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Experimental dependence of internal friction @ 1(T) on heating temperature T of
pre-strained Nb-(48.5+1,5)Ti (wt %) alloy is a superposition of two internal friction peaks
with maxima at 250°C and 300°C. It is shown by calculation that both the peaks are due to
nucleation and subsequent diffusion-controlled growth of o-Ti segregates in the walls of
dislocation cells. The first peak is connected with Ti diffusion in the cell boundaries while
the second one, in the volumes thereof.

DKCIepUMeHTaIbHAS 3aBICHMOCTh BHyTpeHHero TpeHua Q@ }(T) oT TemmepaTypsl T Harpe-
Ba mpeaBapuTesbHO gedopmupoBaHHOoro cruiaBa cocrasa Nb-(48.5+1,5)Ti (wt.% ) mpexcras-
JgeT cob00 CymepIo3UIINI0 U3 IBYX IMUKOB BHYTPEHHETO TPEHUA C TeMIEpaTypaMUu MaKCUMY-
moB 250 ‘C m 300 °C. PacuérHBIM IyTéM MOKas3aHO, uTo o6a 3TUX NUKA O6YCIOBJIEHBI
3apOKJEHIEM U MOCIeAYIONUM AUPPY3UOHHBEIM POCTOM BBIZEJNEHUN O- 11 B CTEHKAX JUCJIOKA-
UUOHHBIX fg4yeeK. IlepBwlil UK cBfasaHn ¢ quddysueit Ti B rpanumax, a BTopoili — B 06bEMax
9TUX AYeeK.

The Nb-Ti alloys are of considerable importance in applications of low-temperature superconduc-
tivity. The role thereof in the electric energy production and use (thermonuclear units, electrical en-
ergy accumulators and generators, magnetically suspended high-speed transport, ete. [1]) confirms
enough that importance. The Nb-(48.5+1,5)Ti (wt. %) alloy is referred to in engineering as N'T50.
The current-carrying structure of wires and strips made of that alloy is formed in the course of its
thermal/mechanical treatment. First, a strong plastic straining it the region of the single-phase (3
state with b.c.c. lattice results in formation of cellular dislocation structure in NT50. Then, under
isothermal holding of the pre-strained alloy, e.g., for 400 h at 390°C [2], the supersaturated solid
solution is decomposed under segregation of «-Ti particles with h.c.p. lattice mainly at the disloca-
tion cell boundaries.

The kinetics of isothermal NT50 decomposition has been traced in [3] using the internal friction
method. When considering the first order phase transitions, the observation time  of the phase
decomposition under isothermal conditions [3-5]:
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Eq. (1) can be used both for forced and free @q-1.192

vibrations [3]. Therein, T is the instantaneous o
temperature of the alloy; the parameter n>0
characterizes the formation and growth rate 8"
of the new phase nuclei. According to [4], the "
phases are segregated at n = 1 along the bound- 6l
aries of the structure elements; at n = 2, at the 0050
edges of structure elements; when the phase 4l
nucleation rate decreases, 3<n<4. The factor ¢ P Ton 200 300 00 0 Lo
= ¢(f) includes the sample vibration frequency Sl

[ connected with the material elasticity modu-

lus: G~f2. The changes in elastic moduli in time olLees

is not expressed so clear as compared to the in- 0 100 2c|)o 3cl)o 400 T,°C
ternal friction, since the elastic properties are
defined mainly by the binding forces between
atoms in the lattice and to a lesser extent by the
material structure. That is why f() = const can
be assumed in calculations using Eq. (1); then
¢(t) = const. At certain numerical values of K
and n, Eq. (1) “forecasts” an exponential drop of internal friction in NT50 during an initial time
period and appearance of temporal ¢'({) maxima later. Those internal friction ¢}'(f) features were
found for NT50 before in experiments [3]. Processing of experimental data on @'(t) using Eq. (1)
had resulted in the following values of Avrami parameters: n=1 and n = 4.440.5 for strained N'T50
annealed at 300°C; n = 1 and n = 2.60+0.75 for cast NT50 annealed at 375°C. The phase decomposi-
tion kinetics may influence the character of temperature dependences of internal friction in NT50.
Therefore, the purpose of this work is to reveal and consider numerically the features of tempera-
ture-dependent internal friction in NT50 reflecting the phase decomposition kinetics of the alloy.
An NT50 ingot was prepared by vacuum arc melting. To provide the cellular structure, the ingot
was plastically strained by pressing and dragging at 600°C [2]. To measure the internal friction,
samples of 2 mm diameter and 20 mm working element length were cut out of the workpiece so ob-
tained. In a dark-field electron microscopic image of NT50 alloy subjected to a similar thermal and
mechanical treatment, o-Ti accumulations of about 100 nm average size are seen at the cell bound-
aries. The distance L, between surfaces of two neighboring accumulations along the cell boundary

Fig.1. Experimental temperature dependence Q'(T)
of internal friction for pre-strained NT50 alloy at the
sample heating rate 2 deg/min (1) and its components
(2, 3. Inset: distribution function of dislocation cell lin-
ear dimensions in the NT50 sample under study [2].

was 50 to 100 nm [6]. The internal friction was measured at a constant heating rate 7' = 2 deg/min
by damping torsional vibrations method at an amplitude of the order of 10 and frequency f=3 Hz
using a unit described in [7].

In an experiment with NT50 alloy, a complex temperature dependence of internal friction ¢}
1(T) is recorded (Fig. 1) consisting of two peaks at two rather different temperatures 250°C and
300°C. To establish the mechanisms providing that feature of internal friction, let the @'(1) curve
be simulated. To that end, let the change interval of heating temperature A7 during the internal
friction measurement time ¢ = AT/T" be introduced into Eq. (1), provided that the sample heating
rate is not too high. At a slow (quasi-equilibrium) heating, the temperature lag in the sample in-
ner regions against its outer layers can be neglected. Since the NT50 decomposition is of diffusion
nature, let the Avrami parameter K be presented as K= (1/7)" by introducing the characteristic dif-
fusion time 7. This time is a function of diffusion coefficient D of dissolved atoms and the diffusion
path (distance) that those have to pass to each growing particle. At the initial growth stage of just a
formed «o-Tinucleus, its growth rate will be controlled by the boundary diffusion. Then, however, it
is volume diffusion that will be predominant [8]. When the formation work of a precipitate nucleus
is low as compared to the activation energy U of the volume diffusion, and there is no energy barrier
for such diffusion at the phase interface, then the following relationships are valid:
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where D, is the frequency factor of the volume diffusion; &, the Boltzmann constant. In the presence

of volume diffusion, Eq. (1) takes the form
ex] —[—0 ]n [_]n ex 3
P 72 T P . 6)

expl- 22
PU%T
To estimate the volume diffusion coefficient of Ti in NT50 alloy at moderate temperatures up to
600°C, let the universal relationship [9, 10] be used that is valid for any self-diffusion and hetero-
diffusion processes:

Q'mLD _1 &]‘1 [A_T]
c T2 T

D=« ﬁexp[- v ],
To kT

where a is the alloy crystal lattice period; 1/7,, the maximum (Debye) vibration frequency of atoms
in the lattice (1/7, ~ 10® s7). In binary substitution alloys, the atomic diffusion over vacancies
predominates. For the vacancy mechanism of diffusion in a b.c.c. lattice, the geometry parameter
a=1/8 [9]. The b.c.c. lattice period of NT50 solid solution is essentially unchanged within the 20 to
600°C temperature range of one-hour annealings and is @ = 3.2832 A [11]. Then the frequency fac-
tor of the volume diffusion in NT50 is D, = aa?/7, ~ 0.14 mm?*s. At temperatures near 1000°C, the
volume diffusion activation energy for Ti impurity in Nbis U/ = 0.9 eV [12] and that for Nb impurity
in 3-Ti, U= 1.5 eV [13]. In the case under consideration when Ti diffuses in NT50 at temperatures
up to 600°C, the activation energy seems to be of the same order, U= 1 eV.

When «-Ti accumulations grow due to Ti volume diffusion, the diffusion path length L is equal to
the linear dimension of dislocation cell. That dimension is not fixed in strained NT50 alloys. It may
ba distributed in various manners depending on the thermal and mechanical treatment modes. The
inset in Fig. 1 presents the non-normalized distribution function p(L) for linear cell dimensions in
the NT50 sample under study [2].

When the NT50 samples are heated, the azimuthal disorientation of dislocation cells increases
due to polygonization and the cells may transform themselves into subgrains [14]. That phenom-
enon will not be considered in what follows. Let the sample heating rate to be T =2 deg/min and
the rounded values of Avrami parameters for NT50 tobe n =1, n =2 and n = 4. For each individual
n value, let the internal friction be calculated using the formula

Lmax

&'an= [ @ 'L, 4

where p(L) is the normalized distribution function p(L). Let the partial temperature dependences
(4) to be added together to get the total temperature dependence

V(D) =y D)+ Qv @) + Qv (4T

of internal friction caused by nucleation and growth of a new phase due to Ti volume diffusion
(Fig. 2, curve I).

Now let the contribution from the Ti boundary diffusion to the internal friction to be taken into
account as follows. From the Fisher equation [10] for the spatial concentration distribution of the
diffusing substance in the presence of boundary diffusion, it follows that the diffusion along a cell
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boundary should be accompanied necessarily by diffusion in the volume thereof. This correlation
manifests itself in the fact that the diffusion path along the cell boundary L, depends on the ratio
D, /D>>1 between the boundary and volume diffusion coefficients, respectively:

L, ~ (6D,/D)*(Dm)™, 6)

where § is the cell boundary width that is assumed usually to be §~0.5 nm [8]. In the case of bound-
ary diffusion, the diffusion path length is in proportion to forth root of the time (5) rather than to
square root, (2) as in the case of volume diffusion. According to D. Turnbull [8], the decomposition of
alloys is controlled by the boundary diffusion if D /D = I /6. Then we get from (5) that

Lgb ~ (D)2, or

2 2
s ) exp [i] . ©).
D Dy kT

The comparison of (2), (3), and (6) shows that the contribution from Ti boundary diffusion to the
internal friction can be taken into account by substituting the ratio DO/(Lgb)2 in (3) for D /L* The ac-
curate temperature dependence of L, 1s unknown. However, the new phase nucleation in the disloca-
tion cell walls are fast over, and the diffusion-controlled growth of those nuclei in aging alloys (includ-
ing NT50) proceeds very slowly [8]. So, using the X-ray small-angle scattering, it has been shown that
the «-Ti inclusion radius increases only by a factor of 3, and the reduced spacing of those inclusions
remains essentially unchanged during holding of cold-strained N'T50 wires for 10? to 10° min at 380°C
[15]. Thus, the diffusion path length L, can be believed to be constant during the measurement time
of internal friction (300 min). Let L, = 50 nm and 7'= 2 deg/min. Then, for n =1 and n = 2 parameter
values (concerning, according to R. Cahn, only o-Ti precipitation in the cell walls), let the partial con-

tributions ngl (1;T) and Qéol 2;T) the total one
Q' (1) =@y (17) + Q) @:7)

from the boundary diffusion to the sought internal friction be calculated using formula (3). The
results are shown in Fig. 2 (curve 2). The resulting curve of internal friction

Qil (1= Qg%l I+ Q\71 (1) Qe 104

in the presence of both boundary and volume 18
diffusion is shown as curve 3 in Fig. 2. 16 |

The experimental data (Fig. 1) and calculat- 14+
ed ones (Fig. 2) are seen to agree qualitatively 12}
rather well. This means that the temperature 10}
dependence of internal friction in NT50 is due to 8t
Ti diffusion both along the dislocation cell walls 6
and within the cell volumes. It follows from the 4t
proposed calculation algorithm for Q'(T) that 2t

0

the temperature position of the internal friction
peak in NT50 associated with Ti diffusion within
the dislocation cell volumes depends on the dis-  Fig 2. Caleulated temperature dependences Q(T) of
tribution function of the cell linear dimensions.  internal friction for pre-strained NT50 alloy at the
sample heating rate 2 deg/min. Contributions from
Ti volume diffusion (I) and boundary diffusion (2) to
the internal friction and the resulting internal fric-

100 200 300 400 T,°C

tion curve (3).
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Oco0muBoOCTI TEMIIEPATYPHO-3AJI€KHOro0 BHYTPIIHLOTO
Tepta npudgasosomy posnaxni cuaasy HT50

B.M. Aporcasimin

ExcnepumenTanbsrua sasescHicrs BHyTpimaboro teptsa &-1(1) Bim temmeparypu 1’ HarpiBanus
nomepeauno gedopmoBanoro ciiaBy ckaany Nb— (48,541, 5)Ti (mace. %) siBiisie co60I0 CyIepIIO3HIIII0
3 IIBOX IIIKIB BHYTPIIIHLOI'O TePTs 3 TeMIlepaTypamu MmaxkcuMmyMis 250 °C1300 °C. PospaxyunroBum
[LJIAXOM II0Ka3aHo, 1o obigBa Il miku o0yMOBJICHI 3apOfKeHHSM 1 HACTYIHUM AUQy3IHHIM
POCTOM BH/I1JICHE o-Ti y CTIHKAX JUC/AOKANIOHHAX KOMIpOoK. [lepimuil mik nop’asannuii 3 qudyaicio
Ti Ha rpaHuLsaX, a ApyTruii - B 06'eMax X KOMIPOK.
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