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Abstract

Optimization of SRF cavities mainly focuses on pushing
< the limits of bulk Niobium, cost reduction of cavity fabrica-
= tion and development of new SRF materials for future accel-
£ erators (ILC, FCC). Nowadays chemical etching is the only
-g surface treatment used to prepare SRF surface made of Nb.
§ However the operational cost of chemical facilities is high
'S and these present a very bad ecological footprint. The search
3 of an alternative technique could make the construction of
i these future large scale facilities possible. Metallographic
£ polishing (MP) is a candidate not only for bulk Nb treatment,
—% but could also provide the mirror-finished substrate for al-
B ternative SRF thin films deposition. Recent R&D studies,
5 conducted at IPNO & IRFU, focused on the development
G of 2-steps MP procedure of Nb flat samples. Roughness
& of polished surface has been proven better than standard
3 EP/BCP treatment and less polluted than CBP. MP provides
2 on flat surfaces a high removal rate (above 1 ym/min) and
S > high reproducibility. The paper will describe the optimized
& method and present all the surface analysis performed. The
5 first RF characterization of a polished disk will be presented.
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INTRODUCTION

Standard production processes of SRF cavities (rolling
= of Nb ingots, forming of half-cells and electron beam weld-
« ing) cause the appearance of damaged layer of the order of
>* 100-200 um into the inner surface of the material [1]. Dam-
U aged layer has to be removed in order to recover optimum
o superconducting properties and avoid limited performances.
!46 Moreover high electro-magnetic fields (up to 50 MV/m and
2 200 mT) penetrate typically through a thin layer of Nio-
a.) bium inducing a high current density (up to 10'> A/m?)
2 decaying exponentially over several hundreds of nanome-
é tres into Nb bulk [2]. Due to the reasons mentioned above,
£ good superconducting properties of the material have to
3 be preserved not just on the surface layer, but also over a
§ few hundreds of nanometers. The standard Nb preparation
2 for SRF applications are either buffered chemical polishing
g (BCP) electropolishing (EP), or centrifugal barrel polishing
s_ (CBP) in combination with light chemistry (10-20 ym of
3 EP) [3,4]. In standard pathway of cavities production the
surface polishing is applied on the closed geometry after
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forming. However in order to find an alternative to the heavy
chemistry and to possibly reduce the cost of cavity fabri-
cation, mechanical polishing may be applied on flat sheets
before forming steps. It has been shown that the observed
damaged layer after forming is significantly thinner (~ 10
pm) than after rolling step of Nb sheets and would only
require a flash BCP or EP [1].

Metallographic polishing (MP) is a sub-type of mechan-
ical polishing (for example as CBP) used for metal, wafer,
optical lenses and others material preparation [5]. C. Z. An-
toine initiated the investigations of metallographic polishing
for SRF purposes [6]. This article will describe the advances
done at IPNO and CEA on this specific topic.

METALLOGRAPHIC POLISHING
REQUIREMENTS FOR SRF

So as to ensure optimal superconducting properties and
also to be competitive to standard polishing processes for
SREF the following requirements have been defined:

* Remove polluted and damaged layer induced by Nb
sheets fabrication (lamination of niobium ingots and
rolling of sheets).

* Preserve superconducting properties of material over
few hundreds of nanometers.

* Limit the number of steps to 2 or 3 (instead of 5-6 steps
in metallographic polishing) to allow industrialization
of process and to be competitive compared to standard
techniques of the treatment (BCP - 5 hours, EP - 8
hours and CBP - weeks).

EXPERIMENT

Experimental Set-up and Specimen Preparation

Metallographic polishing has been performed on a ma-
chine MasterLAM 1.0, see Fig. 1, manufactured by a French
company LAM PLAN [7]. Polishing disks may be charged
with various type of abrasives (diamonds, silica carbide,
aluminium oxide and etc.) with different size (from 100s
microns down to nanometers scales. Abrasives could be em-
bedded in the polishing disk or added as a liquid suspension
between the disk and the specimen.

In both cases material removal is due to the combined
actions of normal and tangential applied forces. The normal
force defines the depth of abrasives penetration into the bulk
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Figure 1: Metallographic polishing (MP) device (LAM
PLAN company).

Nb and is controlled by a pneumatic adjuster on the centre
of sample holder. The tangential force creates a cutting
effect and results in the material removal. The efficiency
of material removal (removal rate) depends on: hardness of
used abrasives, carrier of the abrasives (metal, resin or cloth),
applied pressure, rotational speeds of holder and polishing
disk.

The rotational speeds of the sample holder and the pol-
ishing disk were 150 and 300 rotations per minute (RPM).
Working pressure is typically set to 305 g/cm? correspond-
ing to a pressure of 30 kPa for 3 samples (10 x 40 mm). The
polishing procedure was optimized on small flat specimens
(10 mm x 40 mm) and than the recipe has been transferred
to Nb disks of diameters of 50 and 126 mm.

In order to remove the influence of the specimen prepara-
tion history all specimens before MP were etched by BCP
mixture to 1:1:2.4 (HF:HNO3:H3POy) to remove about of
200 um of the surface layer. Fig. 2 shows topography of
Nb surface after BCP treatment with S, = 1 + 0.25um and
S, =164 +£2.75um.

wmSa=1+025um
w Sz=16.4+2.75um

0. Opm
0. Opm

Figure 2: 3D reconstruction of Nb surface state after BCP
treatment.

Two Steps Polishing Recipe

So as to be competitive the number of polishing steps
has been significantly and successfully decreased down to 2
steps.
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First step, called the abrasion step, has to planarize the
surface and remove the polluted and the damaged layer cre-
ated due to the rolling process. A compromise has to be
done in order to have at the same time a high removal rate
(um/min), low surface roughness, low damaged and pol-
luted layer. Abrasion step requires to remove few hundreds
microns of the material. Second step (may consists from ad-
ditional sub-step), named the polishing step, has to remove
damages and depollute (embedded abrasives) the surface
after abrasion step and achieve surface average roughness
Sa < 0.1 ym.

Step 1. A suspension of polycrystalline diamonds of 3
microns in grain size in combination with rigid composite
disk have been chosen for abrasion step. Approximately 100
pm layer has been removed within 90 minutes in order to
simulate the removing of the damaged layer. Removal rate
corresponds to 1.1 um/min (constant during abrasion step)
to be compared to BCP - 1 ym/min, EP - 0.5 ym/min and
CBP - some um/hour.

Step 2. Polishing step has been performed by a special
solution composed of 50 nm grain sized particles of col-
loidal silica (SiO,, pH = 9) diluted in the deionized water
(20 %), carried on microporous polyurethane cloth. In this
case, polishing of Nb material happens due to the combined
action of the mechanical and the chemical action (chemical-
mechanical polishing (CMP)). Removal rate of material cor-
responds to 0.01 um/min (constant during polishing step),
however this parameter could be increased with increased
concentration of colloidal silica in solution.

As shown in Fig. 3, mirror finished surfaces have been
obtained for all Nb samples by using 2 steps polishing recipe.

g\
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Figure 3: Raw Nb specimens before metallographic polish-
ing (a-rectangle sample, c-disk of 50 mm diameter, e-disk
of 126 mm diameter). Mirror finished specimens after 2
steps polishing recipe (b-rectangle sample, d-disk of 50 mm
diameter, f-disk of 126 mm diameter).
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SURFACE ANALYSIS

% Roughness Characterization

, publisher, and D

The surface roughness has been measured by the laser
+ confocal microscope (Keyence VKX-200). To reduce im-
& pact of local defects and to ensure sufficient statistics a set
£ of 10 measurements at different positions of each sample
E have been performed. The average roughness (S,) and the
= maximal height difference (highest peak and deepest valley)
=~ S, are measured. S, is an important local parameter giving
g in our case the deepest scratch caused by the abrasion step
5 and thus, the minimal thickness to be removed by polishing
o step.

Figure 4 depicts the evolution of the average surface
roughness after each abrasion and polishing step. The abra-
sion step (first 90 minutes in Fig. 4) removes the polycrys-
talline structure created by BCP, planarizes the surface, cre-
ates amorphous structure that will increase the efficiency of
the following polishing step. Unfortunately this step leaves
embedded particles all over the surface.
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Figure 4: Evolution of the average surface roughness as a
function of time.
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The best average surface roughness is achieved after 1
& hour of abrasion and remains constant if processed for a
2 longer time. Average surface roughness has been saturated
% after 1 hour of abrasion. Fig. 5 shows final topography of
£ Nb surface after the abrasion step with S, = 68 + 11 nm and
88, =327+ 1.09 um.

The polishing step reduces the roughness down to 30 nm
after 20 minutes, but tends to reveal some roughness of the
surface with time due to reappearance of grains because of
the combined chemical-mechanical (CMP) action. However
polishing step can’t be stopped because of embedded abra-
sives remaining in the material. For this reason polishing
step has to be extended at least up to 200 minutes. Fig. 6
shows the final topography of Nb surface after 200 minutes
& polishing step with §; = 100 + 50 nm and S, = 2.58 + 0.426
pm. As seen in Figure 7, all surface damages and embedded
abrasives are removed.

The control of surface roughness is important, however,
5 not sufficient as chemical composition and microstructure
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Figure 5: 3D reconstruction of Nb surface state after abra-
sion step of MP.
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Figure 6: 3D reconstruction of Nb surface state after polish-
ing step of MP.

of the surface layer are required to be comparable with SRF
standards.

Figure 7: DIC images of Nb surface state during MP polish-
ing in different periods of time. Note: figure shows also the
de-pollution effect, grain formation and grain growing with
time.
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Damaged Layer Characterization

In order to characterize the damaged layer created by MP
procedure, investigations of the polished specimens have
been performed with two methods: multi-step BCP followed
with optical analysis and electron backscattered diffraction
(EBSD) on SEM microscope.

Etching process during the BCP treatment tends to re-
veal not only the grain structure, but also subgrain damages
caused by mechanical processes. In order to estimate the
depth of affected layer (high density of dislocations), the sur-
face has been observed after multiple BCP etching of 5 um
(confocal imaging in DIC mode). Sub-grain structures are
visible and presented in Fig. 8. Sub-grain patterns present
in the affected layer, disappear approximately after 85 um
of BCP.

=
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Figure 8: Etching figures of Nb surface after abrasion step.

Evaluation of affected layer has been done thanks to an-
other method. This one involves EBSD analysis performed
on the cross-section of the sample. In that sense this requires
some additional surface preparation (cutting, mounting in
resin and cross-section polishing). Figure 9 shows kernel
average misorientation (KAM) and inverse pole figures (IPF)
of polished face after 2 steps polishing procedure (right) as
described before and secondly cross-section after abrasion
step (left).

As EBSD analysis is typically sensitive to the first hundred
of nanometeres under the surface, we can conclude that 2
steps polishing procedure is causing very limited residual
crystal damages. Indeed this IPF image (right) is showing
crystallized surface comparable to bulk unaltered crystal.
On the other side, the cross-section analysis tends to show
some surface damages (higher dislocation density at the edge
of sample). However, these damages have been more likely
created during the preparation of the cross-section (cutting
procedure) rather than from 2 step polishing procedure of
the face. Additional analysis will be carried out to confirm
this statement.
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Cross-section after abrasion step
(CMP 45 min)

Surface layer

Figure 9: Kernel Average Misorientation (KAM) and Inverse
Pole Figures (IPF) of cross-section after abrasion step (left,
CMP 45 minutes) and polished face after 2 steps polishing
(right, CMP 90 minutes).

RF Characterization

RF measurements have been done at SLAC (Stanford
Linear Accelerator Center) in a hemispherical cavity which
operates in pulse mode at high frequency (11.4 GHz) and at
cryogenic temperatures between 12 K and 3.8 K [8]. The test
bench gives the possibility to mount flat disks with diameter
of 50.8 £ 0.3 mm. Two samples were prepared at IPNO,
one with 2 steps CMP polishing recipe and the other with

standard BCP used as a reference (samples with thicknesses .

of 3 +0.1 mm).

The quality factors of both samples (CMP and BCP) are
shown in Fig. 10. At 9.2 K both samples show a sharp
increase of quality factor as a consequence of the transition
of Nb material from normal to the superconducting state.
However, a lower quality factor is observed below 4 K after
CMP process, indicating the presence of surface pollution
or damages.

Fig. 11 shows the behaviour of extracted surface resis-
tance versus T, /T ratio. Measured surface resistance con-
sists of the sum of the BCS surface resistance (ideal Nb) and
the residual resistance (presence of the impurities in Nb). As
shown in Fig. 11, the BCS model predicts that the surface
resistance should be well below measured values (at 4 K and
at frequency 11.4 GHz the BCS resistance would be typically
of the order of 80 u€2). However the tested samples, even the
BCP treated Nb shows a very early saturation of the surface
resistance caused by a very high residual resistance (2 mQ).
These early stabilizations of the surface resistance for both
samples may be the sign of the Q-disease (as samples were

THP002
833

©= Content from this work may be used under the terms of the CC BY 3.0 licence (© 2019). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOIL.



19th Int. Conf. on RF Superconductivity
5 ISBN: 978-3-95450-211-0

° ® 0o,
106 e '000...
I | I | .-...... L]
| ] L]
e
"w
[
n
(=] L]
<2 n
]
L] [ ]
. oo
T meo N :..‘.. *° .
10° |- {—e— BCP Nb = e womEg
—=— CMP Nb = L]
3 4 5 6 7 8 9 10 11 12
T, K]

Figure 10: The quality factors of the BCP (blue curve) and
the CMP (red curve) polished disks as a function of temper-
ature.

not degassed in a furnace before RF test) or the existence of
anomalous dissipation (RF contacts, lossy contacts...).
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Figure 11: The surface resistance of the BCP and CMP
samples versus T, /T.

CONCLUSION

A two-steps polishing procedure was successfully devel-
oped at IPNO and applied on RF disk. Optical characteri-
zations have been performed showing a non-polluted and
non-damaged surface. Not only the quality of the surface
is important, but also the material quality underneath over
a depth of several hundreds of nanometers. Hence, optical
quality is necessary but not sufficient. Thus, the ultimate
surface characterization testifying of the quality of this pol-
ishing procedure is the RF test at cryogenic temperature.
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This test performed at SLAC showed very promising results.
Unfortunately, because of technical limitations inducing a
very early saturation of the surface resistance, the decay of
superconducting BCS resistance with 7, /T ratio couldn’t be
measured properly. A way to mitigate these “high frequency”
limitations would be to test a sample at a lower frequency, as
on IPNO test bench as soon as this one would be available
(the sample disk is ready to be tested).
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