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Abstract—Ni–8 at % W alloy ingots were prepared using a spark plasma sintering technique. The evolution
of the microstructure, cold-rolling texture, and recrystallization texture of the Ni8W alloy were studied using
X-ray diffractometry and electron backscatter diffractometry techniques. The results revealed the strong
influence of the initial grain size on the cube texture formation of the annealed substrates. A strong cube tex-
ture was obtained in substrates with finer initial grains. A brass-type rolling texture was formed in the final
cold-rolled tape after cold rolling. The cold-rolled tape mainly consisted of S, brass, and a weak {110} 118
texture. The cube orientation nuclei did not have a nucleation advantage at the early stage of recrystallization.
Large-scale twinning was exhibited in the cold-rolled microstructure at a high annealing temperature. The
cube orientation and RD (rolling direction)-cube orientation textures, which transformed from the cube twin
orientation and random orientation grains, were grown immediately at almost the same rate. The cube ori-
entation and RD-cube orientation grains grew faster than other orientation grains throughout the whole grain
growth process. Finally, a strong cube texture was obtained for the Ni–8 at % W substrate after an optimized
annealing process.
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1. INTRODUCTION
Since the discovery of REBa2Cu3O7 – x (REBCO:

RE stands for rare metal elements) as a second-gener-
ation high-temperature superconductor (2G HTS),
substantial efforts have been made to develop a high-
current superconducting wire for technological appli-
cations [1, 2]. REBCO tape has a complex structure
composed of alloy substrates, transition layers, super-
conducting layers, and protective layers. At present,
there are two main routes for the preparation of
REBCO tapes: rolling-assisted biaxially textured sub-
strates (RABiTSTM) [3–6] and ion beam assisted
deposition (IBADTM) [7, 8]. The IBADTM route
involves a non-textured alloy substrate prepared using
a physical method for the deposition of the texture
transition layer in order to produce high-quality 2G
tapes, but it has a higher cost. In comparison, the
RABiTSTM route involves a textured alloy substrate,
which can reduce processing complexity and lower the
cost. Therefore, the RABiTSTM route is usually pre-
ferred because of its excellent application potential as

a means for producing cheaper second-generation
tapes for electric cables [9]. As has been well known for
decades, the cube texture in nickel is obtained after
heavy cold rolling and subsequent annealing as the
primary recrystallization texture. Presently, nickel
alloy with 5 at % tungsten (Ni5W) is considered to be
the preferred substrate material for REBCO tapes
(CC) [10, 11]. However, the ferromagnetism and low
strength of Ni5W hinder the wider applications of
REBCO-coated conductors [12]. To suppress ferro-
magnetism and to enhance the strength of the NiW
alloy substrate at moderate working temperature, a
substrate with 10 at % of tungsten content is essential
[13]. However, the stacking fault energy (SEF) of the
alloy continually reduces with an increase in W con-
tent. A low SEF affects the microstructure of the NiW
alloy, resulting in a decrease in the cube texture con-
tent in cold-rolled recrystallization annealing [14].

The preparation of alloy ingots includes smelting
and powder metallurgy methods. Powder metallurgy
methods can comparatively control the purity of the
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ingot and size of the initial grains [15], thereby
improving the content of cube texture within the sub-
strate. In a study of Ni–W alloy substrates obtained by
these methods of preparation, the recrystallization
temperature of the strong cube texture formed within
a Ni–7 at % W (Ni 7 W) [16] substrate that was pre-
pared via powder metallurgy was found to be 300°C
higher than that of a Ni–7.5 at % W [17] substrate
obtained through a smelting method. This may be due
to pores in the substrates prepared by the powder met-
allurgy method; these defects play a pinning role in
grain boundary migration during the grain growth
process. Advanced spark plasma sintering (SPS) tech-
nology can enable the rapid preparation of high-den-
sity alloy ingots [18], opening an advanced preparatory
pathway for coated conductors via powder metallurgy.
Previously, mid-to-high SEF Ni-based metal alloy
substrates received the most attention for use with
coated conductor substrates [19–21]. For low stacking
fault energy (SFE), high W content NiW alloy base-
bands (W ≥ 8 at % W) with strong cube texture sub-
strates are preferred [22, 23]. To date, there have been
no systematic studies on the deformation evolution
mechanism, recrystallization texture, or the final
cubic texture content within the substrate.

Therefore, efforts are still needed to optimize the
treatment conditions for the improvement of texture
quality in alloyed nickel tungsten substrate tapes. In
this study, Ni– 8 at % W (Ni 8 W) alloy substrates with
strong cube texture content were prepared via SPS
technology, with a detailed investigation of cold roll-
ing and recrystallization behavior during the prepara-
tion process.

2. MATERIALS AND METHODS

2.1. Preparation of Super-High W Substrate

Alloys with the compositions of Ni8W (% mol ratio
of Ni : W ~ 92 : 8) made by utilizing Ni (200 mesh,
purity >99.99%) and W (200 mesh, purity >99.99%)
powders were mixed in a planetary ball mill for 6 h
under a protected atmosphere (Ar with 4 at % H2).
The high-energy ball mill was a Fritch P6 with a mill-
ing speed of ~150 rpm. The mixed powders were
packed into a graphite mold then cold pressed under
an axial pressure of 15 MPa. The cold-pressed ingot
was sintered for 5 min at 800°C (with a heating rate of
100°C/min) under a pressure of 30 MPa using a
Dr. SinterTM spark plasma sintering system (SPS-3.2).
After that, the as-sintered ingot was subjected to
homogenization annealing. The initial ingots were
cold-rolled with a pass deformation of 5% in order to
obtain a cold-rolled strip with a final thickness of
0.08 mm, and the total deformation reached 99%. A
two-step annealing process [24] was followed in order
to obtain substrates with a strong cube texture. The
heat treatment processes were performed in an Ar
atmosphere with 4 at % H2.
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2.2. Characterization
An X-ray diffractometer (Bruker AXS D8 Advance,

Cu target) was used to analyze and measure the defor-
mation texture of the Ni8W alloy during rolling, and
TexEval MFC application software was employed to
calculate the pole figures and ODFs. The recrystal-
lized texture of the substrate sample was characterized
by a scanning electron microscope (JEOL JSM
6500F) equipped with an electron backscatter diffrac-
tion detector (EDAX), and OIMTSL6.1 orientation
analysis software was used to analyze the texture and
grain boundaries in detail. The microstructure of the
ingot was observed using a metallurgical microscope
(Zeiss Axio imager A2M). The HVS-1000 digital
hardness tester was used to measure the hardness
changes of the alloy during cold rolling and annealing.
In this study, the maximum deviation orientation
angle of the texture measured by X-ray diffractometry
(XRD) and electron backscatter diffraction (EBSD)
was adjusted to 15° and 10°, respectively.

3. RESULTS AND DISCUSSION
3.1. Effect of Initial Grain Size on Cube Texture 

Formation within Ni8W Alloy Substrate
Figure 1 shows the optical microscopy of the RD–

ND cross-section of the initial ingot and deformation
at 50% (εvm = 0.8), 75% (εvm = 1.6), and 87.5% (εvm =
2.4) after three homogenization heat treatments (no. 1
1100°C for 24 h, no. 2 1100°C for 24 h + 1200°C for
5 h, no. 3 1200°C for 24 h). With the increase in rolling
deformation, defects such as pores within ingots
appear at the grain boundaries in the form of a distrib-
uted strip. Figure 1a shows a cross-sectional view of
the ingot after homogenization at 1100°C for 24 h.
Fine and uniform grains with many lamellar twins and
an average size of ~20 μm were observed. The fine
grains were elongated along the RD direction at εvm
value ~0.8, as displayed in Fig. 1b. With a strain value
of 1.6, (Fig. 1c), lamellar tissues were distributed par-
allel to the RD direction. Even at εvm = 2.4 (Fig. 1d),
the corroded interface was still parallel to the RD
direction, and lamellar tissues were very close to each
other. At this time, it is difficult to identify the rolling
structure. Figure 1e shows a cross-sectional view of
the ingot, homogenized at 1100°C for 24 h and then at
1200°C for 5 h. Thick crystal grains and a compara-
tively wider annealed twin structure were obtained.
The average grain size of ~150 μm (seven times greater
than Ingot no. 1) with no fine crystals was obtained, as
shown in Fig. 1a. The spacing between the lamellar
interfaces was significantly wider than the rolling
structure within Ingot #1 under the same deforma-
tion. Even at εvm values of ~2.4 (Fig. 1h), the lamellar
structure parallel to the RD direction was still clearly
identified, and the spacing was two to three times
greater than that of the fine crystal ingot at εvm ~ 1.6
(Fig. 1c). A cross-sectional view of a billet homoge-
S AND METALLOGRAPHY  Vol. 122  No. 14  2021
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Fig. 1. Optical images of ingots with different initial grain sizes at various strain deformations. (a, e, i) εvm = 0, (b, f, j) εvm = 0.8,
(c, g, k) εvm = 1.6, (d, h, l), and εvm = 2.4 annealed at (a) 1100°C for 24 h, (e) 1100°C for 24 h followed by 1200°C for 5 h, and
(i) 1200°C for 24 h, (j) abnormal grains in dotted lines after 50% of deformed reduction; (k, l) shear bands observed after larger
strain.
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Fig. 2. (a) Fraction of main rolling components for as-
rolled tapes (99% reduction) and (b) cube texture fraction
on the surface of annealed substrates affected by annealing
temperature.
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nized at 1200°C for 24 h is shown in Fig. 1i. The grain
morphology of Fig. 1i, simultaneously accompanied
by fine grains and abnormally grown grains, was
clearly different from Figs. 1a, 1e. The grains were
unevenly distributed, with sizes ranging from 20 to
200 μm. During the subsequent rolling process, the
coarse grains were not broken quickly but surrounded
the fine grains along the rolling direction. A promi-
nent shear was observed when the εvm value exceeded
0.8, as shown in Figs. 1k, 1l. The lamellar structure
outside the shear band was similar to the fine-grained
ingot structure under the same deformation during the
cold rolling process.

As can be seen from Fig. 1, the average grain size
for Ingot no. 2 was seven times greater than that of
Ingot no. 1, but the deformation structure for both the
ingots that were parallel to the rolling direction lacked
PHYSICS OF METAL
shear bands even after a large strain (εvm = 2.4). More-
over, the spacing of the interface layer for Ingot no. 2
was five times wider than that of Ingot no. 1 at εvm =
2.4. However, for Ingot no. 3 with abnormally grown
grains, shear bands in the RD direction appeared even
after a moderate strain (εvm = 1.6). For Ingot no. 3 at
low strain (εvm = 0.8), the grains were abnormally
grown along the RD into a uniform strip with an inter-
face between the coarse fine grains. During the rolling
process, the interface was subjected to larger shear
stress, contributing to the uneven deformation. A
shear structure under a larger strain gradually evolved
owing to this uneven deformation area around the
coarse-grained structure. The deformation texture has
a very close relationship with the deformation mecha-
nism of the material. The texture of the cold-rolled
strip was finally measured via XRD, as shown in
Fig. 2a. The S {123}634, cube {001}100, and brass
{011}211 texture in the cold-rolled strip prepared
using ingot (a) were slightly stronger than those of
Ingot no. 3, while the Goss {011}100 texture was the
lowest in all three ingots, but these differences were
not very pronounced. The S orientation easily formed
a large angle grain boundary at the 111 orientation
with a high grain boundary migration rate, and the
cube orientation grains were able to display growing
advantages during recrystallization [25]. Therefore,
the substrate obtained from Ingot no. 1 had the stron-
gest cube texture (almost 90.2%, <10°), but it was not
notably different from the substrate obtained from
Ingot #3, as shown in Fig. 2b. Ingot no. 2 was relatively
uniform coarse-grained with a lamellar structure
under a larger strain. As shown in Fig. 2a, the S cube
texture was the weakest within cold rolled strips pre-
pared from Ingot no. 2, whereas the brass and Goss
textures were the strongest. Although the difference in
cold rolling texture was not very prominent compared
to other cold rolling strips, the cube texture content
was markedly lower (approximately 70%). The differ-
ence in the cube texture can be attributed to the broad-
ening of the rolling deformation zone. Furthermore, it
was difficult to find fine grains of less than 50 μm
within Ingot no. 2, except for in the layered twinned
structure. The fine deformation structure can have a
higher grain boundary density and greater deforma-
tion energy storage of the material. Therefore, the
driving force for recrystallization nucleation is greater,
increasing the nucleation rate in the substrates [19].

3.2. Texture Evolution of Ni8W Alloy 
during Cold-Rolling

The ingot with homogenization heat treatment at
1100°C for 24 h, with the best texture performance
after cold rolling and annealing, was further investi-
gated for deformation and recrystallization. Figure 3a
shows the hardness change curve of the cold-rolled
strip with a total deformation of 99% (i.e. from 8 mm
to 80 μm). A significant change in hardness was
S AND METALLOGRAPHY  Vol. 122  No. 14  2021
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Fig. 3. (a) Hardness values under various strains, (b) XRD
patterns of rolled Ni8W alloy with different strains deter-
mined on the rolling plane.
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observed at a strain value of 0.8. The hardness was
increased linearly when εvm was increased from 0.8 to
4, but upon a further increase in εvm from 4 to 5.3, no
significant change was observed in hardness. Finally,
the hardness value ~464 HV (2.3 times higher than the
original ingot) was obtained for cold rolled strip. The
XRD pattern (with 2θ scanning range of 20°–80°) for
the cold-rolled strip under various strains is depicted
in Fig. 3b. Three diffraction peaks for (111), (200), and
(220) were observed at an angle of 44°, 51°, and 76°,
respectively. With the increase in strain, the peaks at
(111) and (200) were gradually decreased while the
peak at (220) was increased.

The (111) pole maps of the rolling surface for Ni8W
alloy at six different strains were investigated by XRD
four-ring diffraction pattern, revealing the qualitative
texture distribution of the material, as shown in Fig. 4.
The increased concentration for Copper {112}111
and S orientation was found when the εvm value was
varied from 0.8 to 2.4. The maximum intensity for
Copper texture was changed from 2.62 to 4.18. Upon
further increase in strain up to 3.2, the Brass orienta-
tion tends to dominate the copper texture with the
splitting of the highest intensity peak at both ends. At
εvm = 4, the highest intensity initially concentrated as
the Copper orientation has now deviated towards the
Brass orientation area. At εvm = 5.3, a prominent Brass
orientation intensity line has appeared, and finally a
hybrid partial brass-type texture is obtained within the
substrate. The previous [26] has proved that high-level
fault energy for copper texture and low-level fault
energy for brass texture is prominently obtained in the
early stage of cold rolling with the deformation less
than 50%. The copper texture is grown linearly with
the increase in strain in metallic copper, while Copper
texture in brass is slightly increased at the deformation
level of 15% and begins to decrease at 30%. Ni8W alloy
exhibits a mixed trend such as copper and brass texture
at low and higher strains, respectively. Therefore, a
mixed brass texture (involving both the copper and
brass type) is finally formed, with the properties of low
stacking fault energy and FCC (Face Center Cubic)
structured material.

3.3. The Texture Evolution of Ni8W Alloy 
during Annealing

Figure 5 shows the fractions of main texture, grain
boundaries, and average grain size of recrystallized
grains of the Ni8W alloys treated at home tempera-
tures of 700, 750, 800, 900, 1000, 1100, and 1200°C,
without holding time at different temperatures. At a
temperature of 700°C, a large number of S, brass, and
randomly oriented rolling structures were found. The
number of the cube and RD-cube {013}100 orienta-
tion grains was basically the same, with the highest
number of randomly oriented grains and almost zero
Σ3 twin boundaries. When the annealing temperature
PHYSICS OF METALS AND METALLOGRAPHY  Vol. 1
was increased to 750°C, the content of the three
recrystallized textures, namely, the cube, RD-cube,
CT (Cube Twin) {122}212 texture, and of random
orientations increased with the rapid increase in large-
angle grain boundaries and Σ3 twin boundaries. Fig-
ure 6 shows the twin grain separated by Σ3 twin
boundaries with the adjacent recrystallized grain.
During recrystallization for many metals, twinning is
important for texture development that has been dis-
cussed in detail in a number of classic studies in this
area, and the reader is referred to these studies for fur-
ther details of the types of mechanisms involved
[27‒29]. At that time, the formation of CT orientation
grains was much greater than that of the cube and RD-
cube orientation grains, but most of the grains were
still small. The size of the cube and RD-cube orienta-
tion grains mainly ranged from 2–10 μm. Based on the
theory of grain boundary migration [30], the grain
boundaries in the 40° 111 orientation relationship
had good migration capabilities. The ideal cube and
S orientations had an orientation relationship of
~48.6° 13 14 16, while the ideal RD-cube and brass
22  No. 14  2021
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Fig. 4. (111) pole maps of as-rolled Ni 8 W alloy at different strains.
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orientations had an orientation relationship of ~44°
5 7 8, close to the 40° 111 orientation, revealing a
grain growth advantage compared to other orientation
grains.

The complete recrystallization process was
obtained at 800°C. The brass and S textures continu-
ously weakened with a higher content of high-angle
grain boundaries and randomly oriented grains. With
PHYSICS OF METAL
the progress in the twinning process, the content of
twin boundaries continued to increase. Because of the
further growth of RD-cube and cube orientation
grains, most of the grain sizes ranged from 2–10 μm,
with a significant increase in the number of grains.
However, the number of grains in the CT orientation
significantly reduced, and the texture content also
weakened. This is because the grains in the CT orien-
S AND METALLOGRAPHY  Vol. 122  No. 14  2021
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Fig. 5. (a) Fractions of main texture, (b) grain boundaries,
and (c) average grain size of recrystallized grains of Ni8W
alloys at different temperatures collected by EBSD.
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Fig. 6. EBSD maps of as-annealed Ni8W alloy determined
on the surface at 750°C.
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tation were relatively small and were easily swallowed
by surrounding grains because of the migration of
high-angle grain boundaries. Although the content
PHYSICS OF METALS AND METALLOGRAPHY  Vol. 1
and number of randomly oriented grains were much
larger than those of the RD-cube and cube orienta-
tions, the grain size was still much smaller than that of
the RD-cube and cube orientations. When the anneal-
ing temperature was 1000°C, the cube, RD-cube, and
randomly oriented grains continued to grow with a
decreased number of grains. The number of CT-ori-
ented grains also decreased, but its growth was not very
pronounced. The cube and RD-cube texture content
continued to rise simultaneously, and the random ori-
entation content began to decrease gradually. With the
migration technique, the content of high-angle grain
boundaries decreased with an increase in the low-
angle grain boundary content. At an annealing tem-
perature >1000°C, the content of cube and RD-cube
texture was greater than the content of random orien-
tation grains. The decreasing number of CT and ran-
domly oriented grains can also decrease the content of
Σ3 twin boundaries. It is worth noting that although
the number of RD cube orientation grains was greater
than the cube orientation grains during the initial
recrystallization, there were more fine grains in twin
relationships with randomly oriented grains, which are
absorbed during high-angle grain boundary migra-
tion. Therefore, the content of the cube and RD-cube
texture is equivalent.

4. CONCLUSIONS

During the rolling process for ingots, various initial
grain sizes lead to variations in the deformation and
recrystallization texture of the substrate. The fine and
uniform grain size of the initial ingot can be attributed
to the stronger cube texture of the final substrate. A
typical brass-type texture with a large deformation of
~99% were obtained within the Ni8W alloy substrate
after the cold rolling process. In addition to the S tex-
ture, there is also a transition texture, 118, between
22  No. 14  2021
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the Goss and Brass orientation, but its strength is
weak. During the early stage of recrystallization, cube-
oriented crystal grains are formed by a large number of
CT orientation nucleus twins and are rapidly grown in
a favorable orientation along with the S orientation
deformation structure. The RD cube orientation
grains are mainly formed due to a large number of ran-
domly oriented nucleus twins and are grown with a
brass orientation deformation structure. The substrate
prepared via SPS technology was finally obtained with
a strong cube texture (almost 90.2%) at a temperature
of 1350°C.
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