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Introduction of Nonlinear Properties Into
Hierarchical Models of NbgSn Strands

B. Collins, J. Krishnan, D. Arbelaez, P. Ferracin, S. O. Prestemon, A. Godeke, D. R. Dietderich, and T. I. Zohdi

Abstract—The development of computational models repre-
senting Rutherford cable formation and deformation is necessary
to investigate the strain state in the superconducting filaments in
Nb3Sn magnets. The wide variety of length scales within acceler-
ator magnets suggests usage of a hierarchical structure within the
model. As part of an ongoing investigation at LBNL, a three-di-
mensional simplified nonlinear multiscale model is developed as
a way to extend previous linear elastic versions. The inclusion of
plasticity models into the problem formulation allows an improved
representation of strand behavior compared to the linear elastic
model. This formulation is applied to a single Nb3Sn strand
to find its effective properties as well as the strain state in the
conductor under loading.

Index Terms—Elasto-plastic, multiscale modeling, Nb3Sn,
superconducting magnets.

I. INTRODUCTION

HE ABILITY to obtain a three dimensional strain state
T in Nb3Sn filaments due to macro-scale loading is vital in
determining the critical current carrying capacity of a magnet.
However, this task is not trivial due to the variety of important
length scales present in superconducting magnets: magnet, coil,
cable, strand, filaments, and lattice. Each scale, shown in detail
in Fig. 1, plays an important role in the final strain state present
in the filaments. Direct numerical simulation of the macro-scale
magnet with the inclusion of all the micro-scale details is com-
putationally infeasible. Therefore, multi-scale computation can
be used to understand the behavior across various length scales.
At Lawrence Berkeley National Laboratory (LBNL), the devel-
opment of such hierarchical models has begun in order to bridge
the entire range of scales present in superconducting acceler-
ator magnets. Due to the vast difference in these length scales,
multiple models must be created to accurately incorporate the
physics present at each scale. In the present work, the main focus
is on the development of models that bridge the strand and fila-

ment scales in a rod restack process (RRP) strand.
The numerical determination of the strain state in Nb3Sn fil-
aments has been explored previously by multiple researchers.
Mitchell [1] has previously developed one and two-dimensional
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Fig. 1. Illustration of the scales present in Nb3Sn magnets: magnet, cable,
strand, filaments, lattice.

models to simulate thermo-mechanical loads on a strand and
to determine the strain state in NbaSn filaments. Boso [2], [3]
has developed a multi-scale model to simulate NbsSn conduc-
tors. Arbelaez [4] has created a hierarchical scheme to simulate
the relationship between the strand and Rutherford cable levels
and to determine the effective linear, orthotropic, properties of
cables.

In the present study, a computational model is used to ex-
amine the behavior between the strand and filament levels. As an
extension to the previous linear multi-scale scheme developed
by Arbelaez, nonlinear effects are included. In this model, the
strand is treated as the macro-scale, with the NbsSn filaments
composing the micro-scale. As an initial step, a cooldown of the
strand from 300 K to 4.2 K is examined.

II. MULTI-SCALE MODELING

A. Linear Regime

Consider a heterogeneous material with two length scales,
shown in Fig. 2, such that H > h. Rather than describing
every detail of the microstructure at every location in the macro
problem, the problem is separated into two scales: the macro-
scale and a Representative Volume Element (RVE), which char-
acterizes the micro-scale. The desired goal is to determine the
stress and strain distribution in the micro-scale given a loading
condition from the macro-scale.

To approach this goal, a multi-scale model is proposed as
follows:

1) Compute the effective properties of the RVE. In order to

compute these properties, six different loading conditions


dlpickett
Text Box

dlpickett
Text Box

dlpickett
Text Box


Fig. 2. lllustration of a heterogeneous body being approximated by a Repre-
sentative Volume Element (RVE).

can be applied to determine the effective elasticity tensor.
The linear stress-strain elastic relation can be written as

Oz Cin Cn Cy Cyuy Cj Ce1 £z
oy Ciz2 Cypp Cya Cyp Csz Cgz Ey
o, | _|Cizs Caz Cs3 Cys Cs3 Ces €x
Toy [~ |Cia Cas Cay Cyy Csy Cgg VYay
Ty= Ciz Cas C35 Cys Css Ces Yyz
Tan Cis Caxp Czs Cass Cse Cos Yz

(D

where the left column represents the three-dimensional
stress state of a material point, the right column represents
the strain state of a material point, and an elasticity tensor
with thirty six constants connects the two. It can be seen
that if only one non-zero value of the strain components is
imposed, computation of the stress state will determine the
corresponding column of the elasticity tensor. To extract
the effective properties of the RVE, six different average
strain states over the domain are imposed, and the corre-
sponding average stress states are calculated to construct
the effective elasticity tensor. Note that for the linear case
the properties of the RVE only need to be determined once
since the material behavior is independent of the stress
and strain state.

2) Use the effective properties of the RVE to solve the macro-
scale model.

3) Apply resulting stress state to RVE to compute the stress
distribution present in the micro-scale.

B. Nonlinear Regime

When considering nonlinear multi-scale models, the material
behavior at a point is dependent on its corresponding stress and
strain (or strain increment) states. In order to account for this
behavior in the hierarchical model, the effective properties of
the RVE can be determined point-wise at the current stress and
strain state. In the current model, the effective properties are
not actually calculated. Instead, the deforming body is updated
according to its elasto-plastic constitutive behavior. Performing
a finite element analysis at every material point in the body can
be computationally expensive; therefore, material points with
near equal stress states are approximated by a single RVE.

In addition, the nonlinear case must be solved incrementally,
whereas the solution to the linear problem can be found in a
single step.

Fig. 4. Decomposition of strand for macro-scale solution.

III. RRP STRAND MODEL

A. Model

The multi-scale method described above can be applied to a
single strand, as shown in Fig. 3. In this model, the filaments are
replaced by a single homogeneous material, whose properties
will be determined by an RVE composed of Nb3Sn filaments
surrounded by copper with bronze cores. This RVE is taken to
be a periodic unit cell (PUC).

As a simplification, the homogenized strand is treated as ax-
isymmetric. The reasoning for this treatment is that if the strand
is subjected to a change in temperature or an axisymmetric load,
the resulting stress inside the core will be uniform, requiring
only one RVE to compute the effective behavior. In addition,
the Nb3Sn is assumed to behave elastically, whereas the copper
and bronze are elasto-plastic.

B. Material Properties

The temperature dependent material properties used for the
model are obtained from Mitchell [1]. Since bronze behaves
similarly to copper, the properties are taken to be identical.

IV. TEST CASE: CoOLDOWN FrROM 300 K T0 4.2 K

A. Implementation

The macro-scale solution is found by decomposing the inner
and outer portions of the strand into two separate problems and
then enforcing continuity in the displacements. This process can
be seen graphically in Fig. 4, where p is a radial pressure, and o
is the axial stress.
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Fig. 5. Thermal strain in a strand due to a cooldown from 300 K to 4.2 K.

At every loading step, continuity will be enforced by finding
the pressures, p and gy, such that the resulting gaps, 6, and 6,,
approach zero. This is done numerically using Newton’s method

; i 86, 88, 1-1 . .
() -{2)- [ B o
i = £ ; L
ap a} S . b,
The stress tensor in the inner region of the strand takes the
form

-p 0 0
Tinner = 0 -p O (3)
0 0 ap

and by enforcing equilibrium in the axial direction and assuming
that the outer copper region is thin walled, the corresponding
stress tensor is determined to be

0 0 0
Oouter = | 0 pgﬁ 0 4)
0 0 ~4ginurg,

where R is the radius of the strand, ¢ is the thickness, and A4 is
the cross-sectional area.

The strain in the inner region of the strand is computed by
discretizing the RVE into finite elements (see Fig. 3) and nu-
merically calculating the average strain, whereas the strain in
the outer region can be determined directly. Plasticity is incor-
porated by means of a radial return algorithm [5], and deforma-
tions are taken to be infinitesimal. Determination of the initial
residual stress present will be addressed in future work, and for
now it is taken as zero. Ten temperature loading steps are used
to bring the strand to 4.2 K. The volume fraction of NbsSn in
the RVE is 50%.

B. Results

The strain and stress in the inner and outer regions of the
strand can be seen in Figs. 5 and 6, respectively.

It can be seen that at 4.2 K there is a decrease in length of the
strand corresponding to —0.293% strain. Similarly, there is a de-
crease in azimuthal strain, and therefore radial strain, at 4.2 K
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-+ Composite - Azimuthal
-e-Composite - Longitudinal

80
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Fig. 6. Average stress in the inner and outer regions of the strand due to a
cooldown from 300 K to 4.2 K.

vonMises (MPa)
208.797
200

Fig. 7. Von Mises stress in the RVE due to a cooldown from 300 K to 4.2 K.

corresponding to —0.277%. These changes in length are notice-
ably nonlinear, indicating that there is plastic deformation oc-
curring in the outer copper cylinder.

The stress in the outer copper region is tensile, whereas the
inner composite experiences an average compressive stress. The
average radial and axial stresses in the composite are approxi-
mately —8.9 MPa and —17.8 MPa, respectively.

Determination of the stress in the NbsSn filaments can be ac-
complished by examining the FEM solution of the RVE at 4.2 K.
This model uses 8,526 degrees of freedom. The von Mises stress
in the RVE is shown in Fig. 7. The magnitude of stress in the
individual phases is much larger than the average values calcu-
lated at the macro-scale level, with a peak stress of 209 MPa
occurring in the NbsSn phase.

The elastic strains in the axial direction inside the RVE are
shown in Fig. 8. The copper phase is in tension, whereas the
Nb3Sn experiences an axial compression of —0.1%.

The plastic strain in the RVE is shown in Fig. 9. Material flow
only occurs in the regions surrounding the filaments. The bronze
cores do not deform plastically, however, since they are being
loaded hydrostatically.
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Fig. 8. Elastic axial strain in the RVE due to a cooldown from 300 K to 4.2 K.
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Fig. 9. Plastic strain in the RVE due to a cooldon from 300 K to 4.2 K.

V. NUMERICAL SIMULATION OF FULL STRAND

In order to gauge the validity of the multiscale model, a
cooldown is performed numerically on the fully discretized
model of a strand using ANSYS. This model contains 173,382
degrees of freedom, approximately 20 times more than used in
the RVE solution. Von Mises stress contours of the strand are
shown in Fig. 10.

Although the maximum and minimum values are different
than those computed by the multiscale process, these values are
located in the outermost filaments. To get an accurate compar-
ison, the inner region of the strand is examined. When the out-
ermost filaments are taken out of consideration, the maximum
value of the stress in the NbsSn phase is 208.7 MPa, which is
consistent with the solution found using the hierarchical model.

Von Mises (MPa)

250.058

34.28

Fig. 10. ANSYS calculation of Yon Mises stress in the strand due to a cooldown
from 300 K to 4.2 K.

VI. CONCLUSION

In the present work, a hierarchical model is developed to re-
duce computational costs associated with resolving microscopic
details in a macro-scale problem. Solving a fully resolved strand
using ANSYS requires many more degrees of freedom than
the multiscale approach, and the difference in computational
costs increases as the number of filaments increases. The hier-
archical model presented is used to study the behavior between
a superconducting strand and its Nb3Sn filaments. The algo-
rithm produces consistent results with a fully discretized model
solved using ANSYS. Possible extensions include utilizing ini-
tial residual stresses present in the strand due to heat treatment,
the inclusion of voids and cracked filaments, finite deforma-
tions, the incorporation of additional length scales, and the in-
clusion of cases that have a non-uniform stress and strain state;
i.e. the loading of Rutherford cables in a magnet. In addition,
the use of multiscale modeling to determine the strain state in
the Nb3Sn, and therefore the critical current carrying capacity
of the magnet, can be used to optimize magnet design.
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