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Abstract—Centrifugal barrel polishing (CBP) is a simple anden-
vironmentally friendly method that can be applied br mechanical
abrasion of the cavity interior in order to removethe mechanically
damaged surface after its production. The CBP recigs described
in the literature however require CBP to be perforned in many
stages, require long processing times and nevertiess are unable
to provide good cavity rf performance without addiional chemical
processing. Here we report new results on characteation of cavi-
ty surfaces treated with a typical CBP recipe, inelding the con-
tamination with abrasive particles, plasticdeformation and hydro-
gen contamination, and critically evaluate it. Mettods to reduce the
depth of significant plastic deformation as well aghe modified
commercially viable CBP procedure followed by final elec-
tropolishing are proposed and tested on samples.

Index Terms—Abrasives, linear particle accelerator, materials
processing, superconducting materials, Type Il supeonductors

. INTRODUCTION

ELECTROPOLISHING(EP)iS an important technological step

in the current manufacturing process of niobiumesup
conducting radio frequency (SRF) cavities [1]. #§tsa so-

called "bulk" EP (HSO4:HF) is applied to remove a mechani-

cally damaged layer (up to 200 um) from the intesiorface
of the cavity left after the rolling and formingess, followed
by annealing (600-900°C) to degas hydrogen absarbéus
process, a second "light" EP (10-40 pum) has toppdied in
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Fig. 1. The surface topography of equator cougtar ¢he full cycle 4stey
CBP treatment with a mirror surface finish (Lasdffddential Interferenc
Contrast image, 3D laser scannimégcroscopy). The grain boundaries as
as the freshly produced scratchesthe released polishing media which
been used at CBP (Al,Os) are visible

order to provide a high-quality surface after thisealing in
relatively poor vacuum conditions (3610° mbar) [1, 2].
Along with the technological complexity and envinoental
unfriendliness, EP has inherently limited efficigmie smooth-
ing out pits at cavity equator areas and inclusiohforeign
material.

Centrifugal Barrel Polishing (CBP) is an alternatitech-
nigue and is free of the aforementioned drawbdtksas been
studied since the 1960s [3]. Considerable contiobstto cav-
ity processing by CBP was made by T. Higuehil. [4, 5].
During CBP, the cavity fixed in the CBP machinerapidly
rotated with its interior partially filled with absives whose
characteristic size is reduced at each treatmept #tus grad-
ually improving the surface quality (roughness, amntoof
plastic deformations). In recent years, a 5-step @&ipe was
investigated by Fermilab and JLab [6, 7], whicloal pro-
ducing a mirror-smooth cavity surface (< 15 nm RM8gh-
ness) to be produced [8], aiming at chemistry-fraegity pro-
cessing. Despite substantial progress, no reasorgimlity
factor and accelerating gradient have been achiewttut
chemical postprocessing [8, 9].

Considering the fact that chemical treatment iskibst for
achieving the highest surface quality, especiatly ductile
materials as niobium, our aim is to decrease chamgage in
industrial cavity production by replacing "bulk" Ef#th CBP
which has to be optimized for that purpose.



Our activities have been focused on a detailedystdidhe
CBP recipe similar to the one described in [6, Bijefly, a
four-step CBP procedure (here steps are number&BB#1,
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CBP#2 and so on), firstly with ceramic trianglesu(Bmedia

ACT), then plastic cones (VF-RG 22), alumina me§8G#and
finally colloidal silica (40 nm) as abrasives resdlin a mirror
surface finish of single-cell cavity. A techniquesurface ex-
amination with the use of small removable couparssailed
in a "coupon" cavity is described in detail in [10} particu-
lar, the removal rate from cavity walls as wellSESM investi-
gations of Nb surface at iris and equator aftehe@BP step
was reported. Drawbacks such as abrasive part{éle®s)
becoming embedded at CBP#3, were observed, in agrae
with [6]. Moreover, they were found to produce nswatches
during the following (final) step (Fig. 1). Thisgblem was
partially resolved (i.e. the number of embeddediglas was
reduced) by additional washing in an ultrasonichbetd re-
newing the polishing solution at the final CBP sté&jeld
emission studies of a coupon located in the end-tubated
with CBP followed by buffered chemical polishingnaen-
strated low onset fields of 40 MV/m (for more dktaiee
[11]). Additionally, investigation of coupons afteach CBP
step with laser profilometry showed that aluminasmenade
no improvement to the topography and surface roeghfil2].
Metallographic preparation of coupons revealed astally
deformed surface layer especially at equator arafssr
CBP#1. On the contrary, the maximal amount of nscate
damage after the final CBP treatment was detecyesl Wick-
ers hardness test at the end-tube coupons [12]ipRegion of
niobium hydrides upon cooling was observed ex-sithich
evidenced a pronounced hydrogen absorption duriB§,C
probably enhanced by severe abrasion conditiondea®on-
strated by the metallographic study.

Ill. ONGOINGACTIVITIES

A. SEM Studies of Nb Coupons After the 4-step CBP

We have continued to explore the basic 4-step GRipe.
In particular, surface quality in the different &ions of the
1.3 GHz elliptical single-cell cavity having a narrsmooth
surface after the full-cycle CBP with refreshingtié polish-
ing media at final polishing step was further stadby means
of coupons and High-Resolution Scanning Electronridico-
py (HR-SEM) with a backscattered electron imagiB$IE)
and Energy-dispersive X-ray Spectroscopy (EDX). Tike of
the backscattered electron imaging, as comparseédondary
electron (SE) imaging, due to atomic-number conhteffects
allows the inclusions of foreign materials in niadoi to be un-
ambiguously distinguished. This is demonstratedFig. 2
where SE (a) and a corresponding BSE (b) SEM invddke
end-tube coupon with embedded:®@d particles after the basic
4-step CBP treatment are presented. It was revehtdafter
the final CBP step the surface of the coupons &atat the
end-tube (the narrowest) area of the cavity corththe high-
est density of alumina particles, while the coupioistalled in

Fig. 2. SE (a) and a corresponding BSE (b) SEMganaf the endebe
coupon with embedded AD; particles after the full cycle 4-step CBP trea
ment. (c) SE image of the typical defects (pita)nid at the equator couf
after the same treatment. (d) B8&age depicting a high degree of par
embedding at end-tube area.

the equator area demonstrated mainly pits andckm@sitpro-
duced by these patrticles (Fig. 2c). The estimabectsion of
alumina particles in the end-tube area is in timgeaof 1.5-15
um, the particle distribution density was 30-40 ip&es over
the area of 2mwm x 25um. This and previous results demon-
strate that alumina mesh #600 is an inappropriatistpng
medium for processing niobium cavities (at leasttfe cur-
rent CBP recipe).

In order to remove the observed particles fromegiand
smooth out the pits at equators, a substantial atmafichemi-
cal post processing would be required, which is inoline
with our goals.

B. Niobium Hydrides by X-Ray Photoelectron Spectrogcop

The hydrogen contamination facilitated by mechdnica
abrasion which is known to be responsible for thediQease
phenomenon in CBP-treated cavities [13], was stlbie X-
ray Photoelectron Spectroscopy (XPS) at room teatpey
and upon cooling to 90 K (Fig. 3).

The XPS measurements were carried out using a high-
resolution 2D delay line detector. A monochromatik , X-
ray source (photon energy 1486.6 eV) was usedcédeint ra-
diation [14]. For all spectra, the binding energvwesre cali-
brated based on the C 1s peak at 284.8 V. Theratieafor
the Nb 3d spin-orbit doublets was fixed to 1:0.6thvan en-
ergy difference of 2.7 eV. The existence of Nb-lgerwas
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confirmed with the peaks at low binding energy oegi be-
tween 201.3 and 203.3 eV, which remarkably chareféeet
cooling by shifting to lower binding energies anelcbming
narrower (Fig. 3b).

The way to reduce hydrogen loading during CBP ésthie
implementation of milder conditions of material @l
(abrasion), thus reducing the mechanically deforrteetr,
or/and decreasing the duration of polishing. Nthadess,
currently at an industrial scale, the problem witle excess
amount of hydrogen in cavities is resolved by impdating a
so-called high-temperature baking (600-900°C), tiscused
to relax the mechanical strain in the cavity amduianeously
degas the absorbed hydrogen. Since this technalogiiep has
to be applied anyway, the development of hydrogea-pol-
ishing becomes less important.

C. Towards Optimization of the Current CBP Recipe

One way to decrease the plastically deformed laytr ap-
ply a milder polishing condition, i.e. decrease thiee press-
ing the abrasive to the polished cavity surfacee Hiter is
controlled by the mass of polishing media and tbiation
speed of the barrels. The amount of abrasive meidald
provide reasonable polishing efficiency. The bamahtion
speed should not be too low otherwise the polishitedia
would drop to the lowest part of the cavity aftacle rotation
period. In our CBP machine, the rotation speedhef main
drive determines the centrifugal force acting betwéhe pol-
ishing media and the cavity walls (see [15]). As tear ratio
of the main drive to the barrel is fixed (1:2), thain shaft ro-
tation speed is the only variable parameter. Timéripetal ac-

3,00
2,75
2,50
-225
2,00
- 1,75
- 1,50

—o—q iris
—A— @ equator

- Viris

- A= v equator

1
N
&
rface velocity (m/sec)

Lol
e =
N ©
o o
urfact

- 0,50
0,25
0 T T T T T T T T T T T T T 0,00

0O 10 20 30 40 50 60 70 80 90 100 110 120 130 140

rotation speed (rpm)

Fig. 4. The calculated centripetal acceleratidsolid lines) and the surface
to-media velocityv (dashediines) for different rotation speed of the
shaft.
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Fig. 5. Vickers hardness measured at the cell @wapon before andftel
CBP#2
TABLE |

DAMAGED LAYER THICKNESS AND ABRASION RATE ESTIMATEDAFTER CBP#1

celerationa:a)z-r, and the speed of the cavity surface relative PERFORMED ATI00RPM AND 70 RPM ROTATION VELOCITY OF THE BARRELS

to the polishing mediaj=w-r (wherer is the distance from the
main shaft to corresponding cavity area), calcdldte vari-
ous main shaft rotation speeds,are shown in Fig. 4.

In order to reduce the depth of damage layer thationm
speed of the main shaft was reduced to 70 rpm adstd
100 rpm during CBP#1 and CBP#2. The abrasion nadetfze
depth of the observed deformed layer are summaiizdd-
ble I. The maximal depth of local damage is showiriack-
ets. The metallographically prepared cross-sectibesupons
are shown in [12]. Thus, for CBP#1 the materialkaalom rate
decreased by a factor of three while the depthigifificant
deformation in most crucial areas of the cavityrdased by
up to 50% as compared to 100 rpm. It is notablet #iter
CBP#1 followed by CBP#2 as well as after the stiomda
CBP#2, no visible deformations from this method aveb-
served.

Our earlier SEM studies showed that the CBP#2 cdeges
no abrasive embedding into the niobium surface.réfoee,
CBP#2 can be considered for a simplified one-st&P C
scheme with chemical post-processing. In this ¢hsedura-
tion of the polishing as compared to CBP#1 showddirs
creased (~3 times) to compensate lower removal[18ie

DURING CBP#1.

Damaged layer, pm Abrasion rate, pum/h

Coupon
100 rpm 70 rpm 100 rpm 70 rpm
Tube 15(25) 10 (15 30 08
Equator, Ce 30 (70 15 (55 9.0 30

chine. 50 um was removed from equator and 16.5 qom f
irises. The microstructure of the coupons was teste the
Vickers method. Indentations were made with difféteads
ranging from 0.005 to 0.05 kgf (testers Shimadzu\HROO0
and Zwick Roell HZV30/ZwickLine). The Vickers haress
values of the equator coupon before and after CBiRéas-
ured are presented vs the depth of indentationign 9 The
depth of each indentation was measured with a lasero-
scope (Keyence VK-X100). The presented data aretiee
age of five indentation tests at each load withimah and
maximal values obtained during measurements depadesr-
ror bars. It is seen from the plot that at the imeldon depth of
15 um, the hardness of the polished material diopke val-

Newly prepared coupons were treated with a sings#2
during 20 h at 100 rpm rotation of the main sh&f€CBP ma-

implies that the removal of 15-20 um material by $t@uld
be sufficient to remove the strain caused by CBP.
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Fig. 6. The surface topographby the cell coupon after CBP#2 (a, b),
after subsequent EP (c, d). (3D laser scanningosiapy). (a)) +aser image
(c) — laser DIC image; (b, d)hkeight profile images. The scale bar is valic
all the images.

It is well established that the initial surface gbuess de-
termines the effectiveness of EP to smooth outrimgenei-
ties. Therefore it is important to check whether sarface fin-
ish provided by CBP#2 is suitable as a startingditam for
EP. We applied 18 um EP to one of the coupons é&eh).
Visually, a mirror smooth surface was attained;yoinl the
coupon center was it less perfect. Therefore,dbghness and
topography were measured in the central part ofcthgon
treated with CBP#2 and following EP where it wassleffec-
tive (see Table Il and Fig. 6). In order to enhatiee surface
features, DIC processing had to be applied to dserlimage
of the EP treated surface (Fig.6, c). We deem theerved
surface inhomogeneities are due to the nature opreEess.
Despite this, the roughness improved significantlg, the
peak heights were decreased approximately 4.5 timbie
valleys were reduced by 3.3 times, resulting in caerall
peak-to-valley distance of dm over an area of 27@n x 270
um. Average roughness improved by more than 50%each
ing a value of 0.1 um, which is better than foribakstep
CBP.

X-Ray diffraction (XRD) measurements were made gisin

CuK, radiation of a standard x-ray tube on a Seiferedah
circle diffractometer, equipped with a one-dimensioCCD
detector. The XRD patterns were measured at a fnedent
angle of 5° with the scattering angle ranging frén= 30° to
120°. The measured XRD patterns (after the backgtaub-
traction) of the cell area coupons treated withiddsstep
CBP, CBP#2 and following EP, presented in Fig.dincide
well with 34-0370 and 35-07893 PSPDFWIN data fil€ke
(hKl) indices of Bragg peaks corresponding to bcc Nhratie
cated. While XRD peaks after mechanical processoui
alike and rather broad, after additional EP thegobee so nar-
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Fig. 7. XRD patterns of Nb coupons after 4-stePC8fter CBP#2 and af-

ter CBP#2 followed by EP of 18 pum (frobottom to up). Insert: magnifi
view of the Bragg peak centered &=269.76° of the CBP#2 coupon bef
and after EF
TABLE Il
SURFACE ROUGHNESS IN uMMEASURED OVER AREA OR270uM x 270uM OF
CELL COUPON AFTER BASICCBP,CBP#2AND CBP#2wWITH EP.

Step R R R, Ra
4-step CBP 0.74+0.27 1.54+0.79 2.28+0.85 0.11+0.02
CBP#: 1.88+0.4: 2.00+0.2: 3.87+0.6! 0.21+0.0:
CBP#2+EI 0.42+0.0¢ 0.60+0.1: 1.02+0.2: 0.10+0.0:

R, — simple average;,R- aver. valley depth; R aver. peak-to-valley distance;

R, — aver. peak height.

CBP#2 treated coupon was 12.98 nm, while afteriePpeak
width reaches the resolution limit of the experita¢rsetup.
Therefore, only a lower limit of the mean crystallsize of
133.4 nm could be determined, with the correspandinsity
of dislocations corresponding to the length ofaliskion lines
per unit volume of the crystal, 5.9-70and 5.6-18° cm?
[17]. The similarly obtained values for the coupgmocessed
with basic 4-step CBP are just 25.22 nm and 1.57- &67°
despite the mirror-smooth surface.

IV. CONCLUSION

In this paper, we performed characterization ofbiim
samples processed with CBP using a coupon cavity.up
dated the results of our recent studies of thecb&step CBP
recipe. Particularly, with backscattered electrovaging, the
embedded alumina particles were precisely visudliaethe
narrowest area of the cavity, while at equator/eefia cou-
pons mainly pits left by these particles were pneseumming
up our findings, we conclude that alumina mesh #6Gih in-
appropriate polishing medium in the current CBFpecFor
the first time, a large plastically deformed lapeoduced in a
cavity interior surface during CBP was demonstratsthg

row that the Cuk fine structure of the X-ray source becomenetallographic sample preparation. The effect ef ibtation

visible in the diffraction pattern (Fig. 7, inserfjhese peaks
are to be further analyzed to determine whetheriitiaddl
phases were formed upon EP (oxides, etc.). The mwatal-
lite size determined using the Scherrer equati@} far the

speed of the barrel was demonstrated in practicgmblified
scheme for cavity preparation involving both CBRI &P is
proposed which is likely to be competitive with thre@sent in-
dustrial cavity preparation procedure.



ACKNOWLEDGMENT

The authors would like to thank X. Singer and Whdeir

for providing the high quality niobium for the cant investi-
gation. We are very grateful to our colleagues Avirski,

(1]

(2]

(3]
(4]

(5]

(6]

(7]

(8]

A. Ermakov, J. Schaffran for the enormous input fbe
startup of the current studies. We express ourkiham KEK
colleagues and especially Takayuki Saeki and Shieko
for the fabrication of the coupon cavity.

REFERENCES

L. Lilje, C. Antoine, C. Benvenuti, D. Bloess, J.€harrier, E. Chiaveri,
L. Ferreira, R. Losito, A. Matheisen, and H. Préismproved surface
treatment of the superconducting TESLA cavitiéd,iclear Instruments
and Methods in Physics Research Section A: Acdelesa
Spectrometers, Detectors and Associated Equipmeht516, no. 2, pp.
213-227, 2004.

Z. Sung, A. Dzyuba, P. Lee, D. Larbalestier, andCboley, “Evidence
of incomplete annealing at 800° C and the effet$26° C baking on
the crystal orientation and the surface supercantuqroperties of
cold-worked and chemically polished Nigtperconductor Science and
Technologyyol. 28, no. 7, pp. 075003, 2015.

H. Kobayashi, and M. Matsunaga, “Some experimentcentrifugal
barrel finishing,”Met Finish,vol. 64, no. 5, pp. 57-60, 1966.

T. Higuchi, K. Saito, S. Noguchi, M. Ono, E. Kakb, Shishido, Y.
Funahashi, H. Inoue, and T. Suzuki, "Investigationbarrel polishing
for superconducting niobium cavitiesProceedings of the 1995
Workshop on RF Superconductiyifyif-sur-Yvette, France, SRF95F34,
pp. 723-727.

T. Higuchi, and K. Saito, "Development of hydrodeze EP and

[9]

[10]

[11]

(12]

(13]

hydrogen absorption phenomenBrbceedings of the 11th Workshop on[14]

RF SuperconductivityLiibek, Germany, WEO15, pp. 572-578, 2003.
A. D. Palczewski, H. Tian, O. Trofimova, and C.Reece, “Detailed
surface analysis of incremental centrifugal bapelishing (CBP) of
single-crystal niobium samplesProceedings of SRF201Xhicago,
USA, THPOO71, pp. 908, 2011.

A. Palczewski, C. Cooper, B. Bullock, S. Joshi, Rossi, and A.
Navitski, “R&D progress in SRF surface preparatisith centrifugal
barrel polishing (CBP) for both Nb and CWRtoceedings of SRF2013,
Paris, France, TUIOBO1, pp. 395-400, 2013.

C. Cooper, and L. Cooley, “Mirror-smooth surfaced aepair of defects
in superconducting RF cavites by mechanical poigh
Superconductor Science and Technologyl, 26, no. 1, pp. 015011,
2012.

(18]

[16]

[17]

A. Palczewski, R. Geng, and H. Tian, “Optimizingn@dugal barrel
polishing for mirror finish SRF Cavity and RF TestsJefferson Lab,”
IPAC2012 New Orleans, USA, WEPPC094, pp. 2435, 2012.

A. Navitski, E. Elsen, B. Foster, A. Prudnikavadari. Tamashevich,
"Surface analyses and optimization of centrifugatél polishing of Nb
cavities," Proceedings of SRF2018Vhistler, Canada, MOPBO073, pp.
286-290, 2015.

S. Lagotzky, G. Mduller, A. Navitski, A. Prudnikavand Y. Ta-
mashevich, "Field emission investigation of centyél-barrel-polished
NB samples,'Proceedings of SRF2018Vhistler, Canada, MOPB059,
pp. 237-241, 2015.

A. Prudnikava, B. Foster, Y. Tamashevich, and An&kov, "R&D Ac-
tivities on Centrifugal Barrel Polishing of 1.3 Giobium Cavities at
DESY/University of Hamburg,"Proceedings of SRF20171.anzhou,
China, TUPB111, 2017.

B. Visentin, J. Charrier, B. Coadou, and D. Roudi®avity baking: A
cure for the high accelerator field,Qirop," Proceedings of the
1999Workshop on RF Superconductivityexico, USA, pp. 198-202,
1999.

A. Stierle, T. F. Keller, H. Noei, V. Vonk, and Roehlsberger, “DESY
NanoLab,”Journal of large-scale research facilities JLSR#®|. 2, no.
A76, 2016.

Y. TamashevichDiagnostics and treatment of 1.3 GHz Nb cavities
PhD Thesis, University of Hamburg, Germany, 2016.

P. Scherrer, "Bestimmung der inneren Struktur verdGroRe von Kol-
loidteilchen mittels RontgenstrahlerKolloidchemie Ein Lehrbughpp.
387-409: Springer, 1912.

G. Williamson, and R. Smallman, “lll. Dislocatiorimkities in some an-
nealed and cold-worked metals from measurementseiX-ray debye-
scherrer spectrum,Philosophical Magazineyol. 1, no. 1, pp. 34-46,
1956.



