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Abstract

The Crab Cavities are key components of the High Lu-
minosity Large Hadron Collider (HL-LHC) project at
CERN, whose goal is to increase the integrated luminosity
of the LHC, the world’s largest particle accelerator, by a
factor of ten. This paper explores the application of the
Forming Limit Diagram (FLD) to enhance the manufactur-
ing process of complex-shaped Nb-based crab cavities,
with a focus on the formability challenges experienced
with the pole of the RFD (Radio Frequency Dipole) Crab
Cavities. The study includes the materials characterization
of ultra-high-purity niobium (RRR300) sheets, namely me-
chanical tests and microstructural analysis; it also contains
large-deformation Finite Element simulations of the pole
deep drawing process, and the translation of the resulting
strains in a FLD, together with several suggestions on how
to improve the manufacturing process of such deep drawn
parts. The results of this study can provide valuable in-
sights for improving the design and fabrication of com-
plex-shaped superconducting RF cavities made by large-
deformation metal-sheet forming processes.

INTRODUCTION

The Crab Cavities are crucial devices to be installed in
the High-Luminosity Large Hadron Collider (HL-LHC) at
CERN, the upgraded version of the LHC. The goal of these
complex-shaped cavities (see the RFD type in Fig. 1),
which are made of 4 mm thickness sheets of ultra-high-pu-
rity niobium (RRR300), is to generate transverse electro-
magnetic fields that rotate the particle bunches longitudi-
nally, such that they effectively collide head on, overlap-
ping perfectly at the collision points (IR1 and IRS of LHC)
thus increasing the luminosity [1].

Figure 1: 3D View of bare RFD Crab Cavity. Courtesy
R. Leuxe.
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The cavities are operated at 1.9 K and are surrounded by
a cold magnetic shield and a He tank, equipped with corre-
sponding RF ancillaries, and hosted by a cryomodule con-
taining the RF lines, cold and warm magnetic shield, ther-
mal screen, cryogenic lines, tuning system, instrumentation
for alignment and monitoring, among other devices [2].

Manufacturing Crab Cavities and RFD Pole

The manufacturing of Crab Cavities consists of a multi-
technology process involving metal sheet forming (deep
drawing, bending, extrusion), electron beam welding, vac-
uum brazing, machining, and surface processing such as
Buffered Chemical Polishing (BCP).

The RFD Pole is one of the Crab Cavity sub-components
experiencing the highest levels of deformation [3, 4], also
along different strain paths, rendering it an object of study
for pushing the understanding of Nb formability limits.

In the past, multiple studies have been conducted in or-
der to understand the deep drawing of Niobium, including
characterization of mechanical properties, FE simulations
[3], friction studies [5], surface pollution studies, among
others. Recent publications [6] introduce an experimental
Forming Limit Curve (FLC) for 1 mm thickness RRR300
Nb sheets. However, the application of FE simulations in-
corporating the FLC for thicker Nb sheets (up to 4 mm
thickness) for forming processes associated with SRF have
not been studied before.

Challenges During Pole Forming

During the deep drawing of sub-components for RFD
pre-series cavities at Zanon Research & Innovation (Za-
non) -industrial partner of Fermilab within US HL-LHC
AUP collaboration- some Poles manufactured using mate-
rial from a specific batch (hereafter called Lot-2) exhibited
orange peel appearance and experienced excessive thick-
ness reduction in certain areas (minimum thickness around
2.3 mm), accompanied by the presence of wrinkles (as
shown in Fig. 2).
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Figure 2: Detail of an RFD Pole showing excessive local
thinning, orange peel and wrinkles. Courtesy Zanon and
FNAL.

Consequently, the shape accuracy of these parts could
not be guaranteed, and doubts about the material properties
were raised. The issues were solved by applying a 2-step
forming process, as described in the next paragraphs.

MATERIALS AND METHODS

Pole Forming Benchmark with Two Material
Lots

Fermilab and CERN agreed to conduct an RFD Pole
forming trial at CERN EN-MME Main Workshop. The ob-
jective of the trial was to compare the formability of two
distinct material batches of 4 mm nominal thickness. A Nb
RRR300 sheet from Lot-2 (previously showing difficulties
during forming of pre-series cavities at Zanon) was used
on one hand, together with a sheet from another lot (here-
after Lot-1) employed as reference. Both sheets were pur-
chased, in the framework of HL-LHC Crab Cavities pro-
ject, according to CERN material specification No. 3300
Ed. 4 [7] and were supplied by OTIC Ningxia. During
forming of the RFD Pole, a bronze blank is used to main-
tain the NDb sheet in position during the process. A urethane
film -placed between Nb sheet and the mold- as well as
grease (industrial tallow) are used to avoid direct metal-to-
metal contact in the RF surface and ensure a proper lubri-
cation of all parts during the process, respectively [3] (see
Fig. 3). The whole deformation process lasts typically be-
tween 60 and 120 seconds.

Figure 3: Schema of the initial configuration of the Pole
forming and its constituent elements.

Forming trials were performed keeping the same process
parameters: press machine, tools, molds, punch speed and
operator; the only significant difference between the two
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tests being the material lot employed. Figure 4 shows good
formability for the Pole made with Lot-1 material; in con-
trast, the Pole formed with Lot-2 showed a crack at the ra-
dius between the short lateral face and the horizontal face
(presumably starting at one corner), and significant wrin-
kles in the base.

Figure 4: Deep drawing comparison with two material lots.
Lot-2 shows a big crack on the upper part of the Pole (cor-
ner) as well as wrinkles in the base.

Use of the Forming Limit Diagram (FLD) for
SRF Cavities

The Forming Limit Diagram (FLD) is a failure model
applied to sheet-like materials; it is used to predict the fea-
sibility of a forming process showing linear (monotonically
increasing) strain paths [8].
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Figure 5: Schematic Forming Limit Curve (FLC) indicat-
ing different strain paths for an isotropic material.

A FLD is represented with € (major true strain) in the
vertical axis) and & (minor true strain) in the horizontal
axis; it typically contains the FLC (see Fig. 5) which estab-
lishes the onset of necking (start of inhomogeneous plastic
deformation), and it can also contain the Forming Fracture
Limit (FFL) which determines the ultimate failure strain
threshold for a given material.

In this paper, a simplified approach, using Storen-Rice
and Swift-Hill models, as presented in [8-11] are employed
to estimate the FLC from a material property obtained by
uni-axial tensile tests, namely the strain hardening coeffi-
cient n (considering a power law stress-strain curve). Such
approach is used typically for isotropic materials and rep-
resents a preliminary way to estimate the forming limit
curve and, in the present case, presumably explain the dif-
ferences in formability between Lot-1 and Lot-2.
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The authors belief that the utilization of finite element
(FE) simulations, coupled with a tailored failure criteria for
membrane-like materials, such as the Forming Limit Dia-
gram, can significantly contribute to comprehending and
enhancing the formability of SRF cavities (either made of
bulk niobium or copper).

Materials Testing

The metallographic preparation for Electron Backscatter
Diffraction (EBSD) consisted in grinding with SiC paper
up to P2400 and intermediate etching with a mixture of
commercial acids HF:HCI:HNOj in the proportion 1:2:3,
and final polishing step with colloidal silica (for about
10 min). For the EBSD analysis, performed with a field
emission scanning electron microscope (FE-SEM Sigma
by Zeiss) and an EBSD Nordlys detector by Oxford Instru-
ments; 20 kV, a tilt angle of 70° and an aperture of 120 pm
were used; 5 um step size was employed in order to obtain
multiple data points per grain.

Tensile tests were performed with a universal testing ma-
chine Zwick&Roell-250 equipped with hydraulic grips and
a video-extensometer. Specimen geometry was according
to ASTM ES8 subsize (i.e. b=6 mm, t=4 mm, L0=25 mm,
Lc=32 mm); the strain rate employed was within the limits
defined in ASTM B393 [12]: 0.007 min™! (1x10*s™") up to
the yield strength and 0.05 min™! (8.3x10* s™!) up to failure,
with a smooth transition between both.

Finite Element Simulations

Finite Element Simulations of the RFD Pole deep draw-
ing were performed using LS-Dyna software. This prelim-
inary analysis assumed isotropic material properties for Nb
sheet, using *MAT-PIECEWISE-LINEAR-PLASTICITY
material model, which allows to input an experimental
stress-strain curve and incorporates isotropic hardening by
default. A representative curve for Lot-1 and Lot-2, respec-
tively, were employed for obtaining the results displayed in
the following sections. Different coefficients of friction
(CoF) were employed for comparison (0.03 and 0.18)
which are based on representative values found in previous
tribological experiments [4]. A double symmetry was em-
ployed (thus results for one quarter of the Pole are pre-
sented). The surfaces in contact with Nb during forming
(i.e. mold, punch and bronze blank) were also included in
the simulations.

Fully integrated shell elements (ELFORM _16) were
used, with mesh element size ~3 mm. For each element, the
corresponding €;-¢; pair (in the mid-thickness) was plotted
in the FLD, thus obtaining a cloud of points for the quarter
of the Pole at the end of the process. It is to be noted that
with the above-mentioned conditions, the €;-&; pairs were
increasing linearly and monotonically for different repre-
sentative regions of the Pole, therefore the use of FLD is
considered appropriate for the present case.
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RESULTS AND DISCUSSION

Initial Sheets Material Properties

The material supplier claimed that both Lot-1 and Lot-2
had followed multiple cross-directional rolling steps (how-
ever, the exact traceability of the rolling steps, its orienta-
tion and thickness reduction per rolling pass is unknown).
Therefore, in this work, the rolling direction (RD) has been
adopted by convention as the longest direction of the
sheets. The supplier also claimed that the total area reduc-
tion for both sheets was similar, as well as the annealing
heat treatments. Also, a final single-direction levelling step
was reported. Some initial sheet parameters are displayed
in Table 1.

Table 1: Initial parameters. Ra values measured at least in
3 random locations (in both RD and TD, and both sheet
surfaces). Sheet thickness from specimens cut at random
positions. RRR values from the material certificate type 3.1
(EN 10204).

Initial Initial Initial RRR
Sheet size surface sheet [-]
[mm] roughness  thickness
(Ra) [um] [mm]
Lot-1 308 -
700x1000x4  0.75+0.15 3.96 +0.01 433
Lot-2
600x1200x4  0.63+£0.13 3.97+0.03 332

Microstructure, Texture, and Hardness Profiles

Inverse Pole Figure (IPF) maps from Y direction (Nor-
mal Direction, ND), are presented in Fig. 6 for a repre-
sentative sample of both lots studied; the surface presented
is in the X (RD) -Y (ND) plane.

IPF Map || Y
Niobium
Step size: 5 um

Y (Short Transverse or Normal Direction)

1—> X (Rolling Direction)

Figure 6: Full thickness IPF Maps || ND (or Y) for Lot-1
(left) and Lot-2 (right) 4 mm sheets in as-received (an-
nealed) condition.
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Additionally, the corresponding IPF plots in three or-
thogonal directions are shown in Fig. 7.
Lot-1 (forming OK)

[| ND
)

4.64

*x ||TD |
Ea) :

Lot-2 (forming NOK)

|| RD [| ND
X) (Y)

|| RD
X)

3.88

+ |ITD |
E(Z) 1

Figure 7. Inverse Pole Figures (IPF) along X (RD), Y (ND)
and Z (TD) for samples displayed in Fig. 6. Color-scale in-
dicates texture intensity.

In the IPF plots, Lot-1 shows a rather random crystal ori-
entation || RD and || TD, and a stronger (001) texture || ND.
Lot-2 shows a significant texture intensity of type (001) in
all directions, as well as a clear banded texture through
thickness (|| ND): (001) band on the top surface + (111)
band at mid-thickness + (001) band on the bottom surface.
In the literature, texture inhomogeneity through the thick-
ness of Nb sheets of 2 mm thickness was also reported, alt-
hough (111) texture was predominant [13, 14].

The grain size, obtained after EBSD measurements, is

summarized in Table 2.
Table 2: Grain size results (threshold angle = 10°) obtained
by EBSD for cross sections parallel to the RD-ND plane
(0°) and TD-ND plane (90°).
Equivalent Mean Std. Dev. Max.
grain size [pm] [pm] [pm]
Lot-1_0° 41 22 232
Lot-1_90° 39 18 174
Lot-2_0° 45 23 222
Lot-2_90° 44 21 286

Hardness profile along thickness

60
555
>
T 50
173
73

245 \\/\I
S 40
< --LOT-1
% ~LOT-2
30
0 0.4 0.8 1.2 16 2 24 28 3.2 3.6 4

Position along thickness [mm]

Figure 8: Hardness (HVO0.1 kg) profiles along sheet thick-
ness. Done according to ISO 6507-1.

Lot-1 has, in average, a slightly reduced grain size (in
the EBSD Map shows smaller and equi-axed grain size to-
wards the surface and larger and elongated in the mid-
thickness) with respect to Lot-2 (which has larger size
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grains towards the surface with respect to Lot-1). The over-
all largest grains are also found in Lot-2. A hardness profile
along the sheet thickness is presented in Fig. 8. For Lot-2,
a “V-shape” is present, suggesting that the levelling step
was more pronounced, in comparison to Lot-1.

The microstructural differences (grain size distribution
along thickness), together with inhomogeneous texture
(different texture bands through thickness), are presumably
linked to varying anisotropy values for both sheets and
thus, might produce different macroscopic behavior during
forming. This topic has been extensively investigated by
[13, 15] and is subject of interest for future research on the
present material lots.

Tensile Tests

Tensile tests results for Lot-1 and Lot-2 at 0 and 90° are
shown in Table 3 and Table 4, respectively, and the corre-
sponding true stress-strain curves are displayed in Fig. 9.
Some significant differences between the two lots are the
strain hardening coefficient n (0.35-0.38 for Lot-1 vs. 0.28-
0.30 for Lot-2) as well as the Rp0.2/Rm ratio (0.31-0.33
for Lot-1 vs. 0.42-0.50 for Lot-2); these results being in
line with [14].

Elongation at Break is, counterintuitively, higher for
Lot-2, although this parameter presents typically a signifi-
cant variability due to the specific size and location of the
necking with respect to the specimens’ gauge length.

Table 3: Tensile test results for Lot-1; 2x specimens cut
along the RD (0°) and 2x in the TD (90°).

Specimen Rpo.2 Rm Ag A25mm no.02- Rpo2/Rm
[MPa] [MPa] [%] [%] 0.20 [-] [-1
Lotl_0°-1 53.0 161.6  30.9 52.6 0.38 0.33
Lot1_0°-2 49.5 1594  33.0 62.3 0.38 0.31
Lot1_90°-1 51.4 167.7 313 59.2 0.37 0.31
Lotl _90°-2 53.6 166.6  27.9 55.1 0.35 0.32

Table 4: Tensile test results for Lot-2; 2x specimens cut
along the RD (0°) and 2x in the TD (90°).

Specimen Rp2 Rm oAg észm no.oz- Rpo.2/Rm
[MPa] [MPa] [%] [%] 0.20 [-] [-]
Lot2_0°-1 68.7 1645 324 64.9 0.30 0.42
Lot2_0°-2 69.1 160.0 323 69.7 0.29 0.43
Lot2_90°-1 74.0 163.0 295 61.6 0.28 0.45
Lot2_90°-2 80.9 162.8 299 59.9 0.28 0.50

It must be noted that the Rp0.2 of Lot-1 falls below the
specified limit of 65 MPa mentioned in the CERN material
specification [7] but Lot-2, which showed poor formability,
is compliant with the above-mentioned specification.

SRF Technology

Cavity design/fabrication/preparation/tuning



21" Int. Conf. RF Supercond.
ISBN: 978-3-95450-234-9

250

200

——Lot-1_0deg-1

——Lot-1_0deg-2
————— Lot-1_90deg-1
\| N — Lot-1_90deg-2
——Lot-2_0deg-1

True stress [MPa]

Lot-2_0deg-2
----- Lot-2_90deg-1
Lot-2_90deg-2

0 0.1 0.2 0.3 0.4 0.5 0.6
True Strain [mm/mm]

Figure 9: Comparison of true stress-strain curves for Lot-1
(green) and Lot-2 (blue) specimens. Both lots exhibit a
similar trend, with Lot-1 displaying a lower Rp0.2.

FE Simulations Considering Isotropic Material
Properties
The results of the FE simulations showing €;-¢; pairs for

each element of the Pole (cloud of blue points), together
with the estimation of the FLC are presented in Fig. 10.

Lot1-0OK
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— Swift-Hill n=0.38
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Figure 10: Comparison of Pole forming (pairs of €;-&, for
each element) placed in a FLD for Lot-1 (Top) with Lot-2
(Bottom), considering a CoF=0.18. Theoretical FLC
curves were build using strain hardening index, n, with
Storen-Rice and Swift-Hill models, respectively.

In both cases the clouds of points present the same trend:
most elements fall in strain paths between pure shear and
compression (safe zone of the FLD), however, there is a
critical zone that is submitted to plane-strain and biaxial
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strain paths (gl~ 0.3; €2 ~0 to - 0.05). This critical zone
coincides with the corners of the Pole where the cracks ap-
peared, see Fig. 4. Due to the difference in strain hardening
coefficient, n, the cloud of points for Lot-1 is not reaching
the FLCs, whereas for Lot-2 few points are crossing the
FLCs, indicating a potential failure.

CONSIDERATIONS FOR OMPTIMIZING
THE FORMING OF SRF CAVITIES

Effect of Friction in the FLD

The influence of the coefficient of friction (CoF) on the
process feasibility was simulated (Figure 11).

0.6 Traditional FLD Middle

0.5

0.4 +

0.3

0.2 1

Major True Strain

0.1 1+

COF increased to 0.2
between mold and sheet
after 2/3 of process

-0.6 -0.4 -0.2 o

Minor True Strain

Figure 11: Pole forming with Lot-2 material; effect of in-
creasing the Coefficient of Friction (CoF) represented in
the FLD.

CoF between Nb sheet and the mold was increased from
0.03 to 0.2 at two-thirds (2/3) of the process (replicating an
eventual breakage of the urethane film or a sudden reduc-
tion of the lubrication). As expected, this parameter is
found to have a high impact on the formability. The maxi-
mum ¢; at the critical zones -plane-strain and biaxial- is
significantly increased (by a 50%).

2-Step Forming: Effect of Trimming Before
Reaching Final Shape

Zanon adopted a 2-step forming process (see Fig. 12)
consisting of: forming and stopping before reaching the fi-
nal shape (at ~10 mm before the punch reaches the maxi-
mum displacement), trimming the upper leftovers, re-
greasing all the parts and complete the forming until the
final shape.

1st forming Trimming

2nd forming

Figure 12: Schema of the 2-step forming process.

Therefore, the strategy proposed has a double potential
benefit: not only re-lubricating the parts (beneficial as
shown in the previous section), but also performing trim-
ming to improve the material flowability.
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Figure 13: 2-step forming slightly reduces the value of
strain in the conflictive region. CoF was kept constant.

The simulations, although preliminary, indicate a slight
improvement thanks to the trimming itself (see Fig. 13). It
is believed that a more complete material model (including
anisotropy and strain rate sensitivity effects) might help
better understanding this process and is subject of ongoing
and future research by the authors.

CONCLUSIONS AND FUTURE WORK

In this work, an exhaustive comparison of two material
lots —that present significant different formability behav-
ior- was performed, including microstructure and texture
analysis along with mechanical properties (hardness pro-
files, tensile tests). Additionally, Finite Element Simulation
results compared against estimated theoretical FLC curves
were presented.

After assessing the discrepancies in material properties
and the preliminary FE simulation results, the differences
in formability between Lot-1 (good formability) and Lot-2
(poor formability) can arise from the combination of the
following aspects:

e Difference in mechanical properties (stress-strain
curves), namely the strain hardening index, n, and the
Rp0.2/Rm ratio.

e Hardness profiles show that Lot-2 has presumably
seen a more pronounced levelling step.

e In terms of microstructure, the mean grain size is
slightly smaller for Lot-1, especially towards the sur-
face. On the other hand, it has a more random crystal
orientation viewed from RD and TD, a (001) peak in-
tensity is only observed from ND. Lot-2 presents a tex-
ture of grains oriented preferentially in (001) from all
directions, as well as a banded structure parallel to the
surface, when observed along ND, and slightly larger
grains towards the surface.

e From the FE simulations it is noted that the coefficient
of friction has a strong effect in shifting vertically (i.e.
increase €1) the cloud of points corresponding to ele-
ments submitted to plane-strain and biaxial condition.
Different phenomena could play a role in varying the
CoF during the forming process: local thickness vari-

SRF2023, Grand Rapids, MI, USA
ISSN: 2673-5504

JACoW Publishing
doi:10.18429/JACol-SRF2023-WEIXAO3

resulting reduced gap with the mold will lead to in-
creased friction), the type and quantity of grease used,
the initial surface roughness, etc.

About the strategy used to improve formability:

e  The effect of 2-step forming, employed to improve the
formability of real parts, has presumably a double ben-
eficial effect: reduce the CoF of the top leftovers in
contact with the bronze sheet (improving material
flowability), and reduce CoF due to the re-greasing of
all parts before completing the forming process.

The use of FE simulations together with the FLD has
proven to show useful complementary information with re-
spect to ‘conventional’ FE simulation results (which usu-
ally display the effective plastic strain and thickness varia-
tion).

Nb is known to be a relatively high strain rate sensitive
material, and typically shows significant anisotropic be-
havior (relationship between microstructure and anisotropy
for pure Nb has been extensively investigated by [15]). To
achieve a more precise and comprehensive material model
that incorporates these characteristics in the finite element
(FE) simulations, the authors are currently conducting ten-
sile tests with Digital Image Correlation (DIC) at higher
strain rates. These tests include measurements at 0, 45, and
90° angles relative to the rolling direction to determine the
corresponding anisotropy r-values (Lankford coefficients).
Additionally, experimental determination of the FLC for
both lots is envisaged to complete and fully validate this
study.
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