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In this paper, studies on applying a new electrolyte to treat the surfaces of Nb sheets, which was called

buffered electropolishing (BEP), were reported. Through studies of the BEP I-V characteristic and

optimization of main parameters such as acid agitation, temperature, etc., much faster Nb polishing

rate and smoother surface finish were achieved in comparison with those obtained from the conventional

electropolishing (EP). The average polishing rate could reach around 2:5 �m=min . It was over 7 times

faster than that of the traditional EP. Meanwhile, the average surface mean square root roughness was

around 50 nm over an area of ð200� 200Þ �m2. This study shows BEP has a great potential to replace the

traditional EP process and becomes a new generation of technology for treating Nb superconducting radio

frequency cavities.
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I. INTRODUCTION

Surface condition plays a critical role in the performance
of superconducting radio frequency (SRF) cavities [1].
Since the first SRF cavity was born, researches on niobium
surface treatments have not been stopped to improve the
performance. In recent years, with the buffered chemical
polishing (BCP) and then electropolishing (EP) gradually
becoming the chief means for SRF cavity treatments [2–4],
the performance of multicell cavities has been improved
greatly. However, the yield of the nine-cell cavities which
can surpass the required 35 MV=m for the International
Linear Collider (ILC) [5] is still not high. On the other
hand, the polishing rate of the traditional EP was another
problem. It was only about 0:38 �m=min [6]. So if a
cavity is treated by the conventional EP, more than 6 hours
is needed in order to remove the so-called surface damage
layer of Nb. With the long treatment period and very
expensive equipment, the technology of the conventional
EP made the surface treatments of SRF cavities too costly.
Thus, a new method for SRF cavity treatment called buf-
fered electropolishing (BEP) was proposed by Thomas
Jefferson National Accelerator Facility (Jefferson Lab)
[7,8] as an alternative to try to overcome some drawbacks
of the conventional EP mentioned above.

As part of the collaboration with Jefferson Lab and the
study on the fabrication of multicell niobium cavity, the
research on BEP was also carried out at Peking University
[9,10]. The electrolyte of BEP consisted of HF(48%),
H2SO4ð98%Þ, and C3H6O3ð85%Þ with the volume ratio
of 4:5:11. Comparing with the conventional EP, the addi-
tion of lactic acid as a buffered solution brings a lot of

advantages to BEP technology [8]. However, it also made
the electropolishing parameters greatly changed. In this
paper, the effects of various parameters on the I-V charac-
teristic, polishing rate, and smoothness of the BEP treated
Nb surfaces were investigated and discussed. The goal was
to evaluate the influence of various parameters to this
process, as well as the technological problems involved
in it. Small flat niobium samples were used in the present
stage of the studies for the purpose of decreasing the cost,
safety, and convenience to get isolated parameters. After
the optimization of experiments, the maximum polishing
rate of 4:66 �m=min was achieved. In the meantime, the
surface rms roughness of BEP treated samples could re-
petitively reach around 50 nm over a surface area of
ð200� 200Þ �m2 as measured via a high resolution 3D
profilometer by Jefferson Lab. All of the above shows that
BEP had a great potential to become a new niobium
surface treatment technology to replace the conventional
EP. Some of the experimental results presented here have
been reported in Ref. [11].

II. EXPERIMENTAL

A. Experimental installation

The setup of the BEP experiment is schematically shown
in Fig. 1. It consisted of an electrolytic cell that had an
aluminum cathode and a niobium anode (sample) im-
mersed in a HF(48%), H2SO4ð98%Þ, and C3H6O3ð85%Þ
mixture with the volume ratio of 4:5:11. The Nb anode and
the pure aluminum cathode were connected to an electrical
circuit through two alligator clamps. The two alligator
clamps also serve as a mechanical support by fixing the
electrodes to suspend on top of a polytetrafluoroethylene
(PTFE) container. The circulating water or ice bath in the
secondary container was used to keep the temperature of
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the acid mixture below 35�C depending on the different
conditions required for a particular experiment. A platinum
resistor thermometer with the temperature probe protected
by PTFE was immerged in the electrolyte to monitor the
temperature during the BEP process. Then a magnetic
stirring apparatus was used under the secondary container
to control the velocity of the electrolyte flow rate. The
monitor for the rotational velocity of the stir bar was a
homemade apparatus according to the principle of electro-
magnetic induction. It mainly consisted of an induction
coil and an oscilloscope. In additional, another oscillo-
scope was used to measure I-V characteristics employing
appropriate electric circuit.

B. Sample preparation

In order to keep our small sample experiments as close
as possible to the real processes used for treating Nb SRF
cavities, high-purity niobium samples were used in the
BEP experiments. Their residual resistance ratio was above
300. With the dimension of 10 mm� 70 mm, the samples
were cut out from a 3 mm thick niobium sheet used for
fabricating SRF cavity, so the physical properties of the
samples were the same as those used for fabricating Nb
SRF cavities. Then referring to the pretreatment process of
EP [12], the niobium samples were first cleaned by acetone
and isopropyl alcohol; subsequently, it was ultrasonically
cleaned in soapy water; after that it was rinsed by ultra-
sonic cleaning with deionized water; and finally, after
blowing away the remaining water by dry nitrogen gas
and weighing, it could be used for the BEP experiment.

III. RESULTS AND DISCUSSION

A. I-V characteristic of BEP for niobium samples

The electrochemical process must be tweaked to the
optimal I-V combination in order to obtain the best Nb

surface. So, studies on the I-V characteristic of BEP also
became necessary. Figure 2 shows an I-V curve for BEP of
niobium sample. Like the typical electropolishing I-V
characteristic, four regions corresponding to etching, peri-
odic oscillation of anode current density, polishing, and gas
evolution on the anode surface were identified depending
on the potential applied. Initially, the current density in-
creased linearly with the voltage until reaching the maxi-
mum value. At this region, the behavior was dominated by
ohm resistance in the electrolyte. Then, current began to
decrease with the oscillation until reaching a steady pla-
teau. In this region, a relatively strong oxide layer was built
up on the surface, which could be considered as a capaci-
tor. Thus the current began to oscillate. Over a horizontal
range, the current density was nearly independent of the
applied voltage and the surface was polished. For even
higher voltages, gaseous oxygen is set free at the anode
and the oxygen bubbles result in discontinuities on the
surface.
However, as to the real polishing process, the conditions

are more complicated, and not all the measured I-V curves
have the same shape. The detailed shape of the curve varies
with the different conditions under study. It depends not
only on the electrolyte flow rate, but also on temperature
and other conditions.
Figure 3 is the development of the I-V curve with a

different flowing speed of electrolyte at the temperature of
25�C. This investigation was necessary because acid agi-
tation was an indispensable means in electrochemical pol-
ishing in order to keep a stable material removal in time,
especially in the case of high viscosity of the acid mixtures
in BEP and for the irregular cavity geometry. It would
become an important parameter in order to get an optimal
polishing rate and smooth Nb surface. Here, the flowing
speeds of electrolyte were indicated by the rotation rates of
the magnetic stirring bar. With the static electrolyte, the
I-V curve had a long polishing plateau. But the limiting
current density was the smallest of all. When the flow rate

FIG. 2. The typical I-V curve for buffered electropolishing.

FIG. 1. (Color) Schematic installation of BEP for small samples.
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of the electrolyte became faster, the width of the polishing
plateau changed very little. However, the limiting current
density continued to increase. Then, when the rotational
speed of the magnetic bar was above a special value, about
15 Hz, the horizontal parts of curves began to become a
slanted upward curve. As to this phenomenon, we thought
it was not a symbol of the maximum electrolyte flow rate
we could use, although the polishing plateau was not as
clear as those at the lower flowing speed. Oppositely, we
thought it represented that the flow rate of electrolyte was
just fast enough to carry the complex compound of the
niobium oxide layer around the niobium sample surface
away. That fast flow rate was necessary especially to the
high viscosity BEP acid solution because the high viscosity
would make the anodic compound oxide layer [13–15]
have a larger voltage drop as compared with that of a
common acid solution. So, the faster electrolyte flowed,
the more external complex composition of the compound
oxide layer could be carried away, leading to an enhanced
electric field strength in the compact layer near the anode
surface. We believe that this stronger electric field is re-
sponsible for the higher polishing rate during BEP. In the
mean time, the electric field difference between protru-
sions and well is also enlarged which would make the
surface much smoother. The following experiment result
will confirm it. As to the trend of limiting current density
increasing with the faster electrolyte flowing speed, it was
also consistent with our judgment at the beginning.
Because the compound oxide layer on the surface of the
sample would take a lot of voltage, the faster the electrolyte
flowed, the less sticky layer would be left and the smaller
voltage it would be take. And the curve would move up.

Apart from acid agitation, we found the I-V curve was
also sensitive to the temperature in the BEP process.
Figure 4 shows the I-V curves with different temperatures.
They were measured at the temperatures of 12.5, 16.5, and

22�C with the same stirring frequency of 11 Hz. In the part
of the polishing plateau regions, it was similar to those with
different flowing speeds of electrolyte above. With an
increasing temperature, the limiting current density also
increased. This could be understood by the theory that the
higher temperature could increase the mobility of the ions
in the electrolyte, which made the chemical reaction near
anode surface faster. However, as to the part of etching
region, we could see the different effects of temperature
and electrolyte flow rate on the I-V characteristic. With
different electrolyte flow rate, the slopes of the I-V curve of
this part were nearly the same. But when the temperature is
varied, the slopes were various. With higher temperature,
the slope of the I-V curve of this region became much
sharper. This experimental result could be understood in
the following way: Agitation could not change the physical
or chemical property of the electrolyte, however tempera-
ture could. The simplest explanation for this phenomenon
was that, within certain range, the higher temperature
could lower the viscosity of BEP electrolyte. So the resist-
ance of the electrolyte decreased, and the curve in the
etching region would be sharper. However, a detailed
mechanism might not be so simple, and further study is
needed. But here the result of the trend of limiting current
density development with temperature in BEP was our
main concern since the limiting current density represented
the polishing rate of this technology, which will be studied
in the following part of this paper.

B. Effect of parameters on polishing rate

In the process of niobium cavity treatment, the polishing
rate is one of the most important parameters. A high
polishing rate can greatly reduce the time of cavity fabri-
cation and further decrease the cost of the SRF cavity. In
addition, to shorten the process time of the niobium cavity

FIG. 4. (Color) Development of the I-V curve with different
temperature with the stirring frequency of 11 Hz.
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FIG. 3. (Color) Development of the I-V curve with different
rotational speed of the stirring bar at 25�C.
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was also the demand of the ILC [5] which will need nearly
twenty thousand nine-cell cavities for this great project.

Figure 5 is a statistical result about the effect of tem-
perature on polishing rate. This figure is a collection of all
the experiments done at PKU, including those obtained at
different acid flow rates. The whole figure can be roughly
divided into three regions by temperature according to the
polishing rate. In the first region, the temperature is below
23�C. In this part, the maximum polishing rate is only
about 1:5 �m=min. The second region is between 23�C
and 26�C. In this region, the polishing rates are distributed
from about 1.0 to 2:7 �m=min. In the last region, the
temperature is above 26�C. As shown in the figure, except
one point, all the other polishing rates are more than
2:3 �m=min, and the polishing rate does not increase
obviously with increasing temperature. We can conclude
that, if we want to get a high polishing rate, a temperature
higher than 23�C is needed. If the temperature we choose
is in the second region, other parameters such as agitation,
voltage, and so on should be taken into consideration to
improve the polishing rate. If the temperature we choose
for polishing is in the third region, the polishing rate is high
enough and therefore should not be a problem. However, in
this case, especially above 35�C, the reaction is hard to
control [12], and more impurities including oxides may be
brought into the anode surface.

Apart from temperature, electrolyte flow rate can also
affect the polishing rate. Although it is not as obvious as
the effect of temperature, it still can be divided into two
regions by the flow rate of electrolyte as shown in Fig. 6.
Here, the data were also from all the experiments including
different temperatures. The flow rate of electrolyte is rep-
resented by rotational frequency of the magnet stirring bar.
We can see, in the left region of the black line, the rota-
tional frequency of the stirring bar is below 15 Hz, and
most of the polishing rates are concentrated from about 0.5
to 2:2 �m=min. In the right region, where the rotational
frequency is above 15 Hz (include 15 Hz), the minimum
polishing rate is about 1:5 �m=min and the maximum

polishing rate can reach about 4:7 �m=min. Although
the data points are a little scattered, we concluded that if
a high polishing rate is needed, the rotational frequency of
magnetic stirring bar should be above 15 Hz. This con-
clusion is also identical with the analysis in the part of the
I-V characteristic. Another explanation for this conclusion
is that a faster electrolyte flow rate is caused by making the
compact oxide film on the anode surface thinner [16,17].
Since the polishing process is governed by a diffusion
process through the compact oxide film, a thinner film
allows the ions to get through it in a much easier way.
Therefore it speeds up the polishing rate.
Another part of content about the polishing rate of BEP

was the relationship between polishing rate and current
density. Figure 7 shows this relationship and the data were
still from all the experiments with different temperatures
and flow rate rates. As we see, the polishing rates increased
linearly with the current density while the slope coefficient
is around 0.0143. According to Faraday’s law of electroly-

FIG. 5. (Color) The effect of temperature on polishing rate from
all the experiments including those with different acid flow rates.

FIG. 6. (Color) The effect of flow rate of electrolyte on polishing
rate from all the experiments including those with different
temperatures.

FIG. 7. (Color) The validation of Faraday’s law of electrolysis in
BEP.
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sis, it shows that the main electrochemical reaction in BEP
should belong to typical Faraday reaction, and the valence
of niobium after the reaction should be the same because of
the observed linear relationship between these two parame-
ters. From Fig. 7, we could speculate the valence of the
niobium ion participating in the reaction in BEP according
to the value of the slope in the figure in the following way:
First, we assumed the valence of niobium in the reaction
was 5þ . If the polishing current density is 1 A=cm2, there
will be 1 C charge in the reaction, and the mass of niobium
in reaction will be

m ¼ ð6:28� 1018Þ
5

� 1

6:02� 1023=mol
� 93 g=mol

¼ 19:4� 10�5 g:

This means for the current density 1 A=cm2, the thick-
ness polished in one second will be

d ¼ 19:4� 10�5 g

8:66 g=cm3 � 1 cm2
¼ 2:24� 10�5 cm:

Usually, we use micrometer per minute to describe
polishing rate and milliampere per square centimeter to
describe current density in electropolishing. So, for the
current density of 1 mA=cm2, the polishing rate is

v ¼ 2:24� 10�5 cm=s� 1

1000
� 104 �m=cm

� 60 s=min

¼ 0:0134 m=min :

Then we can get the slope coefficient of the polishing
rate vs current density curve, which was 0.0134. This is
only about 5.6% less than the observed value which is
shown in Fig. 7. That is to say, this theoretical value is
quite close to the real situation of reaction, and most
niobium ions indeed took part in the reaction with the
valence of 5þ . As to the reason why the measured slope
value in experiment was a little higher than our calculated
value, we thought it could be that few lower valence
niobium ions or other oxidizer took part in the reaction.

C. Effect of removed thickness on surface roughness
in BEP

Because of the large number of variables involved in the
fabrication and conditioning of the cavities, it is not very
obvious how to establish a correlation between surface
roughness and cavity performance. However, in general,
the smoother the surface is, the higher the probability will
be to obtain a better performing cavity. To achieve the
optimal rf performance, the surface of the cavity must be
as close as possible to the ideal one [1]. In our BEP
experiment, the best surface rms roughness can be close

to 21 nm which was measured in an area of ð200�
200Þ �m2 at Jefferson Lab.
Figure 8 shows the relationship between roughness and

removed thickness in the BEP process. The samples were
random selected with different polishing temperatures and
electrolyte flowing speeds. However, we can find that the
rms roughness still has a strong dependence mainly on the
removed thickness in BEP. As shown in Fig. 8, when the
removed thickness is less than 50 �m the rms roughness
decreases rapidly with the increase of removed thickness
from nearly 400 to 100 nm. Then, from the removed
thickness 50 to 75 �m the change of rms roughness be-
comes slow. After that, when the removed thickness is
above 75 �m, a long nearly horizontal region with the
rms roughness around 50 nm appears. This provides very
useful information for us to further study the cavity BEP
processing. If we want to get a smooth surface repetitively,
the minimum removed thickness about 75 �m is needed. It
can be explained by the theory of electropolishing pro-
posed by Jacquet theory [12]. In the polishing area, a
viscous layer of anodic dissolution products forms during
the BEP process. With respect to the bulk of the electrolyte,
this layer has higher viscosity and greater electrical resis-
tivity. The thickness of the liquid insulating layer is greater
in crevices than on projections. Thus, the current density
on projections will be much higher than in crevices, and
projections dissolve more rapidly than crevices. So, it
produces the altitude difference between projects and
crevices less and less with the increase of average removed
thickness.

D. Surface topography and chemical composition
after BEP

Figure 9 shows the surface topography of niobium
samples with different instruments. Figure 9(a) was the
optical picture of BEP treated samples. Obviously, each
sample can be divided into two parts. The shining part is

FIG. 8. (Color) Relationship between the roughness and re-
moved thickness.
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treated by BEP, while the other part of the sample is the
original surface. We can see the reflection of the other
sample clearly in the shining part like the case in a mirror.
Figures 9(b) and 9(c) were the surface topographies ob-
served by metallographic optical microscope (MOM), re-
spectively, corresponding to the BCP treated surface and
the BEP treated surface. They are the images magnified to
1000 times. The difference between the two pictures could
be visualized easily. Actually, the rms roughness of the
niobium surface treated by BEP will be about 20 times
better than those treated by BCP [6]. In addition, in the
process of taking pictures of them with MOM, sometimes
it is much harder to focus on the BEP treated surface since
it is so smooth as compared with that on BCP treated one.
Figure 10 was the image of the BEP treated niobium
sample surface measured by atomic force microscope
(AFM). It shows the rms surface roughness was less than
10 nm with the area of ð10� 10Þ �m2. However, it could
not represent the real surface smoothness because of the
small scanned area. Figure 11 is a picture scanned by a
high resolution 3D profilometer on the best BEP treated
sample over a ð200� 200Þ �m2 area at Jefferson Lab.
With the rms roughness of 21 nm, it is hard to see any
surface variation from it. As to the average rms roughness

FIG. 9. (Color) CCD images of niobium sheet surface. (a) Photo
of the Nb samples treated by BEP. (b) Typical fine grain Nb
surface after BCP treated as viewed by metallographic optical
microscope (MOM). (c) Typical MOM image of BEP treated Nb
surface.

FIG. 10. (Color) The AFM images of the niobium sample sur-
face treated by BEP.

FIG. 11. (Color) The picture of the best BEP treated niobium
surface scanned by high resolution 3D profilometer with the area
of more than over ð200� 200Þ �m2.
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of 50 nm, it is still improved by 5 times in comparison with
the rms roughness of 250 nm of the traditional EP.

Furthermore, a preliminary result about the chemical
composition of BEP treated Nb samples was reported
here. Although the real causes which prevent the Nb SRF
cavities from reaching the niobium intrinsic limit are still
mysterious and unresolved until today, generally speaking
the possibility for getting a good performance SRF Nb
cavity will be higher if the surface impurity contained is
less. Thus, the knowledge about the chemical composition
of BEP treated Nb surface is also attractive. Figure 12 is the
typical x-ray diffraction (XRD) diffraction pattern of the
BEP treated samples. As we see, there are five peaks in this
pattern. Except the peak at about 82 degrees and some
noise from 5 to 12 degrees which are caused by the XRD
facility, the whole pattern including the other four peaks is
very clear. Comparing with the standard spectrum, the
observed five peaks correspond to the niobium peaks
very well. In other words, we cannot find any impurities
brought to the niobium surface through BEP treatment via
XRD measurement. It only represented that there were no
noticeable impurities brought in, and the overwhelming
majority composition in the surface was niobium within
the measurement ability of XRD. More precise and quan-
titative analysis about composition and performance for
the BEP treated samples employing other measurement
techniques and the comparison with the results obtained
from Nb samples treated by BCP and EP will be carried out
in the near future.

IV. CONCLUSION

In this paper, BEP technology for treating small Nb flat
samples was systematically studied. Through investigation
and discussion of effects of parameters on the I-V charac-
teristic, polishing rate, and surface roughness, the optimum
results were obtained. The polishing rate could repetitively

reach around 2:5 �m=min, while the surface rms rough-
ness could repetitively reach around 50 nm which was
measured in an area over ð200� 200Þ �m2 using a preci-
sion 3D profilometer at Jefferson Lab. Comparing with
traditional EP, the average BEP polishing rate is more
than 7 times faster, and the surface rms roughness is
decreased by more than 5 times. The result of the maxi-
mum polishing rate of 4:7 �m=min and the best roughness
of 21 nm also indicate that the BEP technology is improv-
able. All the above show that the BEP technology has a
great potential to replace the traditional EP process and
becomes a new generation of technology for treating
niobium superconducting rf cavities. Besides, the surface
chemical compositions of BEP samples were studied by
XRD. It is shown that BEP did not induce some bad
compounds to the treated surfaces within the measurement
limit of XRD.
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