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incies that are High RRR niobium superconducting 1f cavities are fast becoming the basic
accelerator structures of a new breed of particle accelerators. Mechanieal properties of the

e dependences ¥ high RRR niobium play a critical role in the physical integrity of these structures. The
slectron-point- B  mechanical properties, yield strength, ultimate tensile strength and percent of elongation of
ion scattering. M  Nb are routinely measured at CEBAF in the temperature range 300 to 4.2 K as a quality
‘he mechanism b assurance measure. In this paper the mechanical properties of high purity niobium from
' B  Fansteel and Teledyne are presented as a function of temperature between 300 and 4.2 K.
- 3  Ascan be expected the yield and tensile properties improve with a decrease in temperature,
JBE However, a dip in the elongation versus temperature curve is observed at about 100 K.
This seems to be attributable to the presence of interstitial hydrogen, A detajled
investigation of the O-degradation of the Nb cavities also observes a dip in the Qg versus

(1986) temperature curve at about 100 K.

1 and distribution
).

for increase of
r. 4:119 (1987).
uence of alloying
Met. Metalloved.

INTRODUCTION

Rf superconductivity has become an important technology in the design and
construction of new particle accelerators in nuclear and high energy physics as well as free
electron laser applications. Presently large scale projects are under construction in Virginia
[CEBAF] and in Switzerland [LEP/CERN] and two major projects in Japan [TRISTAN]
and Germany [DESYT are in successful operation. Future applications of the technology in
2 linear collider are under consideration!,

' In all these applications the material of choice for the superconducting accelerating
g modules has been niobium because of several reasons: of the elemental superconducting
b Mmaterials, niobium has the highest transition temperature [T¢ = 9.2 K] and the highest
. thermodynamical critical magnetic field [H¢ = 200 mT). Both quantities are of importance
i for accelerator application: T, determines the wall losses in a cavity made from this
g Material at an operating temperature of 2 K < T < 4.2 K, and H¢ poses the ultimate
: findamental limit for the achievable accelerating gradients in such a cavity. In a typical
 dccelerating cavity as used at CERAF at a frequency of 1497 MHz, the losses in the cavity
pare reduced by a factor of = 105 compared to a copper cavity at room temperature; these
g°avities are operated at gradients between 5 MV/m and 15 MV/m, corresponding to

, U.K. (1989).
ue to dislocations

d. (1968).
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magnetic surface fields of 22.5 mT and 67.5 mT, respectively, far below the theoretical
field limitation as mentioned above. There are several reasons why until now the
achievable gradients in these cavities are inferior to the theoretical limits: superconducting
surfaces are very sensitive to any kind of surface irregularity in the form of scratches,
crevices, cracks or foreign material inclusions or contamination by chemical residue,
particulates or dust. Such features cause anomalous losses (“defects"), leading to local
thermal instabilities in the material resulting in "quenches" of the superconducting state and
to field emission loading under the influence of the electric surface fields, limiting the
achievable gradients.

Tn both cases of limitations significant progress in understanding the mechanisms
has been made and techniques have been implemented to push the limitations towards
increased fields. Thermal model calculations in conjunction with diagnostic tools like the
temperature mapping technique have shown that localized defects can be stabilized by
improvement of the thermal conductivity of the niobinm material. The application of _
"clean" processing and assembly techniques such as clean room assembly, ultrapure water
and solvent rinsing of the sensitive surfaces as well as high temperature heat treatments 1
under vacuum has contributed to the recent improvements in cavity performances. &

Notably the purity of the presently commercially available niobinm of RRR-value = '
250 is of critical importance for reliably achieving gradients of 5 MV/m to 15 MV/m.,

Further improvements have been demonstrated by increasing the RRR-values to
RRR 2 600 by high temperature heat treatment in the presence of a solid state gettering
material 2.

Such treatments significantly alter the mechanical properties of the material.
Superconducting accelerator cavities are subject to a variety of mechanical stresses
especially at temperatures below room temperature such as helium pressure excursions
during cooldown, tuning stresses, Or radiation pressure, and the knowledge of the
mechanical properties of the material is important to maintain the physical integrity of
these structures.

In the following sections this paper reports about the measurements of mechanical
properties such as yield strength, ultimate tensile strength and percentage of elongation in
the temperature range of 42 K <7 300 K carried out on niobium samples of different
suppliers and purity levels.

e T

EXPERIMENTAL PROCEDURES
Sample Preparation

For this investigation we used high purity niobium with residual resistivity rations
RRR 2 250 of two suppliers (Teledyne Wah Chang and Fansteel Corp.). Superconducting
cavities for accelerators are nowadays manufactured from such material. The material had
specified impurity levels of interstitial impurities like H, N, C and O, which to a large
extent determine the RRR-value and which are achieved during the manufacturing process
by multiple electron beam melting of the ingots in a good vacuum3. Further reductions of
the interstitial impurities can be made by solid state gettering. During this process the
niobium is heated up to temperatures T = 1200°C in an ulrahigh vacuum in the presence
of a material with a higher affinity for these impurities than niobium and kept at this
temperature for several hours. Titanium has been found to be an excellent getter material
and significant improvements in the thermal conductivity have been realized. Material
with such improved thermal properties is highly desirable for rf-cavity application because
it significantly reduces the sensitivity of the superconducting surface to thermal
instabilities; on the other hand the mechanical stability of the material suffers from both
increased purity and grain size, and for the application it is important to know change
mechanical properties. i

Several of the samples, which had been machined to a geomeiry in accordance _Wﬂh
ASTM standards (gauge length 3.81 cm, cross section ~ 20.2 mm?), were post-PU_nﬁed
with titanium as a solid state getter material at a temperature of 1400°C for 6 hours 1t the
case of the Teledyne material and at 900°C for 4 hours in the case of the Fansteel niobium.
Therma! conductivity measurements on samples prepared under the same condlt{OIllls
indicated improvements up to a thermal conductivity of = 240 W/mK for the high-
temperature-treated samples.
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Sample Testing

Prior to mounting the samples in the test fixture, strain gauges (WK-06-125BB-350
from Micro-Measurements Group Inc.) were attached to each sample with M-Bond 610
adhesive. This additional instrumentation provided independent strain measurements
from the displacement module of the specially built tensile test machine (Applied Test
Systems, Pa model ATS 900). In addition, the strain gauges gave high resolution
measurements. Matched Si diode thermometers were attached to each of the sample grips
for measuring the sample temperature. The sample could be maintained at any temperature
between 300 to 4.2 K with the help of liquid nitrogen or liquid helium. ~The average
temperature fluctuation of the sample during the test is within 2 K. The cross head speed is
maintained at 2.12 x 106 m 571(5.56 x 106 m m1 s°1) during these tests.

Results and Discussions

The results of this investigation are summarized in Fig. 1 to 4. In Fig. 1 the load-
elongation curves for as-received and heat-treated niobium supplied by Teledyne Wah
Chang and for as-received Fansteel material are plotted; Fig. 2 shows the total elongation at
break versus temperature for both materials in the as-received and heat-treated conditions,
In Fig. 3 the stress-strain curves are plotted and in Fig. 4 the temperature dependence of the
yield and ultimate strengths are shown. From these data one can extract the following
information:

a) The as-received Fansteel and Teledyne Nb has exhibited serrated yielding at 32
K and 90 K, respectively. After the post-purification at T = 1675 K, the Teledyne niobium
showed serrated yielding also at 4.2 K with a large number of load drops (see Fig. 1).
Serrated yielding has been previously observed in high purity single crystals?. The load
drops are not due to twinning, and slip traces were observed on the sample surfaces. The
observed phenomenon has been explained by thermal instabilities occurring during the
plastic deformation process.

b) As can be seen in Fig. 1a, b and ¢, the percentage of elongation for each set of
similar samples goes through 2 minumum as a function of temperature. This can clearly
be seen in the total elongation at break versus temperature plots shown in Fig. 2 for both
Fansteel and Teledyne high purity niobium in the as-received and heat-treated conditions.
As-received niobium has shown sharp drops in the total clongation at 90 K for Fansteel and
95 K for Teledyne niobium. After heat treatment this minimurn in the elongation vs.
temperature is broadened and seems to shift to a higher temperature.

This type of behavior has been observed in the pastS and was attributed to the
precipitation of interstitially dissolved hydrogen during the deformation process. A severe
effect of hydrogen precipitation on the mechanical properties of niobium has been observed
in internal friction measurements between 100 K—200 K67,
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High purity niobium rf cavities have shown a significant decrease in Q-value, when
kept for some time at temperatures between 75 K £ T < 130 K prior to cooldown to
operating helium temperaturess. This degradation peaked at = 100 K and was explained by
precipitation of hydrogen in the material. It could be avoided by fast cooldown of the
cavities through the dangerous temperature region or by heat treatment of the cavities,
The measurements of the mechanical properties of the niobium reported in this Paper scem
to indicate that high temperature heat treatment does not totally eliminate the hydrogen
from the material. It is Planned to continue with this type of measurements with samples
treated at different temperatures for varying durations.

¢) In some cases as can be seen in Fig. 3 no well-defined yield point has been
observed and the niobium started to plastically deform immediately under stress.

d) The yield (0.2% offset) and ultimate tensile strengths of all materials in the
various conditions increased—as previously reported®10—ith decreasing temperature up
to a factor of 6-7. The heat treatment at 900°C of the Fansteel samples had very little effect
on the yield and tensile strengths over the whole temperature range of 42 K < T < 300 K,
whereas the heat treatment at 1400°C lowered both properties by = 30%. In both materials
an "athermal” yield behavior!! seems to occur after the heat treatments; further
measurements are needed for confirmation of this effect in polycrystalline high purity
niobium.

CONCLUSIONS

. Thermal stability of the high performance SRF cavities can be achieved by the post-
purification of high RRR Niobinm ar temperatures above 1475 K. However, such heat
treatments reduce the mechanical properties of the material. In order to achieve the
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