CERN-ACC-2019-0050

@ 24/06/2019

CE/RW iLumi Y
\
X/7_/ HL-LHC PHD:JECT

CERN-ACC-2019-0050

adria.gallifa@cern.ch

Assessment of the Mechanical Properties of

Ultra-High Purity Niobium after Cold Work

and Heat Treatment with the HL-LHC Crab
Cavities as Benchmark

A. Gallifa Terricabras, A. Amorim Carvalho, I. Aviles Santillana, S. Barriére, R. Calaga,

E. Cano-Pleite, O. Capatina, M.D. Crouvizier, L. Dassa, M.S. Meyer, N. Valverde Alonso
CERN, Geneva, Switzerland

M. Benke, A. Hlavacs, G.J. Krallics, V. Mertinger, A.B. Palotas, M. Sepsi, G. Szabo, M. Sziics
Faculty of Materials Science and Engineering, University of Miskolc, Miskolc, Hungary

Keywords: LHC, HL-LHC, Radiofrequency, crab cavities, SRF, mechanical properties, tensile test,
cross rolling, deep drawing, niobium, Nb RRR300, cold work, 4 mm sheet, effective plastic strain,
heat treatment, recrystallization, annealing, thickness reduction, pressure vessel, hardness,
microstructure, 650 °C

Abstract

The High Luminosity Large Hadron Collider (HL-LHC) is the upgrade of the world’s largest particle
collider; it will allow the full exploitation of the LHC potential and its operation beyond 2025. An
essential part of the HL-LHC project are the Crab Cavities, that are particle de-flecting SRF cavities of
non-axisymmetric shape made of bulk ultra-high purity Nb. Since the cavities are produced by
complex metal sheet forming processes, followed by a heat treatment (HT) for H outgassing (650 °C,
24 h), there is uncertainty on their mechanical properties after manu-facturing and in service
conditions (2 K). Mechanical tests at room temperature have been conducted on RRR300 pure Nb
samples. The samples were previously submitted, by cold cross-rolling, to different levels of plastic
deformation representative of the effective plastic strain seen by the Nb sheets during forming
operations. Moreover, a comparison of the mechanical properties of cold cross-rolled samples before
and after HT has been established. Results of evolution of the microstructure and hardness are also
presented. This study can be of interest for Nb cavities to be submitted to HT at 650 °C, and may help
to push the design of novel SRF cavities.
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Abstract

The High Luminosity Large Hadron Collider (HL-LHC)
is the upgrade of the world’s largest particle collider; it will
allow the full exploitation of the LHC potential and its op-
eration beyond 2025. An essential part of the HL-LHC pro-
ject are the Crab Cavities, that are particle deflecting SRF
cavities of non-axisymmetric shape made of bulk ultra-
high purity Nb. Since the cavities are produced by complex
metal sheet forming processes, followed by a heat treat-
ment (HT) for H outgassing (650 °C, 24 h), there is uncer-
tainty on their mechanical properties after manufacturing
and in service conditions (2 K). Mechanical tests at room
temperature have been conducted on RRR300 pure Nb
samples. The samples were previously submitted, by cold
cross-rolling, to different levels of plastic deformation rep-
resentative of the effective plastic strain seen by the Nb
sheets during forming operations. Moreover, a comparison
of the mechanical properties of cold cross-rolled samples
before and after HT has been established. Results of evo-
Iution of the microstructure and hardness are also pre-
sented. This study can be of interest for Nb cavities to be
submitted to HT at 650 °C, and may help to push the design
of novel SRF cavities.

INTRODUCTION

The Crab Cavities (CC) for HL-LHC project, which op-
erate at 2 K, are highly non-axisymmetric 400 MHz SRF
cavities made of ultra-high purity superconducting grade
niobium. Their aim is to produce a transverse kick to cross-
ing proton bunches which results in a transverse displace-
ment at the interaction point of the head and the tail of each
of the bunches, so as to provide head-on collisions [1][2].
In order to increase the CC quality factor (Qy-value) during
operation, they are submitted to a thermal treatment for
outgassing the hydrogen absorbed, presumably, during the
manufacturing and surface cleaning processes [3]. The
cavities operate at ultra-high vacuum and are immersed in
liquid helium. Thus, the cavities are considered as pressure
vessel equipment and shall be structurally assessed accord-
ing to the corresponding standards to withstand a service
pressure of 2.1 bar.

It is known that the recrystallization temperature of pure
Nb is around 800°C to 1200°C, this range being highly de-
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pendent on the purity, amount of cold work, and prior ther-
momechanical history of the material. Generally, higher
material purity and increased cold work will promote lower
recrystallization temperatures [4]. Most of the suppliers
perform the annealing of Nb, during the last stages of the
manufacturing process, at temperatures around 800°C for
typically one or two hours.

Given that the main components of the HL-LHC CC are
plastically deformed due to deep drawing operations and
that the niobium employed for their manufacturing is of ul-
tra-high purity, a comprehensive study in order to clarify
the impact of the heat treatment at 650°C on the mechani-
cal properties has been performed.

In some accelerators employing SRF cavities made of
pure Nb submitted to a heat treatment at 800 °C, the mate-
rial properties used for the structural assessment corre-
spond typically to the properties of a fully annealed
RRR300 niobium; in this case the yield strength is around
40 MPa [5]. In order to perform an accurate mechanical as-
sessment of the CC, particularly in the most critical sce-
nario (i.e. when there is the maximum differential pressure
at room temperature) the mechanical properties of the cav-
ities following the final heat treatment are of interest.

The aim of the present study is to evaluate the mechani-
cal properties of RRR300 Nb submitted to different levels
of cold work after a heat treatment (HT) at 650°C during
24 hours.

EXPERIMENTAL PROCEDURE

One Nb sheet of 4 mm nominal thickness supplied by
Ningxia Orient Tantalum Industry Co. Ltd, (OTIC) and
used for the HL-LHC Double Quarter Wave (DQW) Crab
Cavity pre-series, was employed. The measured RRR (de-
fined as R(300 K)/R(4.2 K)) for the studied sheet is ~310.
The chemical composition reported into the material cer-
tificate is presented in Table 1.

Table 1: Chemical analysis of a RRR300 Nb sheet belong-
ing to the same ingot, batch, and heat number than the
tested sheet (in ppm weight).

Ta Zr Fe Si \%% Ni Mo

300 5 5 10 <5 <5 <5
Hf Ti Cr+Co H N (0) C
10 <5 <10 1 8 7 10




In the as-received condition, the sheets feature a fully
annealed microstructure and an average ASTM E112 [6]
grain size number of 6 (~45 um average diameter). Based
on the information available, the sheets have undergone a
light levelling operation after the last annealing treatment.

A portion of one sheet was sectioned by water jet cutting
to obtain ten smaller sheets (hereafter referred as sub-
sheets) of 120mm x 120 mm x 4 mm. The sectioned sub-
sheets were cross-rolled in two orthogonal directions, cor-
responding to the rolling and transverse directions of the
initial sheet, in order to keep the highest isotropy possible.
The rolling process was performed at University of Mis-
kolc (HU) with a Von Roll rolling mill of 1 MN nominal
maximum force, employing two high rolling mode at room
temperature (RT), in consecutive passes of 5 % thickness
reduction and by changing 90° the feeding direction at
every pass. The roll diameter and its width are 220 mm.
Prior to each pass, the rolls were lubricated with a mineral
oil based lubricant through nozzles. The rolling speed was
kept constant at 30 m/min throughout the entire rolling pro-
cess and the force and the torque were recorded for each
pass.

The aim was to achieve, by cross-rolling, different levels
of cold work representative of the distribution of cold work
imposed to the different sub-components of the bare cavity
during the deep drawing operations. For this purpose, the
approach adopted in the present work employs the effective
plastic strain [7], which corresponds to the incrementally
cumulated equivalent Von Mises strain during an entire
plastic deformation process. This takes into account the tri-
axiality of the plastic deformation, being typically used to
assess the deformation state in highly strained components.
In Eq.1, eym is the instantaneous equivalent Von Mises
strain [8], & are the principal components of the strain ten-
sor and Vv’ is the effective Poisson’s ratio, which was as-
sumed 0.5 for plastic strains.
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InFig. 1, an example of a FE (Finite Element) simulation
showing the effective plastic strain induced into one of the
sub-components of the Radio Frequency Dipole (RFD)
cavity, called the Pole, by the deep drawing process is
shown.
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Figure 1: Example of a FE simulation showing the distri-
bution of the effective plastic strain in the RDF CC Pole
sub-component due to deep drawing. More information on
the simulation and numerical model used can be found
in [9].

In Fig. 2, a histogram correlates the surface percentage
of the RFD Pole that has been submitted to certain level of
effective plastic strain due to the forming operations. The
Pole is one of the most strained sub-components during
forming and is placed in a structurally critical area of the
cavity, thus it is naturally an object of study interest.
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Figure 2: Histogram of the percentage of the RFD Pole sur-
face having seen certain level of effective plastic strain.

In Fig. 3, a plot relating the equivalent Von Mises strain
obtained analytically in function of the thickness reduction
achieved via cross-rolling is shown, together with the
thickness reduction levels selected for the present study
(target values).
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Figure 3: Analytical relationship between thickness reduc-
tion by cross-rolling and corresponding equivalent Von
Mises strain. The equivalent Von Mises strain values (y-
axis) are assumed to be equal to the effective plastic strain,
as the principal components of strain are increased mono-
tonically during the rolling process.
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The thickness reductions chosen were: 0 % as a refer-
ence of non-deformed material, 10 %, 20 % and 30 % in
order to induce some of the most frequent effective plastic
strain values within the cavity sub-components (according
to FE simulations), and 50 % as an extreme value (see
Fig. 4).

Figure 4: Eight sub-sheets cross-rolled to 10 %, 20 %,
30 % and 50 % nominal thickness reduction respectively.
The sheets from the top were eventually submitted to the
HT at 650°C for 24h.



The final thickness achieved and corresponding effective
plastic strain are shown in Fig. 5.
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Figure 5: Final thickness for sub-sheets after cross-rolling.
In blue sheets that were not heat treated (no HT), in yellow
sheets that were heat treated after rolling (subsequent HT).

All the sub-sheets (even those that were not heat treated)
were submitted to a Buffered Chemical Polishing (BCP) of
20 pm per side in order to remove potential surface con-
taminants embedded during the rolling steps.

Five sub-sheets, corresponding to 0, 10, 20, 30, and 50 %
nominal thickness reduction, were submitted to the hydro-
gen degassing heat treatment seen by the bare Crab Cavi-
ties prior to its assembly with the rest of the cryomodule.
The other five sub-sheets (0, 10, 20, 30, and 50% of thick-
ness reduction) were kept aside, without any heat treat-
ment, for comparison. The HT consists in the following
steps: pumping down the furnace below 5¢10°° mbar pres-
sure, heating at a rate of 200 °C/h up to 650 °C, soaking at
650 °C during 24 hours and cooling down at a rate of about
50 °C/h. The pressure at the end of the treatment is in the
low 107 mbar range. The furnace is vented by N» gas only
when the temperature of the cavity is below 100 °C.

Three tensile specimens for every sub-sheet, thus a total
of 30 specimens (15 no HT and 15 HT), were cut by Elec-
trical Discharge Machining (EDM) cutting technique. The
longitudinal axis of the specimens was aligned with the
rolling direction of the initial sheet.

The geometry of the tensile specimens (Fig. 6) was
adapted from ISO 6892-4 [10], in order to be able to use
the same specimen geometry and tooling equipment for
tests at RT and for tests at cryogenic temperature”.
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Figure 6: a) Tensile specimen drawing. b) Ready-to-test
specimens of different thickness, from left to right: 0, 10,
20, 30 and 50 % thickness reductions.

" Tensile tests at 4 K are foreseen in the scope of this study but not pre-
sented in the present conference paper.

A FE simulation confirmed that the modified design did
not enhance any unexpected stress concentration.

After EDM cutting, all specimens were submitted to a
BCP of 30 pum per side, to remove the surface
oxidation and potential micro cracks introduced by the
above mentioned sectioning technique.

All the tensile tests, done at room temperature, were con-
ducted at a fixed displacement rate of 0.17 mm/min, corre-
sponding to a strain rate of 0.0068 mm/mm/min, just below
the maximum deformation rate imposed in the
ASTM B393 [11] to track the yield point. The strain rate
was controlled by a mechanical extensometer of L;=25
mm. A pre-load in the order of 50 N was applied prior to
each test.

The microstructure of the cross-rolled sheets before and
after heat treatment was observed. The samples were sec-
tioned with an abrasive cutting machine, were ground with
SiC grinding paper up to P2400 and polished with colloidal
silica of 0.05 um particle size. A chemical etching employ-
ing a mixture of commercial HNOs3, HCI and HF acids in
the ratio 3:2:1 was used. HVO0.1 hardness profiles across
the thickness were performed to all the sheets before and
after HT.

RESULTS AND DISCUSSION

Figure 7 shows the engineering stress-strain curves for
specimens cross-rolled to the different thickness reduc-
tions, before and after HT respectively.
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Figure 7: Engineering stress-strain curves at RT. Only one
representative sample for each thickness reduction before
and after HT is shown for easier reading. Same colour de-
notes same thickness reduction.

Each of the specimens after cross-rolling, features very
similar yield strength (Rpo.2) and tensile strength (R,) val-
ues, denoting a reduced strain hardening. Therefore, after
reaching R, the specimens will promptly develop a non-
homogeneous and localized plastic deformation (i.e. neck-
ing). This effect is more present for higher thickness reduc-
tions. After heat treatment, on the contrary, the strain hard-
ening phenomenon is recovered to a certain extent, so that
after reaching R, there is a “plateau” at stresses close to
the ultimate strength and the necking starts to form at
higher strains.



In Fig. 8 and Fig. 9, an overview of the evolution of the
yield strength (Rpo.), the ultimate strength (R,) and the
elongation at break (A4.s5ms) before and after HT are pre-
sented. Both graphs have been plotted using data from a
total of 28 specimens (13 before HT and 15 after HT).
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Figure 8: Overview of the R and Rpo.2 values before and
after HT vs. thickness reduction by cross-rolling. Error
bars represent one standard deviation (note that deviations
are very low, indicating high repeatability). Secondary axis
indicates the ratio (after HT/before HT).

70

——A25mm

—e—A25mm_HT

[A2smm_HT/A25mm]
L]

»

As

A25mm [%)
Ratio after HT/ before HT

Elongation at break,

0 10 20 30 50

Nominal thickness reduction [%]

Figure 9: Overview of the Azsmm Values before and after HT
in function of the thickness reduction achieved by cross-
rolling. Error bars represent one standard deviation. Sec-
ondary axis indicates the ratio (after HT/before HT).

There is no full recrystallization after the heat treatment,
for none of the levels of plastic deformation. However, a
recovery annealing (i.e. partial annealing) has taken place,
probably due to a relief of strain energy by a rearrangement
of the dislocations introduced by cold work. During the re-
covery, dislocation density decreases, and dislocations as-
sume low-energy configurations [12][13]. Note that the
drop in Rpy> after HT is more important than the drop in
R, for all thickness reductions (see Fig. 8). The decrease in
Rpy.> is practically constant, of about 50 MPa, for the four
applied thickness reductions. Therefore, one can guess that
due to the HT, there is a fixed reduction of the energy
needed to yield. This is probably associated to a fixed re-
duction of dislocation density, which might be limited by
the atomic diffusion at 650 °C. For the as-received sheet,
the R, and elongation at break remain constant after HT,
but the Rpy.. is reduced by a 10 %. Although not visible in
the figures shown, the initial part of the stress-strain curve

for the as-received sheet after HT features an upper and
lower yield strength. For 10% thickness reduction, HT
brings back the tensile strength to the value of the as-re-
ceived sample. It has to be noted (see Fig. 9) that, even for
the highest deformed specimens (50 % thickness reduc-
tion) the elongation at break is still around 10 % after cross
rolling, being recovered up to almost 20% after HT.

After the HT at 650 °C for 24h, the decrease in mechan-
ical properties (Rpo.> and R,,) is lower than the increase in-
troduced formerly by cold cross-rolling. During cold cross-
rolling, two strengthening effects take place to confer the
material its final mechanical properties: on one hand the
change in the grain boundaries distribution due to the
change in the grain aspect ratio (see Fig. 10) and presuma-
bly the creation of micro grains (this is related to the Hall-
Petch effect) and on the other the creation of new disloca-
tions, thus an increased dislocation density.

As shown in Fig. 10, since the microstructural grain
shape and size appear to be unchanged after HT, it may be
deducted that the HT has a more important impact mainly
in the second effect, by decreasing the dislocation density.

As-rolled
0% 0%

After HT

20%

20%

Figure 10: Microstructure in the plane formed by the short
transverse and rolling directions for as received sheet (0%)
and 20% and 50% thickness reductions, before and after
HT. Original magnification 100x.

Therefore, after HT there is certain loss in mechanical
properties (Rm and Rp0.2) and also an increase in elonga-
tion at break: the Hall-Petch effect is still present but the
dislocation density has presumably decreased.

In Fig. 11 it can be seen that after HT there is generally
a decrease in hardness, except for the as-received sheet;
also it has to be noted that fluctuation of HV0.1 hardness
values is growing for larger thickness reductions, as ex-
pected.
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Figure 11: HVO0.1 hardness profiles across the thickness of
all the specimens, before and after HT respectively.

For the as-received material (levelled product) hardness
is higher close to the surface due to the bending and coun-
ter-bending cycles that take place during levelling opera-
tion, and lower at the mid-thickness, which corresponds to
the neutral fibre. This characteristic profile remains un-
changed after HT.

Given that the HT does not produce a full recrystalliza-
tion, it is assumed that it would be beneficial for the struc-
tural integrity of the cavity to harden the different sub-com-
ponents via cold work, as done during forming operations.
However, the impact of having higher dislocation densities
(with respect to fully annealed Nb) on the RF performance
would need to be checked. The fact of not reaching the
maximum RF performance during operation may be re-
lated to some extent to the fact that dislocations created
during cold working operations and also grain boundary
distortions are still present in the Nb crystalline structure
after HT. Further investigations relating RF performance
with for instance, dislocation density, would be needed to
confirm this point.

According to FE simulations (as shown in Fig. 1 and
Fig. 2), the main surface of the RFD pole (and the bare cav-
ity) is plastically deformed during deep drawing opera-
tions, thus, its mechanical properties are expected to be sig-
nificantly higher than the properties of the as-received ma-
terial. If the approach used in this paper (effective plastic
strain) is proven to be valid to correlate cross-rolling and
deep drawing operations, the mechanical properties of the
cavity even after HT, would also be higher than the ones of
the as-received material, thus enhancing the cavities struc-
tural integrity (see Fig. 12).
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Figure 12: Rpo.2 and R vs. effective plastic strain, before
and after HT. Rectangle boxes contain the range of effec-
tive plastic strains in 75 and 90% of RFD pole surface re-
spectively. The graph is similar to Fig. 8, but x-axis has
been replaced by effective plastic strain.

CONCLUSION

A 4 mm thickness Nb sheet was cold cross-rolled in or-
der to achieve different thickness reductions representative
of the effective plastic strain that the Nb sheets experience
during the forming operations of the CC sub-components.
The evolution of the mechanical properties at room tem-
perature (including Rp0.2, Rm, elongation at break and
hardness) and of the microstructure were presented, for the
cross-rolled specimens before and after a hydrogen degas-
sing heat treatment at 650 °C for 24 h.

It has been proven that there is no full recrystallization
after heat treatment, for none of the levels of plastic defor-
mation induced by cold cross-rolling. However, it is clear
that certain recovery annealing has occurred (which is
stronger for cross-rolled material and marginal for as-re-
ceived material). After cross-rolling and HT, the specimens
showed higher mechanical properties than the as-received
material. Therefore, as a preliminary conclusion it can be
stated that some of the parts of the Crab Cavities with lower
mechanical properties (Rpo» and R,) would be the ones
non-plastically deformed during the manufacturing process
(i.e. parts only machined and also the lowest deformed re-
gions during deep drawing). Caution has to be taken when
relating the results from this study to the behaviour of the
real cavity, since the introduction of cold work (i.e. the cre-
ation and evolution of dislocation motion and interaction)
via cross-rolling and deep drawing may differ. Further
studies, including investigation on real cavity samples and
tensile tests at 4 K, are foreseen in order to clarify this re-
lationship and to complement the present study.
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