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Abstract

®

CrossMark

High-performance Nb3Sn superconducting wires have become one of the key technologies for
the development of next generation accelerator magnets. While their large critical current
densities enable the design of compact accelerator-quality magnets for their operation above

10 T, the noticeable reduction of the conductor performance due to mechanical strain appears as

a new essential characteristic in magnet design.

In this work, we extensively investigate the effect of transverse loads, up to 250 MPa, in
state-of-the-art Nb3Sn Restacked-Rod-Process round superconducting wires. The tests are
performed using a compressive Walters spring device, where the force is applied to the
resin-impregnated wire, and the critical current is measured under magnetic fields ranging from
16 to 19 T. As a complement, critical current measurements under axial strain are also
performed using a standard Walters spring. Interestingly, the study shows that the wire’s

electro-mechanical response under transverse stress depends on the initial axial strain condition.
Nonetheless, when the main direction load becomes predominant, all tested wires converge to a
common behavior. This observation allowed us to combine the results from critical current
measurements under the loads exerted in both directions (axial and transverse), shedding some

new light on the mechanisms behind critical current degradation.

Keywords: Nb;Sn, RRP, strain sensitivity, critical current degradation, transverse strain,

axial strain

(Some figures may appear in colour only in the online journal)

1. Introduction

The search for high magnetic fields in superconducting accel-
erator magnets has contributed over the last decades to several
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important technological breakthroughs. One of the keys for
this evolution has been the development of practical super-
conductors able to operate beyond the limits of the well-
known Nb-Ti technology. Due to their larger upper critical
field, Nb3Sn (Niobium-Tin) conductors have become in the
present days the preferred solution for the winding of the new
generation superconducting coils.

High performance Nbs;Sn wires are primarily defined by
large critical current densities, an essential parameter that
permits the design of compact-size magnet units. Thanks to it,
and accompanied by comprehensive programs for conductor
development, the use of this new technology has unlocked the

© 2021 The Author(s). Published by IOP Publishing Ltd  Printed in the UK
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previous magnetic field frontiers and has allowed the design
of accelerator magnets for their operation above 10 T [1, 2].

The first milestone for Nb3;Sn applications in High Energy
Physics (HEP) research programs will be achieved with the
installation of the Niobium-Tin dipole and quadrupole mag-
nets built for the High-Luminosity upgrade of the LHC
(HL-LHC) at CERN [3]. These will be the first Nb;Sn magnets
ever operating in a particle accelerator and will pave the way
towards potential future hadron colliders seeking for larger
collision energies, as it is the case for instance, of the Future
Circular Collider (FCC) [4].

The HL-LHC conductors constitute the present state-of-
the-art for Nb3;Sn accelerator technology. They have their ori-
gin in the research programs started in the mid-1990s, and
extended over the following decades [5]. During the first part
of that period, the critical current density within the non-
copper wire area (J.) was substantially pushed from nearly
2000 A mm~2 to above 3000 A mm~2 at 12 T and 4.2 K. In the
course of the next years after this important achievement, fur-
ther efforts consolidated the conductor performance and made
possible the attainment of long production lengths. As a res-
ult, nowadays the wires have demonstrated, with large margin,
the capability of surpassing the target of J. > 1000 A mm 2 at
16 T and 4.2 K while maintaining the necessary properties for
stable operation and magnet protection [6-9].

An equally important aspect of Nb3Sn superconductors
is, however, their reduced mechanical strain tolerance. The
critical current density of Nb3Sn wires strongly depends on
the mechanical strain applied to the superconducting phase
[10-27], this last being, in addition, a brittle intermetallic
compound with a noteworthy propensity to fracture. For the
most relevant cases in magnet design, the action of mechanical
loads translates consequently into a reduction of the conductor
performance, i.e. a reduction of the wire’s J,.

The mentioned decrease of the available critical current
density happens in two well-distinguished regimes. On one
side, there is a reversible component of the reduction, which
is fully recovered when the external load is removed, and
is associated to the decrease of the upper critical field (B.,)
under mechanical strain [19]. On the other side, there exists
an irreversible and thus permanent component, which occurs
when the loads exceed a critical threshold, and that can be
ascribed to plastic deformation in the wire’s copper matrix
and to superconducting filament breakage [28]. In a scenario
where the design of present and next generation accelerator
magnets entails peak stresses in the coils that are in the level
of 150-200 MPa [29], the degradation of the conductor per-
formance due to mechanical strain appears to be a parameter
of the highest importance for new Nb3Sn magnets [30].

Establishing the mechanical limits at which Nb3Sn super-
conductors can operate safely, and understanding the mech-
anisms behind critical current degradation is hence crucial,
and requires the development of dedicated experiments able to
reproduce the conditions experienced by the conductor inside
superconducting magnets. Performing such a task is nonethe-
less a very involving activity due to the complexity of the sys-
tem. As far as Nb3Sn accelerator magnet’s coils are concerned,
they are in a large extent wound using insulated Rutherford

cables composed of many single wires transposed together.
These cables are ultimately resin-impregnated, conforming a
solid winding pack intended for an homogeneous distribution
of the mechanical loads inside the coils. In what regards the
loads, the cables and by extent the wires, are subjected to
different types of them, appearing both during magnet con-
struction and operation. In general, restricting ourselves to the
operation regime, the most severe loads are the ones acting
in the cables’ transverse direction (orthogonal to the cables’
broad face) and usually located in the coils’ mid-planes of
new high field designs. The study of their effects in conductor
performance is, by implication, of special interest for the mag-
net community.

The first designs for experimental setups aimed at testing
the conductor response to mechanical loads date from the early
1980s by Ekin, who performed novel critical current measure-
ments under tensile axial strain for short wire sections [11].
Since then, different strategies have been developed for eval-
uating the impact of mechanics in the critical current (I.) of
NbsSn superconductors [31]. Related to accelerator magnet
applications, they range from critical current measurements
in full cables (or sub-scale cables) down to single wires, on
which the conductor is subjected to the action of a certain type
of load [32-50].

Employing the latter type of these experiments, we have
launched at University of Geneva a complete test campaign
for the investigation of the response of Nb3;Sn wires to trans-
verse loads [30]. The scope of the study is to analyze the strain
dependence and the irreversible reduction of the critical cur-
rent of single impregnated wires, when tested in conditions
that reproduce their state inside accelerator coil windings. To
do so, we make use of a test setup based on a modified Wal-
ters spring, as will be explained in detail in section 2. Inter-
estingly, from the first results obtained, we have found that
the electro-mechanical response of Nbs;Sn impregnated wires
to transverse strain is determined by a combination of differ-
ent factors, which are intrinsic and extrinsic to the wires. They
include: (i) the way mechanical loads are applied to the wire
and the wire’s geometry (round, or 15% rolled reproducing
the geometry of the wires present in superconducting cables),
(i1) the wire technology and its filament layout, and (iii) the
stiffness of the resin system used for impregnation [28, 51].

In this manuscript, we continue the work initiated for
Powder-In-Tube (PIT) conductors in [30], and we extend it
to the electro-mechanical characterization of state-of-the-art
Nb3Sn Restacked-Rod-Process (RRP) wires. We report on the
first results from tests performed in a set of round samples of
the same wire. For them, critical current measurements under
loads applied in transverse direction were performed in pres-
ence of magnetic fields ranging from 16T to 19T. We have
identified an important role of the axial strain component in
the response of the wires to transverse loads. In view of it,
the transverse measurements have been combined with critical
current measurements under axial strain, obtaining a complete
description of the phenomenology. Our work covers as well
two other fundamental aspects: (1) the identification of the
total reduction of critical current experienced under transverse
stresses up to 250 MPa and (2) the determination of the stress
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Table 1. RRP 0.85 mm 108/127 reaction heat treatment.

Temperature plateau Ramp rate
210°C/48h 25°C/h
400°C/48h 50°C/h
665°C/50h 50°C/h
Cool down 100°C/h

Figure 1. RRP 0.85 mm 108/127 investigated wire’s cross section.

level at which permanent damage occurs in the wires. The res-
ults add new information to the main conclusions already pub-
lished for PIT conductors, and shed some new light on the
mechanisms behind the degradation mechanisms in the wires
produced by RRP technology.

2. Experimental campaign description

A set of identical RRP Nb3Sn samples, extracted from one of
the production billets to be used for the new HL-LHC Nb3;Sn
interaction region quadrupole magnets (known as MQXF)
[52], were investigated during this experimental campaign.
With a diameter of 0.85 mm, the wires are composed of 108
sub-elements embedded in a high-purity Cu matrix follow-
ing the 108/127 hexagonal restack [53]. The nominal result-
ing copper to superconductor ratio (Cu/SC) is specified to
be 1.2. Reproducing what is done for MQXF superconduct-
ing coils, the samples have been reacted following the reac-
tion heat treatment indicated in table 1. A picture of the wire
cross-section before reaction is shown in figure 1.

Concerning the measurements, three types of tests at
cryogenic temperature (4.2 K) have been performed as part
of the characterization campaign: (1) critical current meas-
urements under compressive transverse loads, (2) critical
current measurements under axial loads, and (3) stress—
strain measurements for the study of the wires’ mechanical
properties.

2.1. Compressive WASP (C-WASP) measurements

The transverse compressive tests were carried out using a
measurement device with a geometry similar to a Walters
spring (referred as C-WASP) [28, 54, 55], where the force is
applied to the resin-impregnated wire and the critical current is
measured under magnetic fields ranging from 16T to 19T. As it
can be seen in figure 2, which shows a three dimensional model

of the test setup, the sample holder is composed of two parts:
a movable lower part, able to translate axially, and a top part,
which is fixed to the measuring probe. The transverse force is
applied by means of a pulling rod that acts on the lower part
of the sample holder, displacing it towards the top fixed anvil
and applying the desired compression. The anvil extends over
a length of 126 mm, defining the U-shaped cavity where the
impregnated wire sits. The rest of the cavity’s dimensions can
be adjusted for different wires as function of their diameter.
For the presented case, the cavity remains 1.15 mm in width
and 2 mm in height. Regarding the sample impregnation, it has
been performed using a de-gassed mixture of epoxy resin (type
L + hardener L provided by R&G Faserverbundenwerkstoffe)
and filler (thixotropic agent provided by SCS-Fiillstoffe) in a
100:40:2 weight ratio. The choice for this impregnation sys-
tem relies on its favorable characteristics for manipulation and
on its similar measured elastic modulus, when compared to the
one of CDT-101 K resin used for the impregnation of HL-LHC
NbsSn coils [56, 57]. To ensure a proper current transfer, the
wire is soldered over 250 mm to the sample holder extremities.
Finally, the superconducting to normal transition is measured
using voltage taps, which are placed at the entrance and exit
of the groove. They are separated by the distance of a com-
plete wire turn, 126 mm. This large gauge length allows us to
use the stringent criterion of 0.1 2V cm™! for critical current
determination.

2.2. Axial WASP (WASP) measurements

Critical current measurements under axial strain were per-
formed using a Walters spring (WASP) device. In this case,
a one-piece sample holder with the geometry of a thick spring
hosts the wire as shown in figure 3. The desired axial strain
is applied to the sample as a result of the spring deforma-
tion, induced by a controlled rotation of one of its extremit-
ies. The rotation angle determines the strain level, while its
direction specifies the compressive or tensile behavior. A
more detailed explanation on how the device works can be
found in [58]. For the tests reported in this manuscript, the
axial WASP measurements were done at 157 < B < 19T with
two different objectives: (1) to investigate the wire’s crit-
ical current as function of the applied axial strain and (2)
to determine the value of critical current at the the wires’
zero applied axial strain state (I.o gsirain)- Precisely, the zero
applied strain state corresponds to a test condition that ensures
that no external loads are exerted to the wire, and therefore,
the superconducting phase is just subjected to the mechanical
strain arising from the thermal contraction mismatch between
the different materials of the composite wire. While the first
type of measurement follows a standard procedure, the second
one presents some particularities that are carefully explained
in [59].

In all cases, and like in the transverse experiment, the cri-
terion for critical current determination is set to 0.1 £V em™ L
where four voltage tap pairs are placed along the spring path.
Each of them separated by a distance equal to the length of a
full turn (126 mm).
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Figure 2. (a) 3D model of the C-WASP device conceived by Seeber et al at University of Geneva. The sample holder is made of Stainless
Steel 316 L and Copper OFHC, (b) cross-sectional cut showing how the force is applied to the superconducting wire.

\D Applied rotation

Soldered
wire

Figure 3. Principle of the Walters spring (WASP) design. The superconducting wire is soldered inside a rectangular-shaped groove. The
axial strain is exerted by applying a torque to the spring’s upper end. A spring made in CuBe has been used for the tests reported in this

manuscript.

2.3. Mechanical stress—strain measurements

At last, the mechanical stress—strain measurements were
performed at 4.2K, using straight wire samples subjec-
ted to uni-axial tensile loads. The displacement and the
force readings were done using extensometers and load cells
respectively.

3. Results and discussion

3.1. The role of axial strain in the response of the wires to
transverse loads

Three round samples were tested under transverse applied
loads. Figure 4 reports the results from the critical current
measurements performed in the compressive WASP configur-
ation at 4.2 K and 19 T. The plot displays the evolution of the
1. with applied stress using two types of markers: full mark-
ers correspond to the value of critical current when the wire is

loaded, and empty markers correspond to the value when the
load has been removed. The measurement’s sequence accounts
for the removal of the load each two stress steps, with the
objective of analyzing in detail the onset of permanent damage
in the wires. The compressive stress value is computed using
a purely geometrical relationship,

FOrce(measured)

= 1
7~ Widthgmy x Length M

)
anvil

where the applied force is gradually increased up to a max-
imum of 35kN, and the area of contact is calculated using
width,,yi = 1.15 mm and length,,yi = 126 mm.

Even though all samples are identical and they were pre-
pared following the same process, the figure shows that they
present a different initial critical current (/. c—defined as the
critical current at 0 MPa) and a different electro-mechanical
response to transverse stress. The earliest measured sample,
called Sample 1, shows an /I, =124 A, the second sample
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Figure 4. Critical current evolution as function of the applied
transverse stress at 19 T. Full markers depict the /. value when the
load is being applied, empty markers show the critical current value
upon force removal.

Table 2. B, values extracted from the C-WASP experiment.

Transverse stress (MPa) Blc‘;ad (T) B‘C‘Sk’ad (T)
21 25.7
Sample 1 145 24.7 253
214 23.3 24.85
35 24.89
Sample 2 220 22.84 245
35 24.87
Sample 3 186 23.55 24.5
242 22 24.3

(Sample 2) presents an /.o =110 A, and Sample 3 shows the
lowest value among the three, with /.o = 107 A.

With increasing stress levels, all the wires converge to a
common behavior under the presence of the transverse load.
This phenomenon is clearly identified in figure 4 by the over-
lap of the three curves represented with solid markers. The
implications of such an experimental evidence are twofold: (1)
the measurements indicate that there exists an initial differ-
ence between the samples and (2) they show that the response
of all the wires come to be the same, when the difference
is overcome due to the presence of large applied transverse
loads (0 appiied > 160 MPa, in this experiment). Interestingly,
the same effect is not perceived once the load is removed.
Upon force unload, the samples recover part of their original
differences. The understanding of this behavior, not seen in
previous experimental campaigns [30], constitutes the novelty
of this work and sheds new light on the mechanisms behind
critical current degradation.

To explain it, let us limit ourselves firstly to the beginning of
the measurement, when the wire is not subjected to any trans-
verse mechanical load (o =0 MPa). For a wide range of mul-
tifilamentary Nb3Sn superconductors, the scaling law for the
field dependence of the critical current follows the simplified
expression [33, 60]:

le(B,e) = C(Bcie) ) - (1 B Bcis) )2’ )

where C is a prefactor shown to be independent of strain over
a large range of applied loads [33], B is the magnetic field and
B> (¢) is the strain dependent upper critical field. More details
about the derivation of the simplified expression in equation 2
from the general scaling law reported in [10] can be found
in [60].

In the absence of filament cracks (when there is no reduc-
tion of the available superconductor area), and assuming that
the lack of applied transverse loads is a sufficient condition to
ensure the invariability of C, the scaling law suggests that a
change in /.. for identical wires would imperatively come from
a change in their B, due to a different mechanical strain state.
In the presented case, since no transverse loads are applied,
the source of the different strain state must be in the axial
component.

We therefore propose that the measured initial deviation in
1. between the three wires can be fully explained by a dis-
crepancy in their original axial strain condition, which has
its origin in an elastic component introduced during sample
mounting. The complete prove for this statement is found in
the measurements performed at different magnetic fields for
certain stress levels in the C-WASP tests. We could evaluate
the upper critical field for the three wires at different applied
loads, using the well-known Kramer extrapolation [61]. The
results, shown in table 2, support straightforwardly the devel-
opment presented in the previous paragraph. Sample 1, the one
with larger initial critical current, shows an initial B, value of
25.7T. On the contrary, Sample 2 and 3 show a value of 24.89T
and 24.87T, respectively, in good agreement with their lower
measured /. The variability in the B, determination for dif-
ferent /. measurements has been proven to be lower than 1%.

Besides this conclusive experimental indication, and to fur-
ther analyze the origin of the /. variability between wires,
complementary critical current measurements under axial
loads were performed in a standard Walters spring configura-
tion. We used a reference wire from the same billet, obtaining
the results shown in figure 5(a). We found as well that at 19T
the value of I,y gain for the wires is 108A, very close to the
initial /. measured for samples 2 and 3. Combining both res-
ults, the test confirms that in the vicinity of the zero applied
strain state (figure 5(b)), 0.05% axial strain can lead to an
increase of I, of the order of 16A. This increment is perfectly
in line with the measured difference between Sample 1 and
the other two samples, and provides a quantitative explanation
for the I,y variability. To give a visual representation of the
test results, the analysis at 19T is summarized in figure 5(b).
The plot shows a zoom of the WASP measurement, adding all
the values of Iy from the transverse tests as function of their
interpolated axial strain level.

In a similar way to the compressive tests, we also studied
the field dependence of the critical current in the WASP tests.
Critical current measurements at different fields were done for
selected axial strain levels. The obtained B, values are shown
in table 3. A very similar upper critical field to that of samples
2 and 3 has been found for an axial strain level close to zero
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Table 3. B, values extracted from the WASP experiment.

Wire’s axial strain (%) B (T)
—0.15 22.95
0.03 24.7
0.12 25.7
0.22 26.2
0.31 26.1
a) 200 : .
—e—19T
150 | W 4 1
| ‘ "
[
| |
— | I
=. 100 ! ! ]
b | } |
| |
L. ]
50 '
0 ‘ ‘ : ‘ J
-0.4 -0.2 0 0.2 0.4 0.6
Wire strain [%]
b) . ,
140 + ]
120 /
< e :
~ 100+ E

—e—19T
80 L * 19 T / Zero applied axial strain| |

¢ Sample 1 C-WASP
Sample 2 C-WASP
Sample 3 C-WASP

60

-0.05 0 0.05

Wire strain [%)]

Figure 5. (a) Critical current evolution as function of the applied
axial strain for a reference wire measured in the WASP device. Only
the measurements at 19 T are shown for simplicity. The dashed
rectangle delimits the zoomed region shown in (b). (b) Detailed
zoom of the WASP measurement. Markers display the interpolated
values of strain for the three C-WASP samples.

(0.03%). On the other hand, a B, value close to the one of
Sample 1 has been identified at an axial strain level of 0.12%.
The results thus confirm the presence of an initial axial tensile
component in the strain state of Sample 1, while Samples 2
and 3 are close to a zero level of strain in that direction.

The difference in the axial strain between wires, calculated
to be in the range of 0.05%—-0.09% in the last two paragraphs,
is thought to have its origin in the delicate sample mounting

140 .
—+— Stress-strain Sample 1
—=— Stress-strain Sample 2 | ]

120 +

100 - .

Force [N]

30

Y= 20 ]

20 | 10 ]

0 0.2 0.4 0.6 0.8
Strain (%]

Figure 6. Mechanical stress—strain measurements performed for
two straight samples of the investigated wire. The bottom-right box
shows a detailed zoom in the area indicated by the dashed rectangle.
The force required to induce a strain in the range of 0.05%—0.1%
equals 20-30N.

activities as mentioned before. The wires may be pulled dif-
ferently during the preparation process, introducing an elastic
axial strain component that is kept by the soldering of the
wire extremities. Figure 6 shows the result from two stress—
strain measurements performed to support the explanation. As
it can be seen from the test outcome, an axial force as small
as 20-30N is enough to reach the required level of strain of
0.05%-0.09%.

Our investigation on the novel measured behavior for the
three samples is finally completed by reviewing the evolution
of the wires’ response at increasing stress levels. As already
introduced, the elastic axial pre-strain component seems to be
released at large applied transverse stress levels when the load
is present. This phenomenon could be partially explained by
a strain release mechanism resulting from the Poisson effect
of the applied transverse load, together with the geometry and
particularities of the test setup. Finite Element simulations per-
formed in [62] for wires enclosed in a cavity and subjected
to transverse forces, confirm the relevant effects seen in axial
direction. A permanent contribution to the release of the axial
strain may come as well from the plastic deformation of the
stabilizing matrix and from filament cracks. In this regard,
several works are available in the community dealing with
the plastic release of residual strain for Nb3Sn wires [63, 64]
Although in our case, the lack of convergence after force
removal points out that permanent effects are not the main
factor present. The identification of the exact strain release
mechanism acting in our test setup is left open for further
research and will be tackled in future works.

3.2. The effect of transverse loads on conductor performance

Having shown that the axial strain component is behind the
observed differences between the wires, the last part of the
measurement in figure 4 provides the second piece of essential
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Figure 7. Critical current evolution as function of the applied
transverse stress using normalized values. In plot (a), the value for
normalization has been chosen to be the 1.9 of each wire as
explained in the text. Plot (b), instead, shows the results when the
common /o gsrain for all wires is considered. In both cases, the
horizontal dashed line shows the 95% threshold, while the red box
contains the range at which this line intersects the three wires.

information from the study. At high level of stress, Tapptied >
160 MPa, all samples show the same critical current under load
and a certain decrease of I, when the load is removed. From
the figure, we can identify the start of the I, decrease after
force removal at around 110MPa for sample 1 and at 130 MPa
for samples 2 and 3. A permanent reduction in critical cur-
rent upon force unloading indicates the onset of critical cur-
rent degradation in the wire. The determination of the experi-
mental value of stress at which this occurs (o) is an exercise
of the highest impact for magnet design. Its value can be con-
ventionally obtained by defining a critical threshold for the
fraction of 1, recovered after force unloading (/*"°*/I.4). Fol-
lowing our standard convention, we propose a threshold value
of 5% at 19T. Nevertheless, the variation in /. for the meas-
ured identical wires makes the analysis delicate. Using each

27
26
25t
o 24!
y 23f
22t —s—Sample 1
Sample 2
21 Sample 3
PIT results
20 ‘ . - '
0 50 100 150 200 250

Stress [MPa]

Figure 8. B, evolution after force removal for the investigated
wires and a PIT sample measured in [30]. The fact that the decrease
in B, for the RRP wires with zero initial applied strain (Samples 2
and 3) is approximately 50% of the one reported for PIT, may
indicate a different degradation mechanism.

wire’s initial critical current for normalization, we obtained
the following oy, stress values (figure 7(a)): Cir sample | =
145 MPa, Oirr Sample 2 — 175 MPa and Oirr Sample 3 — 175 MPa.
As an alternative, in order to remove from the analysis the
influence of axial strain, we propose a second criterion for
the computation of a meaningful oj,. It consists in normal-
izing the response of the three wires with the value of /.y at
zero applied axial strain, which is common for all samples
(1910ad /T o srrain)- Using this expedient we can compare the
high stress response of the wires, irrespective of the initial state
of the sample. In this case, the computed 0i;r zsirain 1ays in the
range of 170-200MPa as seen in figure 7(b). Note that this is
a conventional assumption that we make to compare the res-
ults, not necessarily pointing to a physical explanation of the
1. reduction.

Lastly, by studying the wires’ behavior under load, we
found that a transverse stress level of 150 MPa (in line with the
stress values expected during operation of new high-field mag-
net designs) induces an /.. reduction at 19T of about 16%-28%
with respect to each wire’s initial critical current (1°*/I ).
Though the reduction at lower fields would be smaller, the plot
highlights the essential role of mechanics in the performance
of these wires, and motivates its impact in magnet design. A
complete summary of the results is shown in table 4.

3.3. An insight into the degradation mechanisms of RRP
Nb3Sn wires

To conclude the analysis, we investigated the full evolution
of the upper critical field along the transverse loading history.
This study adds very valuable information on the mechanisms
causing the critical current degradation. The most relevant data
can be extracted from the permanent effects in B, remaining
after load removal. As already mentioned in the introduction,
the irreversible decrease of the critical current under transverse
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Table 4. Summary on wires’ results.

Sample I (197) 1.0 (16T) Initial B, Cir Oirr @strain

Sample 1 (S1) 124 A 283.1A 257T 145 MPa 200 MPa

Sample 2 (S2) 1104 A 2745 A 2489 T 175 MPa 190 MPa

Sample 3 (S3) 107.1 A 268.3 A 2487T 175 MPa 172.5 MPa

Sample axial 108 A

loads results from the combination of two effects: the plastic In this regime all wires show the same critical

deformation of the Cu matrix, and the breakage of the Nb3;Sn
filaments. The effects of these two phenomena on the crit-
ical current are different. On one side, the effect of residual
strain decreases the wire’s B, due to a deformation of the
Nbs3Sn crystal structure. On the other side, filament cracks just
reduce the available area of superconductor leaving B, almost
unaltered. Figure 8 summarizes the results obtained for the B,
evolution of the investigated samples, and adds for comparison
the example of a PIT wire published in [30]. The behavior
of Sample 1 is understood in terms of its initial tensile axial
strain component and the mechanical strain release mechan-
ism described before. The cyclic loading seems to release the
initial strain, slowly converging to the B, values of the two
other samples. Therefore, for the sake of a fair comparison,
only the measurements of the wires with an initial zero applied
axial strain state, which include the PIT sample, are considered
in the analysis. Under the same range of pressure, the decrease
in B, is considerably smaller for the two RRP samples with
zero initial applied strain (Samples 2 and 3) than for their PIT
counterpart, approximately 50%. The reduced impact in B,
upon force unloading for these specific samples may point to
a small effect of residual plastic strain in the copper matrix.
Unlike in the PIT wire, the permanent reduction of /, for the
two RRP samples seems to be driven by the breakage of super-
conducting filaments. We plan to investigate further this result,
which could have important implications for magnet design.

4. Conclusions

This manuscript presents the results from an experimental
campaign aimed at characterizing the electro-mechanical
response of state-of-the-art RRP Nb3Sn wires to mechanical
loads. With the objective of obtaining relevant information on
magnet performance from a single wire experiment, we invest-
igated the effect of loads applied independently in transverse
and axial directions. Special emphasis was put in the under-
standing of the effect of the initial axial strain in the wire’s
response to transverse loads. The main outcome from the work
is enumerated next:

(a) We identified a remarkable effect of the initial axial strain
state in the wire’s response to transverse loads. The axial
component determines the initial critical current and its
evolution at low transverse stress levels.

(b) At high stress levels, and while the force is being
applied (0applica > 160 MPa in this experiment),
the effect of the axial strain component is over-
come and the transverse load becomes dominant.

current.

(c) Critical current tests under axial loads served to provide
the needed complimentary information for the study. The
results shown in this manuscript suggest that it is always
essential to consider the complete strain tensor in the ana-
lysis of the electro-mechanical limits of Nbs;Sn supercon-
ductors.

(d) The transverse stress value leading to a conventional per-
manent reduction in /. of 5%, has been found to be in the
range of 145-175 MPa. The different initial axial strain
state is behind the range obtained for the three samples of
the same wire.

(e) By studying the wires’ response at different magnetic
fields, we found a very limited permanent decrease in the
upper critical field (B.,) resulting from transverse stresses
up to 250 MPa. This fact suggests that the dominating
mechanism behind critical current degradation, for the
investigated wires, is the breakage of superconducting fil-
aments.
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