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Low-temperature mechanical behaviors have been investigated for the constituent materials of super-
conducting radio frequency cavities. Test materials consist of small grain Nb, single crystal Nb, large grain
Nb (bicrystal), Ti45Nb–Nb weld joint (e-beam welded), and Ti–316L bimetal joint (explosion welded).
The strength of all test metals displayed strong temperature dependence and the Ti–316L bimetal
showed the highest strength and lowest ductility among the test materials. The fracture toughness of
the small grain Nb metals decreased with decreasing test temperature and reached the lower shelf values
(30–40 MPa

p
m) at or above 173 K. The Ti45Nb base and Ti45Nb–Nb weld metals showed much higher

fracture toughness than the small grain Nb. An extrapolation and comparison with existing data showed
that the fracture toughness of the small grain Nb metals at 4 K was expected to be similar to those at 173
and 77 K. The results from optical photography at a low magnification and fractography by a scanning
electron microscope were consistent with corresponding mechanical properties.

Published by Elsevier B.V.
1. Introduction

The radio frequency cavities are used to accelerate charged par-
ticles to high speeds. Recently, the use of superconducting radio
frequency (SRF) cavities has become widespread in particle accel-
erators [1–6], and the typical operating temperature of SRF cavities
is between 2.1 and 4.2 K. The SRF cavities are usually serially con-
nected elliptical shells to resonate high frequency electrical fields
and are made of pure niobium with high residual resistivity ratio
(RRR) (>200) [7–16], along with other adjoining metallic materials
such as austenitic stainless steels, titanium, and titanium alloys
[7,13–18].

The cryogenic component also includes various joining struc-
tures such as the Nb–Nb electron-beam weld joint, Ti45Nb–Nb
weld joint, and Ti–316L bimetal joint (explosion welded). Since
the niobium cavities and other structures are operated at or below
liquid helium temperature and most of the cavity constituent
materials are expected to be in or near the lower shelf fracture
toughness region, there has been a concern on their structural
integrity [1,7–9,11,12]. The structural safety of the cavities cannot
be assured unless all of the constituent materials retain a proper
level of strength, ductility, and fracture toughness during normal
operation, including thermal cycles between room temperature
and operating temperature, as well as on accidental situations.

Regardless of its relatively small size, a cavity is built of multi-
ple materials and weld joints, and therefore the evaluation of its
B.V.
mechanical integrity requires complex considerations on mechan-
ical properties for base metals and weld joints. It is well known
that the body-centered cubic metals like Nb experience a ductile-
to-brittle transition at a low temperature [7,8,19], and the main
constituent material of SRF cavities, pure Nb, is known to have a
ductile-to-brittle transition temperature (DBTT) above the liquid
helium temperature [7,8]. In such a case, the lower shelf fracture
toughness is considered as the key property for the integrity
assessment of the cryogenic system. Meanwhile, the fracture
toughness of high purity Ti is slightly higher than that of high pur-
ity Nb at cryogenic temperatures [7] and other cavity materials
such as austenitic stainless steels have significantly higher fracture
toughness. For some of the higher ductility materials, the fracture
toughness based analysis may not always be useful for structural
integrity assessment because the wall thickness of a SRF cavity is
of the order of a few to several millimeters and the fracture tough-
ness from such a thin ductile structure cannot satisfy the thickness
requirements for valid fracture toughness values [20,21]. It is
therefore expected that, for some constituent materials, the assess-
ment procedure should rely more on the ductility data from uniax-
ial tensile testing. Another consideration is the influence of
material chemistry and manufacturing processes. The ultra-high
purity of Nb and Ti and the unique manufacturing processes to pro-
duce high RRR materials make it more difficult to utilize known
material property databases. Furthermore, the joining processes
such as the electron-beam welding and explosion welding produce
narrow melt and heat-affected zones, from which taking speci-
mens for testing individual materials is often not possible, and as
a result, the basic mechanical properties of these joints are largely
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unknown. For the SRF cavity base materials, however, none of the
primary mechanical properties has been thoroughly evaluated. A
scoping experiment on the mechanical properties of the cavity
materials has been suggested to determine the way of integrity
analysis and to provide basic data for assessing the integrity.

This study aimed at the evaluation of mechanical properties for
selected cavity materials at low temperatures ranging from room
temperature to liquid nitrogen temperature. Tensile tests and frac-
ture toughness tests were performed in static conditions for se-
lected SRF cavity materials. Fractography in a scanning electron
microscope (SEM) was performed for the broken fracture speci-
mens to examine fracture mode and confirm mechanical behavior
at each temperature. Also, the necked and/or fractured tensile
specimens were photographed at low magnification to character-
ize the necking and final fracture features of test materials. For
the obtained mechanical properties, analysis is made focusing on
temperature dependence, and the results are used to predict the
properties at liquid helium temperature, which will be produced
in the next experimental campaign.
2. Experiment

Coupons taken from SRF cavities or model material disks were
used for machining tensile and fracture specimens in as-received
conditions. Information on the test materials is summarized in Ta-
ble 1. For tensile tests, SS-3 type specimens with the gage section
dimensions of 1.5 � 7.6 � 0.76 mm were machined from base met-
als and weldments [22,23]. The base metal specimens include
commercially rolled and recrystallized Nb specimens (small grain
Nb specimens: Nb-30 and Nb-T30), single crystal Nb specimens,
and large grain (bicrystal) Nb specimens. The weldment specimens
were taken from the electron-beam welded Ti45Nb–Nb joint and
explosion welded Ti–316L joint, which include the melt region (fu-
sion line) at the middle of the gage section and the base metals (Nb,
Ti45Nb, Ti, and 316L) next to narrow heat-affected zones (HAZs).
As will be discussed later, the deformation characteristics in these
weldment specimens will be largely represented by the weaker
portion of the joints, i.e., Nb and 316L regions.

Two types of subsized specimens were machine for the fracture
toughness tests: the disk compact tension (DCT) specimens of
12.5 mm diameter and 4.14 mm thickness for small grain base
metals (Nb-30 and Nb-T30), and single edge (three-point) bend
(SEB) specimens with dimensions of 5 � 5 � 25 mm for the Ti45Nb
base metal and Ti45Nb–Nb weld metal. Note that the Ti45Nb alloy
is a transitional metal from Nb to Ti and the Ti45Nb–Nb weld metal
Table 1
Test materials, their chemistry, and related information.

# Material/
joint

Chemistry (in wt%, otherwise specified) Rema

1 Nb-T30
(small grain)

Nb (total impurity < 0.06, Ta < 0.044) Comm
resist

2 Nb-30 (small
grain)

Nb (total impurity < 0.07, Ta < 0.036) Comm
size =

3 Ti45Nb–Nb
weld joint

Nb(bal)–55.3Ti–0.108Zr–0.05Ta–0.025Mo–0.01Fe–0.007 W/
Nb (total impurity < 0.07)

Ti45N
line,
speci

4 Ti–316L
weld joint

Ti(bal)–0.1Fe–0.01C–0.17O–0.01 Ni/Fe(bal)-16.839Cr–
10.535Ni–2.531Mo–1.843Mn-0.189Cu–0.024C–0.028P–
0.011N

Anne
weld

5 Nb-single
crystal (T)

Nb (Ta � 0.08) Speci
diam
to 10

6 Nb-single
crystal (R)

Nb (Ta � 0.08) Speci

7 Nb-bicrystal
(large grain)

Nb (Ta � 0.08) Speci
is a narrow mixed metal zone formed by melting during e-beam
welding process. It was possible to produce precrack in the
Ti45Nb–Nb melt region in spite of its small size. However, intro-
duction of a precrack was not possible for the Ti–316L weldments
because the melt zone was much narrower and its wall thickness
was too thin, and therefore the fracture toughness was not mea-
sured for the Ti–316L weld joints. In the weldment specimens
the specimen orientation in the plates was taken so that crack
propagation occurs in the S direction (or surface normal direction
on the plate). In other specimens the cracks were made along the
surface normal direction. Detailed specimen configurations are de-
scribed in the ASTM standard testing methods [20,21]. For both
tensile and fracture tests, the temperature control between room
temperature and liquid nitrogen temperature was made by a sole-
noid valve controlled injection of liquid nitrogen into the testing
chamber. For 77 K tests, the specimens were immersed in a liquid
nitrogen bath.

Tensile tests were performed using a screw-driven Instron
machine at temperatures ranging from room temperature (RT) to
77 K at a nominal strain rate of �2 � 10�3 s�1 (cross head speed =
0.017 mm/s). The load-elongation data were analyzed using a pro-
gram based on ASTM standard E8 [22]. After testing the fractured
pairs of tensile specimens were photographed to compare the
shapes of necks and fractured ends.

For fracture toughness tests, the DCT and SEB specimens whose
initial notch length-to-width ratios were 0.36 and 0.4, respectively,
were fatigue pre-cracked at 20 Hz to produce sharp cracks until the
crack length-to-width ratios (a/w) reached 0.44–0.57 [20,21]. Frac-
ture tests were performed in a MTS servo-hydraulic machine or a
screw-driven machine at a cross head speed of 0.005 mm/s. Fracture
toughness testing and analysis were performed based on the proce-
dures and recommendations dictated by the ASTM standard E1820,
standard test method for measurement of fracture toughness [21].
The load versus load-line displacement curves were recorded and
analyzed to determine crack growth and fracture toughness using
the unloading compliance method or normalization method,
depending on the ductility of specimen. Interim fracture toughness
values, KQ, were determined when the load–displacement curve
indicated unstable crack growth, while JQ values were determined
when the curve indicated crack blunting or stable crack growth.
The interim fracture toughness values were verified using selected
ASTM criteria, however, as mentioned in the next section, many
fracture toughness data are invalid mainly because of the small
specimen sizes tested.

Initial and final crack lengths were measured from the optical
photographs of fracture surfaces and used in the calculation of
rks

ercially rolled and recrystallized Tokyo Denki pure niobium, high residual
ivity ratio (RRR), average grain size = 55 lm [1], crack growth parallel to the surface

ercially rolled and recrystallized Wah Chang pure niobium, high RRR, average grain
40 lm [1], crack growth parallel to the surface
b/nuclear grade Nb, electron-beam welded, tensile direction normal to the welding

crack growth to the surface normal direction in both weld (melt) and Ti45Nb
mens
aled Ti grade 2/annealed 316L, specimen taken from joined piping, explosion
ed, tensile direction normal to the welding line

mens taken from a disk sliced from large grain ingot (CBMM Co, 280–300 mm
eter [1]), tensile direction = transverse (T) or circumferential direction, grain size up
0 mm
mens from the same disk, tensile direction = radial (T) direction

mens from the same disk, tensile direction = normal to a grain boundary
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fracture toughness. Also, SEM fractography was performed on the
fracture surfaces of the specimens tested at room temperature,
173 and 77 K. The SEM images were used to confirm the consis-
tency between the fracture mechanisms and the fracture tough-
ness values.
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3. Results and discussion

3.1. Temperature dependence of strength and ductility

As seen in Figs. 1 and 2, the yield and ultimate tensile strengths
decrease monotonically with temperature, while the uniform and
total elongations increase with temperature. The strengths of the
test materials, except for the explosion welded Ti–316L bimetal,
fall within a narrow band, while the elongations showed larger
variations among materials. In particular, the elongations for weld
joints were much lower than those for base metals. This may be
because the deformation in weld joints is significantly uneven
around the weld. In the Ti45Nb–Nb weld material, peak deforma-
tion is observed on the Nb side of the HAZ or near the HAZ. Since
this weld zone is a melt mixture of the Ti45Nb alloy and pure Nb
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Fig. 1. Temperature dependence of strengths in niobium materials and weld joints:
(a) yield strength and (b) ultimate tensile strength.
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Fig. 2. Temperature dependence of ductility in niobium materials and weld joints:
(a) uniform elongation and (b) total elongation.
formed by electron-beam heating, the strength measured from
the Ti45Nb–Nb weld joint is actually a composite strength for
the joint. Thus, it should represent more of the softest part of the
joint, while the relatively low ductility represents a highly concen-
trated deformation in the lowest strength portion of the joint or in
the nuclear grade Nb or HAZ.

In the two components of the Ti–316L bimetal joint, the explo-
sion welding process might have produced a plasticity zone with a
higher dislocation density upon impact, resulting in the highest
strength among the test materials. The specimens broke either at
the neck in weaker Ti region with significant plasticity or at the
joint (or interface) after small or little plastic deformation in the
Ti section of the specimen. This indicates that the measured ulti-
mate tensile strength (UTS) is close to the joining strength achiev-
able from the explosion weld method. Although the ductility in
this joint is not high, the result shows that the joint strength is high
enough to prevent a failure at the interface prior to experiencing
significant plasticity or failure at other parts of the cavity. Also, it
is worth recognizing that, at least to the liquid nitrogen tempera-
ture, the Ti–316L joint does not experience complete embrittle-
ment but shows a continuous increase of joint strength with
decreasing temperature, which indicates that plasticity still has a
significant role in the failure process.
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While relatively small differences were found among the
strengths of the materials without weld joint (Nb-30, Nb-T30, sin-
gle crystal Nb, and bicrystal Nb) the ductility data showed larger
variations over the test temperature range. The bicrystal Nb, in
particular, presents the lowest elongations among these metals
but its strength falls within the same band. This indicates that
the grain boundary at the middle is detrimental to the ductility
of Nb, probably due to a grain boundary weakening mechanism
such as segregation of alloy elements or impurities. In the typical
polycrystalline Nb materials, such segregation of elements, if any,
can be diluted at abundant grain boundaries, and therefore the
ductility can be recovered. The grain size of this material is of
the order of a few centimeters, and the electro-magnetic properties
with such large or single grain material could be beneficial for the
performance of the device. However, from the point of view of
mechanical properties, using such a large grain material will result
in less structural safety.

3.2. Necking and failure modes

The tensile failure made can be well characterized by the shape
of necked and fractured region. Figs. 3–6 display the pairs of frac-
Fig. 3. Necking and final fracture in Nb-30 base metal tested at 295, 173, and 77 K
(from the top).

Fig. 4. Necking and final fracture in single and bicrystal sp
tured tensile specimens, of which the features are consistent with
the tensile data described above. In Fig. 3, the small grain Nb-30
shows typical necked and fractured shapes: the angle of localized
neck and final shear to the loading direction seems to decrease
with decreasing test temperature and total elongation increased
with temperature. In Fig. 4, the single crystal and bicrystal Nb spec-
imens show similar necking and shear failure behaviors at all test
temperatures. The necks are significantly elongated before final
failure at room temperature, and the length of the necked region
decreased or nearly disappeared at 77 and 173 K. The necking an-
gle also decreased with decreasing test temperature. The reduced
necking and failure in nearly brittle manner along grain boundary
at these low temperatures confirms that having small amount of
grain boundary in Nb is detrimental.

In the Ti45Nb–Nb weldment specimens (Fig. 5), the heavy
deformation in the necked region revealed metallurgically differ-
ent zones: the weld zone and base metal regions. In particular,
the boundary between the weld metal and the harder base metal
(Ti45Nb alloy) is discernable from the Ti45Nb base metal region
due to the severe deformation in the weld region. Necking or plas-
tic instability occurred over the weld zone and Nb base metal re-
gion; the narrowest neck and final fracture occurred around the
weld metal–base metal boundary or heat-affected zone on the
Nb side, which is very narrow.

It is seen in Fig. 6 that final failure occurred along the grain
boundary at 77 and 173 K. In the Ti–316L bimetal specimens, the
final failure occurred either at the joint region or at the neck
formed in the Ti region (darker side). The location of final failure
was not consistent; the normal necking failure occurred in the Ti
region at RT, 77, and 173 K, while nearly brittle failure occurred
at the joint at 77 and 223 K. This brittle fracture behavior is re-
flected in the tensile ductility data Fig. 2.

3.3. Temperature dependence of fracture toughness

The fracture toughness test results for the base metal and weld
metal specimens are presented in Fig. 7, and compared with the re-
sults from earlier studies for relevant materials [7,13,15,17]. The
small grain Nb-30 and Nb-T30 base metals present nearly identical
fracture toughnesses (KQ) at the three test temperatures and show
a steep transition between 173 K and room temperature. The other
two materials, Ti45Nb–Nb weld and Ti45Nb base metals, showed
higher fracture toughness values and more gradual transitions.
The fracture toughness of the two Nb metals had already reached
ecimens tested at 295, 173, and 77 K (from the top).



Fig. 5. Necking and final fracture in Ti45Nb–Nb weld joint tested at 295, 173, and
77 K (from the top). Necked and fracture occurred around the weld metal-Nb
boundary.

Fig. 6. Necking and final fracture in Ti–316L bimetal tested at 295, 123, 173, 77, and
77 K (from the top). Necked (darker) side is Ti.

Fig. 7. Temperature dependence of fracture toughness in cavity weld materials.
(The room temperature data for Nb-30, Nb-T30, and Ti45Nb–Nb weld and the 223 K
data for Ti45Nb–Nb weld cannot satisfy the size requirement.)
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their lower shelf level of 20–40 MPa
p

m at 173 K and, as included
in Fig. 7, the fracture toughness data for liquid helium temperature
by Walsh et al. [7] lie on the extrapolated curve of the data from
this study. It is therefore expected that similar fracture toughness
values would be measured for the Nb metals currently being exam-
ined at the liquid helium temperature. In the 173 K tests, stable
crack extension over 2 mm occurred in both Nb metals. Although
such a stable crack extension can imply significant plasticity at
crack tip, rather low fracture toughness values were measured:
about 33 MPa

p
m for Nb-30 and 22 and 25 MPa

p
m for Nb–T30.

In room temperature tests, however, much higher fracture tough-
ness values (>120 MPa

p
m) were measured for both metals.

Although similar temperature dependences were observed for
the two high RRR small grain Nb metals in the low-end fracture
toughness data, detailed fracture behaviors at 77 K are different
if we include all invalid test cases. Six tests were performed for
each material at 77 K, and shown in Fig. 7. All six specimens from
the Nb-30 plate fractured without noticeable ductility and showed
low fracture toughness (KQ) in a narrow range of 33–42 MPa

p
m

(six data points are clustered in Fig. 7). A few of the Nb-T30 spec-
imens, however, experienced significant crack blunting, and conse-
quently the data are dispersed in a wide range of 37–125 MPa

p
m.

Among these Nb-T30 specimens, two specimens fractured in
elasticity range at 77 K, while the other four showed significant
crack-tip plasticity and blunting with little crack extension. Inho-
mogeneous microstructure and relatively small specimen size are
believed to be responsible for such a wide discrepancy in fracture
behavior. Among the fracture toughness measurements for Nb-30,
the two lowest values, 37 and 38 MPa

p
m, were valid, but four

higher values, about 80 or 120 MPa
p

m turned out to be invalid
due to excessive plasticity or lack of crack growth [20,21].

It should be noted that the room temperature data for Nb-30,
Nb-T30, and Ti45Nb–Nb weld and the 223 K data for Ti45Nb–Nb
weld are not valid because the specimen size (thickness or initial
crack size) cannot satisfy the size requirement of relevant ASTM
standards [20,21]. In these subsized specimens, crack blunting
and lateral (thickness) contraction continued on testing without
crack extension due to excessive ductility. For such cases, no com-
plete J-resistance curve could be constructed and the fracture
toughness from the specimen that satisfies the ASTM size require-
ments can be lower than the values displayed in Fig. 7.

A comparison among materials shows that the fracture tough-
nesses of the Ti45Nb–Nb weld metal and stainless steels are signif-
icantly higher than the base metals: Nb-30, Nb-T30, and Ti45Nb
alloy. Since the Nb base metals show the lowest fracture toughness
in the test temperature range, the mechanical integrity of a cavity
vessel is believed to be largely determined by the Nb base metals.
It should be also noted that the data for the Ti45Nb alloy at 77 K
(66 MPa

p
m) is significantly reduced from the data at higher



Fig. 8. SEM fractographs for high RRR Nb metals. (Scale markers indicate 20 lm; note that the specimen I.D. within the last photograph is a mistake.)

Fig. 9. SEM fractographs for Ti45Nb–Nb weld and Ti45Nb base metals. (Scale markers indicate 20 lm.)
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temperatures and the fracture toughness of this alloy is expected
to reach a lower value (or lower shelf level) at a lower temperature.
Therefore, the Ti45Nb alloy, along with the pure Nb base metals,
should be considered as a critical component material that would
determine the mechanical integrity of SRF cavity.

3.4. Fracture surface

The SEM images in Figs. 8 and 9 illustrate the temperature and
materials dependences of fracture surface in the base and weld
materials. Note that the fracture surface images were taken from a
crack growth area near the boundary between the fatigue-precrack
and crack growth areas. These facture surface features correctly re-
flect the corresponding fracture toughness values in Fig. 7. For Nb-30
and Nb-T30, the fracture surfaces obtained from 77 to 173 K contain
cleavage facets and river-patterned shear ribs, which are typical fea-
tures obtained in the lower shelf region Fig. 7. The fracture surfaces
from room temperature tests for both materials show typical ductile
fracture surfaces with large and small dimples. Some large holes,
which are usually considered as the crack or large dimple initiation
sites, often coincide with the sites of relatively brittle precipitates.
Also, SEM fractographs usually reflect some of the microstructural
aspects of test materials. A comparison of the fracture surfaces from
the two high RRR Nb metals revealed that the fractography features
from Nb-T30 were finer than those from Nb-30, indicating the origi-
nal subgrain structures of the Nb-T30 were finer.

The fractographs in the first row in Fig. 9 are for the Ti45Nb–Nb
weld metal and display totally ductile fracture features throughout
the test temperature range. These show dimpled surfaces; however,
the dimples are shallow and are elongated by shear. Due to its very
high toughness and ductility, the specimens were not separated un-
til they experienced significant crack tip blunting. At room temper-
ature, the blunting was so severe that the SEM imaging for large
crack growth area could not provide typical fracture surfaces, as
indicated in Fig. 9. As indicated in the fracture toughness level in
Fig. 7, the fracture surface characteristics for the Ti45Nb alloy are
between the Nb base metals and the Ti45Nb–Nb weld metal
Fig. 9. Although these all show dimpled surfaces, the dimples are
shallow, indicating that a relatively low energy fracture process
has occurred in the material.

4. Conclusions

Mechanical tests have been performed to investigate the key
mechanical properties of selected SRF cavity materials: high RRR
small grain Nb metals, e-beam welded Ti45Nb–Nb joint, Ti45Nb
base metal, single crystal Nb, large grain Nb (bicrystal), and explo-
sion welded Ti–316L bimetal joint. The main findings and conclu-
sions are as follows:

[1] The yield and ultimate tensile strengths of small grain Nb
metals, Ti45Nb–Nb weld joint, and single and bi-crystals dis-
played strong temperature dependence while they fell
within a narrow band. The explosion-welded Ti–316L spec-
imens showed the highest strength among the tested metals,
while showing the lowest ductility. Optical photography
indicated that the necking and final fracture occurred either
at the Ti side or at the joint in the bimetal specimens.

[2] The fracture toughness of small grain Nb metals decreased
with decreasing test temperature and reached lower shelf
values (30–40 MPa

p
m) below room temperature. An

extrapolation and comparison show that the present frac-
ture toughness data for Nb are consistent with those from
earlier studies and the fracture toughness at 4 K is expected
to be similar to those at 173 and 77 K.
[3] The Ti45Nb–Nb weld metal showed much higher fracture
toughness than the base metal (Nb) and was still ductile at
77 K. The fracture toughness of Ti45Nb metal was also
higher than that of Nb, but lower than the weld metal.

[4] Scanning electron microscopy (SEM) results were consistent
with the fracture toughness results. Both the fracture tough-
ness data and the fractography results confirmed that only
the Nb base metals reached the brittle fracture condition,
or lower shelf fracture toughness level well above the tem-
perature of liquid helium.

[5] Mechanical testing in liquid helium (4 K) for the constituent
materials of SRF cavities is needed for assessment of struc-
tural safety. Obtaining the fracture toughness data of the
base metals, Ti45Nb and small grain Nb, is particularly
important since their fracture toughnesses are found or
expected to be in the lower shelf region at 4 K.
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