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Microstructure, texture and topography have been studied in a recrystallized Ni–5at.%W substrate before
and after additional annealing at 1025�C for 1 h. The initial recrystallized material contained a strong
cube texture and a high fraction of low angle grain boundaries. R3 boundaries were also frequent in this
substrate, including both coherent and incoherent twin boundary segments as well as non-twin R3
boundaries formed between twins and non-matrix neighbors of the cube texture component. A strong
correlation between the boundary type and the average depth of grain boundary grooves was observed
in this material. The smallest average groove depth was obtained for coherent twin boundaries, followed
by low angle boundaries. Significantly greater average groove depths were found for the other boundary
types. A similar correlation was also observed between the boundary type and the average inclination
angle of groove walls. The additional annealing resulted in grain growth, texture strengthening and an
increase in the fraction of low angle boundaries. Also, changes were observed in the extent of thermal
grooving studied in the same regions before and after the additional annealing. Groove depths increased
for a large number of stationary boundaries, whilst the majority of migrating boundaries developed shal-
lower grooves compared to those before the additional annealing.

� 2012 Elsevier B.V. All rights reserved.
1. Introduction

Significant efforts have been made in the past two decades to
increase the quality and efficiency of coated conductors, i.e. the
second generation of high temperature superconducting tapes
[1–8]. One method for manufacturing coated conductors utilizes
a rolling assisted biaxially textured substrate (RABiTS) process to
produce a strongly textured tape that is subsequently coated with
a series of ceramic buffer layers and, finally, with a superconduc-
ting layer. In particular, this method has been applied for produc-
ing strongly textured Ni–W substrates coated with appropriate
buffer layers and a superconducting YBa2Cu3O7�d (YBCO) layer
[2–11]. The quality of such superconducting tapes greatly depends
on the sharpness of the crystallographic texture, grain boundary
(GB) misorientation distribution and surface conditions of the sub-
strate material [2–13]. Since grain boundaries with misorienta-
tions greater than 10� dramatically decrease the critical current
density of the epitaxially grown YBCO layer [7], the fraction of such
boundaries in the substrate must be as low as possible. In the
RABiTS process, the latter is achieved by annealing of a heavily
rolled material to obtain a microstructure where most grains have
ll rights reserved.
orientations of the cube {001}h100i texture. Surface roughness
can be minimized either through the use of well polished rolls or
by polishing of the substrate [12]. Excessive thermal grooving
[14] should also be avoided by selecting appropriate heat-
treatments.

It should be noted that the structural parameters and surface
conditions of the annealed substrate may change during further
processing. For example, crystallization of buffer layers [13,15]
may be performed at higher temperatures than those used to
anneal the substrate, which will likely increase the extent of GB
grooving and may also modify the microstructure and texture of
the substrate. These changes will inevitably affect characteristics
of the buffer layer and, eventually, of the YBCO superconducting
layer [8,13]. It is apparent that further optimization of the process-
ing parameters for coated conductors requires an improved under-
standing of these changes.

In a previous communication we reported our preliminary re-
sults describing topographic changes in a recrystallized Ni–
5at.%W substrate during additional annealing simulating condi-
tions of a buffer layer crystallization process [16]. In the present
work, these changes are considered in more detail, including anal-
ysis of groove depths for stationary and migrating boundaries.
Also, the effect of the additional annealing on the boundary popu-
lation and texture of the Ni–5at.%W substrate is characterized. A
number of different techniques including atomic force microscopy

http://dx.doi.org/10.1016/j.jallcom.2012.06.033
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Fig. 1. Schematics defining the depth d and inclination angles b of the groove.

162 A.C. Wulff et al. / Journal of Alloys and Compounds 539 (2012) 161–167
(AFM), scanning electron microscopy (SEM) and electron backscat-
ter diffraction (EBSD) are applied to monitor changes in the same
regions before and after additional annealing.
2. Experimental

2.1. Material

A Ni–5at.%W ingot was prepared by arc melting of 99.99% pure metals. The in-
got was homogenized at 1025 �C for 87 h and hot forged into a rectangular shape
with dimensions 8 � 12 � 97 mm3, applying 0.5 mm thickness reduction per
stroke. Following this hot deformation, the surface was polished mechanically to re-
move the oxide layer. The material was then cold rolled using mirror-finished rolls
and applying less than 5% reduction per pass to a final thickness of 120 lm (98% to-
tal reduction). The sample was annealed in a protective atmosphere of 5% H2 in N2

at 1000 �C for 2 h. This annealed condition is referred in the present work to as con-
dition A1. The sample was then additionally annealed in the protective atmosphere
at 1025 �C for 1 h (condition A2). This temperature is within the range of that fre-
quently used for buffer layer crystallization [13,15–18]. It is pertinent to mention
that no evidence of secondary recrystallization was found in the given sample even
when additional annealing was conducted at 1100 �C for 1 h. Vickers microhardness
was measured in the annealed samples using a load of 200 g with a 15 s dwell time.
2.2. SEM/EBSD analysis

A field emission gun scanning electron microscope Zeiss Supra 35 was used for
taking SEM images and for EBSD measurements (HKL Technology, Channel 5). Crys-
tallographic texture was measured using the EBSD technique with a step size of
10 lm and covering an area of at least 5 mm2 in the rolling plane. The fraction of
the cube texture component was determined considering orientations within 10�
from the ideal {001}h100i orientation. A step size of 1–2 lm was applied for col-
lecting smaller maps used for measuring grain size and GB misorientations. Because
of the limited angular resolution of the EBSD technique, misorientations less than
1.5� were ignored in the EBSD maps. A misorientation threshold of 10� was used
in the present work to distinguish between low angle grain boundaries (LAGBs) that
do not dramatically affect the critical current density in the YBCO layer and high an-
gle boundaries that substantially decrease it [7].
Fig. 2. Texture in the A1 condition: (a) {111} pole figure, (b) positions of the ideal {001}h
{212}h122i orientations in (a).
2.3. AFM analysis

Based on the features observed in the EBSD maps and corresponding SEM
images, several regions containing different boundary types were selected for
AFM analysis. The surface topography was characterized in these regions in contact
mode using a Nanosurf easyScan 2 system, scanning over more than 17,000 lm2

with a step size of 0.2 lm. Artifacts resulting from the AFM scanner exceeding its
linear regime were treated using the standard data correction [19]. GB grooves were
included in the roughness analysis and the arithmetic surface roughness was used
to characterize the mean roughness. Following the approach described in Ref. [20],
the groove depth d was measured as the distance from the groove root to the top of
the groove wall (see Fig. 1). For asymmetric grooves, for which the heights of two
walls were different, d was measured at the higher wall. To obtain a value charac-
terizing the depth of an individual groove, the data were averaged over several AFM
line scans across each groove. In addition, inclination angles b at the groove root
(see Fig. 1) were determined from the AFM data and it was typically found that
b1 and b2 were not identical.
3. Results

3.1. Annealed condition A1

The A1 condition contained a strong cube texture (see Fig. 2),
where the area fraction of the cube component fcube within 10�
from the ideal {001}h100i orientation was 96% (see Table 1). Most
of the remaining area was occupied by grains with slightly greater
deviations from the ideal cube orientation and by {212}h122i
twins in the cube-oriented matrix (Fig. 2). The microstructure
was fully recrystallized with an average grain size of 25 lm
(including annealing twins) and contained a high fraction of LAGBs,
see Fig. 3. The fraction of boundaries with misorientations h < 10�
in the EBSD maps was 68%.z

The total fraction of R3 boundaries was measured to be 14%.
This figure comprises true twin boundaries and non-twin R3
boundaries formed between annealing twins and non-matrix
neighbors with orientations similar to that of the matrix grain
(Fig. 4). Previous misorientation measurements in copper have
shown that true twin boundaries are always characterized by small
(Dh < 3�) deviations from the exact 60� h111i misorientation
[21,22], whereas a wide range of deviations allowable by Brandon’s
criterion [23] are obtained for R3 boundaries between {212}h122i
twins and non-matrix cube-oriented neighbors [22]. Therefore, in
100i and {212}h122i orientations [22]. Note the low intensity (gray contour) of the



Table 1
Parameters describing the microstructure, texture, surface roughness (SA) and hardness (HV) of the Ni–5at.%W substrate in conditions A1 and A2.

Condition Grain size (lm) fcube (%) Fraction of boundaries (%) LA (h > 10�) (lm�1) SA (nm) HV

h < 10� h > 10� except R3 R3 Dh < 3� R3 Dh = 3 � 8.66�

A1 25 96 68 18 10 4 2.0 � 10�2 10.7 142
A2 28 97 72 17 7 4 1.5 � 10�2 10.3 142
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the EBSD maps analyzed in our work a distinction was made be-
tween R3 boundaries characterized by either Dh < 3� or
Dh = 3 � 8.66� (see Fig. 4). The former included predominantly true
twin boundaries and a small number of non-twin R3 boundaries
with misorientations close to the exact 60� h111i relationship.

Inspection of the surface revealed grooves at grain boundaries
(see Fig. 5a). The smallest average values of the groove depth were
recorded for coherent twin boundaries (CTBs), followed by low an-
gle (h < 10�) boundaries (see Fig. 6a). Boundaries with misorienta-
tions greater than 10�, incoherent twin boundary (ITB) segments
and non-twin (NT) R3 boundaries had deeper grooves than the for-
mer two boundary types. A similar correlation was observed be-
tween the boundary type and angles characterizing inclinations
of groove walls (Fig. 6b). The mean surface roughness SA in the
A1 condition was 10.7 nm (Table 1).
3.2. Additionally annealed condition A2

During additional annealing at 1025 �C for 1 h the average grain
size increased from 25 to 28 lm, without affecting the hardness of
the material (see Table 1). Grain growth was accompanied by a
slight increase both in the area fraction of the cube texture and
in the fraction of LAGBs (Fig. 3 and Table 1). To evaluate the overall
change in the boundary network due to both the increased average
grain size and reduced fraction of low angle boundaries, we consid-
ered the length of boundary traces per unit area LA [24,25], taking
into account all boundary types with misorientations above 10�.
The LA(h>10�) values derived from the EBSD data were corrected
for a stepped nature of inclined boundary traces in the EBSD maps
[24]. It was found that LA(h>10�) decreased after the additional
annealing from 2.0 � 10�2 to 1.5 � 10�2 lm�1 (see Table 1).

By inspecting the same regions in the A1 and A2 conditions it
was possible to identify which boundaries migrated during the
additional annealing and which boundaries did not change their
surface positions (see Fig. 5). In the current study, these two groups
of boundaries are referred to as migrating and stationary
boundaries, respectively. No distinction between stationary and
Fig. 3. Distribution of misorientation angles in the A1 and A2 conditions.
migrating boundaries was made for ITB segments because these
segments were typically too short to determine unambiguously
whether their positions had changed during the annealing.

GB grooves were analyzed at 48 stationary boundaries and 24
migrating boundaries before and after the additional annealing
(see Fig. 7). Comparing the depths of individual grooves in the
two conditions, it is evident that for the majority of stationary
boundaries the groove depth increased during the additional
annealing (see Figs. 7 and 8), where the greatest changes were seen
for NT R3 boundaries (Fig. 8a). In contrast to the stationary bound-
aries, the migrating boundaries typically developed shallower
grooves in the new positions (see Figs. 7 and 8). These changes
are also reflected in the average values for the different boundary
types (Fig. 9).

The migrating boundaries not only formed new GB grooves, but
also left grooves in their previous positions (Fig. 5). On average, the
depth of these abandoned grooves was �25% less than the depth of
the corresponding GB grooves in the A1 condition. The mean sur-
face roughness was measured to be 10.3 nm in the A2 condition
(Table 1).

4. Discussion

The present experiment demonstrates that annealing of a
recrystallized Ni–5at.%W sample at 1025 �C for 1 h changes the
Fig. 4. A boundary map representing the microstructure in the A1 condition. In this
map, 1.5–10� misorientations are shown by white lines. Boundaries with misori-
entations h > 10� (except R3) are depicted by black lines. R3 boundaries charac-
terized by small (Dh < 3�) and large (Dh = 3 � 8.66�) deviations from the exact twin
relationship are shown in red and blue, respectively. The letter A is a reference label
(see also Fig. 5). (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)



Fig. 5. SEM micrographs and a sketch illustrating different boundary types from a region in the center of Fig. 4, where the microstructure was analyzed before and after the
additional annealing: (a) condition A1; (b,c) condition A2. In (c) superimposed lines indicate different boundary types. Low angle (h < 10�) boundaries, true twin boundaries
and non-twin R3 boundaries are shown by white, red and blue lines, respectively. Gray lines indicate positions of grain boundaries before the additional annealing. The
abandoned grooves in these positions can be distinguished in (b). The letter A is a reference label (see also Fig. 4). (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

Fig. 6. Average parameters of GB grooves at different boundary types in the A1 condition: (a) depths dav; (b) inclination angles bav (see Fig. 1). Note that the group ‘‘h > 10�’’
does not include any R3 boundaries. The error bars correspond to the standard error.

Fig. 7. Groove depths for different boundaries analyzed in the same regions of the A1 and A2 conditions. Letters ‘‘S’’ and ‘‘M’’ correspond to stationary and migrating
boundaries, respectively. No distinction between stationary and migrating boundaries is made for ITBs.
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Fig. 8. The difference between depths of individual grooves at stationary (a) and migrating (b) boundaries in the A1 and A2 conditions (Dd = dA2 � dA1).

Fig. 9. Mean values of GB groove depths for stationary (a) and migrating (b) boundaries of different types. The group ‘‘h > 10�’’ does not include any R3 boundaries. The error
bars correspond to the standard error.
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microstructure, texture and topography of the sample. These
changes are considered in the following.

4.1. Evolution of texture and grain boundary network

A strong cube texture is frequently formed during recrystalliza-
tion of heavily rolled face centered cubic materials such as, for
example, copper, nickel and aluminum. In the present work, the
cube texture occupied approximately 96% of the total area of the
Ni–5at.%W sample in the A1 condition. This is slightly lower than
the fractions reported for the same alloy by Eickemeyer et al.
[3,6], but similar to the values obtained by Chen et al. [26]. It
should be noted that, in contrast to the substrates developed by
Eickemeyer et al. [3,6], who applied either an extremely large
(99.6%) total reduction or an intermediate annealing treatment in
their processing schedule, the very strong texture was produced
in the present work after a smaller total reduction and with no
intermediate annealing.

In agreement with many previous reports, most boundary mis-
orientations in our strongly textured material were very low. A sig-
nificant fraction of boundaries with misorientations greater than
10� was however still present in the A1 condition. Interestingly,
despite a very low intensity of the {212}h122i component in this
material (Fig. 2), R3 boundaries comprised a substantial fraction of
the boundary network (Table 1). Apparently, this is due to the mor-
phology of annealing twins seen in the microstructure. The twins
are usually very narrow, but extended and contain multiple steps
(facets) along twin boundaries, resulting in a significant total frac-
tion of R3 boundaries in the EBSD maps.

While migration of boundaries with very low misorientations is
restricted, boundaries with sufficiently large misorientations (ex-
cept for coherent twin boundaries) can migrate over significant
distances (see Fig. 5b), thus increasing the average grain size dur-
ing further annealing at 1025 �C. During this process, grains ori-
ented differently from the cube texture tend to shrink, increasing
the fraction of the cube texture component, and new low angle
boundaries are formed. The process of grain growth in the presence
of the strong texture reduces the initial LA(h>10�) value by 25% (see
Table 1). This suggests that an additional heat-treatment at
1025 �C of the investigated Ni–5at.%W substrate would not have
a detrimental effect on the texture and boundary network in the fi-
nal superconducting tape. On the contrary, as the microstructure
coarsens and the fraction of low angle boundaries increases, the
surface area of boundaries able to reduce the critical current den-
sity in the superconducting layer is expected to decrease compared
to that in the initial condition.
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4.2. Topographic changes

It is known that GB grooving may increase the overall surface
roughness of Ni-based substrates [27]. Since the extent of GB
grooving is sensitive to the boundary structure, special attention
in this work was paid to the analysis of grooves at different bound-
ary types. As expected, very shallow grooves were observed at low-
energy LAGBs, in agreement with the data for cube-textured Ni and
Ni–Cr substrates [28]. For these materials, Gladstone et al. [28] also
reported a wide range of groove depths for R3 boundaries, which
was attributed to mixing coherent and incoherent segments in
their data set. This bias is avoided in the present experiment,
where grooves at coherent and incoherent twin segments are ana-
lyzed separately along with a separate analysis of non-twin R3
boundaries. It is shown that grooves at both incoherent twin and
non-twin R3 boundaries are typically much deeper than those at
coherent interfaces, which reflects their different energies [29]. In
fact, the dav and bav values for grooves at the former two boundary
types approached the corresponding values for grooves at general
boundaries with misorientation angles greater than 10� (see Fig. 6).
It is therefore evident that for establishing a correlation between
the boundary type and the extent of grooving, it is not sufficient
to identify the boundary type solely based upon Brandon’s crite-
rion. The boundary plane and the presence of non-twin R3 bound-
aries should be taken into account to obtain an appropriate
description of such correlations.

Furthermore, by separating stationary and migrating bound-
aries we were able to describe the changes in groove depth for
these two groups of boundaries. We observed that for the majority
of stationary boundaries the depth of grooves increased due to the
higher temperature of the additional annealing. For a small num-
ber of boundaries in this group, the groove depth was found to
decrease slightly (by 1–5 nm, see Fig. 8a). The reason for this unex-
pected reduction is not very clear at present. One possible explana-
tion is that this reduction is due to the fact that locations, where
groove profiles were analyzed across individual boundaries, were
not absolutely identical.

Most of the migrating boundaries did not have enough time to
develop deep grooves in their new positions and therefore became
shallower after the additional annealing (see Fig. 8(b)). The average
groove depths for the migrating boundaries were therefore much
less compared to those before the additional annealing (Fig. 9b).
The abandoned grooves observed behind the migrating boundaries
(Fig. 5) also become shallower due to a healing process described
by Mullins [14]. In our experiment, this process resulted in a 25%
reduction in the average depth of the abandoned grooves.

Despite the changes observed in the extent of grooving, the
mean surface roughness was almost unchanged (Table 1). This sug-
gests that for the given heat-treatment the roughening effects due
to increased grooving at some boundaries and due to appearance of
new GB grooves were effectively counterbalanced by diffusional
smoothing of the intragranular surface [27].

5. Conclusions

Microstructure, texture and topography have been studied in a
strongly textured Ni–5at.%W substrate in the initial recrystallized
condition and after additional annealing at 1025 �C for 1 h. The fol-
lowing conclusions were drawn.

1. A strong correlation between the average depth of grain bound-
ary grooves and boundary type was observed in the initial con-
dition. The smallest average groove depth was recorded for
coherent twin boundaries, followed by low angle (<10�) grain
boundaries. Significantly greater average GB groove depths
were found for other boundary types. A similar correlation
was also observed between the boundary type and the average
inclination angle of groove walls.

2. The additional annealing resulted in a slight increase in the
average grain size, texture strengthening and, as a result of this,
an increased fraction of low angle grain boundaries. The total
length of boundary traces with misorientations greater than
10� decreased by 25% as evaluated from the EBSD data.

3. During the additional annealing some boundaries did not move
from their original positions, while other boundaries migrated.
For the majority of stationary boundaries the groove depth
increased compared to the values recorded before the addi-
tional annealing. In contrast, the migrating boundaries typically
developed shallower GB grooves than those in the initial condi-
tion. The migrating boundaries also left grooves behind in the
interior of the coarsened grains. The average depth of these
abandoned grooves was �25% less than the depth of the same
grooves at grain boundaries before migration. The mean surface
roughness was however almost unchanged.
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