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Abstract Preparation of the second-generation high-tem-
perature superconducting tape by ion beam-assisted depo-
sition (IBAD) requires a flat metal substrate. In this work,
the electrochemical polishing of long-length Hastelloy
C-276 alloy was studied, and its process parameters,
characterized roughness and other properties were inves-
tigated. A 10-meter-long Hastelloy C-276 alloy was pre-
pared by electrochemical polishing. The following
optimized processing parameters are obtained: temperature
of 45 °C, current density of 0.439 A-cm 2 and polishing
time of 60 s. The average roughness value (R,) of the
surface is less than 5 nm (5 pm x 5 pm), which was
characterized by atomic force microscopy. This value sat-
isfies the requirements for the further preparation of tran-
sition-layer pair by the IBAD technology route.

Keywords Hastelloy C-276 alloy; Electrochemical
polishing; Atomic force microscopy; Current density

1 Introduction

The second-generation high-temperature superconductor
YBa,Cu3;0; (YBCO) has become a hot topic of research
due to its obvious anisotropy, high critical current density,
high irreversible field and great prospective applications in
the field of superconducting transmission and as a super-
conducting magnet [1-5]. There are two main technical
routes for the preparation of coated conductor templates:
rolling-assisted biaxially textured substrate (RABiTS) and
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ion beam-assisted deposition (IBAD) [6-10]. IBAD
involves an ion beam-assisted deposition of a transition
layer with a biaxial texture on a non-textured metal sub-
strate, and then the deposition of a YBCO superconducting
layer [11-16]. The IBAD technology route often uses a
nickel-based stainless steel metal substrate, with the
Hastelloy C-276 alloy substrate being the most widely used
[17-20]. The subsequent preparation of the transition layer
for the IBAD technique requires a high degree of flatness
for the surface of the Hastelloy C-276 alloy substrate: The
average roughness value (R,) must be less than 5 nm in the
range of 5 um x 5 um [21-24]. The roughness of the
commercially available Hastelloy C-276 alloy substrate
arises from the rolling level, and it is difficult to meet the
IBAD technique requirements to prepare a uniform and
dense transition layer. Therefore, the development and
preparation of a high-surface-quality alloy strip is an urgent
problem to be solved.

There have been many studies on the short tape pol-
ishing of a Hastelloy alloy. The Lawrence Berkeley
National Laboratory in the USA used a 0.05-um Al,O3
particle mill to polish the Hastelloy C-276 alloy baseband
[25], whose R, was reduced by 20 nm; Los Alamos
National Laboratory first studied the continuous electro-
chemical polishing of Hastelloy in 2003 and compared the
difference between electrochemical polishing and
mechanical polishing [26]. SuperPower in the USA built a
continuous polishing system for the Hastelloy C-276 alloy
baseband in 2008 [27]. Qu et al. [28] used phosphoric acid
(85 vol%), glycerol (15 vol%) and additives to polish the
metal tapes, which resulted in a R, value of less than 9 nm.
Jia et al. [29] and Wang et al. [30] studied a short tape of
Hastelloy C-276 whose R, was 2.3 nm, but there are only a
few studies on long-length tape polishing.
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To further produce a long-length alloy substrate with a
high-quality surface, the processing parameters were
explored and optimized for electropolishing 10-meter-long
Hastelloy C-276, including polishing temperature, polish-
ing time and current density. At the same time, a contin-
uous electrochemical polishing test line was designed to
provide equipment support for the surface leveling of a
long-length Hastelloy C-276 alloy base.

2 Experimental

A Hastelloy C-276 alloy strip with a width of 1 cm and
thickness of 77 pm was used, and the initial R, of the alloy
was approximately 20 nm. A continuous electrochemical
polishing system was built, as shown in Fig. 1, where the
device performed the sequence of unwinding—ultrasonic
rough washing-rinsing—electrolysis  polishing—rinsing—
neutralizing—rinsing—ultrasonic  finishing—rinsing—hot-air
drying—drying—winding. Ultrasonic rough washing was
performed with a mixture of acetone and alcohol with a
concentration of 3%. The polishing liquid was composed of
sulfuric acid (10 vol%), phosphoric acid (80 vol%) and
chromic acid (10 vol%). The neutralization solution was an
Na,CO; solution (0.1 mol-L™"). In the process of long-
length substrate polishing, the substrate walks in the pol-
ishing liquid in a non-contact manner, so rectification was
used to ensure the current of the substrate surface. The
polishing time was converted by the speed of tapes and the
distance of the polishing bath.

The non-contact mode of atomic force microscope
(AFM; ICON) was usually used to measure the R, of the
substrate surface, but the original AFM can only measure
short samples and the sample stage can only accommodate
samples of up to 20 cm. To measure the surface roughness
of a kilometer Hastelloy C-276 alloy, the walking bands
device was designed and installed on the original AFM.
The speed of walking, the precision of the step and the time
were controlled by a computer, which facilitated the
measurement of the surface roughness of long-length
samples. The AFM scanning range was 5 um x 5 pm, and
the final data were the averages of the measurements from

ten points. A PHI-700 nm Auger electron spectroscope
(AES) was also used to test the surface elemental distri-
bution; an X-ray diffractometer (D8 Advance, XRD) was
used to test the surface phase, and an HXD-1000 digital
microhardness tester was used to test the microhardness of
Hastelloy C-276.

3 Results and discussion
3.1 Polishing principle

When the current density of the electrode is low, no elec-
trochemical reaction occurs. When the current density
further increases, the surface of the Hastelloy C-276 alloy
begins to undergo a reaction. The metal atom loses elec-
trons and becomes metal ions in the solution, as follows
[31, 32]:

M = M"" + ne (1)
M"" 4 xH,0 = M"" - xH,0 (2)

At a suitable value, a passivation film forms on the
surface of the alloy, and a typical passivation reaction
occurs. The metal atoms on the surface of the anode base
substrate lose electrons and undergo oxidation reaction,
resulting in a low-valence oxide:

M+ 20H = MO + H,0 + 2¢e~ (3)
M + 4H,0 = M;0, + 8H' + 8¢~ (4)

At the same time, the oxides formed on the surface of
the Hastelloy C-276 sample begin to become metal ions in
the polishing solution, and the cathode surface begins to
undergo a reduction reaction to generate oxygen:

MO +2H" = M*' + H,0 (5)
40H™ = 0, + H,O + 4e” (6)

The passivation layer in the protrusion is relatively thin
and has a faster reaction rate at that point and is
preferentially leveled and dissolved until a denser
passivation layer is obtained, the metal substrate is
gradually leveled, and the electrochemical polishing

y

Fig. 1 Photograph of electrochemical polishing system
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effect is optimized. If the current density is too high, ultra-
passivation will occur, resulting in a dense metal
passivation film on the surface of the baseband, which
will greatly increase the roughness of the surface of the
baseband, so that the ultra-passivation stage will not
achieve the effect of electrochemical polishing and
leveling.

3.2 Temperature

The quality of an electrochemically polished surface
depends on many factors, with temperature being the most
important. Electrochemical polishing was performed at
various temperatures from 10 to 70 °C, a fixed anode
current density of 0.439 A-cm™ 2 and polishing time of
60 s, as shown in Fig. 2. When the polishing temperature is
10 °C, the Hastelloy C-276 alloy tape surface is relatively
rough compared with the original surface (Fig. 3); no sig-
nificant changes occur and the tape possesses a lot of the
traces of rolling. When the polishing temperature increases
to 30 °C, the traces of rolling gradually disappear. When
the temperature is high (above 70 °C), the viscosity of the
polishing liquid decreases, causing surface pitting
corrosion.

x/pm

Fig. 3 3D AFM surface morphology of original Hastelloy C-276
alloy substrate

The temperature of the electrolyte was further adjusted
to 30, 35, 40, 45 and 50 °C to study the effect of electrolyte
temperature on the quality of the polishing. Figure 4 shows
the AFM images of the three-dimensional morphology
after electrochemical polishing at 30, 35, 40, 45 and 50 °C.
When the electrolyte temperature is 30 °C, the electro-
chemical polishing temperature is too low and the polish-
ing effect is limited; when the electrolyte temperature
increases to 35 °C, the height of traces of rolling decreases;
when the temperature of the electrolyte is 45 °C, most of
the surface area is flattened and the original rolling marks

2504 b
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Fig. 2 3D AFM images of Hastelloy C-276 alloy substrate after electrochemical polishing at different electrolyte temperatures: a 10 °C,

b 30 °C, ¢ 50 °C and d 70 °C
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Fig. 4 3D AFM images of Hastelloy C-276 alloy substrate after electrochemical polishing at different electrolyte temperatures: a 30 °C,

b 35 °C, ¢ 40 °C, d 45 °C and e 50 °C

are only residual small bumps, compared with the original
tape; when the temperature is 50 °C, the surface exhibits a
slight corrosion and the distribution of the pits is uniform
on the surface of the whole baseband.

Figure 5 shows the variation curve of R, with the tem-
perature of the electrolyte. The surface roughness shows a
tendency to first decrease and then increase with the
increase in temperature. When the temperature of the
electrolyte is 45 °C, the R, value of the surface of the
Hastelloy alloy baseband is approximately 2.6 nm
(5 pm x 5 um). With the further increase in temperature,
R, values increase correspondingly. When the temperature
reaches 70 °C, the surface produces corrosive fringes
which greatly increase the surface roughness of the

10

] e

O 1 1 1
30 40 50

Temperature / °C

Fig. 5 Curve of surface roughness (R,) changing at different
electrolyte temperatures

@ Springer

baseband. As such, 45 °C is the ideal temperature to pro-
duce a metal alloy substrate with a high-quality smooth
surface.

3.3 Anode current density and polishing time

Rectification was used to polish the long-length tape. The
anode current density is a major factor affecting the pol-
ishing effect. The temperature of 40 °C and polishing time
of 60 s were fixed. The anode current density was adjusted
to 0.336, 0.388, 0.439, 0.491 and 0.543 A-cm 2. Figure 6
shows the three-dimensional AFM plots at different anode
currents composed of AFM topography randomly taken
from 10 points of the test. The rolling traces do not com-
pletely disappear when the current density is 0.336
A-cm™2. When the anode current density is 0.388 A~cm72,
the rolling traces of the baseband surface basically disap-
pear and the residual part is slightly raised. When the anode
current density is 0.439 A-cm_z, the surface of the base-
band is super-flat and the surface is basically free from any
defects with an R, value of 2.4 nm (5 pm x 5 pm), which
meets the requirements of the IBAD technology route.
When the anode current density exceeds 0.491 A-cm™2, the
baseband surface begins to produce pits. The sample of
0.543 A-cm™? exhibits more pits than the 0.491 A-cm™>
sample, indicating that the polishing current is too high and
the bubbles produced by the electrochemical reaction are
unable to escape the liquid and cause the presence of pits.

As can be seen from Fig. 7, R, also shows a tendency to
first decrease and then increase with the current density

Rare Met. (2018) 37(9):795-802
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x/pm

Fig. 6 3D AFM surface images with different anode current densities after electrochemical polish: a 0.336 A-cm™2, b 0.338 A-cm™2, ¢ 0.439

A-cm™2, d 0.491 A-cm™2, and e 0.543 A-cm™>

R,/nm

O 1 1
0.3 0.4 0.5 0.6
Current density / (A-cm™)

Fig. 7 Variation of R, with different anode current densities after
electrochemical polish

increasing. Taking into account the polishing effect and
economic cost factors, the optimal anode current density is
approximately 0.439 A-cm™2.

To study the polishing time, the electrochemical pol-
ishing temperature was fixed at 40 °C, and the polishing
time was varied (40, 60 and 80 s), where each polishing
time corresponded to multiple sets of current densities. For
a polishing time of 40 s, the surface roughness is much
greater. With increasing polishing time, the surface
roughness decreases. Polishing for 60 s produced a very
smooth surface, with R, value of 2.4 nm, as shown in
Fig. 8. Polishing for longer time does not produce good
results, so a suitable polishing time is 60 s.

Rare Met. (2018) 37(9):795-802
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Fig. 8 Variation of R, with different anode current densities and
different polishing times

3.4 Surface composition and XRD analysis

To understand the effect of electrochemical polishing on
the surface composition of Hastelloy C-276 alloy, the
surface elemental distribution of the alloy was analyzed by
AES. Figure 9 shows the AES spectra of Hastelloy C-276,
where the surface elements before and after polishing are
basically similar, mainly including C, O, Ni, Cr, Fe and a
small amount of N, P and other elements. After the pol-
ishing, the content of Ni in the metal is markedly reduced,
and the chemical activities of Cr and Fe are similar and
exhibit different degrees of precipitation. The original Ni
alloy element with the largest content has the most
reduction.

@ Springer
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Before polishing
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Fig. 9 AES patterns of Hastelloy C-276 before and after polishing,
where N(E) being Auger electron number and E being Auger electron
energy

Before cleaning, the surface has some yellow material.
This material could be dissolved in water and broke off
easily after drying. XRD patterns in Fig. 10 show that the
Hastelloy C-276 baseband is polycrystalline and exhibits
three peaks between 10° and 80°, which are at 43°, 52° and
75°, respectively. Since the thickness of the film changes
during the grinding process, the amount of Ni dissolved in
the recess is very small, and under the action of the current,
the selective dissolution of Ni occurs. In this step, Ni atoms
are broken and move to the outside of the lattice. In the
sulfuric acid and chromic acid phosphate dehydration,
pyrophosphate is produced, Ni ions diffuse through the
membrane to the surface, and the phosphoric acid reaction
mainly produces Ni,P,07, as shown in Fig. 10. Phosphate
dehydration formed pyrophosphoric acid, and Ni ions
generated Ni,P,0;. This process smooths the metal
surface.

ANi,P,0,
¢ Hastelloy C-276 Before polishing

X

>3
>

Polished without cleaning
¢ * A *
. pho j\ﬁvm

*

Intensity (a.u.)

Polished after washing
¢ e
- - Y

10 20 30 40 50 60 70 80
20/ (°)

Fig. 10 XRD patterns of Hastelloy C-276 before polishing, polished
without cleaning and polished after washing

@ Springer

3.5 Mechanical properties analysis

To explore the impact of electrochemical polishing on the
mechanical properties of Hastelloy C-276, the HXD-1000
digital microhardness tester was used to test the micro-
hardness of the Hastelloy alloy before and after polishing.
As shown in Fig. 11, the hardness after polishing reduces
by approximately 5% compared with that before polishing.
The changes in the hardness of the Hastelloy C-276 before
and after polishing are related to the changes in the surface-
hardened layer. Electrochemical polishing eliminates the
cold-work-hardened layer to some extent, which results in
a decrease in alloy hardness.

3.6 Uniformity analysis

Based on previous results and discussion, the optimum
process parameters are temperature of 45 °C, anode current
density of 0.439 A-cm™ 2 and polishing time of 60 s. Then,
the Hastelloy C-276 alloy baseband was polished in the
polishing solution of the phosphoric acid—sulfuric acid—
chromic acid system. The 10-meter-long Hastelloy C-276
alloy base was obtained and mounted on an AFM long
band detection device to detect the surface roughness. A
point was measured every 0.4 m, and its surface roughness
value R, was calculated using NanoScope 9X software.
Figure 12 shows that the R, value fluctuates up and down
by 3 nm, it is stable, but there are jumping point fluctua-
tions. The analysis results show that the surface roughness
of the Hastelloy C-276 long band alloy baseband could
effectively be reduced by continuous dynamic electro-
chemical polishing, which provides support for the indus-
trialization of long baseband surface smoothing.

440 |

00 L Before polishing

400

Surface hardness (HV)

300

Sample number

Fig. 11 Surface hardness of Hastelloy C-276 before and after
polishing
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Fig. 12 R, values for 10-m-long Hastelloy C-276 alloy substrates
after electrochemical polish

4 Conclusion

An electrolysis solution of phosphoric acid and a phos-
phoric acid system were used to polish the Hastelloy C-276
alloy, and the Hastelloy C-276 alloy base with good effect
was obtained. A suitable current density, the key parameter
in electrochemical polishing, is found to be 0.439 A-cm 2.
The other recommended electropolishing conditions are
electrolyte temperature of 45 °C and time of 60 s. The
influence of temperature and anode current density on
surface roughness was intensively analyzed. After opti-
mizing the optimal polishing parameters, the 10-meter-long
Hastelloy C-276 alloy base was successfully prepared.
After AFM test analysis, the average value of R, is 3.4 nm
and less than 5 nm (5 um x 5 um), which satisfies the
industrial demand for the preparation of superconducting
materials by the technical route of IBAD.
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