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Abstract

In the framework of studies on high-field magnets for future accelerators, a specific project
called ASTRACT focuses on the effect of transverse strain on the critical current of Nb3Sn
wires. The first phase of the project addresses the effects of strain imposed on Nbs;Sn wires
before heat treatment and the development of a procedure to directly compare critical current
measurements with values extracted from magnetization cycles. A Nb3Sn RRP-Ti wire was
deformed to different values of transverse strain (10%, 15%, 20%, and 25%), and long samples
were collected for transport measurements at 4.2 K, in a background field ranging from 10 to
14 T. Short samples were used for magnetization measurements (VSM technique). Additionally,
SEM images of the cross-section were collected at different longitudinal positions along the
wire for each strain value. This paper proposes a method based on SEM image analysis and
magnetization measurements analysis to study the effect of bundle deformation on transport
properties. The procedure requires morphological information provided by SEM images after
appropriate numerical processing. Verification through statistical comparison between the Ic
transport and VSM data is also conducted. Direct critical current measurements showed no

* Author to whom any correspondence should be addressed.

Original Content from this work may be used under the

5Y terms of the Creative Commons Attribution 4.0 licence. Any
further distribution of this work must maintain attribution to the author(s) and
the title of the work, journal citation and DOI.

1 © 2024 The Author(s). Published by IOP Publishing Ltd



Supercond. Sci. Technol. 37 (2024) 095007

S Burioli et al

degradation due to deformation up to 25%. The method introduced, independent of transport
data, can reach the same conclusions by considering the real shape of the bundles.

Keywords: Nb;Sn wires, VSM, VAMAS, critical current, Bean model

1. Introduction

The future of the new high-energy physics (HEP) research pro-
gram is heading towards very substantial projects. Notably,
the future circular collider (FCC) and the muon collider stand
out among these, necessitating a breakthrough in supercon-
ducting magnet technology. Specifically, for the FCC col-
lider, a new generation of 16 T dipoles is required [1]. To
achieve this goal, superconducting wires capable of carrying
high current density (J. = 1500 Amm~2 at 16 T and 4.2 K)
are essential. Currently, the most promising candidates for
winding the future dipoles and quadrupoles are cables made
with Nb3Sn wires [2]. This type of superconductor is highly
brittle, and its critical current performance is dependent on
strain and stress. Consequently, numerous experimental stud-
ies have been conducted to investigate the correlation between
J. and the internal stress/strain state of the wire [3, 4] and [5].
Moreover, the deformation that the wire undergone before the
heat treatment (HT) can lead to the breackage of the diffusion
barriers and to the merging of the filaments (bundles). Such
severe deformations are common during the cabling process
to produce the Rutherford cable [6].

In this context we aim to understand whether a trans-
verse deformation applied to the wire before HT (pre-HT)
can lead to a degradation of the critical current, even in the
absence of barrier breakage, i.e. solely by changing the shape
of the filament bundles. To address this question, we employ
two experimental techniques to measure the critical current
of deformed and undeformed wire samples: the direct trans-
port technique [7] and the indirect evaluation based on mag-
netization measurements via vibrating sample magnetometer
(VSM). The magnetization curves allows obtaining the crit-
ical current density J.(B) applying the Bean’s model. In this
framework the magnetic moment is given by m(B) « J.(B)F,
where F is a geometrical factor which depends on the distribu-
tion and shape of the bundles. In more detail, if we consider a
superconducting bundle as a domain D in space, the definition
of magnetic moment combined with the Bean’s model allows
us to write

1 -
nﬁzf/?/\JL.(B)dv
2Jp

- 1JC(B)/?Aé(?)dv. (1)
2 D

In the second step, we assumed J. = J.(B)é(F). Where the
module J.(B) is independent of the position. Meanwhile, in
general, the unit vector ¢(7) can change direction in space. In
this way, we can factor out J.(B) from the integral. Therefore,
evaluating the geometric factor F reduces to evaluating the

integral itself. The analytical calculation is possible only in
the case of simple geometries, see [8], neglecting the twist
pitch and approximating the bundles as straight cylinders. In
our approach, we aim to extend the evaluation of the integral
in equation (1), maintaining the cylindrical bundle approxim-
ation, but considering its actual cross-section and thus its ori-
entation relative to the applied external field.

The paper is structured as follows: in section 2, we intro-
duce the samples and the experimental setups, along with a
summary of the direct critical current measurement results
that serve as our benchmark. Section 2.3 outlines the meth-
ods employed to extract J. from the magnetometer data. We
also present our method and, in section 3, we provide some
considerations regarding the comparison between the /. val-
ues obtained by the two methods. Section 4 is dedicated to
presenting the results and discussions, and section 5 contains
our conclusions.

2. Experimental data and methods

2.1. Samples

The NbsSn wire we measured is a RRP-Ti 162/169 made by
Bruker OST, and its main specifications are listed in table 1.
In this paper, we present a comparison between two common
experimental techniques used to measure the critical current:
transport and magnetization measurements. These techniques
require different sample dimensions. In the transport tech-
nique, approximately 1.3 meters of strand is wound around a
TiAlV barrel [9], as shown in figure 1, using the same barrel
for the HT and the measurement. In the VSM technique, the
samples need to be shorter, approximately 5 mm in length,
to fit within the uniform magnetic field region. During the
HT, the wire extremities have to be clamped to prevent the
leakage of liquid tin, but clamping a 5 mm long wire is not
practicable. Therefore, we prepared wire segments longer than
50 mm clamped at the ends. After the HT we extracted a 5 mm
section from the central part.

Since we are interested in the critical current degradation
due to the deformation before the HT, we decided to roll the
wire using the same mill in a single shot to ensure the best
homogeneity of rolling. The transverse relative deformation is
defined as |dy — dy| /dy. Where d is the nominal diameter and
dyis the final diameter after the lamination. We chose nominal
relative deformation values of 10%, 15%, 20%, and 25% (the
samples will be hereafter identified as L.10, L15, L.20, L25,
respectively), considering that the deformation range during
Rutherford cabling, as reported in [6, 10] and [11], is from
10% to 40%. To focus on the effect of the bundle deformation
avoiding the bundle merging we decided not to exceed 25% of



Supercond. Sci. Technol. 37 (2024) 095007

S Burioli et al

Table 1. Main specifications of the Nb3Sn wire used in the
production of our samples.

Nb3Sn wire specs

Diameter (mm) 1.0
Cu/non-Cu 0.9

I. @42Kand 16 T (A) 560 + 14
Sub-element nominal diam. (um) 58
Filament twist pitch (mm) 1943
RRR, rolled 159+ 14

Figure 1. VAMAS barrel ready for the heat treatment.

Table 2. The table describes the sequence of plateaus in the heat
treatment process. Each plateau is separated by a heating phase at
50°Ch~!. At the end of the plateau at 665 °C, the cooling is natural.

Plateau temp (°C) Duration (h)
210 48
400 48
665 72

rolling, since in the model we are proposing we assume that
there are no interbundle currents.

The HT was performed following the recipe shown in
table 2, with fluxing using Argon (0.1 Nltmin~!). The last
plateau was extended to 72 h, as suggested by the experience
accumulated in the MQXFB series production.

The oven’s thermally uniform region is approximately
500 mm long, enabling the HT of three barrels at time, along
with the 50 mm VSM samples.

2.2. Transport measurements

The transport critical current measurements were conducted in
a background solenoidal field ranging from 9 to 14 T at 4.2 K.
Three VAMAS samples wound with virgin strand were meas-
ured, while only one VAMAS sample was measured for the

L10, L15, and L25 samples. Unfortunately, the L20 VAMAS
sample was lost possibly due to installation issues, and it
was not possible to wind a new sample. The critical current
from VAMAS samples was processed using the standard V(7)

relation
I n
E=E.( — 2
(L-) @)

with E. = 10V m~!. The voltage taps were soldered in the
central part of the coil, 90 mm apart. In figure 2(a), we present
a summary of the transport data, where the I, is self-field
corrected [12]. Regardless of the imposed deformation value,
the 1. values are above the reference curve, which represents
the I.(B) function using the parameters specified by the FCC
collaboration requirements [2]. The figure 2(b) shows the crit-
ical current of deformed samples normalized to the average of
the three virgin I, V1, V2 and V3 (defined as 100). If we align
to the convention that 5% reduction is the threshold for critical
current degradation, the plot shows no degradation at all until
25% of rolling.

As we will see in the following sections, transport data will
be our primary estimator to validate the method introduced in
this paper. Regarding the absence of the L20 VAMAS data, we
decided to compare the VSM L20 /. with the average critical
current between the L15 and L25 VAMAS samples.

2.3. Magnetic measurement

In this section, we will describe the method for extracting crit-
ical current (/) values from the VSM data and outline the pro-
cedure for comparing them with the VAMAS [..

The magnetic moment curves were measured using a VSM
made by Cryogenic Ltd in a background field up to 16 T.
We measured a virgin sample extracted from the first virgin
VAMAS sample. Its magnetic moment curve is depicted in
figure 3. It is noteworthy that there are numerous flux jumps
in the low field region, as expected in high-J. Nb3Sn wires.
Concerning the rolled samples, we measured two samples, in
the VSM, for any kind of rolling value.

2.3.1. I from VSM data: the analytical approach. ~ As shown
in the Introduction, we can derive J., and subsequently I,
from the measurement of the magnetic moment. It has been
demonstrated in [8] that if we approximate the bundles as hol-
low cylinders with an external radius R, internal radius R;,
longitudinal length £, and we consider a linear superposition
of N bundles (neglecting inter-bundle coupling currents), the
equation (1) leads to

m= %JC (B)LN (R} —R;). 3)

While in the case of hollow cylindrical bundles with an
elliptical cross-section, following the same approach of [8] in
elliptical coordinates, our calculations lead to

m= %JC (B) LN (a,b} — a:b}) )
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Figure 2. A summary of transport data. On the left the Non-Cu critical current density compared to the reference I.(B) curve. On the right

the normalized critical current from VAMAS data.

Virgin sample
1.510° : |

11073

510

Figure 3. Magnetic moment of the sample extracted from a virgin
VAMAS.

where a; and a,, are the minor semi-axes of the inner and outer
ellipses, while b; and b, are respectively the major semi-axes
of the inner and outer ellipses (the major-axes perpendicular
to the external field). The validity of equation (4) is limited to
the cases of field parallel to the major or to the minor axis. For
this reason, the elliptic bundle approximation is not used in
this work for the analytical form factor evaluation. However,
we report equation (4) because it will be used for a comparison
of the analytical and numerical form factors in an ideal case.

To extract the J, values this model requires geometrical
information, specifically the sub-elements radii, from the SEM
images. When applying this method to the m(B) curve of
figure 3 we get the results are shown in figure 4, where the
empty circles represent the values obtained by the transport
measurements just self-field corrected. Similarly to what high-
lighted in [8], we observe a systematic underestimation. It’s
important to note that the transport critical current values
depend on the chosen electrical field criterion E,. Since our
purpose is also to improve the accuracy of the model presented
in [8], we believe that the criterion used to define the critical
current is an essential point for comparing the I, from the two
techniques. In the magnetic measurements the applied electric
filed is related to dB/dr and the sample geometry. Therefore,
we decided to scale the critical currents given by the VAMAS
data from the 10 pLVm*1 criterion to an Eygy defined in the
next section.

2.3.2. The scaling procedure of the VAMAS data.  Self-field
corrections were applied to the VAMAS data. However, this
correction alone is not sufficient to align with the transport
data. Therefore, for a better comparison between VAMAS and
VSM critical currents, we scale IXAMAS from the 10 xVm~! to
a EYSM criterion using the relation

1
JL — JVAMAS;L ﬂ !
c e 10uV/m

where IYAMAS:L jg the critical current from VAMAS data self-
field corrected and the suffix L means the lamination level.
As reported in [13], the EXSM can be estimated as the max-
imum electromotive force induced by the B field sweep rate
divided by the superconducting screening current perimeter.

&)
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Figure 4. The plot displays the critical currents of the virgin sample
using the m(B) cycle from figure 3, processed using both the
analytical and numerical shape factors, as described in section 2.3.
The empty circles represent VAMAS data at 10,V m ™", while the
black circles are the same data scaled to a VSM electrical field.

Figure 5. A sketch of the screening currents on a superconducting
hollow cylinder.

In the case of a cylindrical bundle, the screening current flow
is illustrated in figure 5.

The maximum induced electromotive force (e.m.f.) can be
estimated by integration of B over the external upper surface
at radius R,

U= / R,BLsin0d0 = 2BLR, (6)
0

where L is the longitudinal bundle length. So for the VSM we
have

vsm _ 2BLR,

=—""_ ~BR, 7
¢ 2L+27R, )

where R, is in the order of tens ym and £ is few mm. To
extend equation (5) from a single bundle to a strand modeled
as N straight cylindrical bundles, we introduce some addi-
tional assumptions to the previous Bean’s model hypothesis.
We assume that the bundles experience the same mean mag-
netic field B and temperature 7, resulting in equal n-values and
J. values. Additionally, we approximate the bundles as hollow
cylinders of constant external radius R,. With these assump-
tions, we can state that during a /, transport measurement, the
current is evenly distributed among the sub-elements, leading
to the expression

N
Ig = Z Ig;i

i=I

N JVAMAS;L
— C
N <

. 1
BRexl !
10puV/m

. 1
BRext ! (8)
10uV/m) -~

i=I

_ IZ/AMAS;L <

In our data analysis R, has been replaced with R,, see
equation (14), averaged over any set of SEM pictures as repor-
ted in table 4.

Referring to the example depicted in figure 4, the scaling
procedure emerges as a valuable tool in enhancing the con-
cordance between VSM and VAMAS critical current assess-
ments. However, when subjecting the wire to a transverse
deformation, the bundles undergo alterations in their shape,
loosing their quasi-circular symmetry. Herein lies the need
to account for bundle deformation and its orientation to the
external field in the evaluation of the geometrical factor F.
Consequently, the following sections introduce a numerical
approach aimed at further augmenting the model’s accuracy,
especially applicable to rolled samples.

2.3.3. SEM images. In our method, SEM images serve as
a source of information about the geometrical properties of
bundles, such as the internal and external mean radius. Since
the bundles are not perfect circles but more akin to hexagons,
our approach to extracting J. from magnetic moment curves
relies on the numerical evaluation of the proportional factor
between m(B) and J.(B), as depicted in the introduction.
This approach allows us to consider the real bundle shape
and their orientation in the background magnetic field inside
the VSM. For each rolling value and the virgin sample, we
acquired SEM images of the transverse section. The SEM
used is a Zeiss Evo40 with an image pixel size of approx-
imately 737.8 nm. Figure 6 provides an overview of the pic-
tures, highlighting the merging of bundles in the 20% and
25% cases. In these latter two cases (see figures 6(d) and
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306 m EHT = 20.00kV  Signal A = NTS
— WD= a5mm  Mag= 180X

BsD
Sample ID = V_HT2

(a) Virgin sample

200 um EHT = 20004V Sgnal A = NTS 85
WD= 90mm  Mag= 180X

D
Sample ID = L10 HT2

EHT =20.00KV  Signal A = NTS 8SD
Sampls ID = L15 HT2

Wo= 8omm Mag= 180X

(b) 10% of rolling

EHT = 20.00KV  Signai A = NTS 85D

= T
W= a0mm  Meg= 180X  SmPlelD=L20HTZ

(c) 15% of rolling

EHT=20.00KV  Sgnal A = NTS BSD
Wo=75mm  Mag= 180X

Sample ID = L25 HT2

(d) 20% of rolling

(f) 20% of rolling: zoom on merged
bundles

() 25% of rolling: zoom
on merged bundles

(e) 25% of rolling

NN

[
(h) 25% of rolling: bun-
dle removed during pre-
processing

Figure 6. SEM images examples with zoom on L20 and L25 merged bundles.

(e)), some sub-elements are strongly deformed along the diag-
onal directions and around the center. Their contribution to
the magnetic moment is primarily affected by the fact that
they start to be very close to each other, merging in some
cases, figures 6(f) and (g). Since our method is based on the

hypothesis of no inter-bundle coupling currents, the presence
of merged bundles is a clear deviation from this assumption.
We looked for a way to address this singularity in our model
and ultimately decided to separate the merged bundles during
the image pre-processing phase. We made this choice because
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Figure 7. A sketch of the domain decomposition in our model. For
convention, we choose to align the external magnetic field B parallel
to the lateral side of the picture.

it represents the simplest way to apply our model in these
cases, understanding that the final interpretation of the data
analysis must take into account the physical implications of
the merged bundles in the magnetic moment signal. There was
only one case, involving an L25 image, where two bundles
were merged and deformed excessively. In this situation, sep-
aration was not possible, and we decided to remove the bundle
that resulted in a shape too deformed after pre-processing, as
shown in figure 6(h). Losing one bundle out of 162 can be con-
sidered a minor statistical perturbation.

2.34. Ic from VSM data: the numerical approach.  We
decided to introduce a numerical evaluation of the integral in
equation (1), based on a statistical sample of SEM images of
the wire cross-section. Sampling SEM images at different pos-
itions along the wire, for any kind of lamination, is useful to
average the effects of the bundle pitch.

Our model will be referred to as the ‘numerical shape
factor, or F-model, to distinguish it from the analytical
equation we have seen before. The starting point is the assump-
tion that, in case of complete penetration, an external magnetic
field separates the sub-element section into two domains, D
and D_, spanning the same area

/ dS:/ ds. ©)
Dy -

This is illustrated in figure 7, and it is a consequence of the
Bean’s model and the law of current conservation.

So the integration domain in equation (1) is the Cartesian
product of the cross-section of the bundle, as union of D,
and D_, and its longitudinal length: D = (D, UD_) x [0, L].
Thus, given a bundle, we can find a straight line, parallel
to B, that can split the bundle section in agreement with
equation (9). Choosing a (x,y) coordinate system centered
within the bundle, with unit vectors i and} and expanding the

wedge product in the integral, we have

/?/\é’z(?)d3r:£{f (/ ydxdy—/ ydxdy)
D Dy D_
+J (/ xdxdy—/ xdxdy)]. (10)
_ Dy

To simplify our code, we assume the external B field to be par-
allel to the y-axis, as the field orientation can be arbitrary, and
we will rotate the image to fulfill the experimental conditions.
For each bundle, we calculate the center of mass and perform
a coordinate translation to it. In this local coordinate system,
to find the domains D, and D_ we run an algorithm shifting
the y-axis until condition expressed by equation (9) is fulfilled
up to a certain cutoff value (2- 1072, m?). Then, the integral
in equation (10) is numerically evaluated. This code has been
implemented in ANSY'S mainly for two reasons. First, thanks
to the SpaceClaim ANSYS program, the JPEG images can be
easily imported into ANSYS APDL via the ANSYS Neutral
Format (see figures 8(b) and (d)). As a result, each bundle
becomes a surface that we can mesh using PLANEI83 ele-
ments, leading to an approximated evaluation of equation (1)
in the form

Ny N_
Mipundle ~ Jc L [; (ZyicéSi — Zy’ééS:‘)

i=1 i=1

N_ Ny
+J (incas,- - incas,)} (11)

i=1 i=1

In this equation, N4 and N_ represent the number of elements
in D and D_; (xk,y.) are the centroid coordinates of the ith
element, and 8S; is its area. Since we are modeling with a 2D
geometry where the current loops are infinitely long, accord-
ing to [14] and [15], the factor 1/2 must be omitted from
equation (1). Additionally, the VSM measures the magnetic
moment component parallel to the external magnetic field, so
we can ignore the i components. Finally, our definition of the
numerical shape factor of a single bundle becomes

N_ Ny
Foundle = Y X008; — Y x(6S;.

i=1 i=1

12)

As a second feature, APDL coding permits very easy rota-
tion of the entire section since, for rolled samples, the flat side
of the copper matrix has to be parallel to the external field. This
requirement corresponds to the natural position in the VSM
sample-holder and is very important for the shape factor eval-
uation of deformed samples. We can calculate the critical cur-
rent from a magnetization curve as

JVSMiL _ Miry
C

LF (13)

Ssc

where the suffix L means the lamination level (V for virgin
sample, 10% for 10% and so on); miy = |m(B) —m_(B)|/2
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(a) NonCu B&W example for a L15 section (jpeg
format).

(b) Effective SC section BE&W example for a L15
sample (jpeg format).

(¢) The image imported in SpaceClaim thanks to a (d) Final importation in ANSYS APDL via Ansys

conversion from jpeg to DXF.

Neutral Format file by SpaceClaim.

Figure 8. An example of the pre-processing elaboration for an L15 SEM image is shown in the figure. GIMP has been used for the effective
superconducting surface Ssc, while ImageJ has been used for the NonCu case.

is the irreversible magnetic moment of the sample, meas-
ured parallel to a magnetic external field perpendicular to
the wire, it is calculated as the semi-difference between the
upper and lower branch of the magnetization curve; L is
the sample lenght (mm); F is the total shape factor, i.e.
equation (12) summed over all the bundles; Ssc is the effect-
ive total superconducting section. This last parameter can be
evaluated by running the same ANSYS code on every SEM
image. Additionally, the code can measure the total non-
copper area, Snoncu- Together, they give us the core total area as
Score = SNoncu — Ssc. Finally, the inner and outer radius can be
defined as

Ra _ SNonCu and Ri _ SCore (14)
V. 7N V 7N

where N is the number of subelements, see table 4. With this

data, we can calculate the total analytical shape factor f, using

equation (3), for any SEM image.

In order to compare the analytical and numerical shape
factors, we calculated them in the ideal cases of perfect circular
and elliptical bundles. The values and their relative difference
are reported in table 3. The agreement is good, with differences
around tens of parts per million (ppm). Since there is no for-
mula to validate the method against for a real-shaped bundle,



Supercond. Sci. Technol. 37 (2024) 095007

S Burioli et al

Table 3. The shape factor evaluation for perfect bundles: theoretical value f vs numerical value F. R, = 29.6 um; R; = 18 um; b, = R,;

bi = Ri; a, =26.2 um; a; = 13.8 um.
Perfect bundle f(m?) F from ANSYS code (m?) If—F|/f
Circular f =4/3(R3 —R}) 2.6803 10714 2.680210 14 501076
Elliptic f = 4/3(a,b2 — a;b?) 2.4646107 ' 2.464610 1 1410°¢

we aim to establish a benchmark for our model. To achieve
this, we compare the numerical and analytical shape factors
calculated from the SEM images of virgin samples. Table 4
presents the relative difference between F' and f, with values
representing the average over their respective image sets. In
the case of virgin samples, the relative error is less than 1%,
which is expected since the circular approximation is reason-
ably satisfied. However, as the lamination increases, the error
grows almost linearly, and the F values consistently remain
less than the f values.

3. Comparison between VAMAS and VSM data

The self-field corrections and the scaling procedure of the
VAMAS data are necessary steps to compare transport and
magnetization critical currents. Nevertheless we need a quant-
itative way to measure their compatibility. At this purpose we
assume [YAMASL hereafter referred to more briefly as I-, as
best estimator and suppose the VSM IYSM:L to be a Gaussian
observable centred in /%, with standard deviation JIYSMi
estimated by the propagation errors applied to equation (13)

VSM;L 0\ 2 2

e (Y (Y (28

Jpbe Mgy [ F SC

The relative error in m;, is about 1%; 61/ is variable from
0.1% to 2%; 0F/F and 6Ssc/Ssc cannot be considered inde-
pendent quantity since are derived from the same SEM image
analysis. In addition, 6 F/F varies between 1.1% and 2.4%. In
our opinion, an error on F around one percent indicates a con-
tained variability of the form factor in the longitudinal direc-
tion. The relative error in IYSM results in the range from 3%
to 5%.

Our statistical approach is based on the parameter ¢, meas-
uring the discrepancy respect to the standard deviation at a
single B field value

LY (B) — 1 ()|

1L (B) = 5IZ/SM;L (B)

(16)

Since VAMAS measurements correspond to a set of
M points (B;,IX(B;)), to summarize how the compatibility
between IYSM:L and I- is spread out over the B values, i.e. for a
given L value, we look at average of 7 and its standard deviation
oy, So we define

lel/MZ

LY (By) — 1 (B) |

VSM ;L (Bl)

a7

From a global perspective, by defining 77, we aim to sum-
marize the statistical compatibility of the data obtained at dif-
ferent external field values B. By selecting a mean compatib-
ility criterion within 2 §7YSMiL, the following conditions must
be satisfied

<10 and o, <1.0. (18)

We look also at the mean relative difference, i.e. the average

along the B; field values of the quantity

|IVSM ;L (B )
It (B))

&

I¢ (By) |

rel.diff; (B;) = (19)

4. Results and discussion

The application of our model to the virgin sample is illustrated
in figure 4. The analytical and numerical shape factors differ
by approximately 0.6%. The statistical compatibility with the
scaled transport data is less than one sigma (see table 5).

The results for the rolled samples VSM data are presen-
ted in figure 9. The red and blue curves represent the average
critical current curves extracted from the m(B) cycle of two
measured samples using the numerical and analytical meth-
ods, respectively. The empty circles correspond to VAMAS
data corrected only for self-field, while the black dots are also
scaled using equation (8). Compared to the virgin case, the red
and blue curves consistently start to separate with significant
deformation from the 15% rolling. For the L10%, L.15%, and
L20% samples, there is a strong agreement when employing
our numerical model and the approach based on equation (8)
to scale the transport data to the Eygy criterion.

However, there is an exception in the case of L25. Its 1M
appears to be improved by 7% more than the transport data,
and there is no statistical compatibility, as shown in table 5.
A global overview of the correlation between magnetic and
transport critical current is presented in the plot of figure 10. It
shows that all the VSM data, with the exception of L25, agree
within 5% with their respective VAMAS counterparts.

We can use the previous definitions of section 3 to com-
pare the analysis based on the numerical or analytical shape
factors. We have to underling that this comparison is mean-
ingful only if equation (17) is calculated respect to the scaled
VAMAS data, also for the analytical model. The result is in
table 5. According to the criterion indicated by equation (18)
the two methods agree with the transport measurements until
the 10% of rolling. In the case of L15 and L20, the analytical
model is incompatible with the transport measurements. This
means that, unlike the numerical model, the analytical one is
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Figure 9. The plots summarize the results of the numerical (red) and analytical (blue) models used to extract /. from the VSM data,
compared to the critical current from the VAMAS measurements (empty circles are not scaled, i.e. E. = 104V m™"; black circles are scaled

to Evsm).

Table 4. The table shows the shape factor and the effective superconducting section evaluation for any kind of rolled sample. All values are

averages calculated using the ANSYS code over a set of SEM images from the HT?2 series. It also shows the analytical shape factor f by

equation (3).

<F> <f> el <Ry> <Ri> < Ssc > < Soncu >
Sample #SEM images (107 2m?) (10712 m?) % pum pum (107" m?) (107" m?)
V_HT2 9 4.4947 4.4674 0.6 28.8 14.9 3.1016 4.2349
L10_HT2 4 4.6333 4.7735 3.0 29.4 14.8 3.2729 4.3989
L15_HT2 6 4.3576 4.6288 6.2 29.5 163 3.0890 4.4353
L20_HT2 6 3.8795 4.2510 9.6 28.8 16.1 2.8964 42187
L25_HT2 7 3.9097 4.3461 11.2 28.9 159 2.9621 4.2466
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Figure 10. Correlation plot between magnetic, elaborated with the numerical shape factor, and transport critical current. The dashed lines
delimit the 5% maximum error region estimated with the errors propagation applied on equation (13).

Table 5. The table provides a comprehensive overview of the compatibility between the VSM critical currents and the VAMAS ones based

on the quantities defined in section 3

Rolling%

Numerical model

Analytical model

[79 o1, < rel.diffy, > 73 oy, < rel.diff;, >
0 0.6 0.4 0.6% 0.7 0.4 1.3%
10 0.7 0.4 —0.5% 1.0 0.8 —3.4%
15 0.5 0.5 —2.1% 1.9 0.5 —7.8%
20 0.4 0.3 1.6% 1.7 0.3 —7.3%
25 2.1 0.3 7.3% 0.9 0.2 —3.5%

unable to capture the differences due to the deformation of the
bundles and their orientation with respect to the external mag-
netic field.

At 25% of lamination, there is an inversion such that the
analytical model becomes highly compatible with the trans-
port measurements, while the numerical model exceeds the
20 on average. In our opinion, this paradox is a manifestation
of the bundles merging which leads to lose the non-coupling
current hypothesis over the 20% of rolling. This results in a
stronger m;,, signal, as observed also in [16]. In the case of the
analytical model, the more intense signal is offset by the shape
factor, which remains more or less constant, see table 4. This
causes the apparent compatibility with the transport measure-
ments scaled to the criterion EY ™. On the contrary, the inter-
pretation made by the numerical model leads to an improved
critical current, which is just an artifact, an indication of a
threshold, above the 20% of rolling, that we cannot exceed,
otherwise our method cannot be applied.

5. Conclusion

In this paper, we introduced a novel numerical method to
estimate the critical current of Nb3Sn wires from mag-
netic moment measurements. Our method involves numer-
ically assessing the integral in equation (10), accounting
for the effects of bundle shape deformation. We validated

our approach by comparing the results with critical currents
obtained by direct measurements on wires wound on VAMAS
barrels. The comparison provided valuable insights into the
role of the criterion applied to define the critical current,
allowing us to determine a scaling procedure to align data
obtained with the two methods. The comparison is fair if done
between the values measured on wires that have undergone
transverse deformations up 20%. Larger deformations lead to
damage and merging of the bundles, therefore, even applying
the numerical model and the correction to the critical current
criterion, the values obtained from the magnetization measure-
ments does not match that of the direct measurements. That is
explained by the fact that the bundle merging invalidates one of
the assumptions of the model, i.e. the absence of inter-bundle
coupling currents. Level of deformation larger than 20% could
be considered as a limit of the investigation of /. through mag-
netic moment measurements.

Looking ahead, we aim to refine various aspects of our
method to enhance its protocol and applicability, including
geometrical information coming from 3D tomography.
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