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The investigation objective is searching for the new ways of controlling the structural
properties of paramagnetic substrates for creating the high temperature coated supercon-
ductors for power applications. Processes of the texture formation in two-component
Ni—-W/TIN system is studied for paramagnetic Ni — 9.5 at. % W tape with TiN coating,
which is deposited by ion-plasma deposition of Ti in nitrogen atmosphere. It is investigated
by means of XRD analysis the influence of the deposition time and pressure of nitrogen
on the phase and cubic texture formation in the both subsystems of Ni — 9.5 at. % WI/TiN.
It is found the effect of the crystal planes reorienting in the tape of Ni — 9.5 at. % W
under the influence of TiN coating, that leads to a substantial strengthening of the cubic
texture of the metallic ribbon. It is also observed the difference in the mechanism of
coating formation during the deposition of TiN on the front and the back(shady) side of
the substrate. It is also revealed that optimization of the conditions of thin TiN layer
deposition makes it possible to obtain quasi single crystalline TiN coatings with a cubic
texture. These textured Ni — 9.5 at. % WI/TIN substrates admit the epitaxial growth of the
high quality HTS films with high current carrying capacity.

Keywords: 2G HTS; texture; Ni — 9.5 at. % W alloy; TiN buffer layer; paramagnetic
substrate.

OcyIecTBIeH IIOUCK HOBBIX HyTell YIPABIEHUS CTPYKTYPHBIMIU CBOMCTBAMU ITapAMACHUT-
HBIX IIOIJIOMKEK [JIA CO3JAaHUS BBICOKOTEMIIEPATYPHBIX IIJIEHOUHBIX CBEPXIIPOBOAHUKOB. Me-
TOZAMHN PEHTIEeHOCTPYKTYPHOI'O0 aHAJM3a HM3YYEeHBI IIPOIECCHl TEKCTYPOOOPA3OBAHUSI B TOHKO-
IJIEHOYHO! IBYXKOMIIOHEHTHOI CUCTeMe Ha OCHOBE METAJJIUUYECKOU IIOAJIOMKKU U3 Ilapamar-
mutHoro cmiaaBa Ni — 9.5 at. % W c¢ Oydepubim moxpeiTuem TIN, KoTOpoe HaHECEHO
METOJOM MOHHO-IIIA3MEHHOTO ocaskAeHus |i B aTMocdepe azora. MccaeToBaaoch BIANAHUE
BpeMeHnu ocaskgenns 1IN ¥ BeIWUNHLI JABJeHNA IIApOB a30Ta Ha IIpollecchl PazoobpasoBanms
n POPMUPOBAHNA KyOMUECKOM TEKCTYPbl B 06€MX KOMIIOHCGHTAX TOHKOCJIONHOI cmcTremMbl — Ni
— 9.5 at. % WI/TIN". OGuapys;eHbl OTIUYKMA B MeXaHusMe (POPMUPOBAHUA IIOKPBLITUA I[IPU
ocakaennsa [IN Ha JUIEBYI0 U TEHEBYIO CTOPOHBI HMOAMAOKKK. O0Hapys;keH s(pdeKT mepeopu-
€HTAIINN KPUCTAJINUECKUX IIocKocTel B jenTe crmaasa Ni — 9.5 at. % W mox BoszgelicTsu-
€M IOKPEITHS, BEeAYIMH K CYIIECTBEeHHOMY YCHICHUIO0 KYOMUeCKOHM TEKCTYpPhl MeTaJandec-
Kol mommoxkku. IloKasaHo, UTO NpPW ONTHUMHU3AIUMN  YCJIOBUI HAHECEeHHS TOHKOCIONHOTO
nokpeitus B cucreme  Ni — 9.5 at. % W/TIN" umeer mecro popMupoBanne KBasMOHOKPUC-
Tajaandeckux caoes 1IN ¢ KyOMuecKoil TEKCTypOIi.
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CtpykTypHi acmexkTn mpomecie (pa3oyTBOpeHHA Ta (POPMYBAHHA TEKCTYPH Y TOHKOIIA-
posux cucremax Ni—W/TIN, mepcnexTuBHUX I CTBOPEHHS BHCOKOTEMIIEPATYPHHX Ha/-
npoBigHUKIB  gpyroro  mokoximaa. M.C.Cyneypos, B.B.Jepes’anro, C.O.JleoHos,
T.B.Cyxapesa, B.O.Dinkenwv, I0.M.Illaxos.

3xificHeHO TOMIYK HOBUX MINAAXIB KepyBaHHA CTPYKTYPHUMM BJACTUBOCTAMU Tapa-
MATHITHUX TiZKJIAAOK [AJSA CTBOPEHHS BUCOKOTEMIEPATYPHUX IJIiBKOBUX HAAITPOBITHUKIB.
MeTomaM1 pPEeHTTreHOCTPYKTYPHOTO aHaNi3y BUBUEHO Tpollecw (POPMYyBaHHS TEeKCTYPU Y TOH-
KOIIapoBifi ABOKOMIOHEHTHil cucTeMi HA OCHOBI MeTaJyieBOl CTPiUKM 3 mapaMarHiTHOTO ciJja-
By Ni — 9.5 at. % W is Gydepuum moxpurrsm TiN, AKe HAHOCHIOCA METOLOM 1OHHO-ILIASZ-
MOBOro ocamxeHHs 11 B armocdepi asory. Hocaimxeno Bmiaus uacy ocamenud TIN i semu-
YMHH THUCKY IIapiB asoTy Ha mnpoilecu (PasoyTBOpeHHsS i GopMyBaHHSA KyO0iuHOI TEeKCTypu B
060X KOMITOHEHTaX TOHKOIMIapoBoi cucteMu Ni — 9.5 at. % W/TIN". Bussaeno sigminmocti
vy Mexamismi (popmyBamus moxpurrTsi mpu ocagkenns OIN Ha JuIBOBY i TIHLOBY CTOPOHL
nigrnagku. Busasiaeno ederxr nepeopienranii Kpucraniuaux muaomuy y crpivni crasy Ni —
9.5 at. % W mixg BUamMBOM MOKPHUTTS, IO BeIe OO iCTOTHOTO IOCHJEeHHS KyOiuHOi TercTypm
merasieBol migkaagku. Ilokaszano, m[o Ipyu onTmMisalii yMOB HaHeCeHHS TOHKOIIapPOBOI'O
nokputts y cuetemi "Ni — 9.5 at. % W/TIN" mae miciie dopMyBaHHs KBasiMOHOKpHCTAiu-

nux mrapis TiIN 8 KyGiunoi TeKcTyporo.

1. Introduction

Research and development [1-3] in the
field of creating the high-temperature su-
perconductors of the second generation (2G
HTS) based on HTS YBCO [4] textured films
is of particular interest, because it opens up
the new perspectives for creating the super-
conductors, which could work at the tem-
perature of liquid nitrogen boiling point
(77.4 K).

Architecture of 2G HTS [5] with ex-
pected critical current density j.~ 10°% -
106 A/cm? consists of:

base (a thin tape of Ni-W alloys with
different composition or other alloys with
FCC crystal structure);

buffer layer/layers (oxides, nitrides, in
particular TiN [6], due to having FCC struc-
ture and acceptable mechanical properties);

single crystalline superconducting film
YBa,Cu;0,_s (YBCO) with T, ~ 92 K (the
rhombic lattice, space group P4/mmm).

The metallic base of substrate [7, 8]
plays an extremely important role in crea-
tion of effective 2G HTS: Ni-W ribbon
should possess both the strong {100}<001>
texture (to provide the formation of biaxial
cube texture in the film of superconductor
because of the epitaxial growth of supercon-
ductive layer on the substrate) and be in
paramagnetic state [9] (to decrease the level
of ferromagnetic loses during passing the
alternating current over the supercon-
ducting film).

The paramagnetism of Ni-W is provided
by increasing the concentration of W in the
alloy up to 9.5 at. % W. The main obstacle
for production of paramagnetic Ni-W tapes
with cubic texture is the low value of stack-
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ing faults energy E, which decreases with
increasing the content of tungsten in the
alloy and restrains formation of the sharp
cubic texture [10].

Previously in our investigations the ef-
fects of texture formation in both compo-
nents of the system "paramagnetic tape Ni
— 9.5 at. % WITIN coating™ have been al-
ready demonstrated [11-13]. The main aim
of this work is to find the new ways of
controlling the structural properties of sub-
strates for creation of high-temperature su-
perconductors with the high current-carry-
ing capacity (2G HTS). To achieve the goal
it is necessary to solve the following tasks:

1. Investigation of the phase constitution
of Ni-W alloys in the wide range of W con-
centration and production of tapes based on
Ni—W alloys in accordance with the received
data. Conducting this research makes it pos-
sible to establish the range of concentra-
tions of tungsten in the Ni-W alloys suitable
to produce paramagnetic substrates with de-
sired properties.

2. Optimization of the deposition pa-
rameters of titanium nitride coating with
TiN plasma deposition method onto Ni-W
tapes to ensure the possibility of obtaining
the cubic texture in the both components of
the system "paramagnetic Ni-W sub-
strate/thin TiN coating”.

3. Study of influence of TiN deposition
parameters (pressure p(N,) and deposition
time tqj) will provide the information on
possible mechanisms of phase and texture
formation in the Dboth subsystems of
"paramagnetic Ni-W tape/TiN coating”.

Functional materials, 24, 3, 2017
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2. Experimental

Preparation and validation of substrates
were carried out according to the scheme
which includes the following steps: 1) syn-
thesis of Ni-W alloys in the wide range of W
concentrations; 2) thin-layer tape produc-
tion; 3) deposition of TiN coating; 4) XRD
analysis.

2.1. Preparation of Ni-W alloys with dif-
ferent compositions (0 to 25 at. % W)

Initial materials for obtaining the Ni-W
alloys were Ni and W powders with 99.98-
99.99 % purity (by metallic impurities).
The following methods were used for purifi-
cation from gaseous impurities: 1) heat
treatment in vacuum at temperatures -~
850°C for purification of Ni powder [14]; 2)
for refinement of W powder it was applied
the high-temperature treatment (1000—
1200°C) in recovering Ar + 4 % H, gaseous
mixture flow [15]. After the thermal treat-
ment in such environment the effects of
oxidation at microscopic examination were
not observed, evidently due to passivation
of the surface grains of tungsten. After the
refinement the Ni and W powders were thor-
oughly mixed in necessary proportions (0,
2.5, 5, 7.5, 9.5, 15, 20, and 25 at. % W) and
pressed into bars (2x10x50 mm3). The Ni-W
alloys were synthesized by means of powder
metallurgy in deep vacuum (p ~ 1076 Torr)
at T = 1200°C during ¢t = 4 hours.

2.2. Production of thin-layer N-W ribbon

Obtained ingots were rolled up to 50—
100 um at the room temperatures by “ex-
treme rolling procedure” [12], i.e., realizing
the large number of rolling acts with the
low deformation without intermediate an-
nealing. The total degree of cold-rolling de-
formation was about 95 %. The resulting
operation during the tape production was
the high-temperature annealing at T = 1150°C
during ¢t = 2 hours in the reducing atmos-
phere of Ar+ 4 % Hs.

2.3. Deposition of TIN coating on the sur-
face of Ni—W tapes

Thin layers of titanium nitride (TiN) on
the surface of Ni-W tapes were obtained by
method of ion-plasma deposition [16-19].
The experimental parameters were as fol-
low: negative substrate potential U = —
300 V; arc current I = 80 A; nitrogen pres-
sure in a chamber p(N,) = 1.2 — 6.2:.1072 Torr;
time of deposition Ty = 60-900 s. As a
rule the coating is applied to the front side
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Fig. 1. Determination of coating thickness of
TiN: nomogram for (200) plane.

of the substrate, i.e. facing towards the
cathode. At the same time there is tecni-
cally possible the deposition of TiN onto the
back or shady side of the substrate out of
the direct vision of plasma source. To en-
hance the control options of structure and
properties of the two-component Ni—W/TIN
substrates, experiments on TIN coating
deposition on the shady side as well as on
the front side of the Ni-W tape were carried
out. But it should be mentioned that pro-
posed type of deposition on the back side is
of primary interest in the present work.

24. Features of X-ray diffraction studies
in relation to thin-layer two-component sys-
tems of Ni-W/TIN

XRD analysis (diffractometer DRON
UM-1, Cu Ko radiation) was used to solve
the following tasks: determination of the
phase composition, determination of the lat-
tice parameters of Ni-W and TiN, determina-
tion of TIN layer thickness, studying the
texture of the both components of the sys-
tem Ni—W/TiN.

2.4.1. Determining the thickness of the
coating layer

The method of determination the TiN-
layer thickness is based on the effects of
X-ray absorption [20—-23]. Intensity of beam
reflected from crystal plane (kkl) of a sam-
ple with the coating thickness & is as fol-
lows:

Lnpi(B) = I5,/0) - exp(—2h . uTiN/cos(G)), (1)

I,.(h) — intensity of the beam reflected
from the substrate with coating; I,,,/(0) —
intensity of the beam reflected from the
substrate without coating; 2 — coating

layer thickness; urj — linear absorption co-
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Fig. 2. XRD patterns from the bars of Ni-W
alloys with different compositions: a — 0 at. %
W; b — 5 at. % W; ¢ — 9.5 at. % W; d —
15 at. % W; e — 20 at. % W; f — 25 at. % W.

efficient of the coating material; 6 — the
Bragg angle.

Equation (1) and mathematical modeling
of the relative intensity of some X-ray in-
terferences, makes it possible to determine
the coating thickness hqyy within ~ 10 %.
Fig. 1 illustrates the relationship between
intensity of some diffraction lines from Ni—
W substrate and thickness of TiN layer de-
posited on it. Although the absorption coef-
ficient for the cubic lattice is isotropic, as
stated previously in the Ni — 9.5 at. % W
tape the processes of crystal grains reorien-
tation may occur, that should lead to
change in the diffraction intensity. All
thickness measurements are advisable to
carry out on test samples. In the present
study for TiN thickness measuring the sam-
ples of Ni — 5 at. % W tapes are used,
because of presence stable and sharp cubic
texture, which doesn’t show any appreciable
deviations during deposition process.

2.4.2. Texture analysis of obtained sam-
ples

In order to determine fine variations of
rather strong textures in the Ni-W/TIN sys-
tem, classical methods were supplemented
by an algorithm of planar texture charac-
terization based on construction and analy-
sis of diagrams of the angular distribution
of intensities from crystallographic planes
[13]. In the present work it was most impor-
tant to study the cubic planes (200) of FCC
lattices of the metallic ribbon and coating
in various directions. Samples were rotated
by angle ¢ about the normal direction at 15°
step. The validity of the hypothesis of reali-
zation of the perfect cubic texture was veri-
fied using %2 method. The %2 value was cal-
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Fig. 3. Resistivity of Ni-W alloys with differ-

ent content of tungsten. FCC — face centered

cubic lattice, BCC — body centered cubic.

culated for n = 28 degrees of freedom. For
example the x2 value for the test sample Ni

— 5 at. % W with strong cubic texture is
equal to 0.022.

3. Results

This section presents experimental re-
sults obtained in accordance with the re-
search program.

3.1. Influence of chemical composition on
the crystal structure and electro-physical
properties of Ni-W alloys

For attestation of the samples it was nec-
essary to consider concentration dependences
of structural properties and resistivity.
Fig. 2 illustrates a set of diffraction pat-
terns of the Ni-W alloys with different com-
position. Within the range of tungsten con-
centrations from 0 to 9.5 at. % W there are
observed only diffraction lines of single-
phase FCC solid solution of W in Ni. At the
concentration of about 15 at. % W and
higher on XRD patterns the lines belonging
to BCC phase of solid solution of Ni in W
appear. Another concentration dependence
is shown in Fig. 8. As it can be seen the
resistivity curve shows practically linear
growth with increasing the concentration of
tungsten in the alloy up to 15 — at. % W.
In the region, where the Ni-W alloy is in
two-phase state, the resistivity slightly de-
creases. Further research was performed on
the specimens of Ni — 9.5 at.% W alloy,
that is in the paramagnetic state over the
entire temperature range and is in the
boundary of the single phase region.

Functional materials, 24, 3, 2017
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Fig. 4. Lattice parameters change of TiN
layer deposited on Ni — 9.5 at. % W tape at
different pressures of nitrogen p(N,): a) front
side; b) shady side.

3.2. Influence of conditions of TiN deposi-
tion on the crystal structure of two-compo-
nent system Ni — 9.5 at % W/TIN

In the present study the TiN coating was
deposited on the front and the shady side of
Ni — 9.5 at. % W substrate. In accordance
with the research program two series of ex-
periments on deposition were carried out: in
the range of nitrogen pressures at constant
process time Ty = const and in the range
of times at constant pressure p(N,) = const.

3.2.1. TiN deposition at constant time TTiN
~600 sec in a wide range of pressures of
nitrogen p(Ny)= 1.2-6.2:10 2 Torr

Based on the received data in Fig. 4
there are shown dependences of TiN lattice
constant arjyy on the pressure of nitrogen
P(N5) at different geometries of the experi-
ment on deposition. The behavior of aryy
variations essentially differs at p(N,) >
1.8:1072 Torr. The crystal lattice parameter
atiy of the coating layer, which was depos-
ited on the front side of the Ni — 9.5 at. % W tape
decreases with increasing pressure practically
over the whole range. The value aryy of the
TiN layer on the shady side of the substrate
tends to increase at p(N,) > 1.8:10~2 Torr. Possi-
ble nature of this observation will be dis-
cussed below (see Discussion).

Another important observation is the re-
distribution of the intensity of Ni—W lines
in the diffraction pattern. Fig. 5 illustrates
relationship between the values of cubic
plane intensity (as a "texture parameter”
was chosen ratio I5g9/l999) and pressure
p(N,y) at deposition on the face and shady
side of the Ni — 9.5 at. % W substrate.
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Fig. 5. Values of ratio Iygy/I99y for the front
and shady sides of the Ni — 9.5 at. % W
substrate at different pressures of nitrogen.
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Fig. 6. XRD patterns of Ni — 9.5 at. % W
alloy tapes with TiN coating (shady side of
the substrate) at p(N,) = 1.8:1072 Torr in the
range of deposition times: a) Ty = 0 sec; b)
Ty = 60 sec; ¢) Ty =120 sec; d) Ty =
420 sec; e) Ty = 900 sec.

Dependences have nonmonotonic character.
At nitrogen pressure p(N,) = 1.8:1072 Torr
the both curves have the maximum. Obvi-
ously this pressure can be considered as the
optimal for the most suitable development of
the cubic texture, it was used as a fixed pa-
rameter in the second series of experiments.

3.2.2. TiN deposition at pressure of nitro-
gen p(N2)=1.<‘5’-10_2 Torr in the range of
times tTiN = 60-900 sec

It was important to study the influence
of process time on the crystal structure of
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Fig. 7. Circular diagrams of (200) planes related to formation of sharp cubic texture at p = 1.8-1072 Torr
and hqyy ~ 0.8 um for: a) Ni — 9.5 at. % W (x2 = 0.082); b) Ni — 9.5 at. % W under coating (32 =

0.045); ¢) TiN layer (2 = 0.004).

both components of the system "The param-
agnetic tape Ni — 9.5 at. % WI/TIN layer”.
Evolution of the diffraction pattern for
"shady geometry” depending on the TiN
deposition time at constant pressure of ni-
trogen is plotted in Fig. 6. There are two
systems of diffraction lines, belonging to
the FCC lattice of Ni — 9.5 at. % W alloy
and NaCl-type TiN lattice. As the deposition
time Ty increases in other words as the TiN
thickness htjy growths the texture of Ni —
9.5 at. % W ribbon exhibits variations. As
seen on the graph there takes place intensi-
fication of (R00)Ni_yw type diffraction lines
up to TTiIN = 120 sec (hTIN ~0.8 Mm). The
processes of the cubic texture formation are
also observed in the coating layers of TiN.
This is proved by the presence of only
(200);y reflex, which belongs to the cubic
plane of the TiN lattice. In Fig. 7 it is
shown a set of circular diagrams also indi-
cating the process of texture formation in
the system "Ni — 9.5 at. % W/TIN” in the
case of shady geometry. Further increase of
T1iN leads to deterioration of texture quality
in the both subsystems, accompanied by de-
creasing of I(y9¢) intensity from the Ni-W
phase as well as appearance of the non cubic
lines of titanium nitride.

4. Discussion

The following observed effects can serve
as the subject of discussion:

Formation of rather strong cube texture
in the surface layer of Ni — 9.5 at. % W
tape under the effect of TiN coating.

Formation of quasi mono crystalline
structure of TiN buffer layer in the system
Ni — 9.5 at. % WITIN.

Existence of qualitative changes of the
crystal lattice parameter dependences of ti-
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tanium nitride on nitrogen pressure at dif-
ferent "geometry” of the experiment on TiN
deposition.

Significant differences in the wvalue of
the crystal lattice parameters of Ni —
9.5 at. % W and TiN may cause mechanical
stresses at the interface between the two
phases. It is natural to assume that in the
field of elastic stresses there is an increase
of stacking faults energy Eg;, which pro-
vides potential possibility of the cubic tex-
ture formation in the metallic component of
Ni — 9.5 at. % W/TIN system. Formation of
the quasi single crystalline structure (200)
in the layers of titanium nitride can also be
linked to emergence of the shot-range
strains in the two-component system.

In the standard geometry of the experi-
ment (deposition on the substrate front
side) due to sufficiently large thickness of
TiN layer, the choice of parameters, for
which the favorable conditions for increas-
ing of E ; are realized, is limited by techni-
cal difficulties (since the both texture ef-
fects associated with the tape of Ni —
9.5 at. % W and TiN layer are realized in a
narrow range of values of the TiN deposi-
tion times). While the application of
"shadow” geometry makes it possible to se-
lect the conditions ensuring the strong cube
texture in both components of the thin-
layer system Ni — 9.5 at. % W/TIN more
accurately.

It is evident that the features of texture
formation within Ni-W/TIN system are asso-
ciated not only with the change of the coat-
ing thickness, but also with the composi-
tional change of titanium nitride at the dif-
ferent deposition geometry. Variations of
the crystal lattice parameters of TiN depend-
ing on the pressure of nitrogen vapor and
geometry of the experiment indicate a

Functional materials, 24, 3, 2017
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change in the kinetics of the phase forma-
tion of titanium nitride. Within the range
of pressures p(N,) ~ 1.8 — 2.8:1072 Torr the
composition of TiN phase is changing. De-
pendence on the front side of the substrate
reflects the increase of the Ti content in the
coating composition, whereas on the shady
side of the substrate the decrease of Ti con-
tent is observed.

5. Conclusions

Fundamental results obtained in this
work are related to establishing the regu-
larities of changing of crystal structure
within two-component system "Ni — 9.5 at.
% WITIN": formation of cubic texture in the
both subsystems; maximum degree of the
cube texture in Ni — 9.5 at. % W and TiN
is realized at different coating thicknesses;
the kineties of the formation and composi-
tion of the titanium nitride phase depends
on the geometry of the TiN coating experi-
ment. Results of the study indicate that the
tapes of paramagnetic Ni — 9.5 at. % W
with TiN coating can be considered as prom-
ising substrates for creating the effective
2G HTS superconductors.
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