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The features of phase transformation kinetics in solid binary solutions have been
studied to show the expediency and efficiency of determining the DMS dependence on the
annealing time G(t) to optimize the heat treatment procedure for superconducting Nb-Ti
alloys. The advantages of the G(t) determination method, compared with a technique
usually applied for critical current J (1) measuring, are substantiated. By this method a
rapid "in situ” determination of the optimum heat treatment time corresponding to the
point of maximum in the G(t) curve is provided.

B pamikax paccmorpenmsa o0cCoOeHHOCTEH KuHHETHKH (has3s0BBIX IIpeBpallleHHil IBOMHBIX
TBEPABIX PACTBOPOB IOKAa3aHA IeJ1eco00pasHOCTb 1 d(hpeKTUBHOCTD OIIpPeJeeHIA 3aBUCHUMOC-
TH AAHAMUAYECKOIr0 MOIYJId CABUra OT BpeMeHU orTKura G(T) I ONTUMUBAIUU PEeRUMA
TePMOOOPABOTKY CBEPXIIPOBOAAIIMX HUOOUI-TUTAHOBBIX CILIaBOB. OGOCHOBAHLI IIPEUMYIIECT-
Ba MeTona oupeaeneHus G(T) 10 CPaBHEHMIO ¢ OOBIYHO IPHUMEHSIEMON METOLUKON H3MEPeHH
Kputuueckoro Toxa J (7). IIpu aToMm obecmeumBaerca in situ” skcmpeccHoe ompesgenenue
ONITUMAJILHOTO BPEMEHU TepMooOpaboTKM, KOTOPOe COOTBETCTBYET TOUKE MaKCHMyMa Ha 3a-
BucuMocTu G(T).

Ynpaeninna npoyecom posnady meepdozo posuiuny npu mepmoobpobrax dedopmo-
6anux HiobGili-mumanoeux cnnagie. JI.A.9uprxuna, O.U.Boavox, M.B.Jlasapesa, B.C.Oxo-
sum, I'."E.Cmopoicunos.

B pamkax posraaay ocobamBocTell KiHeTuKu (azsoBUX TePeTBOPEHBL TOABIMHMX TBepAMX
POBUMHIB TTOKA3aHO AOIIIbHICTL i ePeKTUBHICTh, BUSHAUEHHA 3aJ€KHOCTI AMHAMIUHOTO MOJXY-
JIA 3PYIIeHHA Bif uacy Bigmamy G(T) ana omtumisarlii pekumMy TepMoobpodKM HAATPOBITHUX
HioGili-ruranoBux cmaasis. OOrpyHTOBaHO mEepeBarn MeToay BusHaueHHH G(T) y mopiBHauHi
i3 sasBUYAll BMHBAHOK METOJUKOK BHMIPIOBAHHA KPHUTUYHOTO cTpyMy J (7). Ilpm npomy
sabesmeuyThes in situ” excmpecHe BU3HAUEHHS ONTUMAJILHOTO 4YaCy TepPMOOGPOOKM, AKe
BiimoBimae Touli MakcuMyMy Ha 3ajexHOocTi G(T).
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1. Introduction

At the present time the most commonly
used functional materials designed for su-
perconducting magnetic systems are nio-
bium-titanium alloys. This is due to their
high deformation capacity permitting to re-
alize structure-phase transformations by
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subsequent heat treatments (HT) providing
high superconducting and mechanical prop-
erties. In the studies on Ni-Ti alloys [1-4]
the structural criteria for obtaining high
values of the critical current density (J.)
were determined. To date record values of
J,. were obtained using the mechanical heat
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treatment proposed in [5]. The main struec-
ture elements conditioning the high critical
current achievement are textured fine-dis-
persed a-Ti particles which size correlates
with the magnetic vortex coherent length,
that provides an effective magnetic flux
pinning [6, 7]. In the case of fixed anneal-
ing temperature, ensuring an active decay
of the P-solid solution in the deformed Nb—
Ti alloys the main parameter of HT optimi-
zation is the annealing time (7). Usually,

o—Ti phase formation during HT of Nb-Ti
alloys is controlled by measuring J, as a
function of t [7]. It is a difficult process
because of frequent HT interruptions and
subsequent J, measurements on the samples
under cryogenic conditions (T = 4.2 K). Be-
sides, the determination of optimum anneal-
ing time becomes complicated and longer
for lack of critical currents in the J.(7)
curve (e.g. maximum points) characterizing
the completion of solid-solution decay
stages. For other available methods of con-
trol of the solid solution decay processes
using the structural sensitivity of parame-
ters being measured [8—11], the HT proce-
dure should be interrupted too. Moreover,
these methods give the information, mainly,
about structural changes in the localized
microvolumes.

It is well known that the material elastic
modulus presents a volumetric precision
characteristic possessing a high sensitivity
to the alloy chemical composition change as
a result of solid solution decay [12]. De-
pending on the relation between the bonding
forces of dissolved material atoms and sol-
vent atoms, as well as, between the intera-
tomic forces in the solvent lattice, the
change in the solid solution chemical compo-
sition can increase or decrease the material
elastic modulus.

The present paper gives a physical ra-
tionale for expediency of controlling the
process of B-solid solution decay and deter-
mining the optimum time of HT in the de-
formed niobium-titanium alloys by measure-
ment of dynamic modulus of shear (DMS)
just in the annealing process.

2. Material and methods

A material under study was niobium-tita-
nium alloy NT-50 (48 wt.% Ti) in the form
of wire samples obtained by overall defor-
mation of the ingot [1] and subsequent
drawing at 77 K to the finite diameter of
0.5 mm. Application of the drawing under
cryogenic (77 K) conditions promotes sub-
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stantially the process of P-solid solution
decay, i.e. reduces the heat treatment time
for obtaining high critical current values.
The electron microscopic investigations
have shown [4] that the features of NT-50
alloy structure state after cryogenic draw-
ing include an increased density of deforma-
tion defects, a high dispersion of p-phase
structure, high and distinet nonuniform
fields of internal stresses. These factors can
promote to significant increase of a number
of potential points for a—Ti particle nuclea-
tion under conditions of subsequent anneal-
ing and acceleration of [-solid solution
decay process.

Next annealings were carried out at
T = 663 K, being effective temperature for
B-solid solution decay in the HT-50 alloy
[1], in the course of which the dynamic
modulus of shear G(1) was measured as a
function of the critical current density
J (T).

DMS was determined using a device for
measuring the internal friction and the
elastic modulus [13] at frequency of 0.5 Hz
with oscillation amplitude of 2.0-1072, cor-
responding to the amplitude-independent in-
ternal friction, at T = 663 K in vacuum of
103 mm Hg. In the course of HT every 8 h
the G(t) dependence was measured without
disturbing the annealing regime. The DMS
values were determined by the formula: G =
128nLIf2/d%, where L is the sample length,
d — sample diameter, I — moment of iner-
tia of a torsion pendulum, f — oscillation
frequency. The accuracy of G measurement
was 0.1 %, the measurement time did not
exceed 5 min.

To measure J (1) a roll of the wire, de-
formed by the above-mentioned procedure,
was annealed in the wvacuum furnace
(1073 mm Hg) at 663 K. Every 10 h the
furnace was cooled to the room temperature
then the sample was cut off from the roll.
On the sample obtained the critical current
was measured by the resistive method at
4.2 K in the transverse magnetic field with
a strength of 5 T. Appearance of potential
difference equal to 1uV/cm served as a cri-
terion for critical current recording. Every
operation cycle (annealing interruption,
wire roll cooling, sample cutting and J,
measuring) lasted not less than 5 h and re-
peated as long as decrease of the critical
current value on the J.(t) curve was fixed.
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3. Results and discussion

Critical current density and dynamic
modulus of shear of the deformed NT-50
sample were measured as a function of the
annealing time. The measurement results
are presented in the Figure.

It is seen from the Fig. that the J.(7)
dependence has three stages: sharp critical
current increase, raise to the plateau, and
J (1) decrease. It is important to note that
the stage of J (1) decrease appears at T over
100 h (curve 1). If the entire cycle of opti-
mum HT time determination is under con-
sideration one should add the material an-
nealing duration and the time expenses to
measure J (1) at different annealing stages.
As a result of carrying out the J.(1) meas-
urement cycles it has been established that
the HT optimization procedure is long (the
total time of HT optimization by J.(t) meas-
urement is near 200 h).

This time-limit includes the HT duration
before the moment of J, value increase
(~ 110 h) and the total time of repeated J,
measurements at different annealing stages
(~ 90).

The G(t) dependence (curve 2) shows a
distinct maximum at =40 h that corre-
sponds to the time of J (1) raise to the pla-
teau (curve 1). Comparison of the curves,
presented in the Fig., permits to conclude
that the HT duration increase to more than
40 h does not lead to the critical current
density increase during the subsequent an-
nealing. Consequently, according to G(1)
measurement results, the optimum TO re-
gime can be limited by the time of reaching
a maximum DMS value (t = 40 h), and the
subsequent annealing at the given tempera-
ture becomes useless. So, the presence of a
maximum in the G(t) curve, unlike the J ()
dependence not having a distinet critical
current, enables to end the annealing proce-
dure at the 1 value corresponding to the
maximum in the G(1) curve.

Note, that direct DMS measurements are
carried out on a single sample, have not
influence on the HT temperature regime
and, consequently, do not elongate the total
time cycle of the HT procedure not exceed-
ing 40 h. It has been noted, that for the
case of HT optimization by J.(1) measure-
ments the total time was of about 200 h.
Thus, the application of the G(t) measure-
ment method, as compared to the J.(1)
measurement method, permitted to reduce
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Fig. Critical current density (1) and dynamic
modulus of shear (2) of the deformed NT-50
alloy as a function of heat treatment at
663 K.

the total HT optimization cycle by a factor
of 5.

Let us consider the general causes of the
maximum appearance in the G(t) depend-
ence. Nonmonotonic behavior of the G(1)
curve is due to the influence of the B-solid
solution decay kinetics with the p-phase
chemical composition changing at different
stages of niobium-titanium alloy annealing.
This permits to give a physical substantia-
tion of the optimum HT temperature choice.
We will proceed from the existing notions
about the kinetics of HT decay of nonequili-
brium solid solutions (including deformed
alloys), according to which [8, 14-16] the
peculiarity of the processes is the presence
of three stages decay. The first stage is the
formation of new-phase nuclei having sub-
critical size R,, the second stage is the dis-
solving or growth of nuclei up to the criti-
cal stable size R,., the third stage is the
coalescence of new-phase particles having
the size R > R,.. It is important to note
that in the first- and the second decay
stages, when the solid solution supersatura-
tion is still high, the new-phase particles
can grow via the bulk diffusion from the
solid solution. In the third decay stage (the
coalescence stage) the solid solution super-
saturation by the second element is insig-
nificant and formation of the new-phase
particles with R > R, from the solution is,
practically, stopped. And growth of the par-
ticles with R > R,. continues due to dissolv-
ing of the fine particles and growth of the
coarse particles. Besides, in the third stage
of solid solution decay formation of the new
nuclei is, practically, excluded, as they
should arise having already macroscopic
sizes [8, 16]. These observations are in
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agreement with our electron microscopic
data: when Ni—Ti alloy, deformed at 77 K, is
under annealing at 670 K during 10 h the
o—Ti particles of 200 A are formed that cor-
responds to the size of a nucleus with the
stable critical size R,.. Increase of the time
of annealing at 670 K to 70 h, leads to for-
mation of o~Ti particles of a minimum size
of 500 A that is in agreement with the data
of [15]. So, after completion of the first and
the second stages of solid solution decay the
titanium concentration in the fB-solid solu-
tion was decreased and the niobium concen-
tration was, respectively, increased, as com-
pared with the [-state before annealing.

According to the data of [17] for Nb-Ti
alloys in the concentration range from 30 to
60 % of Nb there is direct linear depend-
ence between Nb amount in the PB-phase and
DMS value. Consequently, in our case the
precipitation of titanium-containing phases
during the solid solution decay in the first-
and the second annealing stages should be
accompanied by the DMS value increase be-
cause of the B-solid solution saturation with
niobium that is experimentally observed
(curve 2). The onset of the third stage (coa-
lescence) corresponds to the maximum nio-
bium content in the P-phase, as there is no
titanium concentration decrease in the f-
phase after ending of the first- and the sec-
ond decay stages. Therefore, according to
[17], the DMS value will not increase after
the third stage onset. Furthermore, since in
the coalescence stage the interphase bound-
ary areas are changing, the alloy free en-
ergy increases and the o-phase nuclei, of a
size less than R,,, partly dissolve in the
B-matrix, the DMS value should decrease
[12, 17]. In our work we have observed this
process, which reveals itself as a maximum
in the G(t) curve. The position of the maxi-
mum on the scale of 1T corresponds to the
instant when formation of the a-phase par-
ticles with the sizes R, and R,. is stopped
and very slow process of their coalescence
begins. The slowing down of the solid solu-
tion decay process at the coalescence stage
is explained by the fact that the reaction
rates at the interphase surfaces are signifi-
cantly lower than the rate of the dissolved
element bulk diffusion in the matrix [14-
16]. Therefore, the coalescence rate is the
slowest and the longest reaction.

The HT-formed structure corresponds to
the optimum state of Nb—Ti alloy with rela-
tion to the dispersion and concentration of
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the o-phase providing maximum magnetic
flux pinning and, consequently, the high
values of J,.. It is important to note, that
during the heat treatment of deformed nio-
bium-titanium alloys the titanium depletion
of the P-matrix occurs, that has to exert
influence on the further B-phase decay in-
tensity. Therefore, in the case of repeated
plastic deformations and subsequent anneal-
ing one should keep in mind that after
every stage of mechanical-thermal treat-
ments the P-matrix composition can move
towards nicbium in the Ni-Ti state diagram
[17-19]. Thus, the titanium concentration
in the P-matrix will decrease and, as a re-
sult, the kinetics, rate and composition tem-
perature of the solid solution will change.

By measuring G(1), it is possible to esti-
mate not only the time parameters of HT
and solid solution decay processes, but,
also, to determine the amount of the o—Ti
phase at every HT stage using the depend-
ence G = G(% Nb) of [17].

4. Conclusions

Thus, the analysis on the kinetics of
phase transformations performed by the G(1)
measurement data shows the expediency of
usage of "in situ” DMS measurement
method to control the solid solution decay
and to obtain the niobium-titanium alloys
with desired superconducting properties. As
the changes of the DMS have, as a rule,
linear dependence on the second component
percentage in two-phase solid solutions of
different metals [12], the presented HT op-
timization technique can be used to estimate
the decay kinetics for anyone of the two-
component solid solutions.
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