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ARTICLE INFO ABSTRACT

Keywords: An investigation of the mechanical properties of high-purity niobium single crystals is presented. Specimens were
Stress/strain measurements cut with different crystallographic orientations from a large grain niobium disk and uniaxial tensile tests were
Niobium

conducted at strain rates between 10 and 10% 5. The logarithmic strain rate sensitivity for crystals oriented
High strain rate close to the center of a tensile axis inverse pole figure (IPF) is ~0.14 for all strain ralztesi The strain at failure
Anisotropy (ranging from 0.4 to 0.9) is very sensitive to crystal orientation and maximal at ~10™ s™ for crystals oriented
SRF close to the center of an IPF. The high anisotropy observed at quasi-static strain rates decreased with increasing
strain rate. The activation of multiple slip systems in the dynamic tests could account for this reduction in
anisotropy. A transition from strain hardening to softening in the plastic domain was observed at strain rates
greater than approximately 6 x 102 s for crystals oriented close to the center of a tensile axis IPF. Shear bands
were observed in specimens with orientations having similarly high Schmid factors on both {110}and {112}slip
families, and they are correlated with reduced ductility. Crystal rotations at fracture are compared for the
different orientations using scanning electron microscopy images and EBSD orientation maps. A rotation toward
the terminal stable [101] orientation was measured for the majority of specimens (with tensile axes more than
~17° from the [001] direction) at strain rates between 1.28 x 1072 and 1000 s™.

Single crystal

1. Introduction [4], Peking University (PKU) [5,6], and the Institute of High Energy

Physics (IHEP) [7,8]. Forming of large grain disks with anisotropic

1.1. Fabrication of large grain SRF cavities

The fabrication of bulk niobium superconducting radiofrequency
(SRF) cavities with improved performance and reduced cost is para-
mount for enabling future particle accelerators with higher collision
energies. The use of large grain niobium, with grains on the order of tens
of centimeters instead of polycrystalline niobium blanks with ~50 pm
grain size, can reduce the production cost of particle accelerators [1].
Large grain niobium cavities have been fabricated by deep drawing at
Jefferson Laboratory [2,3], Deutsches Elektronen-Synchrotron (DESY)

mechanical properties results in non-uniform deformation and forming
defects such as earing at the equator and iris, but high accelerating
gradients were still measured in the SRF cavities [1,2,7]. A quantitative
understanding of the mechanical properties of niobium single crystals in
different orientations is necessary to predict forming.

Moreover, electro-hydraulic forming (EHF) is a novel technique for
manufacturing half-cells that has recently gained the attention of the
SRF community due to its increased shape accuracy, reduced surface
roughness and removal of intermediate annealing steps [9]. Fine-grain
niobium 700 MHz half-cells and 400 MHz oxygen-free electronics
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(OFE) copper half-cells have been successfully formed with this high
velocity forming technique [9]. However, manufacturing half-cells from
large-grain disks has never been accomplished by EHF or any other
high-velocity sheet forming process and the mechanical properties of
high-purity niobium single crystals in compression and tension are un-
known for strain rates larger than 10! s,

1.2. Mechanical properties of niobium single crystals

The mechanical properties of niobium single crystals at low strain
rates have been investigated since the 1950s, when the element was still
called Columbium [10]. Extensive research on the mechanical proper-
ties for different orientations, temperatures, and strain rates of
high-purity single crystals took place in the 1960s [11-16].

Renewed interest in the topic arose at the beginning of the 21%
century with the fabrication of SRF cavities with large grain disks. The
tensile mechanical properties of niobium single crystals cut from large-
grain disks used for the fabrication of SRF cavities have been measured
at several universities and research laboratories, but never at strain rates
larger than 10! s The effects of crystal orientation [11,14,17-20],
heat treatment [13,14,20-23], interstitial hydrogen content [21-23],
testing temperature [14,24,25] and strain rate [11,14,22,23] on me-
chanical properties of niobium single crystals have been published in
literature.

Mitchell et al. [11] performed tensile tests at a nominal strain rate of
4.5 x 10” s in seven different orientations. No trends were observed
for most of the hardening parameters, i.e. the hardening rate of the three
stages of single crystal deformation and the shear stress at their begin-
ning and end. The extent of hardening stages I and II were lower for
orientations closer to the [001]-[101] symmetry boundary. Specimens on
the boundary showed no stage I (easy glide), higher yield stress [14],
and the lowest strain at failure [11]. The [101]orientation is the terminal
stable tensile orientation of BCC metals [26].

Duesbery et al. [14] observed slip traces on only {110}and {112}
planes in niobium single crystals with differences in the critical resolved
shear stress (CRSS) for the two families. Ermakov et al. [17] observed
anisotropic tensile properties in the plastic regime with different hard-
ening behaviors and strain at fracture for three different orientations.
According to Gnaupel-Herold et al. [22], the differences in yield stress,
hardening stages, and the presence or absence of a yield drop cannot be
solely attributed to anisotropy but are also probably affected by sample
inhomogeneities and purity.

Baars et al. [18] calculated the Schmid factor of the 24 {110} and
{112} potential slip system families for large grains within a sliced sheet
of a niobium ingot to select the tensile orientations of specimens such
that the resolved shear stress on selected slip systems is maximized.
Tests were interrupted before failure and lattice orientation gradients
were measured to quantify the rotation of the single crystals. A larger
misorientation spread within the crystal after deformation was
measured for three orientations close to the [001]-[111] and [001]-[101]
boundaries of the IPF, and these showed the highest strain hardening.
This could be explained by dislocation tangles in cases where the active
systems have Burgers vectors in different directions [18]. Finally, it was
concluded that the highest resolved shear stress might not lead to the
activation of that slip system but that a more complicated criterion
involving non-Schmid behavior governs slip [18].

The effect of hydrogen interstitials was studied independently of the
heat treatment by Myneni [21] following buffered chemical polishing
(BCP) of specimens and by Gnaupel-Herold et al. [22] and Ricker et al.
[23] following electrical discharge machining (EDM) of specimens
immersed in water. A reduction of yield stress was reported in all studies
with increasing hydrogen content. Ricker et al. [23] noted that residual
stresses on the surfaces from EDM could affect the mechanical properties
and potentially result in greater stresses at that surface compared to the
bulk of the specimen. The presence of hydrogen interstitial atoms also
leads to a reduction of ductility. This phenomenon, called hydrogen
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embrittlement, also results in a reduction of ultimate tensile strength
and a change in fracture mode that is detrimental for all sheet forming
processes [27,28]. The lack of quantification of the hydrogen (and other
impurity) content in published results complicates any attempt for
quantitative comparison between different studies.

The effect of strain rate on the tensile properties were reported by
Mitchell et al. [11], Duesbery and Foxall [14], Gnaupel-Herold et al.
[22], and Ricker et al. [23] for quasi-static strain rate ranges of 4.5x10 -6
to1x 10757, 3.4 x 10°t0 3.4 x 10?57, and 3 x 10%and 4 x 10757,
respectively. Mitchell et al. and Duesbery and Foxall observed increases
in yield stress for increasing strain rates, a common result for BCC
metals. Ricker et al. however obtained the opposite trend at nominal
strain rates of 4 x 10 and 3 x 10° s [23]. Ricker et al. explained the
strain rate effect by the influence of oxygen and hydrogen based upon
the work of Ravi and Gibala [29,30]. At low strain rates and room
temperature, the diffusion rate of H is significant enough to produce
strain rate effects due to an increased interaction time between the
dislocations and the mobile interstitial atoms. At higher strain rates, the
dislocations break free and travel unimpeded in the grain. This could
also explain the reduction in failure strain for the case with the smallest
strain rate. However, Mitchell et al. performed tests at similar rates but
observed an increase in yield stress with increasing strain rate. Since the
impurity content in both studies are not reported, no conclusion can be
made on the effect of strain rate on the yield stress at such low rates.
Mitchell et al. [11] and Duesbery and Foxall [14] also compared the
different hardening stages of specimens with a similar crystal tensile
orientation. The transition from stage I to II was not well defined at the
higher strain rates and a lower stage II hardening rate was measured
with increasing strain rates.

From the literature review, it appears that the behavior of niobium
single crystals at high strain rate (larger than 107 s™) has never been
investigated. There is a clear need for this knowledge to enable high-
speed forming of large grain Nb into complex shapes such as SRF cav-
ities. The aims of this paper are twofold: (1) to investigate the orienta-
tion dependent tensile properties of niobium single crystals in a wide
range of strain rates and (2) to provide a database of mechanical prop-
erties for high-speed sheet forming of SRF cavities. The effect of the
crystallographic orientation and strain rate on the plastic behavior are
examined using tensile tests in 18 different orientations and at strain
rates from 10 to 10° s’ To ensure systematic comparability, all
specimens were machined from the same niobium ingot disk.

2. Experimental procedure
2.1. Niobium disk material fabrication

A 322 mm diameter and 3.8 mm thick high-purity large-grain
niobium disk used for the manufacturing of SRF cavities was used. The
original ingot purchased by CERN specified a residual resistivity ratio
(RRR) greater than 300, implying that the ingot had been electron beam
melted multiple times to purify it. The large grains are sections of long
columnar grains such that multiple slices have the same orientations and
nearly the same grain shapes. More details about the manufacturing of
large grain niobium disks and the purification steps are available in a
detailed review paper [31]. Single crystalline specimens were cut by
electron discharge machining (EDM) from the ten largest grains, with
principal dimensions ranging from 45 x 60 mm? to 120 x 170 mm?, as
illustrated in Fig. 1a.

2.2. Orientation measurement

Measurement of crystallographic orientation of the ten grains from
which specimens were cut was performed at Michigan State University
using a non-destructive Laue X-ray diffraction method previously
developed for this purpose by Kang et al. [32]. The diffraction patterns
are measured and indexed to determine the orientation of each grain.
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Fig. 1. (a) Red points show locations where orientation measurements were performed and (b) normal direction orientation map of the 10 grains with unit cells
showing crystal orientation; heavy lines identify coincidence site lattice (CSL) boundaries, and reference x and y directions are labeled. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)

Measurements were performed at multiple locations in the largest grains
(Fig. 1la) to assess whether orientation gradients were present, see
Fig. 1b. Additional measurements were performed on the adjacent disk
extracted from the same ingot, which confirmed the identical grain
orientations in the two disks. An average difference in Bunge Euler an-
gles [33] of 0.3 £ 0.1°, 0.2 £+ 0.2° and 0.9 + 0.4° for ¢;, ®, and ¢,,
respectively, was measured between the two disks, for three locations,
which is consistent with the angular resolution limits of the method.

2.3. Selection of tensile orientations

Tensile orientations were selected following a methodology based on
the Schmid law developed for large crystals with one degree of freedom.
The Schmid factor (SF) of the 24 slip systems in the {110} 111 and {112}
111 families were calculated for each grain in all possible in-plane
tensile orientations. Specimen orientations were selected based upon 5
different conditions: (1) high (>0.49) and dominant SF in the {110}
system, (2) high and dominant SF in the {112} system, (3) similar SF for

o, .
Compression

both systems, (4) low (<0.4) SF for both systems, and (5) reproducibility
of properties from adjacent samples with the same tensile direction, as
well as nominally the same tensile axis obtained in different grains.
Fig. 2 shows the tensile and compression orientations of all cut speci-
mens. The coloring of each specimen represents the crystallographic
direction parallel to the tensile/compression axis in accordance with the
inverse pole figure (IPF) shown in the top right corner of Fig. 2a. The use
of color identifies specimens with similar loading orientations obtained
from different grains (having different cutting angles). Fig. 2b shows the
tensile axis crystallographic directions of the specimens (black markers)
and the surface normal direction of each grain (gray markers) on the IPF.
The specific selection of orientations includes multiple specimens for the
five conditions previously described to ensure that the results are
transferrable to disks with different grain orientations.

The following specimen nomenclature is used throughout this
article: grain number-rotation angle, e.g. 4-113 stands for grain 4 and a
113° counter-clockwise rotation angle from the horizontal (y) axis.
Table 1 provides the specimen number, the three Bunge Euler angles

111

® Tensile axis @534 @7-152
O Grain normal axis OGrain 4
@4-99 @585
Grain7
@ 8-176.
8- 173 Gram 5 1-95
2-59  Grain 4-113
o Craing 6 © g6i127
10-64 4-163@ i 2 158 P 8-62
%0  5133® %2 10 158 Gram 8
Grain9
02-87 Grain 3Q3Gram 2

001 101

Fig. 2. (a) Layout of tensile and cylindrical compression specimens for low and high strain rate tests and (b) inverse pole figure of the tensile axis (black markers) and

grain normal axis (gray markers) orientations of all the specimens studied.
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(the sample tensile direction is given by ¢; and the original surface
normal ||Z is unchanged for specimens from the same grain), the plane,
Burgers vector, and Schmid factors of the two dominant systems for all
tensile specimens.

2.4. Specimen geometries, cutting and surface preparation

All specimens were cut using wire electrical-discharge machining
(EDM) based upon the horizontal alignment mark visible in Fig. 1a. This
technique was preferred to reduce specimen work hardening, waste, and
for its high accuracy. Tensile specimens were later cut in half through
their thickness using the same technique to double the number of
specimens available for testing. The resulting average thickness was
1.76 + 0.25 mm. The geometry and main dimensions of the specimens
used for the quasi-static, intermediate, and high strain rate tests are
presented in Fig. 3. The shorter specimen geometry, shown in Fig. 3a,
was designed at Arizona State University (ASU) for high strain rate tests
(~1000 s'l) and previously used for other materials [34-36]. The tensile
specimen in Fig. 3b was designed based on the ASTM ES8 subsize spec-
imen and further miniaturized by a factor of approximately two [37].
The geometry of the specimens could influence the results, particularly
in the post-necking regime, since the stress state is no longer uniaxial.
Therefore, the flow stress for different strain rates is compared at a low
strain of 0.05 to ensure uniaxial stress in both geometries and only the
longer specimen geometry is used to compare the strain to failure be-
tween different strain rates. Tensile specimens from grain 5 were given a
brief BCP etch to remove the EDM recast layer to allow for slip trace
observations after the tests. An average of 44 pm was removed on all
sides of those specimens, resulting in a mirror finish surface.

2.5. Tensile tests

Quasi-static (QS) tensile tests were performed at room temperature
and at constant crosshead speeds of 0.1, 1, 10, 50, or 100 mm/min,
resulting in nominal strain rates of 1.3 x 10%,1.3x10%,1.3 x 102 6.4
% 102, and 1.3 x 10! s™! using a screw-driven table-top universal testing

Table 1
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Fig. 3. Geometry and main dimensions (in mm) of the tensile specimens used
for the tests with (a) split Hopkinson bars and (b) at low and intermediate
strain rates.

machine (Instron 4302) at Michigan State University (MSU). No exten-
someter was used, but the strain in the gage section was measured by
digital image correlation (DIC) on three different specimens and a
modulus correction was used on all other specimens to correct for the
stiffness of the machine and the grips from the measured crosshead
displacement.

Tensile tests at average intermediate nominal strain rates of 1.12,
7.95, and 94.9 s were performed at room temperature at Imperial
College London with an Instron VHS servo-hydraulic universal testing
machine. A lost motion rod system was used to ensure a constant ve-
locity during the tests [38]. Specimens with the same geometry as the QS
tests were used. All specimens were painted on one side with a uniform
white layer and black speckles for DIC. The other side of the gage section
was painted with a matte black layer to obtain a high and uniform
emissivity for temperature measurements at 200 Hz with an uncooled
infrared camera (FLIR A655sc). A Phantom Miro M310 high-speed
camera was used at acquisition rates of up to 65,000 frames per

Tensile specimen label, lattice orientation relative to the coordinate system of Fig. 1b, and the two dominant Schmid factors (m; and m3) with their respective slip

systems. QS and D stand for quasi-static and dynamic tests.

Specimen o1 (%) @ (°) @, (°) Plane 1 by my Plane 2 by my Tests
1-95 —65 148.7 158.1 (112) [111] 0.497 (To1) [111] 0.438 QS, D
2-59 294 146.2 185.6 (211) 111 0.471 (To1) [111] 0.459 QS,D
2-87 266 146.2 185.6 (211) (171 0.496 (211) [T11) 0.483 QS, D
2-158 195 146.2 185.6 (110) [111] 0.484 (211) (111 0.479 Qs, D
3-8 16.3 147.7 186.8 (170) 111 0.487 (211) 111 0.473 QS,D
4-99 -13 130.7 124.8 (211) [T11) 0.436 (101) [T11) 0.413 QS, D
4-113 —-27 130.7 124.8 (211) (111 0.497 (110) [111] 0.438 QS, D
4-163 -77 130.7 124.8 (011) [111] 0.495 I12) [111] 0.450 D
5-7 46.3 129.3 163.7 (170) [111] 0.479 (121) [111] 0.477 QS, D
5-34 19.3 129.3 163.7 (121) (111] 0.377 (211) [111] 0.373 QS, D
5-85 -31.7 129.3 163.7 (211) (111 0.464 (110) (111 0.403 QS, D
5-133 -79.7 129.3 163.7 (To1) [111] 0.497 (101) (111 0.454 Qs
5-176 —-122.7 129.3 163.7 (170) [111] 0.500 (110) (1T1] 0.468 D
6-127 114 152.1 154.6 (I12) [111] 0.499 (011) [111] 0.443 QS, D
7-42 109 152.6 134.2 (011) (111] 0.496 (T12) (111] 0.454 QS, D
7-152 -1.0 152.6 134.2 (112) [T11] 0.408 (011) [T11] 0.354 QS, D
8-62 -17.5 132.8 168.2 (211) [111] 0.500 (101) [111) 0.434 QS, D
8-107 —-62.5 132.8 168.2 (To1) [111] 0.445 (T12) [111] 0.443 Qs
8-176 -131.5 132.8 168.2 (170) [111] 0.465 (121) [111] 0.455 QS,D
10-64 286.4 147.6 185.1 (211) (111 0.498 (To1) [111] 0.450 QS, D
10-158 192.4 147.6 185.1 (170) [T11] 0.490 (211) [I11] 0.474 QS, D
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second for the DIC used to measure the displacement between two points
at the extremities of the gage length.

Split Hopkinson tensile bar (SHTB) tests were conducted at room
temperature at ASU. The striker, input and output bars of the in-house
SHTB system were made of maraging steel [39-42]. The input and
output bars were 0.5” (~12.7 mm) in diameter. Thin copper rings were
used as pulse shapers to obtain nearly constant strain rate deformation
in the single crystals [43]. Strains were acquired at a frequency of 2
MHez. A few specimens were also painted for DIC measurements using a
Photron FASTCAM SA-Z to acquire images at 100,000 frames per
second.

2.6. Microstructure analysis

The microstructure and grain orientation of the longitudinal cross-
section of selected specimens was investigated using electron back-
scatter diffraction (EBSD) mapping (ZEISS FEG-SEM Sigma and Oxford
Instruments’ Nordlys detector). Specimens were cut lengthwise using a
diamond wire saw (Well Diamond Wire Saw Series 3000). The cut
specimens were cold mounted and polished with silicon carbide (SiC)
papers up to P4000 grit. Finally, manual polishing with 3 and 1 pm
diamond suspension solutions and vibratory polishing (Buehler Vibro-
met 2) with a colloidal silica solution for more than 2 h was performed. A
low geometrically necessary dislocation (GND) density and high confi-
dence index in undeformed regions of EBSD scans indicated that the
polishing process was effective. All EBSD analyses were performed using
the free MATLAB toolbox MTEX [44].

3. Results and discussion
3.1. Effect of orientation

Fig 4a and Fig 4b shows engineering stress—strain curves for 17 and
18 different samples deformed in tension at nominal strain rates of 1.28
x 10° and 1.28 x 102 51, respectively. Tensile axis IPF colors are used
on a gray background to identify trends related to initial orientation. A
minimum of two tests were performed for each orientation, but only one
curve is presented for orientations that were highly repeatable. Large
differences in hardening behavior are observed between the different
orientations, for both quasi-static strain rates. Since plasticity in
niobium single crystals is related to the thermal activation of disloca-
tions gliding on slip planes, the anisotropy results from the activation
and interaction of different slip systems.

A comparison of Fig. 4a and b shows an increase in yield stress with
increasing strain rate. An initial strain softening is observed for most of
the samples deformed at 1.28 x 102 s}, but is only visible for a few
samples at the lower strain rate.

Fig. 4c shows engineering stress—strain curves for 9 different tensile
orientations deformed at an intermediate nominal strain rate of
approximately 10 s™\. All curves show softening after yield and different
softening behaviors, especially for orientations near [001] and [111].
Temperature increases of approximately 40 and 85 °C were measured at
the onset of necking and in the neck before rupture, respectively. These
values are low compared to the melting point of niobium (~2,477 °C).
Moreover, as softening is observed directly after yielding, it cannot be
attributed only to adiabatic heating effects.

3.1.1. Hardening stages

Stress—strain curves of single crystals are often described with three
hardening stages. Stage I, also called easy glide, has a low strain hard-
ening rate and one primary slip system is active. Stage II starts with the
increasing activation of secondary slip systems and the interaction of
primary and secondary dislocations causes a higher and nearly constant
hardening rate. Finally, stage III features a decreasing hardening rate
and a saturating flow stress due to the dynamic annihilation of dislo-
cations by cross-slip. The tensile specimens deformed at the lowest strain
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rate of 1.28 x 102 s™! and with the lowest yield stress all show the three
hardening stages, as shown in Fig. 4a. At a strain rate of 1.28 x 102 s
(Fig. 4b), most tensile orientations exhibit a qualitatively very similar
three-stage hardening behavior as observed at 1.28 x 10”3 s, Consistent
with this observation, Gnaupel-Herold et al. [22] observed three stages
in their tensile tests at strain rates of 10 s or smaller with different
hardening rates and strain intervals between the stages for different
orientations. As demonstrated for a particular tensile orientation in
Fig. 7, the presence of a clear stage I and II hardening gradually disap-
pears at deformation rates between 101 and 105! (see also Fig. 4c). This
implies that multiple slip systems are activated after yield. Such
behavior is not unexpected, as it is likely that the initially most stressed
slip system gradually reaches the limit of its capacity (given by mobile
density and maximum dislocation velocity) to accommodate ever higher
imposed deformation rates. Therefore, part of the imposed (total)
deformation rate results in increasing elastic deformation until further
slip systems become sufficiently active at higher stress. The immediate
(in terms of plastic strain) interaction of dislocations on intersecting slip
planes then results in the absence of stage I hardening.

The activation of multiple slip planes directly after yield was not
directly observed because it would have required slip trace analysis,
such as done in-situ by Kang et al. [20] for low strain rates up to 2.2 x
10 s1. The disappearance of stage I for increasing strain rate up to
about 107! s was also observed by Mitchell et al. [11].

The absence of stage II for strain rates greater or equal to ~10 s,
shown in Fig. 4c and d, is probably due to a combination of different
parameters: (1) the annihilation of dislocations by cross-slip, which is
linked to the motion of dislocations on multiple slip systems (e.g. cross
slip from {110} to {112} planes, and vice versa), (2) diffuse necking
happened sooner, as indicated by the maximum flow stress at a lower
strain in the stress-strain curves for higher strain rates and, and (3)
thermal softening. These conclusions are based on the changes in the
hardening and softening behavior exhibited in the stress-strain curves
and especially the reduction of anisotropy at the highest strain rate (if
more slip systems are active, then deformation is more uniform).
Mitchell and Spitzig [45] studied the mechanical properties of Ta single
crystals deformed at different strain rates and observed a similar
behavior. They suggested that the hardening effects were “masked by
unstable plastic flow and rapid necking” due to the initially high flow
stress at high strain rate or low temperature.

3.2. Split Hopkinson tensile bars

Fig. 4d shows the tensile properties of niobium single crystals
deformed in 19 different crystallographic orientations with split Hop-
kinson bars at strain rates close to 10> s'1. The high strain rate tests show
a significant increase in the 500-650 MPa yield stress compared to the
50-70 MPa quasi-static tests. Moreover, the anisotropy is significantly
reduced as the flow curves are much more similar for many orientations.
This could also be explained by the combined effects of activation of
multiple slip systems to accommodate for the imposed plastic strain at
high rate, adiabatic heating effects, and strain heterogeneity from the
split Hopkinson bar test (see section 3.3). The flow stress in all orien-
tations reduces directly after yielding and through all the plastic
domain. However, this apparent softening behavior does not necessarily
imply a plastic flow localization. The high strain-rate sensitivity of the
material may contribute to stabilize the plastic flow and delay the onset
of localized necking [46,47]. The high-speed camera observation did not
reveal any occurrence of localized necking during the loading induced
by the first incoming wave, but significant strain heterogeneities due to
sample length and the nature of the split Hopkinson bar tests, as shown
in Fig. 6 [48,49].

The maximum engineering strains measured during the SHTB tests
are around 0.2. This value is however not the strain at fracture, but the
strain of the specimen after deformation from the first incoming strain
wave. The use of a high-speed camera showed that specimens usually
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Fig. 4. Engineering stress—strain curves of tensile specimens with different crystallographic orientations at nominal strain rates of (a) 1.28 x 102, (b) 1.28 x 1072,
approximately (c) 10, and (d) 1000 s, colored by initial crystallographic tensile axis (see IPF inset). Split Hopkinson results are not up to fracture, since only the first
strain wave was used for analysis. However, the strain to failure of specimen 3-8, measured with DIC, is plotted for reference. The black dash-dotted line represents
the mean flow stress at 0.05 strain at a strain rate of 1.28 x 10 s™! to enable comparison between the different stress scales.

failed after the third strain wave. Since the second and third waves are
the consequences of the reflection of the initial wave at the end of the
bars, the signal becomes difficult to analyze and consequently me-
chanical properties are only presented for the first wave.

Due to the dynamic nature of the tests, adiabatic heating from
dissipation of mechanical energy into heat is expected. If significant
enough, the concentration of heat in the neck leads to a strength
reduction. In-situ measurements of the temperature were performed on
single crystals deformed at 1, 10 and 100 s'. An average maximum
temperature of 85 °C was measured in the necks before failure for three
specimens deformed at 10 s, The temperature is expected to be higher
for the tests performed at 1000 s\. The experimental results of Mitchell
et al. [11] showed that the temperature dependence of flow stress of
niobium single crystals is low for temperatures above 298 K. Moreover,
the apparent softening observed in the SHTB tests cannot be attributed
only to adiabatic heating effects as it takes place directly after yield. A
decrease in the peak force strain and a decrease in hardening at high
strain rates is often observed for BCC polycrystalline metals, see Peroni
and Scapin [50] for niobium and Hoge and Mukherjee [51] for tantalum.
This phenomenon has been analyzed by Ghosh [47] and Zerilli and
Armstrong [52]. The strain rate sensitivity of BCC materials is almost
independent on the dislocation density and the plastic strain for poly-
crystalline materials [53]. In other words, an increase in strain rate
causes an overstress with a magnitude independent on the plastic strain
level. For this reason, the maximum force condition (% = o with ¢ being
the true flow stress and ¢ the true strain) is met at a smaller strain when

the strain rate is increased.

The observation made in section 3.1.1 on the activation of multiple
slip systems after yield for higher strain rates is extrapolated to the
dynamic tests. Since anisotropy is enhanced by the activation of limited
slip systems, the activation of multiple slip systems for all crystallo-
graphic orientations leads to more uniform strains and similar flow
behavior for different orientations.

3.3. Spatial heterogeneity of strain

To examine the hardening behavior observed for three different
samples, digital image correlation (DIC) was used to measure the dis-
tribution of total strain in the specimens. Fig. 5 shows the strain distri-
bution at six different engineering strains in specimen 7-152, with a
tensile orientation near the [111] direction, deformed at a nominal strain
rate of 1.28 x 102 s, Strain maps are numbered with their corre-
sponding strains to show the strain distribution in the softening and
hardening regimes at the macroscopic scale. Plots of the total tensile
strain distribution in the gage section of each strain map are presented
for quantitative comparison in the top right of Fig. 5. Pictures 3 and 4
show a region of high strain at the bottom of the specimen, indicating
the onset of localized necking with thinning through the specimen
thickness. However, the specimen did not fail in this region because it
started to harden and did not deform further at a global strain of 0.25.
Pictures 5 and 6 show more uniformly distributed total strain in the gage
length, which corresponds to the hardening section of the curve.
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Fig. 5. Strain localization of a specimen in the [111] orientation deformed at 1.28 x 102 L. (The strain reduction in the neck in 5 and 6 is not physical, but an
artefact of the 2D DIC method.)
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Fig. 6. DIC strain maps of four specimens deformed at high strain rates (71000 s~!) showing strain localization at low engineering strains. The initial tensile direction
for each specimen is shown as dots on the inverse pole figure in the lowest strain image of each sample.
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Fig. 7. Tensile engineering stress—strain curves with a logarithmic stress scale for strain rates from 1.28 x 10™ to approximately 1000 s on specimens 2-158 and
3-8 with a crystallographic orientation near the center of the IPF. (Dotted lines are repeat measurements for the same strain rate.)

The activation of different slip systems due to a rotation of the crystal
could explain the transition from softening to hardening, since crystal
rotation was measured with EBSD orientation maps. A change in the
interaction of dislocations with each other or with interstitial atoms is
also likely responsible for the change in hardening rates. An expanding
band, similar to a Liiders band in steel, was not observed with DIC, but
the successive increase in strain in adjacent regions represents a strain
propagation band in the specimen.

Fig. 6 shows strain localization in four specimens deformed at high
strain rates with split Hopkinson tensile bars with different crystallo-
graphic orientations. Strain heterogeneities appears rapidly in the
specimen. It is also interesting to observe that the region where the
strain reaches its maximum is generally not located at the center of the
specimen. This phenomenon is probably related to wave propagation
effects [48,54]. Moreover, the rather short length of the specimens used
in the slip Hopkinson bar tests probably also contributes to the strain
field heterogeneity [48,49]. However, the heterogeneity of the strain
distribution does not grow very much during the deformation of the
specimen and localized necking is not reached during the first wave
loading (see section 3.2).

3.4. Effect of strain rate

The effect of strain rate on crystals with tensile directions near the
center of the tensile axis IPF (crystals 2-158 and 3-8), for nine different
strain rates is compared. Because the two orientations are very similar,
results for both crystals are presented on the same plot to determine the
strain rate sensitivity. Fig. 7 combines the stress—strain curves for both
orientations across all strain rates.

Fig. 7 reveals a systematic increase in flow stress with increasing
strain rate. The elongation to failure is maximal at about 6.41 x 10257,
and drops quickly with increasing strain rate as the work hardening rate
becomes level or negative. A larger dispersion in fracture strain occurred
for the tests performed at 1 and 10 s}, where adiabatic heating begins to
be measurable, which may lead to preferential strain near a neck [55].
This transition also corresponds with a notable yield drop at about 120
MPa (~107 s1). The lack of a yield drop is probably caused by longer
times for thermal activation of dislocation motion and hence a higher
probability for dislocation detachment from pinning sites. Pinning is

more dominant when there is less opportunity for thermally assisted
detachment, so that the upper yield point (and its disappearance at
higher rates) represents a locally saturated interstitial atom concentra-
tion in the dislocation core [41,56]. Barely noticeable yield drops, less
than 1 MPa in magnitude, were also observed by Gnaupel-Herold et al.
[22] for different orientations, but for tensile tests performed at strain
rates of 10 s™! or lower.

To compare properties of specimens with similar dislocation sub-
structures at the different strain rates, strain rate change tests are often
conducted to calculate the strain rate sensitivity. In this study, the strain
rate sensitivity was calculated for engineering strains of 0.05 since no
rate change tests were performed and stress equilibrium in split Hop-
kinson bars is often not reached at strains lower than 0.05 [57]. The flow
stress in tension for the same crystal orientation as function of strain rate
across eight orders of magnitude is presented in Fig. 8a in light green
together with seven additional crystal orientations colored according to
their respective tensile axis IPF colors and tested over three orders of
magnitude in strain rate. The strain rate sensitivity of the specimen near
the center of the tensile axis IPF deformed at room temperature, m =
(0ln 6/0Iné),_g o5 = 0.14, is consistent over all but the highest strain-rate
data. The resistance from the inertial forces opposing the deformation
were estimated to be about 12 MPa [58]. This contribution is too small
to explain the deviation at the highest rate [58]. Fig. 8a also provides a
comparison with the literature. Despite different single crystal process-
ing techniques and purity levels, the flow stresses at strain rates of the
same order of magnitude are similar.

Fig. 8b shows a reduction of the strain to failure with decreasing
strain rates below 102 51 for different orientations. A similar result was
obtained by Mitchell et al. [11] at a similar strain rate and by Ricker
et al. for tests at 10 and 10 s and was explained by the increased
interaction time between dislocations and mobile hydrogen interstitial
atoms at the lowest strain rate [23], i.e. dynamic strain aging. The
opposite trend is observed for the specimens deformed at intermediate
strain rates, where the strain to failure is lower compared with the
quasi-static specimens, for all orientations.

3.5. Activation volume

Short range dislocation barriers, such as the Peierls-Nabarro stress,
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point defects (e.g. vacancies and self-interstitials) and other dislocations
intersecting the slip plane, are temperature and strain rate dependent
[60]. The resistance to dislocation motion is then dependent on a ther-
mal term and the identification of the dominant thermally activated
mechanism is possible by calculating the activation volume [60]. The
activation volume is defined as the derivative of the activation enthalpy
with respect to the thermal component of the stress and is calculated as

o V3kT < am&-)
T

o dln o

where kg is the Boltzmann constant, T is the absolute temperature and d
Iné/dln ois the inverse of the strain rate sensitivity. Mitchell et al.
calculated activation volumes for high-purity niobium single crystals
using the strain rate sensitivity at yield, and the activation volumes of 75
and 30 b® were obtained at strain rates of 4.5 x 10° and 1 x 10! s"l,
respectively [11,61]. Using the same method, the activation volumes are
calculated for specimens 2-158 and 3-8 for all strain rates using con-
stant (m = 0.14) and rate-specific strain rate sensitivities at ¢ = 0.05
from Fig. 8. Fig. 9 shows excellent agreement between Mitchell et al.
[11] and the present study, where v'decreases from 60.6 b° to 2.6 b°
with increasing flow stress. The decrease in activation volume in inverse
proportion to the flow stress is consistent with a constant strain rate
sensitivity and not uncommon for the range of strain rates studied. An
increase in strain rate sensitivity at the highest strain rate, as shown in
Fig. 8, results in a higher rate of reduction of activation volume.
According to Conrad [60], the decreasing activation volume from
quasi-static to dynamic rates corresponds to the thermal activation of
two mechanisms observed in BCC metals: overcoming of the
Peierls-Nabarro stress, which is probably responsible for the increase in
flow stress at the higher strain rates [62,63], and cross-slip, as observed
by Duesbery et al. [13] in shear bands on the surface of deformed single
crystals. The increasing activation volume with decreasing flow stress
represents the volume over which thermal activation must operate to
dissociate a dislocation from an interstitial pinned atmosphere.

3.6. Fracture surfaces

Fig. 10 compares top views of fracture surfaces of tensile specimens
with three different initial tensile orientations and deformed at strain
rates of 1.28 x 102 and approximately 1000 s, The macroscopic
specimen rotation is often similar at quasi-static and dynamic strain
rates, as in specimens 2-158 and 7-152. However, the longer gage
section and strain to failure in quasi-static specimens leads to a larger
rotation, as shown for specimen 5-85 in Fig. 10e.

Fig. 11 shows secondary electron front and top views (viewing along
the tensile axis) of fracture surfaces of tensile specimens with different
crystallographic orientations deformed at approximately 1000 s’ For
these specimens, the strain rate at rupture is expected to be lower than
1000 s since fracture occurred after being deformed by the third strain
wave passing through the bars, which had dissipated energy after each
wave. All specimens show a ductile rupture with a chisel-edge profile.
This is common for single crystals of high purity deformed at low strain
rates [45,64].

The number of active slip systems at rupture should influence the
rupture surface morphology, i.e. the crystal rotation and neck geometry,
such as the two- and four-fold symmetries observed in copper single

2 The flow stress in Duesbery’s study [14] was calculated assuming that the
specimen geometry was the same as in the study of Mitchell [11] (tests per-
formed at same laboratory and the difference in calculated axial stresses is
similar to the difference in reported shear stresses). The flow stress in Myneni’s
study [59] required to extract data from two sources to obtain the load [59] and
calculate the likely specimen cross-sectional area by extracting the stress of one
specimen [21].
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crystals deformed at different temperatures by Simoto et al. [65].
Considerable variations in fracture surface morphology for specimens
deformed at high strain rate are visible in Fig. 11. However, no
orientation-based trends in fracture surface edge rotation and length are
observed. Specimens with initial tensile orientations in the center or on
the [101]-[111] boundary of the tensile axis IPF showed both short and
rotated (specimens 7-42 and 6-127), and long and straight (specimens
2-158 and 7-152) fracture surface edges.

3.7. Microstructural analysis

Based on slip theories [26], all tensile BCC single crystal specimens
should rotate toward the terminal stable [101] orientation. While no
macroscopic rotation is observed for specimens 2-158 and 7-152
deformed at high strain rate in Fig. 11, microscopic orientation rotations
toward [101] were measured with EBSD.

While stress anisotropy is reduced at dynamic rates the crystal
rotation appears to be a macroscopic kinematic strain-driven process.
The specimen dimensions, which affect the post necking behavior and
consequently the strain-to-failure, could be the main factor influencing
the extent of the rotation occurring in single crystals with the same
orientation. The direction of the rotation should be the same for crystals
with similar initial orientations as it is dictated by the active slip sys-
tems. EBSD measurements confirmed similar rotations for the quasi-
static and dynamic specimens with the same initial tensile orientation,
see Fig. 12b and Fig. 13b.

EBSD measurements were performed on polished cross-sections of
low strain rate specimens to measure the change in crystal tensile
orientation between the undeformed grip section and the fracture sur-
face. Fig. 12a shows the crystallographic orientation, in the tensile di-
rection, and local average misorientation (LAM) maps for five different
sections of a specimen with an initial orientation near the center of the
IPF (white areas on the orientation maps are regions with poor pattern
indexation and artifacts of polishing). The rotation occurs around the
vector equal to the cross product of the slip plane normal and slip di-
rection of the active slip system, which is approximately the out-of-plane
direction in Fig. 12a. This was observed for all specimens with no shear
bands. A rotation toward the terminal stable [101] direction was
measured for this orientation and three others shown in Fig. 12b. An
increase in GND density between the fixture and the fracture surface is
evident in the local average misorientation map. Interestingly, the
orientation in the grip differs from the original orientation for few
specimens and is likely caused by alignment errors during specimen
cutting and measurements, and also because measurements were taken
in a region of the grip where biaxial strain probably took place, as
schematically shown in light red on a half-tensile specimen in Figs. 12b
and 13b.

Fig. 13a shows EBSD scans for a specimen with the same tensile
orientation as in Fig. 12a, but deformed at high strain rate. In contrast to
the quasi-static specimen that has a gradually increasing GND density
from the fixture to the fracture, the dynamic specimen has a high GND
density at the fracture surface and a low misorientation elsewhere. This
is probably caused by the formation of a neck at a lower strain and a
more intense straining in the neck region in the dynamic test. The
deformation, and consequently the highest GND density, is then
concentrated in the vicinity of the fracture surface. Similar observations
in local misorientation distribution between low and high strain rate
specimens were made for specimens 2-158 and 7-152.

The insets in Fig. 13a show higher resolution maps (step size of 0.5
pm compared to 2 pm). Note that the bands of higher misorientation
angle (~1-2°) converging at the fracture surface edge in the low-
resolution scan are an artefact of the large step size and represent the
overall specimen rotation. Fig. 13b compares the crystal rotation from
the grip to the fracture surface for three specimens deformed at high
strain rate, which are similar to the rotations observed for the same
orientations at low strain rate in Fig. 12b, except for specimen 2-158
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where the low strain rate rotation is toward the [111] direction.

Specimen number 5-34, which has a tensile axis where there are
equally low Schmid factors for the {110}and {112}slip systems, showed
the highest hardening and lowest elongation for the tensile tests at 1.28
x 102 s, The specimen also showed shear bands on its top and bottom
surfaces after deformation, as illustrated in the image of the sample in
the top of Fig. 14. An EBSD analysis confirmed that the bands at the
surface were shear bands with very different crystal orientations as
shown by the contrasting colors in Fig. 14. The heterogeneous slip
behavior of the bands and the matrix resulted in a composite-like
structure, which could account for the stress-strain curve with high
hardening, associated with different slip directions in adjacent regions,
and low ductility that results from instabilities caused by formation of
grain boundaries during deformation, and hence, adjacent orientations
that are relatively harder or softer.

Shear bands were also observed in specimen 4-99, with an initial
orientation close to specimen 5-34. The two slip systems with the
highest Schmid factors in specimen 4-99 have similar resolved shear
stresses on different slip planes sharing the same slip direction. This
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orientation also showed a low ductility and a high hardening rate.
Softening shortly after yield was observed in the stress-strain curves of
both specimens 4-99 and 5-34 and is likely caused by the formation of
the shear bands [66,67]. Baars et al. [18] also observed regions with
distinct orientation splitting in specimens with the highest hardening
and where slip is expected to occur in different <111> directions.
Because some crystal orientations will deform in a manner that leads to
orientation splitting, this can account for a wide range of ductility, such
as observed in polycrystals with texture banding [68]. Clearly, it is
important to be able to predict which crystal orientations are most likely
to generate orientation splitting when considering formability of large
grain material. However, this prediction is difficult to make since the
initial orientation of specimens 4-99 and 5-34 are similar, with low
Schmid factors, but the slip direction in the two slip systems with the
highest Schmid factors were the same for 4-99, and different for 5-34
(which showed orientation splitting).

3.8. Potential effect on sheet forming

The reduction in strength anisotropy at high strain rate suggests that
manufacturing of SRF cavities with electro-hydraulic forming could lead
to a more uniform deformation and consequently, a higher shape ac-
curacy. Despite the lower ductility measured at higher strain rates in the
uniaxial tensile tests, high-speed forming results in non-linear strain
paths and multi-axial stress states during the tool-sheet interaction that
can lead to strong compressive hydro-static stresses that reduce damage
and delay sheet fracture [69,70].

The difference in crystal fracture surface rotation for different crys-
tallographic orientations clearly shows that the presence of grain
boundaries will lead to a local stress concentration or strain instability.
Forming using a single crystal sheet [1] would then be ideal to avoid
grain boundaries and the lesser anisotropy at high strain rate indicates
that the effect of the single crystal orientation may be negligible.

4. Conclusions

Mechanical properties of niobium single crystals for SRF cavity
fabrication were measured using material from the same grains of an
ingot for different crystallographic orientations and strain rates, from
1.28 x 10 s to approximately 1000 sL. Stress anisotropy was more
significant at quasi-static rates, but nearly absent at dynamic strain
rates. The absence of stage I hardening for increasing strain rates in-
dicates the activation of multiple slip systems after yield and is believed
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Fig. 10. Secondary electron top views of rupture surfaces of specimens 2-158 (a, b), 7-152 (c, d), and 5-85 (e, f) deformed at quasi-static and high strain rates. The
initial tensile direction for each specimen is shown as dots on the inverse pole figure in (f). (a, b, d, e, and f share the same scale bar.)
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deformed in tension at 102 s™%. (b) Orientations in the grip (square), near the fracture surface (triangle) and theoretical (crosses) for six specimens deformed at low
strain rates. A half-specimen schematically shows the location of the grip measurement and possibly deformed region within the grip in light red. (For interpretation
of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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tensile axis IPF deformed in tension at 10° s'. (b) Orientations in the grip (square), near the fracture surface (triangle) and theoretical (crosses) for three specimens
deformed at high strain rates. A half-specimen schematically shows the location of the grip measurement and possibly deformed region within the grip in light red.
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to be a factor responsible for the reduction in stress anisotropy. How-
ever, strain anisotropy associated with the kinematics of the favored slip
systems, appears to be independent of strain rate.

A transition from hardening to softening, in the majority of the
plastic domain, was observed for orientations near the center of a tensile
axis IPF at strain rates greater than approximately 6.4 x 102 s The
strain rate at the transition was not identified for other orientations, but
8 specimens with different tensile orientations deformed at approxi-
mately 10 s showed softening after yield.

Digital image correlation showed the formation of necks before
failure, which could account for softening at low strains at quasi-static
strain rates followed by a homogenization of strain corresponding to
the hardening stage.
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Fracture surfaces of tensile specimens deformed at low and high
strain rates all showed chisel-edge and no crystal orientation-based
trends in fracture surface edge rotation and length were observed.
EBSD showed crystal rotations toward the terminal stable [101] orien-
tation and the majority of the rotation taking place about a direction
perpendicular to the tensile axis.

Shear bands leading to heterogeneous deformation were observed in
two specimens deformed at 1.28 x 10 s leading to low ductility and
high hardening rates in orientations close to the top of the IPF and in the
region where slip systems of the {110}and {112}families have similar
low Schmid factors. Quasi-static specimens with different tensile ori-
entations, presented in Fig. 12b, and all dynamic specimens in Fig. 13b
showed no bands, but substantial crystal rotation from the undeformed
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Fig. 14. (Inset) optical image of specimen 5-34 showing large shear bands on the top surface of the specimen. EBSD orientation maps in the tensile direction with the
corresponding orientation of 10,000 points of each map on tensile axis inverse pole figures, showing the crystal rotation from the fixture to the fracture surface, and

LAM maps of the specimen deformed in tension at 102 s%,

fixture region to the fracture surface.

The reduction in stress anisotropy at high strain rates is expected to
be beneficial for high-velocity forming of cavities, which should pro-
mote a more uniform strain that leads to better shape accuracy. How-
ever, a reduction in strain-to-failure was measured for increasing strain
rates, along with a lack of strain hardening. Further TEM analyses on the
effect of high strain rate deformation on dislocation structure are plan-
ned, as wells as the influence of the dislocations arrangement created at
high strain rate on superconducting properties.
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