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ON THE MICROSTRUCTURE AND CURRENT-CARRYING CAPACITY
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A correlation between the modes of mechanical-thermal treatment, main microstructure parameters and the criti-
cal current density J. in the superconducting alloy Nb-49 wt.% Ti was established. The studies were carried out on
the alloy that was preliminary deformed by the “upsetting-extrusion” severe plastic deformation (SPD) method and
subsequently drawn with multiple intermediate heat treatments (HT) at 390 °C for 400 and 2000 h. After completion
of the heat treatments, the superconductor was finally drawn with the degree of deformation ey, It was shown that
the volume fraction of a-Ti phase precipitates increases with the increasing in number of heat treatments up to ~ 24
and 27% for a total heat treatment duration of 400 and 2000 hours, respectively, and reaches maximum values at HT
quantity of 4...5 and 7. The highest critical current density level in a magnetic field 5 T, J, ~ 3.8-10° A/lcm?, was
obtained for a total heat treatments duration of 2000 h, 7 number of HT and final true strain = 5.05. The dependence
of the pinning volume force F, on the reduced magnetic field b in such superconductor is described by a function in
form Fj, ~ b(1-b)? a characteristic of superconducting materials with strong vortex magnetic lattice on the precipi-

tates.

INTRODUCTION

Superconductors based on niobium-titanium alloys
belong to the mostly used class of superconducting ma-
terials [1-3]. The main advantage of these superconduc-
tors is the relative simplicity of manufacture (mainly,
due to the high ductility of the alloys), high mechanical
properties and satisfactory quantity of critical current
density J. in magnetic fields (up to 8 T). Only the J.
value depends strongly on the structural state of the ma-
terial between the three main technical characteristics of
superconductor - critical temperature T, upper critical
field Hc, and critical current density J.. It should be not-
ed that this characteristic substantially determines the
possibility of using a superconductor in the manufacture
of specific magnetic systems. Therefore, the main atten-
tion of niobium-titanium superconductors’ developers is
focused on optimizing the microstructure of the alloys
in order to create an effective system of pinning centers
of magnetic field vortices and, as a result, to achieve the
high values of J..

During the longitudinal researches, it was estab-
lished [4-7], that the most effective pinning centers in
niobium-titanium technical superconductors are o-
titanium precipitates formed during the decomposition
(aging) of supersaturated solid solution (metastable f3-
phase). Large volume fraction of a-Ti precipitation,
located uniformly in the superconductor and had a nar-
row size distribution, has to be necessarily ensured dur-
ing the metastable B-phase decomposition in order to
achieve the high critical current densities [8-10]. The
decomposition of the supersaturated solid solution in
Nb-Ti system occurs at relatively low homological tem-
peratures (=~ 0.3) so as its rate is quite low. Various
methods are used to accelerate the decomposition pro-
cess - severe plastic deformation (SPD), deformation at
cryogenic temperatures [11, 12], etc. Final deformation
(drawing) of the superconductor with the optimal over-
all reduction ratio is used at the end of the processing,
after the aging, in order to achieve the desired shape and
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size of the a-Ti precipitates. However, even with the use
of “stimulating” treatments, such as SPD or prolonged
“aging” heat treatment (HT), it is not possible to imple-
ment a fully decomposition process and achieve the
optimal volume fraction of o-Ti phase precipitations.
For example, in [13] it was established that in the Nb-
48.5 wt.% Ti alloy, subjected to SPD with the degree of
“true” (logarithmic) deformation e,=7.6, the volume
ratio of the a-Ti precipitated after a single HT at 390 °C
within 2000 h does not exceed 16% (volume). In doing
so, the decomposition process almost ceases after HT
for 400 h. Additional deformation is required for further
decomposition stimulation. That is, it is necessary to
alternate with the deformation and HT to achieve a large
volume fraction of a-Ti precipitation. A number of such
deformation and HT cycles in the process of obtaining a
high-current niobium-titanium superconductor can reach
5 or more. Additionally, it is necessary to optimize the
degree of deformation between HT, the HT time and the
level of the final deformation.

The aim of this work is to establish the relationship
between the number of HT, the main parameters of the
microstructure and the critical current density. In this
case, the total HT time was set at 400 and 2000 h. The
total HT duration in 400 and 2000 h were chosen due to
economic constraints in the industrial production of
superconductors and to study prospects of increasing the
critical current density in comparison with density,
achieved on industrial superconductors, respectively.

EXPERIMENTAL DETAILS

In this study an ingot of NT-50 alloy (Nb-
49 wt.% Ti) with 250 mm diameter was obtained by
vacuum arc melting. The content of the main alloy im-
purities did not exceed: C<0.04, N<0.03, 0<0.05,
Fe<0.06 wt.%. The grain size in the ingot ranged from
50 to 1375 um (average diameter d,,=535 pm). The in-
got was subjected to SPD by the “upsetting-extrusion”
method (upsetting and extrusion from & 250 mm to



& 320 mm and & 90 mm, respectively) in order to grind
the initial structure and achieve a high degree of prelim-
inary deformation e, (i.e. deformation before the first
heat treatment). The bar obtained after extrusion was
placed in a copper cup (case), which was welded with
an electron beam in vacuum, as a result, bimetallic as-
sembly was obtained. Then, the assembly was deformed
into a bar of & 12.5 mm by extrusion and subsequent
drawing. Further routes for producing Nb-Ti/Cu bime-
tallic wires with a constant total heat treatment time

t=400 h are shown in Table 1. The number of HT varied
from 1 to 6, the deformation between HT was €;=0.7,
and the heat treatment temperature was 390 °C. The
deformation before the 1st HT (e,,) varied from 7.0 to
10.7 since the last heat treatment was carried out on the
same diameter of 2 mm. The final deformation of the
conductors was carried out after the final HT by draw-
ing to various degrees up to €5,=5.6.

Table 1

Routes of the HT in the manufacture of Nb-Ti superconductors for the total time of thermal
processing t=400 h

Number of HT, N | The diameter of the wire on which the HT was carried out, mm | e,
1 - - - - - 2.0 10.7
2 - - - - 2.8 2.0 10.0
3 - - - 4.5 2.8 2.0 9.0
4 - - 6.1 45 2.8 2.0 8.4
5 - 9.0 6.1 45 2.8 2.0 7.6
6 12.5 9.0 6.1 45 2.8 2.0 7.0

The routes for the manufacture of Nb-Ti samples in
the case of a total heat treatment time in 2000 h are giv-
en in Table 2. The number of HT varied from 1 to 10,

and the value ej,; was ~0.4. Other parameters of the
processing (SPD characteristics, T, eq,) are the same as
for the samples made with a 400 hours total duration.

Table 2

Routes of the HT in the manufacture of Nb-Ti superconductors for the total time
of thermal processing t=2000 h

Number of HT, N | The diameter of the wire on which the HT was carried out, mm | e,
1 - - - - - - - - - |20 (107
4 - - - - - - | 3629|2420 95
5 - - - - - | 4536|129 (24|20 90
6 - - - - | 56 |45|36 29|24 |20 86
7 - - - | 67|56 |45 (3629 (24|20 82
8 - - | 80|67 |56 |45 (36|29 |24(20]| 79
9 - 96 | 80 | 6.7 |56 |45|36|29 2420|775
10 125 | 96 | 80 | 6.7 |56 | 45|36 (29|24 |20 | 70

The structure of the samples was studied by trans-
mission electron microscopy using a Tesla BS-613 mi-
croscope at an accelerating voltage of 100 kV on trans-
verse foils of wires with a diameter of 2 mm. The pa-
rameters of a-phase particles, released during the heat
treatment, — volume fraction (V), average diameter (d,,),
density (p), coefficient of variation of sizes (k,) were
determined by computer digital image processing of the
structure and the following statistical data analysis.

The value of critical currents was measured on wire
samples of various sections with a length of ~ 30 cm, in
a universal measuring stand in transverse magnetic
fields with induction B=1...8 T at a temperature of
4.2 K. The distance between potential contacts was
~ 10 cm. The criterion for recording the critical current
was the appearance of a potential difference of
1 uV/cm. The critical current density J. was calculated
for the cross section of the Nb-Ti alloy, i.e. excluding
the area of the copper stabilizer. When removing the

dependences J. (esin), the maximum value of the critical
current density for each HT route was determined (see
Table 1 and Table 2), which was designated as J¢ max.

RESULTS AND DISCUSSION

Heat treatment with a total duration of t = 400 h.
In the manufacture of modern Nb-Ti superconductors of
various designs, the critical current density level at
~(3.0-10°...3.5:10°) A/cm® (B =5T) is often required,
accordingly to the technical specifications. Such level of
Jc can be achieved by conducting multiply HT at T=390
°C for a total of =~ 400 hours. Moreover, it is relevant to
determine the optimal amount of HT to achieve the re-
quired level of J.. In this section, the results of studying
the effect of the HT number on the structure and, there-
fore, on the current-carrying capacity of Nb-Ti alloy at
the mentioned values of total time and temperature of
HT are presented.
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Fig. 1. The microstructure of Nb-Ti superconductors after the final HT (t = 400 h) and the corresponding histo-
grams of the size distribution of the «-Ti phase precipitates at N =1 (a, b); N=2(c,d); N=3 (e, f); N =4 (g, h);
N =5 (i, j); N =6 (k, I). Heat treatment routes corresponding to N values are given in Table 1

Two-phase microstructure of Nb-Ti superconductors During increasing the number of HT from 1 to 6, a
after the final HT (at @ = 2 mm) and size distribution  gradual evolution of the distribution of precipitate sizes
histogram of the o-Ti precipitation are shown in Fig. 1. occurs (see Fig. 1). With a single HT, the microstructure

is characterized by the distribution of «-Ti particles



with an increased density of small-sized objects (see
Fig. 1,a,b). This fact is a consequence of the high densi-
ty of the centers of the phase nucleation in the form of
the finely dispersed subgrain structure boundaries
formed after a high degree of preliminary deformation
eor=10.7. The frequency of the small o-Ti phase pre-
cipitates appearance decreases with an increasing in the
amount of HT up to 4...5 and larger objects appear in
the distribution (see Fig. 1,g—j). The shape of distribu-
tion takes on a flatter form with an approximately equal
frequency parameter of precipitate size in the range of
50...250 nm. After 6 HT, a peak of low-sized precipi-
tates (~ 70 nm) starts to form again in the distribution
(see Fig. 1,k,1). This is probably due to the minimum
duration of each HT (67 hours) and the maximum total
intermediate deformation (2, ~ 3.7).

The dependences of the main parameters of o-Ti
phase particles on the amount of HT are shown in
Fig. 2. The V(N) curve characterized the amount of
phase precipitated in the Nb-Ti alloy for t=400 h case
has a maximum at 5 HT of 80 h each (see Fig. 2,a). The
density of released particles decreases with an increase
in the amount of HT up to 5 (see Fig. 2,b). A decisive
influence on this is exerted by a decreasing value of
preliminary deformation, after which a larger subgrain
structure with a lower density of nucleation centers of
second phase is formed [13]. The emerging process of
the precipitate density curve reached saturation is prob-
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ably associated with the contribution of increasing
growth factor of the total value e, and a decreasing in
the duration of each HT. The dependence of the average
size of a-Ti phase on the amount of HT (see Fig. 2,c) is
characterized by a maximum at N about 5, which is sim-
ilar to the V(N) dependence (see Fig. 2,a). Taking into
account that with increasing in the amount of HT a de-
crease in the density of o-Ti phase precipitates (see
Fig. 2,b) is observed, an increase in the a-Ti phase vol-
ume content with N growth (see Fig. 2,a) is provided
due to a more intensive increment the precipitates size
(see Fig. 2,c). Moreover, a slight increase in the uni-
formity of precipitated phase size is taken place with
increasing N up to 5 (see Fig. 2,d).

Thus, the limit volume of the precipitated phase, oc-
cured due to the influence of the amount of HT at con-
stant values t, ey, T, is determined by several factors.
Firstly, the growth of the preliminary deformation e,
value leads to an increase in V [13]. Secondly, an in-
crease in the total intermediate strain e;, (increase in N)
contributes to the a-Ti phase precipitate. Thirdly, the
duration of each heat treatment, which decreases with
an increase in N, lead to a decrease in phase precipita-
tion after each HT. As a result, the optimal ratio of these
3 parameters leads to the greatest o-Ti phase precipita-
tion during 5 heat treatments, which was experimentally
shown (see Fig. 2,a).

N ) d

Fig. 2. Dependences of the statistical parameters of the a-Ti phase particles on the amount of HT for a total heat
treatment time of 400 h

The dependence of the critical current density on the
number of heat treatments J; max(N) (Fig. 3) has a similar
character to the V(N) dependence. The maximum value

of J.(5T)~3.6-10° A/cm? was obtained with optimal
parameters of heat treatment number N =4-5 and the
final strain e, = 4.61.
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Fig. 3. Dependence of the critical current density of an

Nb-Ti superconductor in a field of B =5 T at an optimal

final deformation J; s ON the number of HT (total heat
treatment time 400 h)

A 3D graph of the J. — N dependence on the final de-
formation eg, is shown in Fig. 4,a. The weak depend-
ence of J. on N at small values of ey, is converted to a
strongly pronounced dependence with a high level of J;
at large values of eg,. Plot of lines of critical current J.
density at varying parameters N and e, is shown at
Fig. 4,b. Maximum value of (3.5...3.6)-10° A/cm® can
be seen from the dependence of the isolines, which is
approximately 30% higher than the maximum level of
Je ~ 2.8:10° A/cm® obtained by 1-time heat treatment for
400 h.

Fig. 4. Dependence of J. for Nb-Ti superconductor on N and eg, (@) and graph of isolines J. (b) with a total heat
treatment time of 400 h (magnetic field B=5T)

The dependences of the volume pinning force F, on
the reduced magnetic field b=B/B, for conductors with
different amounts of HT are shown in Fig. 5,a. An in-
crease in the maximum value of F, with an increase in
the amount of HT up to 5 and its shift to the region of
lower magnetic field are the characteristic features of
the obtained curves.

It is known that the shape of the pinning curve
Fo(b) ~ b™(1-b)" is determined by power coefficients m
and n. The behavior of these parameters, as well as the
position of the peak of the volume pinning force
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Pmax=m/(m+n), is shown in Fig. 5,b for a different num-
ber of HT. Analysis of these dependences showed that
the m value during 2...5 heat treatments varies little
(within 0.75...0.85) [14]. However, the n growth is
quite significant (0.8...1.3). Consequently, the shape of
the Fy(b) curve is determined mainly by the characteris-
tics of the second phase precipitates. A large volume
precipitates fraction of the o-Ti phase causes an in-
crease in the coefficient n.
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Fig. 5. Field dependences of the pinning force (a) and parameters characterizing the shape of the F, (b) curve for
various amounts of HT (b) for the Nb-Ti alloy (t = 400 h)

Heat treatment with a total duration of
t = 2000 h. It was shown in [13] that the increase in the
volume fraction of the o-Ti phase precipitation with an
increase in the single HT duration from 400 up to
2000 h at a value of e, = 4.0...7.6 averaged about 27%.
The estimated calculation of the increasing critical cur-
rent density at such HT due to increase in the phase vol-
ume fraction, carried out according to the formula
Jemax=120V+675 for a magnetic field of 5T [15],
shows an increase in J.max by 18% and achievement of

the limit level J; max = 2.6-10° Alcm? at t = 2000 h. Fur-
ther enhancement in the decomposition degree and, as a
result, an increase in the current carrying capacity of the
Nb-Ti superconductor can be achieved by conducting
multiple HT. Fig. 6 shows electron-microscopic images
of the Nb-Ti superconductors &=2 mm structure after
repeated HT (N =1...10) with a 2000 h total duration
(see Table 2) and the corresponding histograms of the
o-Ti phase size distribution.
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Fig. 6. Microstructure of Nb-Ti superconductors after the final HT and histograms of the size distribution
of o-Ti phase precipitatesat N =1 (a, b); 4 (c, d); 5 (e, f); 6 (g, h); 7 (i, j); 8 (k, I,); 10 (m, n). t = 2000 h.
The heat treatment routes corresponding to the N values are given in Table 2



The microstructure of Nb-Ti samples after 2000 h
heat treatment, as well as at 400 h, is characterized by a
high density of low-sized a-Ti phase precipitates at one
HT (see Fig. 6,a,b). With an increase in the amount of
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HT up to 7, a broadening of the phase size distribution
on the histogram is observed (see Fig. 6,c-j). The re-
verse narrowing of the distribution occurs with a subse-
quent increase in the amount of HT (see Fig. 6,k-n).
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Fig. 7. The dependence of the parameters of the o~Ti phase on the number of HT with a total duration
of heat treatment of 2000 h

The dependences of the precipitated o-Ti phase
main parameters on the number of HT with a total dura-
tion of 2000 h is shown on Fig. 7. The curve of a-phase
volume fraction (see Fig.7,a) has a similar domed
shape, as in the case of 400 h HT. The difference be-
tween these dependences is a shift towards a larger
number N and an increase in the maximum value of V
with an increase in the total time of HT. The maximum
V is reached at N =7 and its absolute value is about
27%. The change in the precipitate density has the op-
posite character (see Fig. 7,b). The precipitate density is
minimal (= 0.5-10° 1/cm?) at optimal N and significantly
lower than the particle density in the case of 400 h HT
duration (= 1.5-10° 1/cm?). The dependence of the aver-
age diameter of a-Ti phase precipitates on N (see
Fig. 7,c), as in the previous case (see Fig. 2,c), is maxi-
mum at an optimal value of N. The largest average di-
ameter of the a-Ti phase reaches 200 nm, which is 50%
higher than at 400 h. Thus, a higher level of the volume
fraction of the precipitated phase at 2000 h HT is en-
sured by summing objects of lower density and larger
size. The coefficient of precipitated phase sizes varia-
tion has a large scatter, however, there is a decrease
tendency at the optimal N value, which is similar to
400 h case (see Fig. 7,d).

Although the achieved level of uniformity of pre-
cipitate sizes is insufficient, a high level of current-
carrying capacity is achieved in such a superconductor

(Fig. 8).
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Fig. 8. Dependence of J; max(N) for Nb-Ti superconduc-
tor with a heat treatment duration of t=2000 h

The J. max(N) at t=2000 h dependence behavior (see
Fig. 8) is similar to curve for t =400 h (see Fig. 3) and
correlates with the change in the volume fraction of the
precipitated a-Ti phase (see Fig. 7,a). It can be seen
from the Fig. 8, the maximum value of J; 4 is Observed
in the region N = 6...8. Lowering J. max at N > 8 may be
associated with decrease in e,.The observed maximum
values of J.nax at t=2000 h in various magnetic fields
are 7.4-10°, 3.8-10°, 1.4-10° A/ecm® at 2, 5, and 8 T, re-
spectively. It should be noted, that the J. max Values are
noticeably lower for conductors with t=400h and
N =6 (6.5-10° 3.6-10% 1.2.10° A/em” at 2, 5, and 8 T,
respectively).
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Fig. 9. Dependence of J. for Nb-Ti superconductor on N and ey, (a) and graph of isolines J.. (b)
for a total heat treatment time of 2000 h (magnetic field B=5T)

The surface of the 3-dimensional dependence
Je(N, e5in) for a total 2000 hours HT duration is shown
on Fig. 9,a. A quite sharp top of the surface is located at
the displaced coordinates N and &g, (N =7 and e, = 5.1)
after 2000 h heat treatment compared to N=5 and
esin = 4.6 for 400 h heat treatment. The formation of the
surface geometry and the parameters for reaching the
maximum level J; max~ 3.8-10° A/cm? are clearly visible
from the isolines J.. dependences (Fig. 9,b).

The volume pinning force dependences on the re-
duced magnetic field for a different number of HT for
the case t=2000 h are shown on Fig. 10,a. The maxi-
mum pinning ability Fy(b) ~ 19.1 GN/m? was achieved
at b=0.36 (B=4T), N=7, e5,=5.05. In the case of a
shorter HT time (400h), this parameter was
Fo(b) = 18.2 GN/m?> at b=044 (B=5T), N=5
esin=4.61. A higher pinning force shifted to the low-
field region (b =0.36) achieved in a Nb-Ti supercon-
ductor with long-term HT is associated with the release
of a larger volume fraction of pinning centers — o-Ti
phase precipitation. This maximum value of F, was
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obtained with an increased value of the final defor-
mation eqn~5.05 (at 400 h HT, the maximum F, is
reached at eq, = 4.61). An increase in eg, is necessary to
reduce the size of the larger a-Ti phase precipitates,
which form during long-term HT, thereby, to ensure
optimal adjustment of the “precipitation lattice” and the
flux-line lattice.

Fig. 10,b characterizes the change in the parameters
of the shape of the pinning curves (see Fig. 10,a) de-
pending on N during long-term HT. It can be seen that
the value of m slightly increases with increasing N, but
remains close to 1, which is higher than in the t=400 h
case (m=0.8). On the average, the value of the coeffi-
cient n is close to 2 and is 0.8...1.3 at shorter HT dura-
tion. Thus, the shape of the pinning curve for 2000 h
and 400 h are described by different functional depend-
ences close to Fp~b(1-b)2 and Fp~b(1-b), respectively.
Consequently, the nature of the F,, curve is mainly asso-
ciated with the completeness of supersaturated solid
solution. A higher amount of a-Ti phase corresponds to
an increased coefficient n.
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Fig. 10. Field dependence of pinning force (a) and curve shape parameters F, (b)
for a different number of HT’s with a total duration of 2000 h

CONCLUSION

1. It was shown for a technical superconducting al-
loy Nb-49 wt.% Ti that the volume fraction a-Ti phase
precipitation V increases up to V=24% and V~=27%
with increasing in multi-stage mechanical heat treat-
ments number with a total heat treatment time t=400
and t = 2000 h, respectively, reaching maximum values
atN=4...5(t=400h)and N =7 (t = 2000 h).

2. The volume content of the o-Ti phase increases
with increase in the number of thermal treatments up to
the optimum level, which is ensured by a more intensive

increment in the precipitate size with decreasing densi-
ty.

3. The dependence of the critical current density, J,
on the number of heat treatments J.(N) is similar to the
dependence of the volume fraction a-Ti phase precipi-
tates V(N). Moreover, the J. value is proportional to the
volume fraction of precipitates.

4. The highest critical current density level in a
magnetic field of 5 T is J.max(5 T) ~ 3.6-10° A/cm? and
Jemax(5 T) = 3.8:10° A/lcm? for a total heat treatment
time of 400 and 2000 h, correspondingly. These values



were achieved with the following optimal values of heat
treatments number, N, and final deformation, esy,:
N=4..5, e;=4.61 for t=400h and N=7, e;,=5.05
for t=2000 h. The indicated values of the critical cur-
rent density are at the level of the best world manufac-
turers or surpass them.

5. The dependence of the volume pinning force, Fy,
on the reduced magnetic field, b, in a superconductor
with a maximum critical current density is described by
a function in the F,~ b(1-b)? form, which is a feature of
superconducting materials with strong pinning of the
vortex magnetic lattice on precipitates.
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BJUSHUE MEXAHUKO-TEPMUUYECKOM OBPABOTKH HA MUKPOCTPYKTYPY
N TOKOHECYHIYIO CHIOCOBHOCTD Nb-Ti-CBEPXITPOBO/ITHUKA

II".E. Cmopo.mwweL H.®. Anopuesckasn, M.A. Tuxonosckuit

YcTaHOBIIEHA B3aUMOCBS3b MEXKIY PEKUMAMH MEXaHUKO-TEPMHUYECKOH 00paOOTKH, OCHOBHBIMHU IapamMeTpaMu
MHUKPOCTPYKTYPBI U TNIOTHOCTBIO KPUTHUECKOTO TOKa J; B cBepxmpoBoasiieM ciuiae Nb-49 mac.% Ti. Uccnenosa-
HUS MPOBEJCHBI Ha CIUIABE, KOTOPBIM MOJBEprayics MPeIBapUTEIbHON WHTCHCUBHOM IDIACTUYECKOH nedopMaruun
(UIT]) MeToaoM «OCaJKH—BBIAaBIMBAHKS» M MOCIEAYIOMEMY BOJOUYEHHIO ¢ MHOTOKPATHBIMH HMPOMEXYTOYHBIMU
tepmoobpadoTkamu (TO) mpu Temmeparype 390 °C B Teuerne 400 u 2000 q. ITocne 3aBepmerns TO cBepXmnpoBoa-
HUK TMPOXOIMI 3aKIIOYHTEIEHOE BOJIOYCHHE CO CTEIICHBIO JeopMalu ef,. [lokazaHo, 4T0 00beMHAas OIS BhIE-
nenuit o-Ti-pa3sl yBEITMUMBACTCS C POCTOM KOJIMUECTBA TEPMHUUECKUX 00pabOTOK BIIOTH /10 = 24 u 27% npu cyM-
MapHo# aiutenbHocTH TO 400 u 2000 4 COOTBETCTBEHHO, 1OCTUrasi MAKCHUMaJIbHBIX 3HaUeHUH npu konuuectse TO
4-5 u1 7. HanGombInil ypoBEHb ITOTHOCTH KPHTHYECKOTO TOKA B MarHUTHOM moute 5 Tir Jo=~ 3,8-10° A/em? monyuen
npu oomei pmurenpHocTr TO 2000 v, ux KoMuYecTBe 7 M 3aKIFOYUTENFHON HCTHHHON aedopmarmu ~ 5,05. 3aBu-
CHMOCTb 00BEMHOMN CHJIBI IMHHUHTA Fy OT IIPUBEIEHHOTO MAarHUTHOTO 1O D B TAKOM CBEPXIIPOBOJHHUKE OIHCHIBA-
ercs Gynkuuei uga F, ~ b(1-b)?, xapakTepHOI AyIsi CBEPXIPOBOISIIINX MATEPHAIOB C CHIBHBIM [THHHHHIOM BHX-
PEBOM MarHUTHOM PEIICTKH Ha BBIIACICHHUSX.



BILJIUB MEXAHIKO-TEPMIYHOI OBPOBKHA HA MIKPOCTPYKTYPY
I CTPYMOHECYYY 3JATHICTbD Nb-Ti-HAAITPOBITHUKA

II".€ . Cmopoofcuﬂoe[, H.®. Anopiececvka, M.A. Tuxonoecvkuii

BcTaHOBIEHO B3a€MO3B'SI30K MK PE)KMMaMH MEXaHIKO-TEpMIUHOI 0OpOOKH, OCHOBHUMH NapaMeTpamMH MiKpo-
CTPYKTYPH i TYCTHHOI KPUTHYHOTO CTPyMY J; y HamnposinHomy cruiaei Nb-49 mac.% Ti. JlociiKeHHs mpoBeieHi
Ha CIUIaBi, SIKW mifnaBaBcs NonepeqHid iHTeHcuBHIM ruactuuniit nedopmanii (II1J]) metomom «ocamkyBaH-
HS—BUIaBIIOBAaHHS» 1 MOJANBIIIOMY BOJIOYIHHIO 3 6araTopa3oBUMH HPOMIKHIMHE TepMoobpodkamu (TO) mpu Tem-
nepatypi 390 °C mpotsrom 400 i 2000 rox. ITokasaHo, 1m0 00'€eMHa YacTKa BHAUICHD O-Ti-(ha3u 301IbIIyeThCs 3i
3pOCTaHHSM KUIBKOCTI TepMi4HUX 00poOOK ax 110 ~ 24 i 27% npu cymapHiit Tpusanocti TO 400 1 2000 rox Biamo-
BiJTHO, TOCATAI0YM MAaKCHMAaJbHUX 3Ha4eHb IpH KigbkocTi TO 4-5 i 7. HallOinpmmii piBeHb TYCTHHU KPUTHIHOTO
cTpyMy B MarmiTHOMY o 5 Tir J. = 3,8-10° A/em? orpuMano npu saranbHiit tpusanocti TO 2000 rox, ix KimbKocTi
7 1 3akmouHiit icTuHHIA Aedopmanii =~ 5,05. 3anexHicTh 06'eMHOI cuaM MiHHIHTA F, BiJ HaBeJEHOrO MarHiTHOTO
oy b y TakoMy HanaIPOBINHUKY ONMHUCYeThCs QyHKIieo BUIy Fy~ b(1-b)?, sika xapakTepHa s HAAIPOBITHEX Ma-
TepialliB 3 CWJILHUM ITIHHIHIOM BHXPOBOI MarHiTHOI pEIIiTKH Ha BUIIICHHSX.



