The temperature dependence of IF @1
and the shear modulus G were measured
within the temperature range 300 K-973 K
in vacuum of 1072 Torr by means of auto-
mated system of the relaxation spectroscopy
based on reverse torsion pendulum in the
mode of natural damped oscillations on fre-
quencies of ~3 Hz and ~60 Hz. The samples
were of 2 mm in diameter and 90 mm in
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Fig. 1. Temperature dependences of IF in
the Invar Fe—35.0%Ni-0.49 %Mn-0.08 %C
alloy: after homogenization, f=3 Hz (I);
after combined SPD (g5 = 4.69), f =3 Hz (2)
and f = 60 Hz (4); after reheating of the de-
formed sample, f=3 Hz (3). Vertical lines
indicate the most characteristic changes on
the curves.

length (the distance between clamps of a
sample). The rate of the temperature change
during heating was 2 K-min~l. The relative
cyclic deformation on the surface of a sam-
ple during measuring of the IF did not ex-
ceed 3:107%. Shear modulus (G) was deter-
mined as a value proportional to the square
of frequency (f2) of the torsion oscillations.

3. Results and discussion

Temperature dependence of the IF @ 1(T)
in Fe-35.0 %Ni-0.49 % Mn-0.03 %C alloy
is shown in Fig. 1. The damping of elastic
oscillations in the alloy after annealing at
1373 K in vacuum and subsequent quench-
ing in oil is almost unchanged with the ele-
vating temperature up to 0.5T7, (T,=
1728 K is the melting point of the Invar
[13]) except its weak growth within the
temperature range of 350—400 K. The dra-
matic rise of the @ 1(T) curve is started
above 0.5T, in the range of 870-940 K that
is above the Curie point Tx = 495 K of the
alloy [11] (Fig. 1, curve I). Similar growth
of dumping of the elastic oscillations at
heating that close to exponential one was
observed in the Invar alloys containing
0.01 %C and 0.26 %C on the frequencies
of 0.837 Hz and 0.78 Hz [2, 3] and contain-
ing 0.55 %C on higher frequency of
1503 Hz [4] (Fig. 2, curve 2).

Dramatic increase of a background on
the IF temperature dependence in the both
carbon-containing and carbon-free Invar ally
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Fig. 2. Temperature dependences (taken at
frequency of ~60 Hz) of the square frequency
of elastic torsion oscillations f2 that is pro-
portional to the shear modulus G of the Invar
Fe—35.0%Ni—0.49 % Mn—-0.03 % C alloy: after
annealing at 1373 K in vacuum and sub-
sequent quenching in oil (I — first measure-
ment, 2 — second measurement); after com-
bined SPD &;= 4.69 (3, 4), (3) is the first
measurement of the deformed specimen, (4)
is the reheating at measurement of the same
sample.

at ~3 Hz (Fig. 1, curve 1), ~60 Hz (Fig. 1,
curve 4) and 1503 Hz (Fig. 3, curve 2 [4])
occurs in approximately the same tempera-
ture range and does not depend on fre-
quency, which indicates the nonrelaxation
nature of high damping of the elastic oscil-
lations. There is no unified point of view
concerning the microscopic mechanism of
the high-temperature IF background in
austenite [14, 15]. One of the reasons for
the increasing IF background above 0.5 T
can be intensive dislocation movement
(climb) due to the activation of diffusion
processes in the crystal lattice under high
temperatures.

The combined SPD of the alloy which
forms substructures with the high level of
elastic microstresses [12] leads to the IF
dramatic increase (f ~ 3 Hz) under the tem-
peratures above 620 K and appearance of
distinctive satellite component mnearby
780 K (Fig. 1, curve 2). At frequency of
60 Hz the IF maximum was exhibited under
800 K (Fig. 1, curve 4). The possible reason
for observed dumping of the elastic oscilla-
tions in the deformed Invar can be interac-
tion of carbon atoms with the dislocations
and their climb under the alternating fields
of elastic stresses. The pronounced IF peak
caused by this mechanism was observed in
the austenitic steels nearby ~600 K, the in-
tensity of which was increased with the rate
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of drafting and the activation energy esti-
mated upon the frequency shift of the IF
peak was 1.48 eV [16]. Smeared dislocation
maximum on the IF curve of the technical
purity f.c.c. nickel after plastic deformation
and aging was also revealed nearby the tem-
perature of 550 K [17].

Nature of an intensive growth of the
high temperature damping of the elastic os-
cillations can be associated also with the
recrystallization processes under the heat-
ing. To clarify the origin of high-tempera-
ture rise of IF the measurement was re-
peated at frequency of 3 Hz for the sample
after heating in the previous experiment.
Between the first and second heating the
sample was not taken off the instrument.
The dislocation maximum on the tempera-
ture dependence of IF in the deformed
nickel was disappeared after annealing [17].
Reheating of the Fe—85.0 %Ni-0.49 %
Mn-0.03 %C alloy reduces the intensity and
shifts of the position of satellite peak on the
QUT) curve (f,,5, = 3.1 Hz) to the higher
temperature, 820 K (Fig. 1, curve 3).

Assuming the relaxation mechanism of
damping of the oscillations in the deformed
sample at 780 K-820 K (Fig. 1, curves 2,
3, 4) we estimated the activation energy
using the Marx-Werth formula [14]:

kBTmax (1)
h’fmax

where R is the universal gas constant; kp is
the Boltzmann constant; T, is the IF peak
temperature; i is the Planck’s constant;
fmax 1S oscillation frequency corresponding
to the IF maximum, Hz. The values of the
activation energy for different frequencies
are as follows: a) U; =1.97 eV for f
3.44 Hz and T,,,, = 780 K, b) U; = 1.82 eV
for f,,. = 57.2 Hz and 800 K and they are
approximate values that suggesting the re-
laxation nature of the oscillation damping
in the alloy at the considered temperatures.
The dislocation satellite peak on the @ }T)
curve at T, = 820 K on frequency f,,,, =
3.1 Hz at reheating of the deformed speci-
men is observed (Fig. 1) that corresponds to
the activation energy U; = 2.08 eV indicat-
ing changes in the structure after the first
measurement. It could be noted that ob-
tained values of the activation energy is
higher than 1.40-1.56 eV obtained by fre-
quency shifted dislocation peak for de-
formed austenitic steels [16]. The difference
may be caused by peculiarities of dislocation

U, = RT,,In

max
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Fig. 8. The temperature dependence of IF in:
a) the 1873 K homogenized Fe-85.0% Ni-
0.49%Mn-0.083%C (f = 3Hz, curve 1) and the
Fe-836.1%Ni-0.55% C alloys (f <1504 Hz, curve 2,
[4]); b) the Fe-85.0%Ni-0.49% Mn-0.08%C
alloy after combined SPD with &5 = 4.69 (curve 1)
and after the heating of the same sample to
973 K during the first IF measurement
(curve 2).

structure of the investigated Invar alloy
formed under combined SPD [12] and by
possible subsequent recrystallization during
the following heating.

Taking into account the relationship of
frequency and shear modulus f2, . ~ G the
changes of the elastic modulus under heat-
ing of the Invar alloy in quenched and de-
formed states was analyzed that allows con-
clude as follows. The temperature depend-
ences of the shear modulus of the quenched
and deformed Invar alloy are qualitatively
similar (Fig. 2). However, the shear modu-
lus of the quenched sample after its heating
to 500 K during the first measurement was
not changed (curves I and 2) and of the de-
formed alloy was significantly lower (Fig. 2,
curve 3) increasing slightly after the heat-
ing to 973 K during the first measurement
(Fig. 2, curve 4).

Such a behavior of shear modulus usu-
ally occurs along recrystallization processes
in severe deformed material under its heat-
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ing, particularly in well studied copper [18].
Therefore, there is the reason to assume
that growth of dumping in the range of
780-820 K at heating of the deformed
Invar alloy to 973 during the measurement
caused by partial recrystallization along
with the relaxation contribution (Fig. 1).
One can assume that this process is an im-
portant circumstance explaining discrep-
ancy of the activation energies estimated
for studied Invar alloy (U; = 1.82-1.97 eV)
and austenitic steels (1.40-1.56 eV) [16].

Thus, intensification of the elastic oscil-
lations dumping in the deformed Invar Fe-
35.0 %Ni—0.49% Mn—0.08 %C alloy above
Tc can be caused by superposition of two
mechanisms that are the migration of dislo-
cation atmospheres under the alternating
field of elastic stresses and the dislocation
restructuring. Therefore obtained values of
U; =1.82-1.97 eV can be considered as the
estimated and approximate ones.

The damping of the elastic oscillations at
frequency of 38 Hz in Fe—-35.0%Ni-
0.49 %Mn-0.03 % C alloy upon cooling
below the Curie point is much lower than at
the higher temperatures. However the low
intensive IF peak in the temperature range
of 350-400 K is observed (Fig. 8). Accord-
ing to X-ray diffraction data the alloy at
cooling is in the austenitic state and hence
the observed growth of @ 1 is not associated
with the martensitic transformation but
rather due to relaxation losses. Indeed, in-
crease of the dumping in the Invar Fe—Ni
carbon-containing alloys during cooling
below the Curie point associated with the
Finkelstein-Rosin relaxation was observed
on the frequencies of 0.37 Hz and 0.78 Hz
at 473 K [2, 3] and frequency of 1503 Hz at
505 K [4]. The IF curve 2 in Fig. 3a for
kilohertz frequency range was taken from
[4]. The pronounced dumping of relaxation
nature at 550-566 K and on the frequencies
of 1887-1943 Hz was observed in Fe-Ni—C
alloys with Ni concentration (29—-30 %) lower
than in the standard Invar (35—36 %) as well
as in the alloys with the same low Ni content
but doped additionally with Co or Mn [19].

Assuming the relaxation mechanism of
damping in the investigated Invar Fe—
35.0 %Ni—0.49 %Mn-0.03 %C alloy at
T nax: = 880 K on the frequency of 3.31 Hz
(Fig. 3a, curve 1) the activation energy of
the process was calculated by the Marx-
Werth formula (1) and value U; = 0.93 eV
received. Since the peak on the @ 1(T) curve
for Fe—36.1 %Ni-0.55 % C alloy with the
increasing frequency to f 1503 Hz [4]

max2 ~

56

is shifted to the temperature T = 505 K

max2 ~
(Fig. 8a, curve 2), the activation energy was

estimated also by the frequency dependence [2]:

Tmaxleax2 lpfmaxz (2)

b

Thax2 = Tmaxi fmaxl

which is equal to Uy = 0.82 eV.

The values of the activation energies
founded by the Marx-Werth formula (1) and
the frequency dependence (2) for Fe—
35.0 %Ni—0.49 %Mn-0.03 %C alloy are ap-
proximate in magnitude but slightly below
the values for the Invar alloys obtained at
lower frequencies 0.37 and 0.78 Hz (1.5 eV
[2, 8]) and at the higher ones 1887-
1943 Hz (1.0-1.1 eV) [4, 19] as well as cal-
culated in [20] values of activation energy
of carbon diffusion in Ni—Fe austenite
1.24 eV. The observed difference may be
due to additional peculiarities of the mag-
netic contributions below T in damping of
the elastic oscillations in the alloys with
different content of nickel and carbon. It is
known that the magnetic order in Fe—Ni—C
austenite is highly sensitive to slight
changes in the concentration of Ni and C
[21]. Therefore, the magnetoelastic hystere-
sis” and magnetomechanical relaxation
loses™ can be additional contributions to
the damping in the investigated Invar alloy
below T nearby 380 K. The both types of
losses can effect on an uncertainty in evalu-
ation of the Finkelstein-Rozin peak position
on the temperature scale and respectively of
the activation energy. Taking into account
the IF data obtained for the Invar alloy without
and in magnetic field 250 Oe excluding magne-
toelastic and magnetomechanical relaxation
loses [2] we estimated the IF peak position un-
certainty (10—20 K) that increases the activa-
tion energy by approximately 0.05 eV. One can
conclude that the obtained activation energies
U; =0.98 eV and U,y = 0.82 eV have underes-
timated and should be higher by this value.

*Magnetoelastic hysteresis is the irreversible shift of
magnetic domain boundaries under influence of the exter-
nal periodic elastic stresses, which are removed by appli-
cation of constant or alternating magnetic fields [2].

**Magnetomechanical relaxation is appeared due to
the phase delay of movement of the domain boundaries
with respect to the external mechanical stresses when
their displacement becomes dependent on the degree of
ordering of carbon atoms in the interior of these
boundaries as well as the secondary their directional
ordering in volume remagnetizing as a result of dis-
placement of domain boundaries under the influence of
external stresses [21].

Functional materials, 21, 1, 2014
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Obviously, the considered contributions
into IF are sensitive to the structural state of
the alloy and can be weakened after plastic
deformation or reinforced by the subsequent
heat treatment. The temperature dependence
of IF with the deformation of &5 = 4.69 sup-
pressed the damping in the temperature
range of 380—480 K (Fig. 38b, curve 1) that
caused by blocking effect of the high den-
sity defects and the high level of micros-
tresses [12] both on mobility of carbon
atoms in the field of elastic stresses and the
mobility of the magnetic domain bounda-
ries. Heating of the deformed sample to
973 K during the first measurement, which
unlocked carbon atoms due to restructuring
the subgrain structure and reducing the
elastic microstresses [12], recovered the low
temperature IF peak at 380 K at the repeated
measurement (Fig. 8b, curve 2). Thus, the
high level of dumping of elastic oscillations
in Fe—35.0 %Ni-0.49 % Mn-0.03 %C alloy at
the temperatures below the Curie point is
provided by the mechanical Finkelstein-Rozin
losses at superposition of magnetomechanical
ones whose contribution decreases after com-
bined SPD by HE and the following drawing
(ex = 4.69) and it is recovered again after an-
nealing of the alloy.

4. Conclusions

Combined SPD of the Invar carbon-con-
taining Fe—-35.0% Ni—0.49 % Mn—0.03 % C
alloy by hydrostatic methods and sub-
sequent drawing with the degree of accumu-
lated strain & = 4.69 differently affects
the elastic energy losses at the temperatures
below and above the Curie point (495 K).

Growth of damping of the elastic oscilla-
tions was revealed below T, of the Invar
alloy (IF peak at 380 K) after annealing
caused by the mechanical Finkelstein-Rozin
relaxation losses with the supperposition of
losses of the magnetic nature. After the
combined SPD (gx = 4.69, hydroextrusion
and subsequent drawing) these losses de-
creases as a result of interaction of carbon
atoms with the crystal structure defects
which reduce also the magnetic contribu-
tion. These losses are renewed again after
annealing of the deformed alloy. The esti-
mated activation energy of carbon microdif-
fusion in the alloy is 0.82—0.93 eV although
these values are underestimated by approxi-
mately 0.05 eV through magnetic losses af-
fecting an uncertainty in the relaxation
peak position on the temperature scale.

Above T the dramatic increase of the IF
background in the quenched Invar alloy is
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added after combined SPD by satellite com-
ponent at 780-820 K caused by movement
of dislocation atmospheres under alternat-
ing fields of the elastic stresses with super-
position of the recrystallisation process. Ne-
glecting the last one the estimated activa-
tion energy of the relaxation process is
1.82-1.97 eV.

Acknowledgements. This work was car-
ried out with partial financial support of
the competitive project 92/13-N of Target
Complex Program of Fundamental Research
of National Academy of Sciences of Ukraine
"Fundamental problems of nanostructured
systems, nanomaterials, nanotechnologies”.

References

1. Wu Tzu-Liang, Wang Chi-Min, Acta Phys.
Sinica, 14, 354 (1958).

2. I.B.Kekalo, B.G.Livshits,
loved., 12, 838 (1961).

3. H.B.Willems, A.M.Glushets, I.B.Kekalo et al.,
in: Proc. Vnutrenne Trenie v Metallicheskih
Materialah, Nauka, Moscow (1970), p.182 [in
Russian].

4. V.M.Nadutov, T.V.Golub, O.V.Hymenyuk,
Functional Materials, 11, 496 (2004).

5. V.M.Nadutov, T.V.Golub, O.V.Hymenyuk,
Metallofiz. Noveishie Technol.,, 29, 1621
(2007).

6. V.P.Voroshilov, A.I.Zakharov, V.M.Kalinin et
al., Fiz. Met. Metalloved., 35, 953 (1973).

7. V.V.Sagaradze, A.l.Uvarov, E.I.Anoufriev,
Fiz. Met. Metalloved., 77, 156 (1994).

8. I.H.Bitkulov, A.M.Burkhanov, V.A.Kazantsev
et al., Fiz. Met. Metalloved., 102, 99 (2006).

9. V.LIzotov, V.V.Rusanenko, V.I.Kopylov et
al., Fiz. Met. Metalloved., 82, 123 (1996).

10. V.M.Nadutov, D.L.Vashchuk, P.Yu.Volosevich
et al., Metallofiz. Noveishie Tekhnol., 34, 395
(2012).

11. V.M.Nadutov, D.L.Vashchuk, Ye.O.Svystunov
et al., Functional Materials, 19, 334 (2012).

12. V.M.Nadutov, D.L.Vashchuk, P.Yu.Volosevich
et al., Fiz. Tekhn.Vysokikh. Davleniy, 22, 125
(2013).

13. Physics and Applications of Invar Alloys
(Honda Memorial Series on Materials Science),
Maruzen Company Ltd., Tokyo (1978).

14. V.S.Postnikov, Vnutrennee Trenie v Metallah.
Metallurgia, Moscow (1974) [in Russian].

15. M.M.Kasyan, A.F.Sirenko, in: Proc. Vnu-
trenne Trenie v Metallah i Neorganicheskih
Materialah, Nauka, Moscow (1982), p.53 [in
Russian].

16. S.A.Golovin, K.N.Belkin, B.M.Drapkin, in:
Proc. Vnutrenne Trenie v Metallah i Splavah,
Nauka, Moscow (1966), p.82 [in Russian].

17. I.A.Azizov, K.V.Popov, in: Proc. Vnutrenne

Trenie v Metallah i Splavah, Nauka, Moscow
(1966), p.32 [in Russian].

Fiz. Met. Metal-

57



V.M.Nadutov et al. / Internal friction in Invar ...

18. A.N.Pilipenko, N.V.Tokiy, L.F.Sennikova, in:
Proc. Visokie Davlenia, 2012, Funktsionalnye
i Prikladnye Aspecty”, A.A.Galkin Don FTI
NASU, Donetsk (2012), p.239 [in Russian].

19. V.M.Nadutov, T.V.Golub, O.V.Hymenyuk,
Fiz. Met. Metalloved., 109, 1 (2010).

20. M.E.Blanter, Zh. Tekhn. Fiz., 20, 217 (1950).

58

21.

22.

V.M.Nadutov, Ye.A.Svystunov, S.G.Kosint-
sevet et al., Izv. RAN, Ser. Fizicheskaya, 69,
1475 (2005).

I.B.Kekalo, V.L.Stolyarov, V.N.Veselkova et
al., in: Proc. Mehanizmy Relaksacionnyh
Yavleniy v Tverdyh Telakh, Kaunas, Lietuva
Kaunas (1974), p.129 [in Russian].

Functional materials, 21, 1, 2014



