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Abstract The cube texture evolution of Ni-5 at%W alloy
deformed up to a very high strain was thoroughly investi-
gated by X-ray diffraction (XRD) and electron back-scat-
tered diffraction (EBSD) during the process of
deformation, recrystallization and grain growth. A typical
copper-type rolling texture, mainly consisting of compo-
nents of S, copper and brass orientations, is obtained after
heavy cold rolling. The fraction of rolling texture is slightly
strengthened during recovery and then strongly reduced
during recrystallization process. The cube texture is formed
by consuming the rolling texture components during the
discontinuous recrystallization process. The cube grains
have a size advantage with respect to the non-cube grains.
A strong cube-textured NiSW alloy substrate with cube
texture area fraction of 98.2 % (<10°) is obtained after
annealing at 1050 °C for 1 h. The full width half maximum
(FWHM) values for the X-ray (111) ¢-scan and the (002)
w-scan of this substrate are 5.84° and 4.76°, respectively.
Furthermore, the area fraction of {001} (110) orientation
of the epitaxially grown La,Zr,0; buffer layer is 97.1 %
(<10°), and the FWHM values of (111) ¢-scan and (002)
w-scan are 5.22° and 5.00°, respectively.
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1 Introduction

The rolling-assisted biaxially textured substrates (RABiTS)
process based on Ni and Ni-based alloys is a promising
approach for the economical production of high Curie
temperature (7.) superconducting tapes of YBa,Cu3z0;_s
(YBCO) [1]. With this method, the desired substrate alloys
with strong biaxial texture is produced through the epi-
taxial growth of a buffer layer and YBCO film on the
strong cube-textured substrates [2—7]. In order to avoid a
significant reduction in the critical current density for the
epitaxially grown superconductor layers [8, 9], the main
requirements for the substrates are a strong cube texture
and few high-angle boundaries (HABs).

The previous experiments on NiSW and Ni—Cu alloys
have confirmed that a copper-type rolling texture can be
obtained after heavy deformation and that the copper-type
rolling texture is beneficial for the cube texture formation
during recrystallization [5, 10]. At present, NiSW alloy is
widely preferred as substrate material for YBCO-coated
conductors due to that strong cube texturing and low HAB
area fraction can be achieved by heavy cold rolling and
subsequent annealing. Previous studies of RABiTS-pro-
cessed NiSW alloy substrates focused mostly on
microstructures and textures produced by the high-tem-
perature annealing [8]. Only a few reports focus on the
recrystallization nucleation of Ni5SW, and little effort has
been directed toward investigating the evolution of the
cube texture in heavily deformed NiSW alloys during
deformation and recrystallization [10].

In the present work, the evolution of texture during cold
rolling and recrystallization annealing was characterized
using four-circle X-ray diffraction (XRD). In addition, the
microstructure and texture development during recrystal-
lization and grain growth of the Ni5W alloy substrates
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were investigated by electron back-scattered diffraction
(EBSD). The systematic analysis of the cube texture evo-
lution in the Ni5SW alloy not only is of scientific value, but
is useful in optimizing the microstructure and texture of the
substrates after the final annealing. Another important
aspect has to be considered is the substrates quality after
coating with a buffer layer [11, 12]. Therefore, the epi-
taxially grown La,Zr,O; (LZO) buffer layer was investi-
gated in the present study.

2 Experimental

The NiSW alloy was prepared by high-frequency vacuum
induction melting of Ni and W metals with the high purity
of 99.95 %. The ingot was deformed at 1150 °C to produce
a bulk with dimensions of 22 mm x 12 mm x 15 mm,
and a heat treatment at 1200 °C for 24 h was applied to
homogenize the alloy. Subsequently, cold rolling from 15
to 3 mm in thickness and a recrystallization annealing at
850 °C for 1 h were performed to prepare the ingot for
final deformation. Cold rolling was applied with a 5 %
reduction per pass to obtain a final thickness of 80 um. The
total reduction in thickness reduction in the tapes by cold
rolling was 97.3 % yielding a von Mises strain (eyyy) of
4.17. To analyze rolling texture formation of the NiSW
alloy, the deformation reductions of 70.0 %, 80.0 %,
90.0 %, 95.0 % and 97.3 % were performed, and the cor-
responding strains were 1.39, 1.86, 2.66, 3.46 and 4.17,
respectively. The final cold-rolled tapes with strain of 4.17
were annealed at 400, 600, 650, 675, 700, 800, 900, 1000
and 1050 °C for 1 h, respectively, under flowing
Ar—4 vol% H,. In these annealing experiments, the quartz
tube containing the specimens was inserted into a pre-
heated furnace and was retracted from the furnace after
annealing. A La,Zr,O,; (LZO) buffer layer was produced
using the propionic acid-based metal organic deposition
route on the textured NiSW alloy substrate annealed at
1050 °C for 1 h. The total cation concentration of the LZO
precursor solution was 0.8 mol-L™', and the spinning rate
was 4000 r-min~" for 60 s. For the crystallization of the
buffer layer, the sample was held at 1150 °C for 1 h in a
tube furnace, also containing Ar—4 vol% H,.

The rolling texture and the textures after recovery and
recrystallization were investigated by XRD (Bruker DS)
equipped with an Eulerian cradle. For each measurement,
the {111}, {200} and {220} pole figures were detected and
transformed to orientation distribution functions (ODFs) to
calculate the contents of the texture components in volume
fraction, S {123} (634), brass {110} (112), copper {112}
(111) and cube {001} (100) orientations (with a maximum
deviation angular of 15°). EBSD characterization was
conducted with a field emission gun scanning electron
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microscope (QUANTA FEG 650, FEI, Oregon, USA)
equipped with a Channel 5 system. The microstructures
and textures of the partially recrystallized samples were
measured at step interval of 0.5 pum in the rolling plane. A
large step size of 2 um was applied to obtain EBSD maps
from areas of 400 pm x 400 pm for the samples annealed
at high temperature. Low-angle boundaries (LABs) and
HABs were defined as boundaries with misorientations of
2°-10° and >10°, respectively. The X3 boundaries were
defined in the present experiment by applying a maximum
deviation of 3° from the exact 60° (111) orientations. Area
fractions (f) of the cube texture were calculated from the
EBSD data lying within 10° of the corresponding ideal
cube orientations. The in-plane and out-of-plane textures of
the strong cube-textured NiSW substrates and the epitaxi-
ally grown LZO buffer layer were detected using X-ray
(111) ¢-scan and (002) w-scan.

3 Results and discussion
3.1 Deformation texture

Figure 1 shows the {111} pole figures for the rolling
direction (RD) and transverse direction (TD) section of the
deformed NiSW alloy affected by the strains. The strength
of the texture is marked with contour and different colors
represent different texture concentrations. A copper-type
rolling texture with main rolling components of S, copper
and brass orientations is found in the cold-rolled Ni5W alloy
after being deformed to an intermediate strain. With strains
increasing, the rolling texture is subsequently enhanced. The
fractions of rolling components calculated from the ODFs
are presented in Fig. 2. The content of the rolling texture
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Fig. 1 {111} pole figures of cold-rolled Ni5W tapes with different
strains: a 1.39, b 2.66, ¢ 3.46, and d 4.17
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Fig. 2 Contents of a rolling, cube and other orientations and b main rolling components for deformed NiSW alloy affected by strains

obtained by the summation of the contents of S, copper and
brass orientations is enhanced from 65 vol% to 85 vol%
with deformation strain increasing from intermediate
(eym = 1.39) to a high strain (eyy; = 4.17). The content of
other orientations (except the main rolling components and
cube orientation) is reduced for enhanced rolling texture
(Fig. 2a). The content of cube orientation is very small in the
deformed state and decreases slightly when the strain
increases due to the appearance of instability in the cube
orientation during deformation [13, 14]. The content of each
of the main rolling components increases with strain
increasing. The S orientation with the highest content in
each deformation strain dominates the rolling texture in the
deformed Ni5W alloy (Fig. 2b).

3.2 Recrystallization

The texture transition of the cold-rolled NiSW alloy sam-
ples during annealing was investigated by means of XRD.
The {111} pole figures of the Ni5SW alloy samples
annealed at 600-800 °C are presented in Fig. 3. During
recovery at annealing temperatures <600 °C, the texture
still remains a copper-type rolling texture. The texture
transforms from the copper-type rolling texture after
annealing at 650 °C for 1 h to a recrystallized cube texture
after annealing at 800 °C for 1 h (Fig. 3b—f). The recrys-
tallization takes place at 650 °C with little increase in cube
orientation content, whereas after annealing at 675 °C for
1 h, the strength of cube orientation increases significantly,
whereas the strength of rolling texture decreases (Fig. 3c).
The recrystallization cube texture is formed with little
rolling texture after further annealing at high temperature
(=700 °C).

The contents of each main rolling component, cube
orientation and other orientation of the deformed and
annealed Ni5W alloy samples were calculated, as presented
in Fig. 4. The rolling texture content increases from
85 vol% after heavy cold rolling to 91 vol% after
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annealing at 600 °C for 1 h. The copper-type rolling tex-
ture and the cube orientation are both enhanced during
recovery, agreeing with the previous results for Cu—
45 %Ni alloy [3, 14]. Recrystallization of the NiSW alloy
is accompanied by a high reduction in the rolling texture,
while the content of cube orientation increases signifi-
cantly. The content of cube orientation increases strongly
from 1 vol% after annealing at 650 °C for 1 h to 80 vol%
after annealing at 800 °C for 1 h (Fig. 4a).

The evolution of the content of each main rolling
component during annealing is presented in Fig. 4b. The
increased content of rolling texture during recovery is
mainly due to the increase in the content of the brass ori-
entation for the annealed NiSW alloy samples. It can be
considered that the brass orientation is believed to coarsen
significantly more than the S and copper orientations,
especially toward the end of the recovery and hence
increasing process which may increase the opportunity of
nucleation for the brass orientation. During recrystalliza-
tion, three main rolling texture components diminish
simultaneously. There is no evidence showing that the
different rolling components have different effects on the
formation of the recrystallization cube texture in the NiSW
alloy. The content of rolling texture drops around 80 vol%
during recrystallization and most of them are consumed by
recrystallized cube grains. Hence, this leads to the forma-
tion of a recrystallization cube texture with a content of
80 vol% after primary recrystallization (annealed at
800 °C for 1 h).

The microstructures and textures of the partial recrys-
tallized Ni5SW alloy samples were analyzed by EBSD
(Fig. 5). It shows that recrystallized grains develop from
the deformed matrix, while the recrystallized grains con-
tain cube grains, grains with rolling components and grains
with other orientations. A cube texture forms with
annealing temperature increasing followed by nucleation
and discontinuous recrystallization. The nucleus is detected
on the rolling plane after annealing at 650 °C for 1 h,
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Fig. 4 Temperature dependence of contents of rolling and recrystallization textures of deformed and annealed Ni5W alloy tapes: a contents of
rolling, cube and other random orientations and b contents of main rolling components

which is consistent with the results obtained by XRD. The
cube orientation tends to have the advantage of nucleation
due to the larger average grain size with respect to the
rolling components and the other orientations (Fig. 5a).
Subsequently, a discontinuous recrystallization takes place
rapidly, accompanied by the formation of the recrystal-
lization cube texture (Fig. Sb—d). During recrystallization,
the cube grains consume both the deformation matrix and
recrystallized non-cube grains. The area fraction of the
recrystallized cube texture strongly increases to 80 % after
the completion of the primary recrystallization of the NiSW
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alloy, due to the cube grain growth via HABs migration
during recrystallization [10, 15].

The average grain size of the recrystallized cube grains
(deupe) increases from 3.28 um after annealing at 650 °C for
1 hto 12.18 pm after 750 °C for 1 h (Table 1). The average
grain size of the non-cube grains (dpon.cupe) 1S markedly
smaller than that of the cube grains in the same state, thus
indicating a discontinuous recrystallization. This leads to the
formation of cube texture during recrystallization for the
Ni5SW alloy samples. This result is consistent with the pre-
vious findings, indicating that during recrystallization, the

Rare Met. (2022) 41(11):3887-3894



Cube texture evolution of NiSW alloy substrates and La—Zr-O buffer layer 3891

D 0° I . 60°

HABs

Fig. 5 EBSD maps of recrystallized Ni5SW alloy samples annealed for 1 h at different temperatures: a 650 °C, b 675 °C, ¢ 700 °C, and d 750 °C

Table 1 Temperature dependence of microstructure and texture parameters for partial recrystallized NiSW alloy samples

TemperatureS/OC dnon-cube/um dcube/um fcube/% (<100) f HABS/% (>100) f23/%
650 1.17 3.28 3.07 42.58 4.02
675 1.28 4.03 16.07 52.49 6.56
700 7.85 11.71 47.25 60.01 12.40
750 8.39 12.18 77.94 64.05 14.80

cube grains grow faster compared to non-cube grains in Cu
and Ni metals [15, 16]. Following the results from the
classical Beck experiment [17], it is often assumed that such
preferential growth is related to the migration of the
boundaries with the misorientation close to 40° (111) rela-
tionship. In fact, cube orientation is found to have such
misorientation relationship with S orientation, which sug-
gests that S orientation could be consumed by cube grains
first and be beneficial for the development of recrystalliza-
tion cube texture [18]. At present, EBSD orientation maps of
recrystallized samples were investigated in view of this
possibility by marking all 40° (111) misorientation, and the
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area fraction of 40° (111) boundaries was confirmed to be
extremely low (<2 %) [10, 15, 19].

The temperature dependence of the parameters associ-
ated with microstructure and texture for the partially
recrystallized NiSW alloy samples are presented in
Table 1. The cube texture area fraction (f..,.) increases,
whereas the rolling components are consumed significantly
during cube grains growth via HABs migration. The HABs
area fraction (fyaps) increases and reaches ~64 % in the
Ni5SW alloy samples annealed at 750 °C for 1 h. In addi-
tion, the area fraction of X3 boundaries (fs3) increases from
~4 % after annealing at 650 °C for 1 h to ~15 % after
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750 °C for 1 h, which is mainly due to the formation of
annealing twin during recrystallization of the NiSW alloy.

3.3 Grain growth

Even though a high area fraction of cube texture has
already developed after primary recrystallization, its
value is insufficient to enable Ni5W to be used as alloy
substrates for YBCO-coated conductors. Grain growth is
therefore required to further strengthen the area fraction
of cube texture to the required value of >95 % [20, 21].
Figure 6 shows EBSD maps of NiSW alloy substrates
annealed at 800, 900, 1000 and 1050 °C. The grain size,
as well as the area fraction of cube texture and the grain
boundaries, is strongly dependent on the annealing tem-
perature. It is apparent that the high-temperature anneal-
ing enhances the average grain size and the cube texture
formation. The area fraction of HABs decreases as the
growing cube grains encounter one another, forming new
LABs (Fig. 6). The microstructure and texture parameters
of high-temperature annealed NiSW alloy substrates
annealed at different high temperatures are listed in
Table 2. After annealing at 1050 °C for 1 h, the area

fraction of cube texture (fiupe) 1S 98.2 % (<10°) and the
area fraction of LABs (fiags) is 86.8 %. The annealing
twins formed during recrystallization are reduced after
high-temperature annealing, while the area fraction of X3
boundaries is very little, ~1 %, after annealing at
1050 °C for 1 h. The in-plane and out-of-plane textures of
this substrate were detected by XRD. The full width half
maximum (FWHM) values of the X-ray (111) ¢-scan and
(002) w-scan of this substrate are 5.84° and 4.76°,
respectively.

3.4 LZO buffer layer

The LZO buffer layer was successfully deposited on
strongly cube-textured Ni5SW alloy substrates annealed at
1050 °C for 1 h. EBSD map of an epitaxially grown LZO
buffer layer on the textured NiSW substrates (Fig. 7)
indicates that the buffer layer is smooth, continuous and
crack-free, and contains a strong {001} (110) texture. The
area fraction of {001} (110) orientation is 97.1 % (<10°).
The FWHM values of (111) ¢-scan and (002) w-scan are
5.22° and 5.00°, respectively. Compared with the texture
values of the NiSW alloy substrate, it implies only a small

LABs

HABs

Fig. 6 EBSD maps of cube-textured NiSW substrates annealed at different temperatures: a 800 °C, b 900 °C, ¢ 1000 °C, and d 1050 °C
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Table 2 Parameters of microstructure and texture of high-temperature annealed Ni5W alloy substrates

Samples d/pm Jfeuvel Po(< 10°) fraps/% (<10°) Juaps/% (<10°) fs3/% FWHM (w-scan)/(°) FWHM(¢@-scan)/(°)
Ni5W-800 8.95 80.9 40.0 - 12.80 - -

Ni5SW-900 11.09 88.0 57.5 - 4.92 - -

Ni5SW-1000 18.57 93.2 74.1 - 3.59 - -

NISW-1050 19.77 98.2 86.8 - 1.19 5.84 5.00

HABs 23

Fig. 7 EBSD map of epitaxially grown LZO buffer layer on textured
Ni5W alloy substrate

degradation is seen in the texture transferred to the LZO
buffer layer by epitaxial grain to grain.

4 Conclusion

The evolution in the cube texture of heavy cold-rolled
Ni5W alloy was investigated by XRD and EBSD. More-
over, a LZO buffer layer was successfully deposited on the
strong cube-textured NiSW alloy substrate. After heavy
cold rolling, a copper-type rolling texture is formed for the
Ni5SW alloy with a rolling texture content of 80 vol% when
the strain reaches 4.17. The copper-type rolling texture
strengthens during recovery (annealed at low temperature
<600 °C) and is subsequently reduced during the discon-
tinuous recrystallization (650-800 °C). The cube grains
have the size advantage and consume non-cube grains and
deformation matrix by HABs migration during recrystal-
lization, thus leading to the cube texture formed in the
Ni5SW alloy. Cube grain growth takes place at high
annealing temperature and develops into a strong cube
texture with low area fraction of HABs. The strong cube
texture with the high area fraction of 98.2 % (<10°) is
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obtained after annealing at 1050 °C for 1 h for the NiSW
alloy substrates. The FWHM values for the XRD (111) ¢-
scan and (002) w-scan of this substrate are 5.84° and 4.76°,
respectively. Furthermore, the area fraction of {001} (110)
orientation of the epitaxially grown high-quality LZO
buffer layer is 97.1 % (<10°), and the FWHM values of ¢-
scan and w-scan of the buffer layer are 5.22° and 5.00°,
respectively.
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