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Abstract The evolution of microstructure and texture at
four strain levels was investigated in Ni-5 at% W alloy by
means of electron backscatter diffraction (EBSD) tech-
nique. The deformation microstructure evolves gradually
from microbands (MBs) to typical lamellar structures with
strain increasing in cold-rolled materials, while only
lamellar structures in heavily cold-rolled materials. Sub-
sequently, quantitative analysis of microstructure and tex-
ture was performed. It indicates that the texture is a typical
pure metal deformation texture, but a few cube and rolling
direction (RD)-rotated cube orientations also can be
observed in the deformed samples. The use of high-tem-
perature annealing enables an area fraction of cube orien-
tation > 95% to be obtained for high strained substrate. In
addition, it is worth noting that the point-to-point misori-
entation inside the band with various orientations is found
to keep quite low. But the point-to-origin misorientation
over the same distance is dependent on strain and orien-
tation type in the band. The cube-oriented regions were
characterized by a high accumulated orientation gradient,
close to 28°, compared to the non-cube-oriented regions.
This means that the accumulated orientation gradient only
occurs in the cube band with the reduction of 98%, which
partly explains the formation of strong cube texture after
high-temperature annealing.
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1 Introduction

The second-generation coated superconductor has been the
research focus for many years, among which YBa,
Cuz0;_s (YBCO) coated conductor attracted the most
attention for its high irreversible field and ability to
maintain high critical current density under high magnetic
field. Compared with the powder metallurgy process used
to manufacture bismuth strontium calcium copper oxide
(BSCCO), YBCO coated conductors is a multilayer coating
on a specialized metal substrate, and the associated tech-
niques are referred to as “coated conductor technology.”
The rolling assisted biaxially textured substrates
(RABiTSTM) method [1-3], which has been developed at
ORNL, USA, is probably the most cost-effective approach
for the production of long lengths of high-temperature
superconducting (HTS) YBCO tapes.

Ni-5 at% W (Ni-5W) alloy is widely used as metallic
substrate for the coated-conductor technology. In order to
achieve a strong cube texture, the effects of rolling
reduction and annealing temperature on the microstructure
and texture evolution in nickel and Ni-W alloys have been
discussed by several groups [4, 5]. Moreover, for improv-
ing the mechanical properties and suppressing ferromag-
netism, increasing W content in Ni-W substrates (which
can dissolve and form solid solutions) is an effective
approach [6, 7]. However, when the addition of alloy ele-
ment W exceeds 5 at%, the stacking fault energy of Ni-W
alloy decreases distinctly, thus leading to a weak cube
texture after recrystallization [8]. Recently, Zhao et al. [9]
have demonstrated that the dominant recrystallization cube
texture in Ni—7 at% W tapes has been developed through
an advanced sintering technique. In addition, a specific
intermediate annealing in the cold rolling process has been
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introduced to improve the sharpness of cube texture in Ni—
7.5 at% W [10].

Commonly, transmission electron microscopy (TEM)
was the main method used by most researchers for char-
acterizing heavily rolled alloys over the past few decades
[11-13]. The specimens observed in TEM are relatively
small, and the areas selected for examination are random.
Therefore, it is difficult to judge whether the results are
representative for a general observation on the grain scale.
Within a general framework, the most important
microstructural features of deformation materials are the
low-angle and high-angle grain boundaries. These can
usually be characterized and quantified much more effi-
ciently using a field emission gun scanning electron
microscope (FEGSEM) equipped with a high-resolution
electron backscattered diffraction (EBSD) detector, and
this technique is becoming the main tool of the present
investigation.

In previous studies [14-16], much work has already
been carried out on the optimization of the thermo-me-
chanical processing to realize a strong cube texture. The
exact phenomena involved in the development of a strong
cube texture in the recrystallized Ni-5W alloy, however,
are still controversial. In the present work, a series of Ni—
5W alloy substrates were cold-rolled to different thickness
reductions and subsequently annealed at high temperature.
The effect of cold rolling reduction on microstructure and
texture evolution was investigated systematically. And the
reason why cube orientation is preferred over the other
orientation during annealing process was discussed.

2 Experimental

The power metallurgy (PM) route was employed to prepare
the initial Ni-W ingot. The nickel power with purities of
99.99% and tungsten power with purities of 99.9% were
weighted according to the stoichiometric ratio of Ni-5W
followed by sintering of the green compacts in flowing H,
atmosphere. Homogeneous alloying between Ni and W
was established during the sintering stage. The sintered
compact was subsequently hot-forged at 1200 °C to form
plates with about 30 mm in thickness. Then, the plates
were hot-rolled to about 10 mm followed by cold rolling to
4 mm in thickness. At this stage, an intermediate annealing
(800 °C for 1 h) was done to develop a fine grain and be
prepared for the further cold rolling. The annealing strips
were further cold-rolled in several passes with an average
of 5% cold reduction per rolling pass. At last, four strain
levels of substrates were produced. The final thicknesses
reductions of the tapes are 61%, 77%, 89% and 98%,
corresponding to a von Mises strain (gy) of 1.09, 1.70,
2.54, and 4.52, respectively.
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The microstructure and texture were examined in the
longitudinal section bounded by the normal direction
(ND)-rolling direction (RD) using a Channel 5 EBSD
analysis system attached to a FEI Nova 400 Nano scanning
electron microscope (SEM), adopting an accelerating
voltage of 20 kV with a working distance of 15 mm and a
70° sample tilt angle. The samples which would be
investigated were prepared by mechanical polishing to
SiC4000 followed by electro-polishing using a mixed
solution at ~ 0 °C and 15 V for 45 s (the volume ratio of
the polishing solution is HClO,4:C,HsCOOH:C,HsOH =

1:3:4). The step size of the EBSD maps was 1 pm for the
fully recrystallized tapes (map size 400 pm x 400 pm).
For the cold-rolled tapes, a step size of 100 nm was chosen.
The EBSD data were used to reconstruct orientation image
maps (OIM). Considering the limited angular resolution of
the EBSD technique [17], in this paper, a critical misori-
entation angle of 2° was applied to observe boundaries in
the orientation maps. The low-angle grain boundaries
(LAGBs) are defined as misorientations in the range of 2°—
15° and are represented by thin gray lines, and the high-
angle grain boundaries (HAGBs) are defined as misorien-
tations more than 15° and are shown by thick black lines.
Texture components are defined within a 15° deviation
from the ideal orientations. The texture components con-
sidered include typical rolling texture such as copper
({112} <111>), S ({123} <634>), brass ({110} <112>)
and a small number of cube ({001} <100>) and Goss
({011} <100>). The remaining texture are grouped toge-
ther and referred to as “other.”

To estimate the strength of the tapes in various strains,
Vickers microhardness measurements were taken using
loads of 2.94 N with a dwell time of 15 s. In order to
ensure the statistical analysis, five indentations were taken
for each sample in different areas.

3 Results

3.1 Overview of microhardness and microstructure
with strain increasing

The main purpose of this investigation is to study the
evolution of microstructure during moderate and large
rolling deformation. Extensive previous studies have
demonstrated that the largely deformed and subsequently
annealed process at high temperature would form sharp
cube texture in nickel alloy [18-20]. The detailed
descriptions of the microstructure developed from moder-
ate to large strains will be exhibited, and more attention
would be payed to the effects of strains on the various
parameters of deformed microstructure.
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The microhardness curve for samples with various
strains is shown in Fig. 1. It is clear that the hardness
gradually changes with strain increasing. After a total
reduction of 61% (eyy = 1.09), the hardness of the sample
reaches about HV 350, which is about three times higher
than that of hot-rolled samples. And afterward, the
microhardness of Ni-W alloy increases with the deforma-
tion strains increasing from a &, of 1.09—4.52. The
increase in hardness resulting from the work hardening has
a close relationship with dislocation density in deformed
metal materials.

The crystal orientation maps of typical lamellar regions
from various deformations are shown in Figs. 2 and 3.
According to these maps, the deformation microstructures
of microbands have an uneven distribution along the roll-
ing direction, and the orientation bands gradually become
smaller as the strain increases. In addition, there is an
obvious characteristic of localized glide band which shows
an angle of 30° to the RD in the longitudinal side plane.
Figure 3a, c, e, following 77%, 89% and 98% cold rolling,
respectively, shows that the microstructure at large strain is
characterized by typical lamellar structure subdivided by
HAGBs along ND. As the strain increases, the lamellar
structure becomes thinner and the boundaries are domi-
nantly composed of lamellar boundaries (LBs). At 98%
reduction, the localized glide bands are no longer seen in
the EBSD maps and the lamellar structure is parallel to
rolling direction. Similar microstructures of cold-rolled
metal alloys have been reported in the relevant literature
[21].

3.2 Quantitative microstructure
The improvement of high-resolution EBSD in FEGSEM
enables the detailed quantitative analysis possible. Various

microstructural information such as the content of high-
angle boundaries and the spacing of geometrically
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Fig. 1 Evolution of microhardness for different reduction in Ni-W
substrates
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Fig. 2 EBSD maps of Ni-W substrates with 61% rolling reduction:
a OIM and b grain boundary map

necessary boundaries (GNBs) as a function of strains could
be extracted from EBSD maps.

In Fig. 4, grain boundary character distributions for
various strains are presented. Most of the grain boundaries
are low-angle boundaries for all of the four strain levels
from 61% to 98%. With the increase in reduction, the
content of HAGBs tends to increase from 15% to 40%.

For large strained samples, the LBs, which are a single
extended nearly straight boundary including cell blocks
and have larger misorientation angle, could be regarded as
GNBs in EBSD maps. In Fig. 5, the boundary (> 15°)
spacing represents the average intercept of all LBs in the
normal direction of the longitudinal side plane. There is a
distinct decrease in spacing between LBs with strain
increasing from 1.09 to 2.54, and subsequently the spacing
gradually reduces and approximates a constant value of
~ 0.4 pum at a strain of 4.52.

3.3 Microtexture evolution

For fcc metals and alloys with medium to high stacking
fault energy, a typical cold rolling texture was developed
along the B fiber in Euler angle space during deformation
[22]. The main three deformation orientations are brass, S
and copper. The P fiber is an orientation assemblage which
starts from the brass orientation via the S orientation and
ends with the copper orientation. EBSD maps of Ni-W
substrates with different reduction are shown in Figs. 2 and
3, respectively. In the EBSD maps, different colors were

Rare Met. (2020) 39(8):928-935
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Fig. 3 EBSD maps of Ni—-W substrates with 77%, 89% and 98% rolling reductions: a 77% OIM, b 77% grain boundary map, ¢ 89% OIM,
d 89% grain boundary map, e 98% OIM, and f 98% grain boundary map
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Fig. 4 Grain boundary character distribution of Ni-W substrates for different rolling reductions: a 61%, b 77%, ¢ 89%, and d 98%

fraction of the S component (nearly 50%). The other major

used to represent different texture components, i.e., S,
copper, brass, Goss, cube and the random texture are rep-
resented in purple, blue, yellow, green, red and white,
respectively. The area fractions of the main texture com-
ponents which contain S, copper, brass, Goss, cube + RD-
rotated cube and other texture (random texture) were cal-
culated from the EBSD maps and plotted as a function of
the deformation reduction (Fig. 6). The dominant defor-
mation orientation is S, which is proved by a very high area

components are copper and brass, which have similar area
fraction. Also, the area fraction of S component is about
two times that of copper or brass. It is seen that the contents
of S, copper and brass increase slightly, while random
texture orientation shows an apparent decrease. Other
rolling texture orientations are present only in minor pro-
portion. It is clear that the rolling texture orientations

Rare Met. (2020) 39(8):928-935 @ Springer



932

X.-P. Chen et al.

—_— e e
N A~ N
T T T

Mean LB spacing / pm
=
T

0.8
0.6 -
04 e
0'2 1 1 1 1
1 2 3 4 5
Strain

Fig. 5 Development of lamellar boundary (> 15°) spacing with
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Fig. 6 Texture component evolution as a function of rolling reduc-
tion, each data point representing average for three EBSD maps

gradually strengthen with reduction increasing at the
expense of random texture orientations.

In addition, it is worth noting that the cube and RD-
rotated cube-oriented regions are already present in the
intermediate reduction and decrease slowly with the
increase in reduction. Even after the highest reduction,
cube-oriented region remains. It has been pointed that the
preexisting cube-oriented regions in the deformed matrix
could result from the remnants of cube-oriented grains in
the hot-rolled state [23, 24], or a rotational mechanism
[14]. Although the area fraction of these oriented is small,
it is supposed that the preexisting cube-oriented regions in
the deformed material have a direct relation with the for-
mation of strong cube texture [25].

The recrystallization texture of sample with 98% rolling
reduction is shown in Fig. 7. In this map, the color indi-
cates the deviation extent of ideal cube orientation. The
recrystallization texture consists primarily of the cube and
RD-rotated cube components. The area fraction of the cube
and RD-rotated component is found to be about 96% and
48%, respectively. It is worth noticing that there is a large
overlap between orientation spreads around the cube and

@ Springer

RD-rotated cube orientations. Furthermore, according to
the histogram of grain boundary misorientation (Fig. 7b),
the fraction of LAGBs can be calculated as 91%. It could
also show that the boundaries with a twin misorientation of
60° are detected and the fraction of this boundary can be
neglected (~ 2%). The sharp cube texture and a small
amount of twin can also be seen from the pole fig-
ure (Fig. 7c). However, such sharp cube texture could not
be obtained with smaller rolling reduction (61%, 77%,
89%) under the same annealing temperature range. This
result complies with the former reports [4, 26-28].

4 Discussion
4.1 Microstructure analysis

In the present work, a continuous evolution of the
microstructure in Ni-W alloy has been shown in the above
results. From an overall perspective, the microstructural
evolution gradually generates from MB or plate-like
microstructure to LB microstructure in the strain range
from intermediated to high. In Fig. 4, HAGBs gradually
increase with strain increasing. One of the most significant
reasons is that a part of LAGBs, whose misorientations
increase slowly with strain, may eventually become
HAGB:s. For instance, according to the classification in the
experimental section, the boundaries which have 10°-15°
misorientations (identified as LAGBs) become HAGBs
with strain increasing whose misorientations exceeding
15°. Additionally, a number of HAGBs are created during
deformation, maybe also because that individual grains
may break into several regions with different texture
components, which subdivide the origin grains with
HAGBs [29, 30]. The formation of HAGBs is favorable for
the nucleation process during annealing treatment, since
they meet the criteria and are the potential nucleation
locations of recrystallization grains [31]. At large strains,
as the grain shape changes from an equated to uneven
striped distribution along the rolling direction, the spacing
of grain boundaries becomes smaller and the area of grain
boundaries also increases. The closer spacing and larger
grain boundary area will increase the resistance of dislo-
cation glide. Thus, the boundary spacing is regarded as a
characteristic parameter of strength, and it gradually
approaches a constant value at large strains.

4.2 Texture analysis
The texture measurement of cold rolling Ni-W alloy shows
a typical pure metal or copper-type rolling texture. The

fraction of deformation texture increases as the reduction
increase from 61% up to 98%. Figure 8 shows the point-to-

Rare Met. (2020) 39(8):928-935
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point and point-to-origin misorientations of cube, RD-ro-
tated cube, S and other orientations, as marked by the
arrows in EBSD maps in Figs. 2 and 3. The point-to-point
misorientations inside all bands are found to be quite low
and vary between 1° and 4°. But the point-to-origin
misorientations reach a higher value. The accumulated
misorientations have no essential difference in cube and
non-cube-oriented regions when the reduction is 61%-—
89%. Therefore, no significant orientation gradient is found
for bands of cube orientation. When the deformation
reduction reaches up to 98%, however, there is an obvious
orientation gradient (close to about 28° in specific condi-
tion) extending over the whole cube band compared to non-
cube-oriented bands. It may be interesting to note that
orientation gradient can be also formed in the RD-rotated
cube bands, which is lower than that in cube bands, but has
an advantage with respect to other non-cube-oriented
bands. As shown in Figs. 2 and 3, cube-oriented-regions
appearing in long, thin bands parallel to the RD are found
in the deformed state. And the RD-rotated cube regions are
always located at the same striped band or adjacent regions
with cube band. This indicates that the RD-rotated cube
regions are a result of the rotation of cube-oriented-cells
around the RD toward the {013} <100> orientation. A
slight cell rotation has occurred which will become the RD-
rotated cube-oriented region, whereby the region which
first began to rotate will eventually be rotated furthest away
from the original cubic orientation [32]. Therefore, this
rotation of the cube orientation about RD seems to result in
a high accumulated orientation gradient inside the cube
bands. Similar results have also been mentioned in other
studies [14, 32, 33].

In the current case, the high orientation gradients within
the cube bands in the 98% deformed Ni—W alloys are
highly favorable for the nucleation of cube grains. As
shown in Fig. 7, a sharp cube texture is developed in the
sample with 98% rolling reduction and subsequent
annealing at 1200 °C for 30 min. In order to nucleate, the
nucleus must meet the following criteria: (1) the nucleus
must exceed a critical size; (2) the nucleus should be sur-
rounded by HAGBs with its neighbors. Zaefferer et al. [32]
investigated Fe-36 wt% Ni alloy and proposed that the
cube nucleus is formed by subgrain growth inside the cube
bands with high orientation gradients which easily leads to
the formation of HAGBs. Therefore, the nucleation process
described in cube bands would be quite rapid than other
orientations because HAGBs may be achieved quickly in
the high orientation gradient and the well-recovered nature
of cube regions [32]. None of these properties are found in
other orientation bands. In addition, RD-rotated cube tex-
ture also has orientation gradient in the deformed state and
appears to be quite strong in recrystallized material
(Fig. 7). It seems that RD-rotated cube component has
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some effect on the recrystallization texture. This is agree-
ment with the investigation by Bhattacharjee et al. [33].
They also have discussed that the RD-rotated cube com-
ponent may be nucleating behind the cube grains perhaps
due to their different recover/recrystallization kinetics. In
the present research, however, the attention was focused on
the deformation microstructure, a more detailed analysis of
the relation between the formation of the recrystallization
cube texture and the cube bands as well as the RD-rotated
cube regions should be discussed in the next study.

5 Conclusion

The evolution of microstructure and texture of Ni-5W
alloy from medium to high strain was studied in detail. The
most important conclusions were summarized. From
intermediate to high strain, the microstructure evolves from
MB or plate-like microstructure to lamellar microstructure.
The microtexture in the cold-rolled condition is a typical
pure metal deformation texture. A sharp cube texture is
obtained after heavy cold rolling and subsequently
annealing at 1200 °C for 30 min. In addition, the cube
orientation bands are found to be already present in the
deformed state, which also have a high orientation gradient
compared to non-cube-oriented regions under large enough
strain. The prior nucleation of the cube grains may have a
very close relationship with the beneficial structure of the
cube bands which have a high orientation gradient. In
addition, RD-rotated cube component appears to have
significant effect on the recrystallization texture.
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