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Abstract
As part of an international project to benchmark facilities for measuring the strain dependence of
critical current in International Thermonuclear Experimental Reactor (ITER) Nb3Sn strands,
direct measurement of local strain exerted on Nb3Sn filaments was attempted at cryogenic
temperature by means of a pulsed neutron technique. The lattice axial strain increased linearly
with a slope close to unity against applied strain, while the thermal axial strain was −0.22% at
8.5 K. As a result, the force-free strain was evaluated to be 0.22–0.23%. This key parameter
should provide an accurate estimate of the peak location of critical current versus applied strain.
The lattice transverse strain decreased linearly as a function of applied strain with a slope of
0.33–0.34. The lattice strains of the Nb and Cu components were also measured and their
behavior was analyzed by computing diffraction elastic moduli based on micromechanics
theories. The stress–strain curve calculated according to the rule of mixtures described quite well
the macroscopic curve measured for the present ITER Nb3Sn strand.

Keywords: superconductor, Nb3Sn, residual strain, ITER, neutron diffraction, diffraction elastic
modulus, micromechanics

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

1. Introduction

Strain sensitivity of critical current Ic in Nb3Sn composite
superconducting strands has been studied by many investi-
gators from both physical and practical viewpoints. Accord-
ing to recent theories [1–5], the position of the maximum Ic in
the strain dependency curve has been predicted to be at the
point where the three-dimensional deviatoric strain compo-
nents relating to the anharmonic terms of lattice vibrations are
minimal. It is highly desirable to verify experimentally these
theoretical predictions. The only tool to measure non-

invasively the local strain exerted on the superconducting
component in a composite wire is the quantum beam tech-
nique [6]. Recently, we reported preliminary results on the
local strain of Nb3Sn filaments in an International Thermo-
nuclear Experimental Reactor (ITER) strand and discussed
the coincidence with theoretical predictions [7].

Test methods to measure the strain dependence of Ic are
not yet standardized. Several strain measurement facilities
have been developed world-wide to enable in-depth studies of
the strain effect. Measurement techniques for investigating
the effect of axial strain along the strand are classified in two
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categories [8]. The first category is characterized by the
method where the sample can freely shrink during cooling
down. It allows determining directly the natural pre-com-
pressive strain of the sample. The second category, where the
sample is soldered onto a thick ring called a Pacman or onto a
multi-turn spring device called a Walters spring, does not
allow for a direct determination of the pre-compressive strain,
but offers vast possibilities for studying the effect of both
tensile and compressive axial strain [8].

Despite the diversity in the techniques, very little has
been done to directly compare the results obtained by these
apparatuses for cross benchmarking. Recently an inter-
laboratory comparison test has been proposed [9] in order to
compare critical-current data obtained as a function of strain
on the same wire by various apparatuses. One key point is to
know exactly the local strain exerted on Nb3Sn filaments
when an external stress is applied to the Nb3Sn benchmarking
strand by use of the various measurement methods mentioned
above. The local strain consists of thermal and lattice strains.
The latter is strain induced by externally applied stress. In
practice, the local strain is not equal to the applied strain
because the local strain is affected by the thermal strain and
anisotropy of the elastic moduli. Thus the modern quantum
beam technique is quite unique for investigating accurately
the strain state of Nb3Sn filaments in the composite strand.

In conjunction with the international program for strain
benchmarking tests, the present mission is to measure exactly
the local strain exerted on Nb3Sn filaments under various
strain conditions. Pulsed neutrons were utilized for getting
information along both the axial and transverse directions and
for getting multi-diffractions from all constituent components.
Diffraction data allowed evaluation of the local strain exerted
on all constituent components as a function of applied strain.
The behavior of local strains was analyzed on the basis of
micromechanics.

2. Experimental method

The Nb3Sn strand examined herein was from the same wire
that was used for the strain benchmarking experiment [9]. It
consists of 11 000 superconductor filaments embedded in a
bronze matrix and surrounded by a Nb barrier and Cu stabi-
lizer. The original composition of bronze was 15.5 wt% Sn–
0.3 wt% Ti. The constituents of a similar Nb3Sn strand fab-
ricated by the same Japanese manufacturer are listed in the
appendix. According to preliminary electron microscope
analysis, the Sn concentration of the Cu–Sn matrix was
0.9–1.1 wt% Sn after the reaction heat treatment. This low Sn
concentration suggested that the matrix is in the state of α
primary solid solution and its mechanical properties should be
close to that of pure Cu.

Neutron diffraction measurements were carried out at the
beam line BL19 TAKUMI of Japan Proton Accelerator
Research Complex (J-PARC), where pulsed neutrons with
wavelengths between 0.06 and 0.2 nm were utilized [6]. The
diffracted beams were investigated by means of two detector
banks consisting of 3He detectors, which were placed at two

positions orthogonal to the incident beam. The southern data
bank accumulated the diffracted neutrons with scattering
vector parallel to the strand axis, while the northern one
accumulated the diffracted neutrons transverse to the strand
axis. In principle, each data bank was able to accumulate two
dimensional data with respect to the wavelength and dif-
fraction angle.

A specially designed load frame [10] was used in the
present simultaneous tensile test and diffraction experiment.
The load frame was placed at the center of a goniometer. As
shown in figure 1, the single wire sample was gripped by
brass chucks. A Nyilas-type extensometer marked by C2 in
figure 1 was attached to the sample to measure applied strain
A. The applied strain was also measured with three strain
gages (B) glued on the wire sample. Load was measured with

Figure 1. Set-up for the diffraction experiment, where (A): single
Nb3Sn strand; (B): strain gage; (C1), (C2): Nyilas type extensometer;
(D): load cell; and (E1), (E2): temperature sensor.

Figure 2. Sample holder for diffraction measurements as a function
of temperature. (A)–(F) are slots for samples and (T1), (T2) are
temperature sensors.
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a load cell indicated by D in figure 1. The sample was loaded
to successive constant load level step by step.

Diffraction measurements were also conducted as a
function of temperature to study thermal strain. The sample
holder shown in figure 2 was attached directly to the cold
head of a Gifford-McMahon refrigerator. The sample was
inserted in one of the six slots (A–F) available on the holder.

3. Experimental result

3.1. Load and strain relation

A difficulty of the experiment at cryogenic temperatures
originated from thermally induced instabilities due to excess
load on the sample during cooling. It was not possible to
initialize the tensile test condition so the applied load on the
sample was zero. Therefore, we estimated the zero-load and
zero-strain origin as follows (see figure 3): the load was
increased to fracture the sample and the nominal load after
fracture was recorded as indicated by ‘zero-load’ in figure 3.
The point corresponding to ‘zero-load’ on the measured load
versus strain curve was defined as the origin of zero-strain and
zero-load.

Figure 4 depicts the stress (R) versus strain (A) curve
measured at 8.5 K for the Nb3Sn strand, where open circles
indicate the experimental data. It shows a typical elasto-
plastic behavior. The solid curve indicated as RKroener is a fit
to the result calculated by use of the Kroener model as
described later in section 4.4.

3.2. Diffraction experiment

Figure 5 shows the intensity profile as a function of time of
flight along the transverse direction of the Nb3Sn sample.

Several diffraction peaks for Nb3Sn, Nb and Cu were
observed. The Cu peaks consist of peaks from pure Cu and
Cu–Sn solid solution. They were treated as a single peak
because their half width was almost the same the other peaks.
In the present analysis, the following diffraction peaks were
utilized: (210), (211) and (321) for Nb3Sn, (110), (200) and
(211) for Nb and (111), (200) and (220) for Cu components.

3.2.1. Thermal strain. It is important to know the local strain
exerted on Nb3Sn filaments in order to properly investigate its
effect on Ic. Measurement of thermal strain was carried out at
8.5 K and room temperature. In order to know the crystal
plane spacing at the strain-free state, Nb3Sn filaments were
extracted from the same wire sample by dissolving the copper
and bronze in nitric acid. Filament fragments were placed
inside an aluminum tube and inserted in one of the slots
shown in figure 2. The crystal plane spacing of Nb3Sn in the
free filaments d pT

Nb Sn3
was defined as the strain-free plane

Figure 3. Determination of the origin for the load and strain curve.

Figure 4. Stress versus strain curve at 8.5 K for the Nb3Sn strand.

Figure 5. Intensity profile as a function of time of flight along the
transverse direction of the Nb3Sn sample.
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spacing measured at temperature T. Also, a Nb3Sn wire
sample was cut into small pieces and placed in a second
aluminum tube and inserted in a different slot in the
diffraction-measurement sample holder. The thermal strain
is given by

=
−

A
d d

d

(0)
100 (%), (1)T

T pT

pTNb Sn

Nb Sn Nb Sn

Nb Sn
3

3 3

3

⎡⎣ ⎤⎦

where d (0)T
Nb Sn3

is the crystal plane spacing of Nb3Sn in the
wire measured at temperature T. Thermal strain was evaluated
from three diffraction peaks (table 1). The (210) data was
different from (211) and (321) data, which difference was
attributed to the influence of the strong (111) peak of
aluminum tube close to the (210) peak of Nb3Sn. So, data
from (210) peaks were not considered to evaluate the thermal
strain. The averaged thermal strain using two (210) and (321)
data was adopted in the present analysis. On the other hand, in
the simultaneous tensile test and diffraction experiment that
used the tensile jig as shown in figure 1, the (210) diffraction
was not influenced by the (111) peak of aluminum, because
the aluminum tube was not used.

Thermal strain data at temperature T listed in table 1
indicate the strain accumulated during sample cooling after
the heat treatment for reacting Nb3Sn compound.

3.2.2. Lattice strain. When strain is applied by the load frame
as shown in figure 1, Nb3Sn filaments elongate and the crystal
plane spacing changes from d (0)T

Nb Sn3
to d A( ) .T

Nb Sn3
The

lattice strain is defined as

=
−

⋅A A
d A d

d
( )

( ) (0)
100(%) (2)T

T T

pTNb Sn
lattice Nb Sn Nb Sn

Nb Sn
3

3 3

3

Figure 6 shows the dependence on applied strain of the
lattice strain along the wire axis at 8.5 K. This dependence
evaluated from three diffraction peaks looks nearly the same.
The straight lines are linear-regression analyses of the data
and the resulting slopes are listed in table 2.

Figure 7 shows the dependence on applied strain of the
lattice strain transverse to the strand axis at 8.5 K. The straight
lines are linear-regression analyses of the data. Their
respective slopes are listed in table 2.

As seen in figures 6 and 7, the magnitude of the slope for
(210) diffraction is smaller than the others. This phenomenon
is attributed to differences in the diffraction elastic modulus
depending on the crystal orientation. The slope is inversely

Table 1. Thermal strains exerted on Nb3Sn filaments along the axial and transverse directions at 8.5 K and room temperature.

8.5 K RT

hkl A (axial)T
Nb Sn3 (%) A (transv)T

Nb Sn3 (%) A (axial)T
Nb Sn3 (%) A (transv)T

Nb Sn3 (%)

210 (−0.26) (0.025) (−0.14) (0.010)
211 −0.23 0.045 −0.11 0.017
321 −0.21 0.042 −0.11 0.019
Average −0.22 0.043 −0.11 0.018

Figure 6. Lattice strain at 8.5 K on Nb3Sn filaments along the strand
axis as a function of applied strain.

Table 2. Slope for the Nb3Sn lattice strain on filaments versus
applied strain curves at 8.5 K.

hkl Slope (axial) Slope (transverse) Poisson ratio

210 0.94 −0.33 0.35
211 0.98 −0.34 0.34
321 0.97 −0.34 0.35

Figure 7. Lattice strain at 8.5 K on Nb3Sn filaments transverse to the
strand axis as a function of applied strain.
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proportional to the diffraction elastic modulus as will be
discussed later.

3.2.3. Local strain. The local strain exerted on the Nb3Sn
filaments is given by the sum of the lattice and thermal strains
as follows:

= +A A A A A( ) ( ). (3)T T T
Nb Sn
local

Nb Sn Nb Sn
lattice

3 3 3

We used the average values of thermal strains along the axial
and transverse directions (listed in table 1) to calculate the
local strain. Results are depicted in figure 8. We define the
force free strain Aff as the applied strain where the local stress
exerted on Nb3Sn filaments becomes zero along the axial
direction (even though it is not zero in the transverse
direction). Aff was approximately 0.22–0.23% applied strain
at 8.5 K.

3.2.4. Lattice strain exerted on Cu and Cu–Sn. As mentioned
above, it was not possible to separate two diffraction peaks
for the Cu and Cu–Sn components. They were presumed to be
a single diffraction peak and are called the ‘Cu component’.
Figure 9 shows the dependence of the Cu component’s lattice
strain on applied strain, where lattice strain was evaluated
from the (111), (200) and (220) diffraction peaks. This
dependence was non-linear and tended to saturate with
increasing applied strain. This non-linearity suggests that the
Cu component deforms plastically. The solid curves are the
results of data fitting described in section 4.4.

The Cu component’s lattice strain in the transverse
direction is depicted in figure 10 as a function of applied
strain and showed a non-linear behavior similar to that along
the axial direction.

3.2.5. Lattice strain exerted on Nb. Figure 11 shows the
dependence of the Nb lattice strain on applied strain, where

the Nb existed in the strand as core and barrier as listed in
table A1. Only the major diffraction (110) peak was observed
because Nb was well oriented along the axial direction. Nb
lattice strain depends linearly on applied strain (slope listed in
table 3). The dependence of Nb lattice strain transverse to the
strand axis on applied strain is shown in figure 12. The slopes
of (200), (211) and (110) were dissimilar. We suggest that
slope differences are related to anisotropic diffraction elastic
modulus along these crystal orientations.

4. Discussion

4.1. Strain measurement

In the present experiment, strain was measured by use of a
Nyilas extensometer (marked by C2 in figure 1) that was

Figure 8. Local strain exerted on Nb3Sn filaments at 8.5 K as a
function of applied strain.

Figure 9. Lattice strain at 8.5 K exerted on the Cu component along
the strand axis as a function of applied strain, where ‘obs’ and
‘Kroener’ indicate experimental and theoretical data, respectively.

Figure 10. Lattice strain at 8.5 K on the Cu component transverse to
the strand axis as a function of applied strain.
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corrected in terms of temperature compensation. Three strain
gages, mounted directly on the wire sample, were also used
but only for reference because their temperature compensa-
tion factor could not be calibrated. Data from the three strain
gages were qualitatively consistent with those measured with
the Nyilas extensometer, that is, the ratio of both data became
nearly constant, independent of applied stress.

4.2. Influence of strain gages on the mechanical properties

The three strain gages, which were 1.1 mm wide and 1.2 mm
long, were glued on the round 0.8 mm diameter strand. One
strain gage was on the sample region located within the
Nyilas extensometer arms and the other two were outside this
region. The inside gage could possibly influence the rigidity
of the strand. However the gage length of the sample portion
located inside the Nyilas extensometer was 25 mm and,
therefore, the area fraction covered by the strain gage was
2.1% only. Furthermore, the modulus of elasticity of poly-
imide (3–7 GPa), the main component of the strain gage, is
very small in comparison to that of Nb3Sn strand (100 GPa).
Thus the influence of the strain gage on the strand’s
mechanical properties is negligible.

4.3. Diffraction elastic constant

The diffraction elastic constant of a polycrystalline sample is
influenced by the grain configuration. When the grains align
parallel to the tensile axis, like bamboo, each grain is pre-
sumed to be pulled by a uniform stress. Then the elastic
constants can be evaluated on the basis of micromechanics
according to the Reuss model [11]. On the other extreme, the
Voigt model is applicable when grains are under a uniform
strain [12]. As an ideal case, homogeneous grain configura-
tion is defined as equiaxed grains distributed randomly where
their crystal axis does not orient towards a specific direction.
The Kroener model [13] gives a solution for a polycrystalline
sample with such a homogeneous grain configuration.

Based on the following compliance constants for Nb3Sn:
S11 = 5.411, S12 =−1.660 and S44 = 25.25 TPa

−1 at 300 K
[14, 15], the diffraction elastic modulus, Ehkl was evaluated
by use of the above mentioned three models as shown in
figure 13, where the direction parameter Γ is given by the

Figure 11. Lattice strain at 8.5 K exerted on Nb along the strand axis
as a function of applied strain.

Table 3. Slope obtained from the linear regression analysis of the Nb
lattice strain versus applied strain curves at 8.5 K.

hkl Slope (axial) Slope (transverse)

110 0.958 −0.487
200 — −0.236
211 — −0.351

Figure 12. Nb lattice strain at 8.5 K transverse to the strand axis as a
function of applied strain.

Figure 13. Computational diffraction elastic moduli as a function of
direction parameter Γ for Nb3Sn based on the Reuss, Kroener and
Voigt models.
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equation,

Γ = + +

+ +( )
h k k l l h

h k l
, (4)

2 2 2 2 2 2

2 2 2 2

where h, k and l are the crystal plane indices. The diffraction
elastic modulus decreased with increasing direction parameter
Γ for the Reuss and the Kroener models, whereas the Voigt
model gave a constant value independent of Γ.

The diffraction elastic constant for a specific crystal
orientation can be read out from figure 13. For instance,
E210 = 140.0 GPa and E211 =E321 = 131.1 GPa based on the
Kroener model. In this figure, Eave for Γ= 0.2 indicates the
value averaged over all possible crystal orientations and
corresponds to the macroscopic elastic modulus determined
from the tensile test. For instance, Eave was estimated as
136.0 GPa from the Kroener model (figure 13).

In bronze-processed Nb3Sn strands, Nb filaments react
with diffused-in Sn during the heat treatment and forms the
Nb3Sn compound. Due to the mechanism of compound for-
mation, a layer of columnar Nb3Sn grains grows around the
filament and fine, equiaxed grains form in the filament core.
Thus, the practical microstructure of the Nb3Sn strand is not
as simple and homogeneous as in the model structures dis-
cussed above. At least, the real value of the respective dif-
fraction elastic modulus lies between the two extremes
described by the Reuss and Voigt models.

In figures 6 and 7, the slope of the lattice strain as a
function of applied strain for (210) tends to be smaller than
those for (211) and (321). This phenomenon is attributed to
the dependence of the elastic modulus on crystal orientation.
As evidenced in figure 13, the elastic modulus for (210) is
larger than that for the other crystal orientations.

4.4. Stress versus strain curve

As reported previously [16], stress versus strain curves can be
evaluated on the basis of the rule of mixtures. Nb3Sn strand
includes five components (see the appendix). Stress on the
strand is calculated by summing up the stress contribution
from the constituent components as,

= + + + +R V R V R V R V R V R , (5)c f1 1 f2 2 f3 3 f4 4 f5 5

where Vfi is the volume fraction of component i. For applied-
strains up to 0.6%, it is presumed that Cu–Sn and Cu behave
elasto-plastically, whereas Nb3Sn and Nb behave elastically.
The stress versus strain relation for each component is given
by the following equations:

= ×R ANb Sn: 1.36 10 (MPa), (6)3 1
5

= = − ×R R T ANb: (110 0.016 ) 10 (MPa), (7)2 4
3

− =
+

+
R

E b A

E A b A
Cu Sn:

( )

( )
(MPa), (8)

n

n3
3 3

1 1/ 3

3 3
1/ 3

=
+

+
R

E b A

E A b A
Cu:

( )

( )
(MPa), (9)

n

n5
5 5

1 1/ 5

5 5
1/ 5

where A is applied strain, T is temperature in kelvin, Ei is the

elastic modulus of component i, and bi and ni are fitting
parameters. Details for deriving the elasto-plastic expression
given by equations (8) and (9) were provided in recent
papers [6, 16].

The relation indicated in figure 9 of the lattice strain Ahkl

as a function of applied strain A for the Cu component is
given by the equation

= =
+

⋅
+

A
R

E

b A

E A b A

( )

( )
100(%). (10)hkl

hkl

hkl
nhkl

hkl hkl
nhkl

Cu
1 1/

1/

Diffraction elastic modulus with subscript hkl was eval-
uated according to the Kroener model and is listed together
with the Poisson ratio in table 4. In this table, the average was
calculated over all crystal orientations (Γ = 0.2). Hence, Eave

corresponds to the macroscopic elastic modulus, which can be
measured by the tensile test.

We fitted the experimental data with equation (10) (as
shown in figure 9) and used the diffraction elastic modulus
listed in table 4. The fitting parameters bhkl and nhkl are listed
in table 5.

According to the discussion above on micromechanics,
parameters for calculating equations (8) and (9) are as fol-
lows: E3 =E5 =Eave = 139.8 GPa, b3 = b5 = bave = 117 and
n3 = n5 = nave = 84. The stress versus strain curve for the
Nb3Sn strand was calculated by equation (5) and is given by
the solid curve RKroener in figure 4. It fitted the experimental
data quite well.

4.5. Load measurement at low temperature

Results of a similar experiment, conducted on a Nb3Sn ITER
wire with the same structure as the one studied herein, were
reported in reference [6]. This earlier experiment was carried
out by use of a different neutron facility installed at the
atomic reactor and the thermal strain A (axial)T

Nb Sn3
was

estimated to be −0.16% and −0.099% at 9.3 K and room

Table 4. Diffraction elastic modulus and Poisson ratio at zero kelvin
for Cu equiaxed poly-crystal calculated on the basis of the Kroener
model, where Γ is the direction parameter.

hkl Γ Ehkl (GPa) Poisson ratio

111 0.333 169.7 0.301
200 0 104.0 0.378
220 0.25 150.5 0.323
Average 0.2 139.8 0.336

Table 5. Parameters at 8.5 K for fitting the experimental data shown
in figure 9 with equation (10).

hkl Ehkl (GPa) bhkl nhkl

111 169.7 110 50
200 104.0 110 100
220 150.5 130 100
Average 139.8 117 84
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temperature, respectively. The slope of AlatticeT as a function
applied strain was 1.34 for the axial direction from the single
(321) diffraction peak and the force-free strain Aff was
estimated to 0.12% at 9.3 K [6]. Therefore, results in refer-
ence [6] show discrepancies compared with the present
study.

In the earlier experiment [6], load was measured and
controlled by a load cell installed outside of the evacuated
load frame. Recently, it became clear that the load measured
using this configuration was influenced by the
evacuated load frame, which added a frictional load during
cooling. As a result, it was very difficult to find exactly the
zero-load level exerted on the wire sample. In contrast, in the
present experiment, the zero-load level was correctly defined
as the load where the wire sample fractured as shown in
figure 3. Furthermore, to minimize errors, it is absolutely
necessary to measure the sample load directly with a load
cell that is placed within the evacuated load frame
and connected in series with the sample as shown in figure 1.
In this condition, the measured load more accurately repre-
sents the load applied on the sample at cryogenic tempera-
tures. Hence, we recommend that the sample load be
measured with the load cell installed within the evacuated
load frame.

5. Summary

As a contribution to the international strain benchmarking
activities, we measured the local strain exerted on Nb3Sn
filaments when subjected to longitudinal tensile strain.
Using pulsed neutron technique, the change in crystal plane
spacing generated by the application of strain was measured
along the strand’s axial and transverse directions at a tem-
perature of 8.5 K. The lattice axial strain increased linearly
with applied strain with a slope close to 1, while the lattice
transverse strain decreased linearly with a slope of −0.33 to
−0.34. The thermal axial strain was −0.22%. As a result, the
force-free strain, which is a key parameter that determines
the location of the peak of critical-current versus strain
curve, was evaluated as to be 0.22–0.23% applied strain.
Measurements of lattice strains on Nb and the Cu compo-
nents revealed elastic and elasto-plastic behaviors of Nb and
Cu components, respectively. Dependence of the diffraction
elastic modulus on crystal orientation was calculated for
Nb3Sn based on micromechanics theories. The slope of
lattice strain as a function of applied strain obtained from the
diffraction peak of (210) was smaller than those from (211)
and (321). This phenomenon related closely to the change of
the diffraction elastic modulus with the crystal orientation.
Parameters representing the elasto-plastic behavior of Cu
were determined and used to calculate the stress versus
strain curve for the ITER bronze-route Nb3Sn strand
investigated. The calculated curve described the measured
macroscopic stress versus strain data quite well.
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Appendix

Table A1 shows the constitution of the similar Nb3Sn strand,
which was fabricated by the same Japanese manufacturer.
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