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Effect of deformation by equal-channel
multiangle pressing on functional properties
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Influence of predeformation by the equal-channel multiangle pressing combined with
hydroextrusion, drawing and heat treatment on structure and physico-mechanical proper-
ties of superconducting Nb + 60 at.% Ti alloy wire has been investigated. Effect of defor-
mation on pinning force in the alloy has been estimated.

WccnemoBaHo BIMAHME BeJIUUUHBI IIPEIBAPUTENBHON HehopManuyu MeTOZOM PaBHOKAHAJb-
HOTO MHOTOYTJIOBOT'O IIPECCOBAHUSA B COUETAHUU C I'MJPOIKCTPY3Heil, BOJOUEHUEM U TepMOOoO-
paboTKO#l Ha CTPYKTYpPy U (DUBUKO-MEXaHUUECKUe CBOMCTBA CBEPXIPOBOAAIMIEH IIPOBOJIOKU

Ha ocHoBe cryiaBa Nb + 60 at.% Ti. IIpousBesena oneHKa BAUAHUA AeOpMaIMd Ha CHUJIY

IIMHHWHIa B CILJIaBe.

The unconventional plastic deformation
methods such as reverse twisting, tension-
twisting, alternating bending, equal-channel
angular pressing make it possible to deform
a metal billet, with no changes in geometri-
cal dimensions, in complex loading condi-
tions with unloading stages and deforma-
tion sign (direction) alternation [1-4]. This
results in high degrees of deformation, re-
finement and homogenization of the struc-
ture and, finally, in changes of physical and
mechanical properties.

The variation regularities of the metal
properties typical of the sign-alternating
deformation differ considerably from those
under a monotonous deformation. It is
known [5, 6] that the nonmonotonous cold
deformation by equal-channel multiangle
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pressing (ECMAP) followed by monotonous
deformation by hydroextrusion (HE) com-
bined with drawing and heat treatment re-
sults in improved functional properties of a
NbTi alloy due to a more homogeneous
nanostructure with equiaxed B-phase grains
and nanodisperse precipitations of the sec-
ondary o-phase formed in the alloy.

This paper is aimed at the investigation
of the effect of preliminary ECMAP defor-
mation value on phase composition, struec-
ture and properties of the NbTi alloy as well
as at determining the rational mode of
ECMAP deformation.

The bimetallic rods of Nb + 60 at.% Ti
alloy in a copper matrix prepared by hot-
pressing at 750°C were used as the initial
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billets. This alloy is a two-phase composi-
tion with B-solid solution with becc lattice,
which is the major phase, and a small vol-
ume fraction (~ 1 %) of hexagonal a-phase.

Some billets were deformed by HE to a
diameter of 3.6 mm with the unit deforma-
tion degree e < 1.2, then they were drawn

with partial deformations ¢ < 0.2 to form a
superconducting wire of 0.3 mm in diame-
ter. The other billets were processed by
ECMAP with the accumulated deformation
value e = 3.28 (4 passes); 6.56 (8 passes),
9.84 (12 passes), and 13.12 (16 passes),
then deformed by HE and drawing under
the above regimes and routes with the total
value of monotonous shape change e = 7.82.

The 80 mm long specimens were de-
formed by ECMAP at a laboratory plant [7].
The ECMAP was done by squeezing a billet
through a 3-angle deforming system having
four intersecting channels of equal section
with the intersection half-angles 6; = 80°, 65
= 70°, 63 = 80° and deformation degree per
pass e; = 0.82. To form an equiaxial struc-
ture of the alloy, the billet, in each sub-
sequent pressing cycle, was rotated through
an angle of 180° with respect to the trans-
verse axis and through 90° with respect to
the longitudinal axis. The specimens to be
investigated were taken past the number of
passes multiples of four.

The phase analysis was performed and
fine structure parameters (microstress val-
ues, Aa/a, and size of coherent scattering
regions, D,,) were determined using an
X-ray diffractometer (DRON-YM1) using
quantitative and qualitative analysis meth-
ods. The measurement errors for secondary
a-phase content (n,) and fine-structure pa-
rameters were about 1 % and 10 %, respec-
tively. The copper enclosure was pickled
away prior to preparation of samples for
X-ray studies. Microhardness, Hu’ was
measured by a PMT-3 instrument at a load
of 0.5 N with experimental error of 2.5 %.
The mechanical properties (yield strength o,
and elongation 8) of the bimetallic copper-
stabilized superconducting wire were esti-
mated under tensile test of 200 mm long
specimens using a tensile-testing machine
ZM-20, in this case, the relative measure-
ment error was 2.5 % . The critical current
density for the wire (length up to 200 mm
and diameter 0.3 mm) specimens in the de-
formed and heat-treated states was meas-
ured at 4.2 K in transverse external mag-
netic fields up to 12 T (the criterion being
0.1 uV/cm). The final heat-treatment (HT)
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Fig. 1. Dependences of o-phase content (1)
and microhardness (2) of 60T alloy on
ECMAP deformation value.

of the deformed specimens was done in vac-
uum of (107 mm Hg) at 400°C for 1 h.
The 60T alloy is known to be within the
two-phase region of the NbTi system phase
diagram, it may contain the inclusions of
secondary phases in B-solid solution. The X-
ray diffraction analysis of semifinished
items and finished product confirmed the
presence of secondary a-phase in the mate-
rial. The increase of the ECMAP deforma-
tion degree to e = 9.84 results in a 7 %
increase of a-phase volume content (Fig. 1,
curve I1). It is seen that there exists a
rather narrow region of the ECMAP defor-
mation degrees (e = 9.84) where the volume
content of o-phase reaches its maximum.

For other deformation degrees, the a-phase
content decreases drastically. Such a de-
pendence has been already observed in [8],
where the influence of hydropressing pa-
rameters was studied. In that case, the de-
pendence was associated with the favorable
structure-stressed state formed.

After the combined processing, the alloy
is in highly deformed fine-crystalline state.
The CSR size decreases with the increase of
accumulated strain value resulting from of
ECMAP (Fig. 2), it becomes equal to 60 and
55 nm for e = 9.84 and 13.12, respectively.
The dependence of II order microstresses on
the ECMAP deformation degree is not mo-
notonous with Aa/a minimum of 1.72.1073
for e = 9.84. The fine structure parameters
of alloy samples obtained without ECMAP
are: D, = 70 nm, Aa/a = 1.91-1073.

The character of the microhardness de-
pendence of on ECMAP deformation value
(Fig. 2, curve 2) correlates with the charac-
ter of changes in a-phase content. Hence, it
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Fig. 2. Dependences of fine-structure parame-
ters for 60T alloy on ECMAP deformation
value.
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Fig. 3. Dependences of mechanical properties
on ECMAP deformation value for a 60T alloy
based bimetal superconductor.
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Fig. 4. Dependences of the critical current density for a 60T alloy based bimetal superconductor on
magnetic field for different of ECMAP deformation values in deformed (a) and heat-treated (b)

states.

can be assumed that the increase in micro-
hardness due to the increase in the quantity
of of fine-disperse secondary o-phase pre-
cipitations in the volume of ECMAP-created
isotropic structure which has been then re-
organized by hydroextrusion and drawing.

The tensile tests of the wire specimens
show that by varying the ECMAP deforma-
tion degree, the highest plastic properties
and high enough strength are attained for
e = 9.84 (Fig. 3). The plasticity decreases in
cases of high degrees of deformation. This
feature can be explained by the above-men-
tioned changes in the phase composition and
in the structure-stressed state (Figs. 2, 3)
as well as by the lowering of the isotropic
strain hardening effect.

The superconductor specimens obtained
using the ECMAP possess higher current
characteristics in the whole magnetic field
range as compared to the superconductor
produced without ECMAP (Fig. 4a, b). The
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dependences are unmonotonous having a
maximum at e = 9.84 (Fig. 5). The intro-
duction of ECMAP at e = 9.84 into the tech-
nology of superconducting wire production
gives a 65 % increase of the critical cur-
rent density for the deformed specimens in
the magnetic field of 5 T. The accumulation
of deformation by ECMAP to e = 9.84 com-
bined with final heat treatment (400°C, 1 h)
results in a doubled increase of the critical
current density.

Investigation of magnetic field effect on
the pinning force Fp (Fig. 6a, b) show that
the pinning mechanism is different in low
and high magnetic fields. The pinning force
was determined as F, =J.B, where J, is
the critical current cfensity; B, the corre-
sponding magnetic field. For 60T alloy, the
experimentally determined upper critical
magnetic field Brp, makes 12 T. The maxi-
mum of pinning force F, is at different
values of the reduced magnetic induction
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Fig. 5. Dependences of the critical current
density for a 60T alloy based bimetal super-
conductor on ECMAP deformation values.

B/B(, depending on the processing parame-
ters. For alloy specimens deformed using
ECMAP at e = 9.84, the maximum Fp value
is at B/Bpy = 0.65 (Fig. 6a), whereas after
heat treatment, the F, maximum is at
B/Bi, = 0.41 (Fig. 6b). For specimens ob-
tained without ECMAP, the pinning force
absolute values are lower, and for the de-
formed and heat-treated state, its maxima
are at B/Bgy = 0.49 and 0.33, respectively.
The increase of magnetic-flux pinning
force, the shift of F, maximum towards
laver magnetic fields, as well as the broad-
ening of the pinning force maximum values
region result from refinement and homog-
enization of the structure under the influ-
ence of combined plastic deformation,
changes in morphology and volume content
of phase precipitations under the heat treat-
ment [5, 9]. For the alloy specimens proc-
essed by ECMAP at e = 9.84, Fp max is in
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the wide range of reduced magnetic fields
B/Bry~0.3 to 0.6 at the level of 6 GN/m3,
being twice as much as the pinning force
maximum value for specimens obtained
without ECMAP.

These results show the ECMAP to be ef-
fective for structure rearrangement. The
additional accumulated deformation due to
the ECMAP application seem to result in
the formation of a structure with effective
pinning centers [5, 6], which is favorable
for the increase of critical current.
Nanograins, grain boundaries and nanodis-
perse precipitations of o-Ti are in fact the
effective pinning centers to equal degree,
moreover, the size of structural inhomo-
geneities formed during deformation and
heat treatment are likely comparable with
the coherence length [10].

To conclude, the inclusion of ECMAP
into the processing scheme of 60T supercon-
ducting alloy results in a considerable in-
crease of the critical current density. In the
range of deformation values under investi-
gation (¢ = 0 to 13.12), the maximum of the
critical current density due to structural
and phase changes is observed. The ECMAP
deformation degree (e = 9.84) has been de-
termined providing the improvement of
such 60T alloy properties as strength, plas-
ticity, microhardness, and ecritical current
density.
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Fig. 6. Dependences of the pinning force for a 60T alloy based bimetal superconductor on reduced
magnetic induction for different values of deformation by ECMAP in deformed (a) and heat-treated

(b) states.
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Bnaus nedopmainii piBHOKaHAJIBHMM 0araToOKyTOBMM
NnpecyBaHHAM Ha (PYHKI[iOHAJBHI BJIACTHBOCTI
HaanpoBigauka Ha ocHoBi cmiaaBy NbTi

B.O.Binowenko, B.Il./[bakonoé, B.B.Yuwrxo, M.I.Mampocos,
O.M.Muponoséa, J.I'aiida, A.3anecoxuii, P.Ilyxnax

HocaigKeHO BIJIMB BeJUUYUHU IIOIIepefHBOI medopmallii meTogoM piBHOKaHAJIbHOTO Oara-
TOKYTOBOI'O IPECYBAHHS y CIIOJYUYEHHi 3 rizpoexcrpysieio, BOJIOUiHHAM i TepMOOOPOOKOIO Ha
CTPYKTYPY I (isuko-mexaniuni BaacTHBOCTI HAAIIPOBiZHOrO IPOTY HA OCHOBiI cIaBy
Nb + 60 ar. % Ti. 3pobieno ouinky BmauBy gedopmarii Ha cuiay HiHiHry y craasi.
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