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Abstract

The manufacturing of superconducting radio frequency (SRF) cavities for particle
accelerators is currently transitioning from high-purity rolled sheet Nb to large grain
Niobium (Nb) directly cut from ingots. Cavity forming from large-grain disks with
inherent mechanical anisotropy results in non-uniform deformation and causes de-
fects that can limit cavity performance. To predict how dislocation density can re-
cover and influence recrystallization, the ability to accurately model dislocation evo-
lution during deformation is required. To this end, a constitutive crystal plasticity
model for plastic deformation in Nb has been formulated by incorporating disloca-
tion interactions and the thermally activated character of screw dislocation motion
in body-centered cubic (bcc) metals. The model is used to simulate deformation
tests that have been performed on high-purity Nb single crystals. The specimens
of di�erent crystallographic orientations were cut from a large-grain Nb disk. Uni-
axial tensile tests were conducted at strain rates between 10−4 s−1 to 103 s−1. The
results present the variability in flow stress, crystal rotation, and active slip systems
across di�erent single crystal orientations. Insights from this study can enable de-
sign strategies that will lead to more consistent cavity performance.

Design of uniaxial deformation experiments

• A high-purity Nb disk with 10 large grains was used in this study.
• Inverse pole figures (IPFs) are used to visualize the crystallographic orientations

parallel to the direction of tensile deformation.
• A so�ware toolbox was developed to calculate and visualize the Schmid factors

for each slip system across the di�erent single crystal orientations resulting from
the anticipated loading.
• This allows to identify regions within the IPF for which di�erent combinations of
{1 1 0} and {1 1 2} planes constitute the most active and second-most active slip
family.
• In this study, three orientations (marked red in the IPF) have been chosen for anal-

ysis based on expectation of slip system activation.

Figure 1: Large-grained Nb disk showing the layout of dog-bone tensile specimens to be cut and the
IPF of selected orientations

• Tension and compression tests were performed (Instron 4302) on the selected ori-
entations at di�erent strain rates.

Experimental results
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Figure 2: Engineering stress versus
strain for di�erent orienta-
tions (orange, blue, green,
red) at a strain rate of 10−3 s−1
and for multiple strain rates
between 10−1 s−1 to 10−4 s−1

(darker shades of red) for the
orientation 2_158.

• All three single crystal orientations exhibit initial strain so�ening, followed by
strain hardening that is similar for all three orientations, and ultimate necking af-
ter strains of 0.5 or more (Fig. 2 le�).
•With increasing strain rate, the yield stress increases systematically but subse-

quent strain hardening decreases such that the ultimate tensile strength is very
similar across all tested rates (Fig. 2 right).

Constitutivemodeling of niobium

• The crystal plasticity simulations are based on a finite strain framework.
• The plastic velocity gradient is additively composed from individual slip contribu-

tions on planes with normal n along directions m:
Lp =

∑
α

γ̇αmα ⊗ nα =
∑
α

γ̇αPα (1)

• Each slip rate follows as the product of Burgers vector magnitude b, dislocation
density %, and the dislocation velocity v (Orowan’s equation):

γ̇α = b %α v(τα, T ) (2)
• At low and medium temperatures and strain rates, screw dislocation motion is the

rate-limiting step in bcc metals and proceeds via nucleation (widthw) and lateral
motion (distance λ) of kink pairs that advances the dislocation by h in time tt [1]:

v =
h

tt
=

h

tn + tk
=

2 b h ταν0(λ
α − w) exp(−∆Hkp

kT )

2 b2 τα + v0B(λα − w)2 exp(−∆Hkp
kT )

(3)

• The mobile dislocation density on any slip system α evolves as [2]:
ρ̇α = ρ̇αmult + ρ̇αann (4)

•Dislocation interactions (e.g. junction formation) diminish the resolved shear
stress that drives dislocation motion [3] :

τ
′α = τα − τh = Pα : σ − µb

√∑
α′

ξαα′%α
′ (5)

with ξαα′ the coe�icients of the dislocation interaction matrix.

Preliminarymodeling results
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Figure 3: Comparison of engineering
stress–strain curves up to
30% strain from simulations
(dashed) and experiments
(solid) for three sample ori-
entations 5_34 (blue), 7_152
(gold), and 8_176 (green).

• Simulations presently overestimate the yield stress and (generally) underestimate
the strain hardening.
•Possible reasons for these deviations are the chosen magnitude of (i) the lattice

friction (Peierls) stress, (ii) initially present dislocation density, (iii) the neglect of
non-Schmid stress components in the constitutive description, or (iv) the use of a
spectral solution scheme for stress equilibrium.

Future work

• Variation of Peierls stress and initial dislocation densities.
• Inclusion of non-Schmid e�ects.
•Consideration of refinements of the dislocation interactions as indicated in recent

work of (author?) [5].
•Comparison of simulation results between a (spectral) grid-based and finite ele-

ment mesh-based solution scheme.
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