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An analytical model to describe the variations of the upper critical magnetic field and critical current
at 4.2K of the superconducting multifilamentary NbSSn composite wire caused by the application of pre-stress at
roon tempearture was presented and applied to experimental results. Main results are summarized as follows.
(1)The variations of the upper critical magnetic field and critical current could be described well as a func-
tion of pre-stress by combining the Ekin’s scaling law with the elastic/plastic mechanical calculation. (2)It
was demonstrated experimentally and theoretically that the upper magnetic filed and critical current can be im-
proved by the pre-stressing treatment through the control of residual strain of Nb3Sn. (3)The strength distri-
bution of the Nb3Sn filaments was estimated for the first time by extracting the influence of breakage of NbsSn
filaments from the change in critical current of pre-stressed composite. (4)The procedure to predict the re?a—
tion between critical current at 4.2K and pre-stress at room temperature for engineering-scale long samples
was presented based on the present model. An example of the application indicated that the permissible overall
pre-stress on composite, below which all Nb,Sn filaments transport current without breakage, is reduced by =20
% for long specimens of 300m in comparison with that for the short specimens of 25mm, while the average

strength of Nb3Sn for 300 m is reduced by =60 % from that for 25mm.
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1. Introduction

During fabrication and/or service, mechanical and
electromagnetic forces are exerted on superconducting
composite wire, wheich affect on superconducting proper-
ties. In case of NboSn superconducting composite wire,
much effort has been made to clarify the influence of
stress of NboSn on the critical current I, the critical
temperature . and the wupper critical magnetic field
Hz(l'lz). It has been confirmed that I , Tc and H
sﬁow their maximum values in the stress-(i"ree state o
NboSn and decrease with increasing compressive and
tensile stresses. Therefore the compressive residual
stress in NboSn introduced by cooling from heat-treat-
ment temperature reduces the values of I , T c and ch in
comparison with those in the stress-free state.

From the view-point of the control of residual
strain, the authors{*3715) have demonstrated that the
pre-stressing treatment (stressing followed by releas-
ing) on composite samples at room temperature is effec-
tive; the critical current at 4.2K increases, reaching

maximum at zero strain of NbsSn at 4.2K and then de-
creases with increasing applied stress, which can be
described by the variation of the strain of NbeSn calcu
lated by the elastic/plastic mechancal calculation in
combination with Ekin’s scaling 1aw‘°"12), However,
the influence of the breakage of  the NbgSn filaments,
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which reduces critical current seriously, has not been
clarified at that time. Thus the application of this
analysis has been limited only to the relatively low
pre-stress range.

Recently, the authors have developed a method to
evaluate the strength distribution of Nb3Sn from the
analysis of the variation of critical current of the
pre-stressed composite wires(*®:17). Modification of
this method made it possible to predict the variation
of critical current of engineering-scale long pre-
stressed composite wire‘*®). Then it becomes possible to
describe and predict quantitatively the pre-stress
effect on upper critical magnetic field and critical
current for any pre-stress and length of samples. The
present paper summarizes this analytical approch and the
results of application.

2. Analytical Procedure to Estimate the
Influence of Pre-stress on Upper Criti-
cal Magnetic Field and Critical Current

The flow chart to estimate the influence of the pre-
stress on the upper critical magnetic field and critical
current, to estimate the strength distribution of NbqSn,
and to predict the length-dependence of the critical
current of the pre-stressed composite wire, is presented
in Fig.1. The background and detailed procedure are as
follows.
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Pre-stressing treatment on samples at room
temperature

v

| Measurement of I. J
v

[Estimation of H., from the Kramer plot |
v

Calculation of 0i .0, Oi.L, O uL and
Oi .4 ok as a function of oc » by means of
the elastic/plastic mechanical analysis

v
Calculation of I. for the assumptional case of |
no breakage of NbsSn by the scaling law for
the strain effect using &1 .4 2k(=01 .4 2x/E1)

Estimation of proportion f of surviving- to
all NbsSn filaments from the comparison of the
measured I to the calculated one

v
Application of Weibull distribution function
to the relation of f to the stress o1 ..
subjected to NbsSn upon loading at room
temperature

v

Estimation of strength distribution of NbsSn
(Estimation of shape and scale parameters)

v
Description and prediction of variation of Ic
as a function of pre-stress for any length by

Eq.(3)

Figure 1 Flow chart for estimation of the relation of
the pre-stress applied to composite wire ¢ to upper
critical magnetic field Hc and critical éurrent I .
0 is the stress exerted on the constitituent i(i=1
to 4 correspond to Nb3Sn, Nb, Cu-Sn and Cu, respective-
ly) upon stressing of composite to 0, . ¢; o and
are the residual stresses at rodm température
be]f’ore and after the pre-stressing treatment, respec-
tively, and 0, i,4.2 is the residual stress at 4.2K.

(A)Scaling law

Figure 2 shows the strain effect on the upper criti-
cal magnetic field ch and critical current I at
4.7%K. H and I -values are very sensitive to the
strain of2 Nb.Sn; t‘fley become maximum(H op and I ) i
the stram—free state of NbySn, and decrease wit in-
creasing compressive and tensﬂe stresses. The strain
effect on H ., is empirically given as a function of the
strain of Nﬁ3Sn at 4.2K, ¢ 1,428 in the form¢10-12)

Bop/egn=1al 1,4.2K| ; (1)

where a is a consta.nt equal to 900 for compressive
strain(negative £ 1,4, 2) and 1250 for tenmsile
strain(positive ¢ 1,4.%) and u is also the constant
given by 1.7.
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Figure 2 Ekin’s scaling law of the strain effects (a)on
the upper critical magnetic field HZ given by Eq.(1)
and (b)on the critical current I %t NbgSn given by
Eq.(2), in which H and I are normalized with respect
to the values at zero strain, H a.nd 1, respective-
ly. In this calculation of I c/icm’ o 18 taken to be
21T as an example.
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Figure 3  Schematic drawing of the stress-strain curves

of the composite(noted as C) and the constituents of
NbSSn(l), niobium(2), bronze(3) and copper(4) during
pre-stressing treatment (stressing followed by releas-
ing). and 0 ; L(l =1 to 4) show the residual
stress 1n’croduce¢l‘ by the coolmg from heat-treatment- to
room temperature, the exerted stress at the applied
stress on composite 0, |, and the residual stress after
pre-stressing treatmen 9‘ respectively.
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Similarly, the relation of the relative current
I /I to the strain of Nb3Sn can be expressed by the
Eﬁm s scaling low (1012 given by
{(1'H/Hc2)/( —H/chm)} .

Ic/Icm:(HCZ/HCZm) 2 @)

(B)Control of residual strain of NbgSn by pre-stressing
treatment at room temperature

When composite samples are cooled down from the
heat-treatment temperature, compressive stresses are
exerted on the Nb3Sn and niobium, and tensile ones on
the bronze and copper due to the difference in thermal
expansion among the constituents. Therefore, the I and
H, are never higher than I _ and HZ , respectively.
Figure 3 shows the schematic representation of the
stress-strain curves of the composite as a whole(noted
as C) and the constituents of NbSn(l) niobium(2),
bronze(3) and copper(4) during the pre—stressing treat-
ment. Upon stressing (loading of samples), the stress of
composite increases from zero to ¢ c and the stress of
each constituent increases from ’tlﬁe residual stress
0; 0 to 0 where the subscripts i=1 to 4 refer to

an niobiud, bronze and copper, respectively, and the
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subscript L to loading. When the applied stress is
released by unloading, the stress on composite becomes
zero(0 c L) and the residual stress of each constituent
becomes’ ¢ i.uL, Where the subscript UL refers to unload-
ing. Consequently, the residual stress of each constitu-
ent is changed from . to 03 by the pre-
stressing treatment. changing 'the pre-stress
level(o c L) widely, the residual stress of Nb38n after
pre-stressing treatment can be changed extensively. In
this way, the strain of Nb3Sn can be controlled by this
treatment, which makes 1t 1p0531ble to  improve the
superconductlng property
Figures 4(a) to (c) show an example of the calcula-
tion of the variations of the stress exerted on each
constituent (a)upon stressing at room temperature
(oi L), (b)after pre-stressing at roon temperature
(Ui’UL) and (c)at 4.2K(o as a function of
i The specification of1 %ﬁe sample used in this
ca‘iculatmn is the same as that of the sample used in
the present experiment, which will be shown later in
detail. Once the relation of ¢ /El where
E, is the Young’s modulus of NE} é ? to U c, L is caleu-
lated, the effect of pre—stress treatment ’on i, /M
can be predicted by substituting the calculated values
of ¢ 1,4.9¢ into Eq.(1), as shown in (d). Then using the
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Figure 4 An example of the calculation result of the variations of (a)o. ;(i=1 to 4), (b)s. =l to 4),
(c)o 1,4 oo (8)1o/1 oy for H=8T and (f) /1 for B=15T as a function of ¢ oL The ﬁ(’:Zm for calcu-
lation’ o (tze an?imf is assumed to be 21T in this example ’
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Figure 5 Appearance of Nb3Sn pre-stressed up to ¢ =
258MPa. The co-existence of the broken and unbr(ﬁ(’en
Nb3Sn indicates that the strength of each Nb3Sn filament
is different.

relation of ., to @ L the relation of I c to ¢ el
can be calculated by ﬁ(’].(Z) for a given Hy -value, as
shown in (e) and (f).

On the other hand, when the exerted stress on NbgSn
exceeds the temsile strength of NbgSn, the Nb3Sn is
broken, resulting in serious reduction in critical
current(13715) | As a large number of NboSn filaments
are embedded in composite wire, weaker NboSn are broken
prior to stronger ones as shown in Fig.5. %‘or a descrip-
tion of the pre-stressing effect on critical current for
a wide range of 0 , [, a quantitative estimation of the
strength distribution of Nb3Sn is needed.

(C)Estimation of strength distribution of NbgSn

The critical current of the composite samples is
transported only by the surviving(unbroken) NbeSn fila-
ments. The proportion of the surviving- to all fila-
ments, f, varies from unity, at which no breakage of
NbgSn occurs(all filaments transport current) to zero,
at which all NbqSn filaments are broken(no filaments
transport current). Thus the scaling law of Bkin(10-12)
nodified as to describe the influence of breakage of
NbsSn will be given by(*®)

1 =1 (H g/ H )Y 2L (1-H/H )/ (1Bl )12 (3)

For evaluation of the f-value for each specimen, first
the I-H relation is calculated for the assumptional
case o% f=1 by substituting the measured values of I o’
Ho and H,, into Bq.(3). Then only the f-value is
varied in cEq.(3) and a f-value fitting best to experi-
mental I -H relation is chosen.

For ‘c:iescription of the strength distribution of
various metals and ceramics, two-parameter Weibull
distribution function‘*®’ has widely been employed.
According to this distribution function, the cumulative

probability of failure F at stress ¢ ; for the NbeSn
Lo 1,L 3
of a length L is given by

F=1-f=1-exp{~(L/Ly) (0 1/0 o)}, (4)

where m and ¢ , are shape and scale parameters, respec-
tively, and L, is the standard length (taken to be 1
n(meter) in the present work). The m-value is a measure
of the scatter; the smaller the m-value, the larger
becomes the scatter. To estimate the shape(m) and
scale(o 0) parameters, Eq.(4) is modified to

Inin(1/)=a[1n{(0 1 /0 )} In(L/L). (5)

are obtained from the slope
Inln(1/f) against ln(rIl L)

Then the values of m and ¢
and intersection of plot o

(Weibull plot). The average strength of Nb3Sn,
04 pave), is given by

1LF

01 plave)= o (Ly/L) 1/ar (141/m), (6)

where [ is the gammma function.
(D)Prediction of variation of critical current of pre-
stressed composite for any length

Once the shape- and scale parameters of the Weibull
distribution function are known, the strength distribu-
tion of NboSn can be calculated for any length by
Eq.(4). Substituting f calculated by Eq.(4), the experi-
mentally measured H o and I for short samples,
€1 4'2f calculated %y elasticﬁu"lastic pechanics, and
Hp calculated by Eq.(1) into Eq.(3), we can predict
variation of [, asa function of ¢ ¢,L for any length.

3. Experimental Procedure

Samples of multifilamentary bronze-processed NbqSn
composite wire with an overall diameter of 0. 5%mm,
bronze ratio of 0.445 and copper ratio of 2, composed
of 745 niobium filaments in a Cu-7.4at¥ Sn alloy,
surrounded with a niobium barrier and then copper as a
stabilizer, were heat-treated at 873K for 43ks for the
fornation of NboSn. The volume fraction of NbgSn was
0.07 and the Sn'concentration in the bronze was 4.8at%
in the present specimens.

The specimens were stresssed at room temperature up
to vari_ius stress levels(0-300 MPa) at a strain rate of
6.7x10"/s and then the applied stress was released at
the same strain rate until the stress on the specimens
became zero. After this pre-stressing treatment, the
specimens were cooled down to 4.2K for the measurement
of the critical current I . The Ic—values were measured
at the magnetic field H ‘i‘rom Tto 15T by al gV/em
criterion using a WM-5 magnet of the High Field Labora-
tory for Superconducting Materials, Tohoku University.
The distance between current-probes was 25mm and that
between voltage-ones was 10mn in this work. The former
distance was regarded as the gauge length for the
present specimens.
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Figure 6 (a)Examples of the Kramer plot to estimate

as a function of
0,1~ The broken curve in (b) shows the result of
caltulation by Eq.(1).
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Figure 7 Variations of I_ at H=(a)8T and (b)15T as a
function of ¢, ;. The broken curves show the varia-
tions of I c calculated by Eq.(2) which assumes no break-
age of Nb3Sn. The solid curves show the experimental
variations for the gauge length L=25mm, being lower than
the calculation results(broken curves) due to the break-
age of NbSSn in the range of high ¢ L The dotted
curves show the variation of I o for 1=5&nd 300m pre-
dicted by Eq.(3).

1
1
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4. Application and Discussion

4-1 Variation of upper critical magnetic field due to
the pre-stressing treatment

The H ,-values are estimated by the Kramer plot (2%’
as typica‘i y shown in Fig.6(a). Figure 6(b) shows the
variation of H /Hc2m as a function of ¢ _ ;. The calcu-
lation results on ¢ for the present specimens
indicate that the straif-free state at 4.2 is realized
when ¢ , ;%230MPa. The maximum value of Hop, Hiop which
appears ‘at 0 L=230MPa was 20.8T. The dottec? curves
show the results of calculation by Eq.(1), describing
well the experimental results, as shown in Fig.6(b).

4-2 Variation of critical current due to pre-stressing
treatment

Figure 7 shows the variations of the measured values
of I as a function of ¢ for H=8 and 15T, respec-
tivefy. The maximum critical current I, which is
realized at ¢ =0 (strain-free, corresponding to
¢ (2230 MPa), was taken from the measured current of
thé' "~ specimen having the maximum H, (=Hc2m:20.8T);
Icm=116A at 8T and Icm=16'5A at 15T. The %roken curves
in'Fig.7 show the results of calculation by Eq.(2), in
which the measured values of Hch and the values of H 9
calculated by substituting €1 4.9% and chm into
Bq.(1), together with H=8 and ’1%‘12, are substituted.
These curves describe the variations of Ic arising from

the strain effect for the assumed case where Nb3Sn’s
are never broken even at high o eIk

The following features are réad from Fig.7: (i)The
I, increases with increasing ¢ , ;, reaches maximum, and
tﬁen decreases, through theé change in o 1.4
(Fig.4(c). (iD)At higher magnetic field(B=15T) D %Ek
change in I becomes larger in comparison with that at
lower field(H=8T), as expected from Eq.(2) (see also
Fig.4(e) and (f)). (iii)for low ¢ ., the measured
values(solid curves) are in good agieement with the
calculation results(broken curves), indicating that the
change in I, for low 0.1 1is described well by the
strain-effect given by Eq.’(IZ). On the other hand, for
high ¢, , the difference between the measured and
calculatéd values of I /I _ increases with increasing
if due to the breakage of NbBSn, as shown by the
dicfflérence between the borken and solid curves.

In this way, the change in I_ as a function of
0ol is affected both by the resitfual strain and break-
age’ of NboSn. Swmarizng the features mentioned above,
the scaling law for the strain-effect on the critical
current proposed by Ekin(10-12) gives a good descrip-
tion in the range of low ¢ where  no breakage of
Nb3Sn occurs. On the other hand, in the range of high
0, 1, where some of the NbgSn’s are broken, the scaling
law should be modified as to include the proportion of
surviving NboSn’s for the description of I, since only
the surviving strained Nb3Sn’s transport Ehe supercon-
ducting current.
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Figure 8 Estimation of strength distribution of Nb Sn (a)An example of the curve-fitting to estimate f-value.
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para.meters in the

From the
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estimated. (d)Estimated distributions of strength of NbgSn for 1~25m (=gauge length of the present specimens),

3m and 300m.

4-3 Estimation of strength and its scatter of Nb3Sn

The proportioin of the surviving Nbgn, f, is
estimated as the best fit value to describe the experi-
mental I -H relation expressed by Eq.(3). An example of
the fitting is presented in Fig.8(a). Figure 8(b) shows
the estimated values of f plotted against ¢ It is
read from Fig.8(b) that the strength of Nb Sln varies
from 0.7 to 1.3GPa. The measured values of lnln(1/f) are
plotted against ln(o 1L)’ as shown in Fig.8(c). Then
the values of m and 0, are estimated to be 12 and
0.8GPa(for L0=1n1) from the slope and intersection of the
plot, respectively. The average strength calculated by
Eq.(6) is 1.0 GPa. The scatter of the strength of the
present Nb3Sn(m-12) is larger than that of industrial
metallic materlals(m>30 50) but smaller than that of the
high T, in the silver sheath(m=3.4-6.4¢21)).
(3)The average s{rength of the Nb3Sn is about 10 times
higher than that of the high T ox1des of YBaZCu30x and
BiZSrZCaZCu3Uy in the silver gheath

4-4 Influence of length of specimens on the I -0 ¢,L
relation

Substituting the estimated values of m and 0 into
Eq.(4), the strength distributions of the NbgSn can be
calculated for any lengths. Figure 8(d) shows the dis-

tributions for L=25mm(gauge length of the present speci-
mens), and for [=3 and 300m as examples. In this way,
the strength of NbeSn decreases with increasing L. The
average strength for 1=300m is reduced approximately to
0.4 times from that for L~Z5mm.

Judging from the tendency that the strength of long
NboSn becomes very low, it might be speculated to a
first sight that the permissible overall pre-stress on
composite, below which the NbaSn’s are not broken
(critical current can be retaineg decreases seriously
with increasing length. However, thlS speculation can be
disputed; namely an extreme reduction in the permissible
overall pre-stress does not occur, as shown below.

If we assume that the I and ch for long samples
are not different from tﬁ%se for the present short
samples(L=25 mn), the variation of I, as a function of
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0. p can be predicted for any lemgth L and for any
maghetic field H, by substituting the following values
into Eq.(3) : Ig and B m(measured for 1=25mm),
ch(calculated by substituting H g ad €44 g into
Eq.(1)), and f(calculated by sbustituting ) '00 and
Ly=1m into Eq.(4)). The dotted curves in Fig.7 show the
predicted variations in the range of high overall pre-
stress for =3 and 300m. Taking the case of L=300m, the
reduction in I due to the breakage of Nb,Sn occurs at
0. L=200 MPa, while it occurs at ¢ LZZ MPa in case
of 1=25mm(indicated by the solid curve(j’. Thus it is pre-
dicted that the permissible pre-stress on the present
composite for [=300m is reduced by 20 % from that for
[=25mm.

Although the reduction in strength of NboSn due to
the extended length of specimens from 25mm 300m is
very large(about 60%), the reduction in permissible
overall pre-stress on composite is relatively small
(about 20%). The reason for this can be attributed to
the situation that, even if L~300m, 04 does not
reach the stress level necessary to cause’%reakage of
Nb3Sn(0.3-0.5GPa) until o o, becomes high(200-240MPa)
as shown in Fig.4(b). ’

In the present work, an attempt to predict the I -
values of pre-stressed long specimens from the data %or
short specimens is presented. Refinement of this method
in addition to the accumulation of basic data will
provide more accurate prediction of I -¢ relation
and permissible pre-stress level for long composite

wires, which will be utilized as a guide for practical
handling.

5. Conclusions

An analytical method to describe the relation of the
pre-stress applied on NboSn composite wire at room tem-
perature to the upper critical magnetic field and criti-
cal current at 4.2 was presented. The application of
this method revealed that (a)the upper critical magnetic
field and critical current can be improved by applica-
tion of appropriate pre-stress at room temperature
through the decrease in residual strain in NboSn, (b)the
strength distribution of Nb,Sn in the presen% composite
samples can be expressed gy the Weibull distribution
function with the shape parameter 12 and the scale
parameter 0.80GPa for a standard length 1m, and (c)the
permissible pre-stress on the composite, below which all
NboSn filaments transport current without breakage, is
reduced by =20% for long specimens of 300m in comparison
with that for the short specimens of 25mm, while the

395

average strength of Nb3Sn for 300m is reduced by ~60%
from that for 25mm.
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