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Abstract: It is well known that the parameters of Nb3Sn superconducting strands are strain sensitive,
and the internal brittle Nb3Sn filament can easily break under deformations. A temperature difference
from the preparation temperature of about 1000 K to the cryogenic working environment of 4.2 K
damages brittle Nb3Sn fibers before working. Based on the Curtin—-Zhou model, the damage theory
for fiber-reinforced composites is utilized to study the influence of filament fractures caused by
thermal stress. According to the typical multi-scale geometric of the EAS-Nb3Sn strand (European
Advanced Superconductor, EAS), an efficient hierarchical homogenized calculation model considering
filament fracture and matrix plasticity was established. In this work, we took the filament fracture
caused by both thermal stresses and mechanical loads into consideration using the secant modulus
and simultaneously had the impact of the plastic constitutive of the bronze matrix and the copper
protective layer. Mechanical parameters, such as the homogenized secant modulus, shear modulus,
and Poisson’s ratio in different directions of level scale, were predicted at various temperatures. The
elastoplastic mechanical behavior of the strands subjected to axial load was analyzed, and the results
were in good agreement with the experiment. The initial thermal fiber fracture has non-negligible
effects on the mechanical properties of the EAS-Nb3Sn superconducting strand and play the role in
accelerating the increase in fiber breakage.

Keywords: EAS-Nb3Sn strand wire; filament fracture; initial thermal damage; effective modulus;
elastoplastic analysis

1. Introduction

Since the discovery of superconductivity more than 100 years ago, many diverse classes
of superconducting materials have been found and subsequently studied in detail. Based on
the different superconducting transition temperatures, the superconding materials can be
classified into the low-temperature superconductors (LTS), which are represented by metals,
alloys, and metal alloy materials, such as Nb3Sn, NbTj, et al., and the high-temperature
superconductors (HTS). To date, more than 5000 superconducting materials have been
discovered or synthesized all over the world [1]. Based on Bi (Bi-Sr-Ca-Cu-O [2,3]), Tl
(T1-Ba-Ca-Cu-O [4]), RE (RE-Ba-Cu-O [5], as well as with the participation of several
RE [6]), and Y (Y-Ba-Cu-O [7]), high-temperature superconducting materials are becoming
more and more popular in recent years. HTS-superconducting tapes are used without
and with a stabilizer as windings in transformers and superconducting electromagnets
and superconducting current limiters. Compared with HTSs, Nb3Sn low-temperature
superconducting materials are widely used in the core of large high-field magnets because
of their mature and simple preparation, high-critical magnetic field (H ~ 25 T), critical
current [8], and stable mechanical properties in low-temperature environments. However,
even today, after thousands of papers devoted to the materials have been published,
understanding their nonlinear mechanical behavior remains a challenge.

The magnetic coils of the TOKAMAK of the International Thermonuclear Experi-
mental Reactor (ITER) project and the Large Hadron Collider (LHC) of the European
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Organization for Nuclear Research all use Nb3Sn superconducting materials [9,10]. The
Nb35Sn superconducting strand works under strong magnetic fields, cryogenic environ-
mental, and high electric potential when ITER superconducting magnets are operating
at 4.2 K. In addition, the temperature difference between the preparation temperature of
about 1000 K and the operating temperature of 4.2 K will also produce corresponding
thermal stress in the strands, which obviously affects the axial mechanical behavior of the
strands [11,12]. These articles illustrate that cracks and fractures in the filaments are the
essential reasons for the reduction in the current-carrying capacity that restrict the design
and application of the Nb3Sn superconductor used in engineering.

Numerous experimental investigations have been performed to describe the me-
chanical properties of Nb3Sn strands [13-21]. Eijnden et al. [15] developed a test system
(Tarsis) to procure the axial tensile stress—strain relation of Nb3Sn strands and measured
the mechanical properties of four different kinds of superconducting strands at various
temperatures to determine the tensile constitutive. It is found that the mechanical character-
istics of the four different kinds of superconducting strands are all temperature dependent.
Subsequently, Ilyin et al. [11] developed a system to determine the constitutive relations of
ITER-related CICC cables under axial tension and compression, cyclic loading, and cable
radial deformation. Osamura et al. [18] used the quantum beam technique to quantify
the local strain of the helical and non-helical Nb3Sn strands in the cryogenic environment.
Both axial and transverse thermal stress components in Nb3Sn filaments are numerically
measured. In addition, the ENEA Centro Ricerche Frascati group in Italy and the Henryk
Niewodniczanski Institute of Nuclear Physics Polish Academy of Sciences group in Poland
have carried out extensive research on ITER and achieved promising results [22-28].

Several theoretical and numerical models have been presented to predict the mechan-
ical properties of Nb3Sn strands [11,29-40]. For instance, Boso et al. [29-32] proposed a
multi-scale numerical method for the composite strands based on the asymptotic homog-
enization theory. Effective behaviors of various scales were generated by identifying the
representative volume elements (RVE) simulated using the finite element method. Al-
though the computational results were relatively ideal, the helical structure of the Nb3Sn
wire and the fiber fracture damage were not considered. Collins et al. [34,35] developed a
three-dimensional, multi-scale nonlinear model to investigate the mechanical behavior of
a superconducting strand and its filaments, simulating the thermal stress due to changes
from the heat treatment temperature to the operational temperature (4.2 K). The stress
state of superconductors and their critical current-carrying capacity were calculated by the
multiscale model. Taking the helical structure into consideration, Jing et al. [36] developed
a three-dimensional theoretical model based on the Mori-Tanaka approach to evaluate the
internal strain and performance degradation of a Nb3Sn superconducting strand subjected
to mechanical and thermal stress. The helical structure of the superconducting strands was
shown to be effective in this investigation. Liu et al. [37] investigated the elastic—plastic
behavior of Nb3Sn superconducting strands using the finite element technique. The fluc-
tuation of effective parameters with temperature was calculated using the Mori-Tanaka
technique and the finite element numerical approach with consistent results. However,
the Nb3Sn fiber is prone to brittle fracture, and the effects of the filaments breakage on
anticipated mechanical properties were necessary as was the inaccuracy introduced when
bronze was treated as a linear elastic material.

The mechanical properties of Nb3Sn materials are similar to those of ceramics; there-
fore, brittle fracture occurs when they are subjected to tiny deformations. As such, many
experts have started to concentrate on investigating NbsSn filament fracture [41-48]. Curtin
and Zhou [41,42] hypothesized that filament breakage is a random process related to axial
stress, and the filament fracture length could be described using the Weibull distribu-
tion function. Based on the Curtin-Zhou theory and the ‘shear-lag model’, Luo [43], and
Wang et al. [44] investigated the influence of filament fracture and damage progression on
the mechanical characteristics of LMI-Nb3Sn strands. Yong et al. [45] established a two-
dimensional crack bridge model to investigate the fracture behavior of filaments within the
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strand and calculated the stress intensity factors of modes I, II, and III crack tips, as well as
the relative opening displacements between the crack surfaces. Abdyukhanov et al. [46]
investigated the influence of artificially generated surface defects on the microstructure
and the electrical parameters of two kinds of Nb3Sn superconductors in 2021. Through
SEM observations, it was found that the current-carrying capacity of the superconductor
decreased proportionally with the increases in defect size and number. When the depth
of the prefabricated crack reached 0.44 mm, the critical current was reduced by 10%. Con-
sequently, the effect of internal fiber damage on the physical properties and mechanical
behavior of the strand must be considered. To analyze the temperature stress caused by
heat treatment and the influence of the twisting process on the fracture damage of strands,
Shen et al. [47,48] used laser-scanning microscopy to study Nb3Sn strands in TF CICC cable.
Comparing the micrographs of strands before and after heat treatment under artificial
bending, it could clearly be observed that the internal fibers of strands after heat treatment
and repeated bending were severely damaged.

Previous studies on Nb3zSn strands have mostly focused on their mechanical proper-
ties, including the damage and fracture caused by mechanical and electromagnetic loads.
However, the mechanical properties of their nonlinear mechanical behavior considering
the fiber fracture, thermal stress, and material plastic remains a challenge. In this paper,
Curtin—Zhou’s damage theory is extended to consider the initial damage to fibers caused
by thermal stress. Based on the secant modulus theory, an efficient method of considering
the matrix plasticity in the multi-scale homogenization model is presented, and the elastic—
plastic analysis of the Nb3Sn strand in a homogenization model with initial thermal damage
was carried out. The effective parameters of each homogenization level of EAS-NbsSn
strands with filament fracture and plastic of the matrix were numerically predicted, as well
as the tensile curves.

2. Numerical Analysis of the Constitutive Relationship of EAS-Nb3Sn Strands
2.1. The Hierarchical Homogenization Model of EAS-Nb3Sn Strands

The overall properties of composite Nb3Sn strand not only depend on the components
but also on the internal geometric structure [29]. Even though Nb3Sn fiber, bronze, and
copper are all isotropic materials, Nb3Sn strands are constituted of orthotropic materials.
As shown in Figure 1, the EAS-Nb3Sn strand contains around 8305 Nb35n fibers embedded
in the bronze matrix, each fiber measuring just 2~3 pm in diameter. As a result, complete
numerical analyses of the mechanical properties of superconducting strands would be
extremely computing intensive and unfeasible. To model the mechanical characteristics of
the strand more effectively, the representative volume elements (RVEs) are employed in
this study. Due to the clear hierarchical structure of EAS-Nb35n strands and the periodicity
of fiber bundles [29], a three-level homogenization model could be utilized, as illustrated
in Figure 2.

Figure 1. Cross section of the EAS-Nb3Sn superconducting strand [32].
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Figure 2. The hierarchical structure of the EAS-Nb3Sn strand: (a) EAS-Nb3Sn superconducting
stranded wire, (b) Nb3Sn fiber bundles, (c) the Nb3Sn fibers reinforced in a bronze matrix.

As shown in Figure 2, different hierarchical levels can be identified, from level 1 to
level 3, starting from the fiber bundle composed of 55 Nb35n fibers and a bronze matrix
(level 1), as shown in Figure 2c. The level 2 composite is composed of 151 groupings of
level 1 fiber bundles embedded in bronze matrix, as shown in Figure 2b. Level 3 is the
Nb3Sn strand compounded by the level 2 effective homogenous material surrounded by a
copper and tantalum barrier layer, as shown in Figure 2a. The component materials and
volume fractions of EAS-Nb3Sn strand are shown in Table 1.

Table 1. Volume fractions of each component material of EAS-Nb3Sn strand.

Copper Tantalum Nb3Sn Bronze
Volume fraction 0.600 0.040 0.148 0.212

For the level 1 fiber bundle, considering the volume fraction and geometric structure
of the Nb3Sn fibers, the level 1 RVE (geometric size of 5.2 x 5.2 x 1 um?3; fiber volume
fraction Vpq = 0.5223), as shown in Figure 3¢, would be selected to calculate its effective
constitutiveness. Similarly, for the level 2 superconducting region, considering the vol-
ume fraction and the geometric structure of the NbzSn fiber bundle in the strands, the
level 2 RVE (geometric size of 55 x 100 x 10 um?3; level 1 fiber bundle volume fraction
V2 = 0.7837) can be selected, as shown in Figure 3b, to calculate its effective stiffness
matrix when the effective constitutiveness of level 1 is substituted, as depicted in the blue
region in Figure 3b. The cross section of the homogenized EAS-Nb3Sn strand is shown
in Figure 3a, and the 3D model is shown in Figure 4. The stress—strain behaviors of the
EAS-Nb3Sn strand can be examined precisely from the micro- to macro-levels using the
homogenization model.

Calculating the effective elastic coefficients for level 1 and level 2 in the strand is
important for mechanical analyses of the homogenization model. It is generally believed
that Nb3Sn strands are an orthotropic material based on its internal structures (Figure 1).
Therefore, the following calculation assumes that the stiffness matrix of level 1 and level 2
are both orthotropic. The constitutive relationship of the materials is as follows [32]:

o) = i) gli) (1)
where C) is the stiffness matrix of level i, and the relationship with the flexibility matrix
s is

, A\ -1
sl) — (co)) )

The flexibility matrix of the orthotropic materials can be expressed through nine elastic

constants, Eii), Eéi), Egi), v%), v%), vg Gg), Gég), and G%) The subscripts 1, 2, and 3 denote
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three orthogonal directions. When the Cartesian coordinate system was adopted for the
model system, subscripts 1, 2, and 3 would be replaced by x, y, and z.

/e e —oW/ED o 0 0 |
/D /el ol /ED o 0 0
A 7 I U SR T BN
0 0 0 1/6l) o 0
0 0 0 0 1/G¥ o
0 0 0 0 0 1/GY

After applying the boundary conditions, the effective elastic constants of the RVE may
be derived by combining Equations (1)—(3). The effective properties of the Nb35n strand are
determined by applying six various types of boundary conditions to the RVE, as described
in reference [32].

(a) (b) (c)

L

Figure 3. (a) Effective homogenization model of the EAS-Nb35n strand (yellow region represents
the level 2 effective superconducting region, red region represents the tantalum isolation layer, and
orange region represents copper); (b) the RVE of the level 2 (blue region represents the level 1
homogeneous fiber bundle, and cyan represents the matrix); (c) the RVE of the level 1 (green region
represents the Nb3Sn fiber, and cyan region represents bronze).

y

L

Figure 4. 3D model of the homogenized EAS-Nb3Sn strands (length L = 20 mm).

2.2. Fiber Damage Caused by Thermal Stress

With the increasing loads, the brittleness of the Nb3zSn material results in fiber cracks
and fractures, impacting the overall stress—strain behavior of the strand. Therefore, this
research employed the Curtin-Zhou model [41,42] to investigate the effect of the axial
fracture of Nb3Sn fibers. The Curtin—Zhou model was extended to include the effect of
early thermal damage caused by a temperature difference between the preparation and
operating environments.

Curtin et al. [41,42] assumed that the growing stress is equally distributed across
all fibers in the unbroken region around the breaking fiber, and stress concentration is
neglected, as shown in Figure 5b. The fiber stress away from the breakpoint is a constant, S.
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The Poisson distribution of fiber breakpoints may be used to characterize the composites’
axial dimensionless stress [43]:

c 1 51, Vm~
Vp_ﬁ[l_ePFVFUM @)

Here, 0 = 0 /0. represents the dimensionless stress of the composite material, which
depends on the value of the average of the fiber stress, or, and characteristic stress,
O'C.S~ = S/0. = Ere/ o, represents the dimensionless stress of the fiber far from the breaking
point, where ¢ is the far-field homogeneous strain.p = pd. represents the dimensionless
damage density of the fiber,opr = o1/ 0 represents the dimensionless yield stress of the
matrix, Vr and V), represent the volume fractions of fiber and matrix, respectively. The char-
acteristic stress, ¢, and feature length, é., can be obtained through the material-stretching
mirror experiment.

(a)
k G> ] | 1l
(b)

Fiber | S s Y s
Stress E / \ / 3 é

Fragment Fragment  Fragment Fragment Fragment
Figure 5. (a) Schematic of the random fracture distribution of a single fiber, (b) stress distribution

during fiber fracture.

The relationship between p and Sis given as follows [43]:
dp = e PSmSm 145 ®)

where m is the Weibull modulus.

The influence of fiber fracture on the constitutive relationship of composites can be
considered by reducing the average stiffness of the fibers in this model. With the Nb3Sn
fiber fracture, the average stress in the fiber may be calculated by setting the fiber volume
fraction to one and the matrix volume fraction to zero in Equation (4):

G = ,13[1 ~ o] ©)

Nb3zSn strands operate in liquid helium (4.2 K); therefore, the temperature differen-
tial between the preparation temperature (~1000 K) and the extremely low-temperature
conditions may result in significant thermal stress to Nb3Sn fibers, which is referred to as
“initial thermal damage’. According to the Curtin—Zhou theory, the association between fiber
thermal stress and initial thermal damage is comparable to that seen in Equation (5):

dor = e_ﬁTsNngTm_ldgT (7)
The axial thermal stress, S T, can be derived as
§T = AT(DCC — OCF) (8)

Here, AT(AT = T — Tj) is the temperature difference between the preparation tem-
perature, Ty, and the working temperature, T. ar and aj; indicate the thermal expansion



Appl. Sci. 2022,12, 8313

7 of 18

coefficients of the fiber and matrix, respectively; and «. is the thermal expansion coefficient
of the composite calculated by the law of mixtures.

ac = Vrarp + Vyaym )

Then, the dimensionless stress of Nb3Sn fiber with initial thermal damage under axial
load is expressed as

1 .

Or = — |1 —elPteT)S 10

" h+er [ ? (10

Equation (10) can be used to analyze the mechanical behavior of Nb3Sn strands by

considering both the initial thermal damage and mechanical damage to the fiber. The

secant modulus, Es, was used to describe the properties of the broken Nb3Sn strands in
nonlinear analysis.

E, =~ (11)

The initial thermal damage, pr, and mechanical damage, p, can be included in the
homogenization model through the changes in the secant modulus, E;. Without examining
the effect of damage on the fiber’s transverse properties, it is presumed that the Nb35Sn fiber
remains transversely isotropic after damage, and the Young’s modulusis [EF, EF, Ef (e7)]. Here,
EF represents the elastic modulus of the Nb3Sn fiber perpendicular to the axis, and Ef (e;)
represents the axial elastic modulus, taking the damage into account, which is a function of
axial strain, €,. Using the method discussed in Section 2.1, the effective elastic coefficients
of the level 1 homogeneous fiber bundle and the level 2 effective superconducting region
could be computed.

2.3. Nb3Sn Strand Elastoplastic Uniaxial Tensile Study with Fiber Damage

In the homogenization EAS-Nb3Sn strand model shown in Figure 4, the supercon-
ducting region was replaced by an effective homogeneous material, making it difficult to
account for the plasticity of bronze at a specific strain, €,. One approach for considering
matrix plasticity in a hierarchical homogenization model is the utilization of the secant
modulus theory. It may be used to determine the degraded effective stiffness of a Nb3;Sn
strand homogenization model when fiber damage is present.

The effective plastic stress and effective plastic strain of the elastic—plastic deformation
materials can be expressed through the deviator stress and strain components, respectively:

1
2

_ 3
S T AT LS L] (12)
1 [3 1 1 1 :
_ 2 2 2 2 2 2
= s (et g e h)| =

The secant modulus of the elastic—plastic deformation material is

E. =

S

ol| S

(14)

Assessed using the relationship between applied loads and fiber fracture, Section 2.2
effectively accounts for the influence of fiber damage in level 1 and level 2. The plastic
behavior of the bronze matrix should also be incorporated in the analysis by considering
the relationship between axial loads and the secant modulus. On the other hand, as an
elastic—plastic material, the parameters of bronze depend on the stress state at different
positions. It may consider more than only the effect of axial deformation on material
properties. Therefore, it is necessary to determine the partial strain component of bronze to
calculate the secant modulus using Equations (12)-(14). For this reason, we need to employ
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the iterative approach shown in Figure 6 to determine the actual relationship between
strand stress and strain. The main steps are as follows:

No Yes
I Apply ¢ to Nb3Sn strands 0 M

/(a.lculalc the avcragcf strain / Calculate stress ©; End

of meso-level material:g, .

(a)Update Nb3Sn strands meso-level material
|/\pply g,,to meso-level RVEI stiffness matrix C, ; (b) Apply axial load &;

Calculate stiffness matrix ¢,

f

a) Update meso-level RVE: bronze modulus £7 ,
micro-level material stiffness matrix ¢ ;

Calculate: (a) the average strain
of micro-level material: g, ;
(b) bronze related strain: &}, ,
Z,,» match secant modulus £?

l b) Apply unit periodic load to micro-level RVE;
Apply &, to mium-le»cl RVE T
Calculate stiffness matrix C /
Calculate: (a) bronze related T
strain: &, , &€, ;(b) match (a) Update micro-level bronze modulus £, ;
secant modulug E? (b) Apply unit periodic load to micro-level RVE;

Figure 6. Flow chart of meso-mechanical homogenization algorithm considering matrix plasticity
(x represents error).

1.  Apply uniaxial tensile strain, €,, to the EAS-Nb35n strand by fixing the axial displace-
ments pointwise at the left end:
U, =0 (15)

and the axial displacements pointwise at the left end:
u, =L Xe¢g, (16)

While considering the fiber damage and plasticity of copper, then calculate and output
the average strain tensor, £, of level 2 homogenization part of the strand.

2. Apply €12 to level 2 RVE (Figure 3b) by setting the displacements of the points on the
level 2 RVE surface:

u; = (st)ijx]- (17)

in which Xj (=1, 2, 3) are the x, y, and z coordinate values. u; (i = 1, 2, 3) represents
the displacements along the x, y, and z directions. Calculate and output the average
strain, €1, of the level 1 homogeneous part of the strand and the deviant strain, €',
of the bronze matrix.

3. Apply €11 to the level 1 RVE (Figure 3c) by setting the displacements of the points on
the level 2 RVE surface:

i = (€12);X; (18)

where, Xj and u; are the x, y, and z coordinate values and displacements in the
corresponding directions, respectively. Calculate and output the deviant strain, €1,
of the first-class bronze matrix.

Through the above stepwise calculations, the deviator strain components of the different
levels of the bronze matrix of strands could be obtained. Combined with Equations (12)-(14),
the plastic secant modulus, Es, of the different levels of the bronze matrix can be obtained
when strands are subjected to uniaxial tensile load, ¢,. Update the material parameters of each
layer and calculate the equivalent elastic—plastic parameters using the method introduced
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in Section 2.1. The application of the periodic boundary conditions is shown in detailed in
literature [32]. The main steps are as follows:

1.  Update the secant modulus of the level 1 bronze and apply the periodic boundary
conditions to the level 1 RVE; calculate and output the stiffness matrix, Cy.

2. Update the secant modulus of the secondary bronze and the stiffness matrix, Cy, of
the homogeneous part of the strand in the level 1 RVE, apply the periodic boundary
conditions to level 2 RVE, and calculate and output the stiffness matrix, C,.

3. Update the stiffness matrix, Cy, of the level 2 homogenization part of the strand in the
EAS-Nb3Sn strand model, apply the uniaxial tensile load, ¢, and then calculate and
output the stress values.

To achieve a higher computational accuracy, the above program was repeated itera-
tively. One could also set the error value, «, to control the time of the cyclic iteration and
the expected output value.

The hierarchical homogenization model takes about half an hour for each individual
run when the models were meshed using that shown in Figure 3. Moreover, the FEM for
the full geometrical model takes several days for each individual run and even ignore the
fiber fracture. In brief, the multi-scale homogenization model has significant advantages
computational efficiency, even after considering the fiber fracture and plastic of materials.

3. Multi-Scale Numerical Analysis of EAS-Nb3Sn Strands

In Section 2.2, the constitutive relationship of Nb3;Sn fiber with initial thermal damage
and mechanical damage is established. Figure 7 is the average stress—strain curve with initial
thermal damage, pr, and mechanical damage, p, when the m = 2 and 0. = 900 MPa [12]. It
can be found that the existence of initial thermal damage accelerates the stress degradation of
Nb3Sn fibers, and low temperature aggravates the fracture in fiber. In the above calculation,
the preparation temperature was taken to be T = 923 K. The elastic properties and thermal
property parameters of each component are detailed in the literature [11,32].

800
700
600
~ 5004
<
[ ]
\E-’ 400
2
8 ]
»n 3004
200 No initial temperature damage
1 Considering initial temperature damage (7'= 4 K)
100 Considering initial temperature damage (7= 77 K)
1 Considering initial temperature damage (7'= 293 K)
0 T T T T T T T T x T o T T
0.0 0.5 1.0 1.5 2.0 2.5 3.0 35

Strain (%)

Figure 7. Stress—strain curve of EAS-Nb3Sn fiber with initial thermal damage.

The secant modulus, Ef , of fiber with initial thermal and mechanical damage may
be determined using the stress—strain data in Figure 7. The COMSOL software was used
to apply six different boundary loads, same as that in Boso’s work [32], and the effective
elastic—plastic parameters in the superconducting regions of the EAS-Nb35n strands at
various temperatures were obtained.
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3.1. The Effective Elastic—Plastic Parameters of the Level 1 Homogeneous Fiber Bundles

When computing the effective elastic—plastic characteristics of the level 1 homogeneous
fiber bundle, it was important to include the fiber scant modulus with consideration of
damage, as well as the bronze plastic parameters. By applying axial strain to an EAS-Nb3Sn
strand, the secant modulus of the plastic bronze matrix in the level 1 homogeneous fiber
bundle was calculated.

Figure 6 illustrates how the element periodic boundary conditions could be applied to
the given element model and how the level 1 effective elastic—plastic parameters can be
derived while considering fiber damage and bronze plasticity at various temperatures. The
effective stiffness coefficients of the level 1 homogeneous fiber bundle with initial thermal
damage are shown in Table 2 where the temperature is T = 4 K, and the axial strain is equal
to € = 0.003. Using COMSOL software, the deformation and von Mises stress distributions
of example elements under various boundary conditions are depicted in Figure 8 when the
fiber damage was considered at T = 4 K. As shown in the figure, the z direction is parallel
to the fiber axis, and the axial direction is perpendicular to the x and y axes.

Table 2. When T = 4 K and ¢ = 0.003, the stiffness matrix, C; (MPa), of the EAS-Nb3Sn level 1
homogeneous fiber bundle considering fiber damage is shown.

1.18 x 10° 5.70 x 104 524 x 104 0 0 0
5.70 x 10% 1.18 x 10° 524 x 10* 0 0 0
5.24 x 10% 5.24 x 10% 1.20 x 105 0 0 0

0 0 0 334 x 104 0 0

0 0 0 0 3.08 x 10* 0

0 0 0 0 0 3.08 x 104

(a) (b) (c)
x10‘°(Pa)

o

s Vo N @

(d) (e) 6]

x10*°(pa) | — x10'° (py)
'7 ls.s
6.5 t 6
‘ 5.5
( Is
flas ' k I:°
4
Is,s s Ia.s

3

Figure 8. The von Mises stress (Pa) distribution cloud diagram of the EAS-Nb3Sn level 1 homogeneous
fiber bundle considering fiber damage, when T =4 K, and ¢ = 0.003. (a) Load case 1: von Mises stress
(N/m?). (b) Load case 2: von Mises stress (N/m?2). (c) Load case 3: von Mises stress (N/m?). (d)
Load case 4: von Mises stress (N/m?). (e) Load case 5: von Mises stress (N/m?). (f) Load case 6: von
Mises stress (N/m?).

The effective elastic-plastic properties in various directions are shown in Figure 9 with
the initial thermal damage considered at 4 K. The effective Young’s modulus and shear
modulus of the level 1 homogeneous fiber bundle are shown in Figure 9a,b, respectively.
It can be seen from the figure that the level 1 homogeneous fiber bundles’ axial Young’s
modulus, E;, shear modulus, G}cz, and G;Z decrease with increasing strain. Furthermore,
the existence of early thermal damage promotes the modulus deterioration. The axial
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Young’s modulus, E! with initial thermal damage, as well as the shear moduli, G., and
G;Z, are less than the values without initial thermal damage, as shown in Figure 9a,b. It is
mainly because we chose to neglect the influence of the fiber breakage on the homogeneous
fiber material parameters perpendicular to fiber orientation, as shown in Equation (10).
The reason for this assumption is the direction of cracks is mostly perpendicular to the
direction of fiber. This makes the fiber breakage mainly affect the axial Young’s modulus,
E;, in Figure 9a. Meanwhile, the influence of initial thermal damage on the shear moduli,
G, and G;Z, and Poisson’s ratio, v1,, v}, , are more substantial than G}Cy and v,l(y. From the
figure, it can be noticed that the influence of the initial thermal damage on the values is
minor under a small axial extensile strain. However, the differences increased with the
axial strain increases. Thermal stress may result in fiber fragmentation, possibly playing a
role in accelerating the increase in fiber breakage.
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140 -
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120 A Ey](No initial temperature damage)
° EZ] (No initial temperature damage)
= 1
& 100 E,
=~ 1
@ —E
3
E ¢
g 80 1 E,
)
E
© 60
>
40
T T T T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0
Strain (%)
T=4K
®
= Gx]y(N o initial temperature damage)
A 1 o e
50 GyZ(No initial temperature damage)
G;z(No initial temperature damage)
—_ 1
< —G
f:: 40 4
E
=
3
3
g 30-
g
Q
<
7]
20
10 d T d T d T d T d
0.0 0.2 0.4 0.6 0.8 1.0

Strain (%)

Figure 9. Cont.
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Figure 9. T = 4 K, EAS-Nb3Sn level 1 homogeneous fiber bundle considering damage in different
directions: (a) Young’s modulus; (b) shear modulus; (c) Poisson’s ratio. (Note: The symbol “1”
indicates the level 1 homogeneous fiber bundle.).

3.2. The Effective Elastic—Plastic Parameter of the Level 2 Homogeneous Superconducting Region

In Section 3.1, the effective elastic—plastic parameters of the level 1 homogeneous fiber
bundle are presented; the obtained parameters were substituted into the corresponding
area of the level 2 RVE and the secant modulus of bronze in the level 2 is updated. Different
boundary conditions were applied in the RVE to calculate the effective stiffness coefficient of
the level 2 superconducting region. Table 3 shows the level 2 effective stiffness coefficients
take the initial thermal damage at 4 K when the axial load was & = 0.003. The von Mises stress
distribution in Level 2 RVE are shown in Figure 10 at six different boundary conditions
using COMSOL software when the fiber damage was considered at T = 4 K. The z direction
is parallel to the fiber axis, and the axial direction is perpendicular to the x and y axes. The
effects of initial thermal damage on the effective elastic—plastic parameters of the level 2
with axial strain at T = 4 K are shown in Figure 11, revealing that initial thermal damage
has a considerable effect on the material parameters. The trends of change are similar to the
level 1 material parameters in Figure 9. It can be seen that the initial thermal damage would
influence the Young’s modulus, E2, shear modulus G2,, Gﬁz, and Poisson’s ratio v2,, v2,.
Meanwhile, the value of v}cy with and without initial thermal damage considered shows
a slight difference. A possible reason for this might be fiber orientation and anisotropic
material properties of the homogenous fiber bundle.

Table 3. The stiffness matrix, C» (MPa), of the EAS-Nb35n level 2 homogeneous superconducting
region at T =4 K, e = 0.003.

1.09 x 10° 5.34 x 10% 5.00 x 104 0 0 0
534 x 104 1.09 x 10° 5.00 x 104 0 0 0
5.00 x 10% 5.00 x 10% 1.12 x 10° 0 0 0
0 0 0 298 x 10* 0 0
0 0 0 0 2.81 x 104 0

0 0 0 0 0 2.81 x 10%
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Figure 10. Stress distribution cloud diagrams of the EAS-Nb3Sn level 2 homogeneous superconduct-
ing region considering fiber damage when T = 4 K and ¢ = 0.003. (a) Load case 1: von Mises stress
(N/m?). (b) Load case 2: von Mises stress (N/m?2). (c) Load case 3: von Mises stress (N/m?). (d)
Load case 4: von Mises stress (N/m?). (e) Load case 5: von Mises stress (N/m?). (f) Load case 6: von

Mises stress (N/m?).
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Figure 11. EAS-Nb35n level 2 homogeneous superconducting region considering damage in different
directions when T = 4 K: (a) Young’s modulus; (b) shear modulus; (c) Poisson’s ratio. (Note: The
symbol “2” indicates the level 2 homogeneous core bundle).

3.3. Elastoplastic Numerical Analysis Results of the EAS-Nb3Sn Strand Considering Fiber Damage

In the previous section, the effective parameters of the EAS-Nb3Sn strand supercon-
ducting region were calculated. In this section, the effective elastic—plastic parameters of the
superconducting region are updated for the EAS-Nb3Sn strand. The elastic—plastic numerical
analysis of EAS-Nb3Sn strands considering fiber damage was carried out with the wire
homogenization model when the axial tensile load was applied. Figure 12 shows the uniaxial
tensile stress distribution of the EAS-Nb3Sn strand considering fiber damage and matrix
plasticity when the working temperature was T = 4 K, and the axial strain was & = 0.003.

x10%(Pa)

x107(Pa)
=2.37
H2.36
‘ t{2.35
Z+ex U234

y

Figure 12. von Mises stress and effective plastic strain (isoclines) distributions of the EAS-Nb3Sn
strand considering fiber damage at T = 4 K and axial strain & = 0.003.

The numerical results showed good agreement with the experimental results from
Eijnden et al. [15] (Figure 13), indicating that the proposed homogenization model of
mulita-level composite can be used to analysis the mechanic behaviors considering the
plasticity of the matrix. The helical structure of Nb3Sn fiber bundles was neglected in
the establishment of the level 1 and 2 RVEs of EAS-Nb3Sn strands, as was the influence
of the contact stress between the fiber bundle helixes; moreover, the damage caused by
other preparation processes are neglected. Therefore, a certain error is exhibited between
the simulation and experimental results in Figure 13. It can be seen from Figure 13 the
experiment results are consistent with numerical analysis with less than 0.1% strain, and
then, the differences increased with the increase of axial strain ¢. The main reason for that
is the pure component plastic parameters are not absolutely the same as that in the strand;
at the same time, the content of each component is also difficult to identify. This could
also result in an gradually approaches between the numerical analysis and the experiment
results when the strain is more than 0.8%. In the subsequent sections, the influence of these
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factors on the mechanical properties of the strands will be considered. When the axial strain
is identical, the average stress of the strand decreased with the increase of temperature. In
general, experimental tests and trends agree with the results predicted by the simulation.
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Figure 13. Numerical simulation and experimental comparison of the EAS-Nb3Sn strand under
different working temperatures considering damage.

Figure 14 depicts the stress—strain curve from the numerical simulation of homoge-
nized EAS-Nb3Sn strands under uniaxial tensile load at operating temperatures, T =4 K,
77 K, and 293 K, respectively. Comparing the stress—strain curves of fibers with initial
thermal damage with those under different working temperatures in the comparison chart,
it was found that the lower the working temperature, the greater the effect of the initial
thermal damage of the fiber on the EAS-Nb35n strand stress; the existence of initial thermal
damage accelerated the degradation of the strand stress. When the working temperature
was T = 4 K and the axial load was ¢ = 0.005, the stress of the EAS-Nb3Sn strand with
initial thermal damage was degraded by 3.7% compared with the stress value without
initial damage; under the same load with a working temperature of T = 293 K, the stress
value reduced by 2.9%. In addition, due to chill brittleness, the stress of the strand in
the low—temperature environment (4 K) was greater than the value in the temperature
environments of 77 K and 293 K.

350
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Figure 14. Numerical simulation stress—strain curves of EAS-Nb3Sn strand considering damage at
different working temperatures.
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4. Conclusions

In this paper, an efficient hierarchical homogenized calculation model is presented that
the initial thermal damage for the fibers and non-linear elastic-plastic model of the material
in Nb3Sn strands are considered. Because of the strain sensitivity in Nb3zSn fibers and
the large temperature difference between the preparation environment and the working
environment, the thermal stress in the fiber obviously influences the nonlinear behaviors
of strand. The homogenized effective stiffness matrixes are predicted at each level to
investigate the effect of intimal thermal damage. The stress—strain curve of the numerical
simulation was verified with the experiment, and the results were in good agreement. The
following conclusions on the mechanical behavior of hierarchical cables are established in
this paper.

The hierarchical homogenized model was presented to maximize the computing
efficiency in this study. The presented method is desirable to avoid the extra-fine meshing
due to the great difference between the Nb3Sn fiber and the strand. This leads to significant
improvement in computational efficiency. Based on the Curtin—-Zhou model, the initial
thermal damage and mechanical damage for the fiber in the EAS-Nb3Sn strands was
considered by introducing the scant module. Both initial thermal breakage and mechanical
breakage can be considered. The initial thermal fiber fracture has non-negligible effects on
the mechanical properties of the EAS-Nb3Sn superconducting strand and play the role in
accelerating the increase in fiber breakage. Because of the plastic of the matrix and fiber
fracture, the effective constitutive parameters of each level vary nonlinearly with strain.
More precise results can be obtained considering both fiber fracture and matrix plastic.
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