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Abstract: The phase transition process of Nb3Sn during heat treatment exerts important influences
on Nb3Sn formation and the superconducting characteristics of Nb3Sn superconductors. A simple
method for quickly preparing Nb3Sn was studied. First, Nb, Sn, and Cu powders were mechanically
alloyed to prepare the precursor. Then, the precursor was heat treated at different times to form
NbsSn. During the first stage, the morphology and crystal structure of the products were analyzed
after different milling times. The results of the transmission electron microscopy showed the poor
crystallinity of the products compared with the original materials. During the second stage, heat
treatment was performed at different temperatures ranging from room temperature to 1073 K. After
treatment, the products were studied via X-ray diffraction analysis to determine how the structure
changed with increasing temperature. Only the Nb diffraction peaks in the precursor were observed
after high-energy ball milling for more than 3 h. When the heat treatment temperature was above
773 K and heat treatment time was 15 min, Nb3Sn began to form. When the temperature was above
973 K, some impurities, such as Nb,Os, appeared. After 5 h of ball milling, the precursor was heat
treated at different times in a vacuum heat treatment furnace. The crystal structure of the product
exhibited evident diffraction peaks of Nb3Sn. The critical temperatures of the samples that were heat
treated at different times were between 17 K and 18 K. The magnetic critical current density of the
sample versus the applied magnetic field at 4.2 K indicated that the magnetic J. was approximately
30,000 A/cm?.

Keywords: Nb3Sn; superconducting characteristics; phase transition; mechanical alloying

1. Introduction

Since Nb35Sn was discovered by Matthias in 1954 [1], research on this compound has
elicited considerable attention, particularly regarding its preparation and superconductive
characteristics. Compared with NbTi, Nb3Sn has higher critical temperature (above 18 K)
and critical magnetic field of around 30 T. Nb3Sn superconductors have important applica-
tions in high magnetic field situations, particularly at above 10 T. Current applications of
Nbs35Sn include magnetic resonance imaging [2], nuclear magnetic resonance [3], dipole and
quadrupole magnets for particle accelerators, and other areas where high magnetic fields
are required, such as the International Thermonuclear Experimental Reactor [4]. Conven-
tional manufacturing methods, such as bronze technology [5,6], internal tin technology [7],
and powder-in-tube [8,9] process, require a long period of heat treatment at around 650 °C
to allow Sn to react with Nb and form Nb3Sn superconductors. These methods are time
consuming, and their costs are high.

Heat treatment is a key point in the preparation of Nb3Sn. Heat treatment temperature
exerts an important effect on the upper critical field B, with a higher reaction temperature
leading to higher B, [10]. Many studies on heat treatment have investigated the influences
of temperature variation, heat treatment time, temperature gradient, ascending temperature
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speed, and temperature uniformity on the superconducting characteristics of Nb3Sn [11].
Various factors that are required to form fine and homogeneous grains of Nb3Sn were
studied through a series of experiments [12,13]. The phase transformations of high J.
NbsSn strands during reaction heat treatment were studied by performing synchrotron
X-ray diffraction (XRD) measurements.

The amount of Sn plays an important role in the superconducting properties of NbsSn.
The critical temperature sharply increases from approximately 6 K to approximately 18 K
when the percentage of Sn is increased from below 20% to above 24.5%. For some su-
perconductors in which Sn concentration is insufficient or some regions with a deficient
stoichiometric ratio of Sn, the critical temperature of Nb3Sn may be below 9 K [14]. The
upper critical field is also affected by the amount of Sn in accordance with the Werthamer-
Helfand-Hohenberg theory. Therefore, increasing the amount of Sn or making the stoi-
chiometry of the Nb3Sn layer more uniform is important to increase the upper critical field
and the critical temperature [4]. The addition of Cu can decrease A15 formation tempera-
ture and obtain Nb3zSn grains with small sizes by limiting grain growth. Thus, higher grain
boundary density can be obtained to improve the bulk pinning force [15]. A typical reaction
scheme for high-performance Nb3Sn conductors is increasing the temperature to 483 K and
holding this temperature for 100 h, ramping the temperature to 673 K and holding this
temperature for 50 h, and then ramping to the final reaction temperature (923-973 K) and
holding this temperature for a long period (50-200 h). The heat treatment of the Nb3Sn bulk
is equally important because the bulk can be used to fabricate the Nb3Sn superconducting
joint, which must be heat treated with Nb3Sn conductors. Reducing the length of the final
heat treatment process is significant for Nb3Sn magnet production.

We report a simple and time-saving synthesis technique for Nb3Sn that proceeds
through a mechanical alloying method, followed by short-term heat treatment. Nb, Sn, and
Cu powders were mixed and alloyed through mechanical alloying, and the precursors were
synthesized via high-energy ball milling of the as-blended powders. Then, the precursors
were heat treated to form NbzSn. However, before Nb3Sn nucleation and growth, other
intermetallic phases were synthesized during the large temperature intervals. These phases
affected the final reaction in the formation of Nb3Sn. The influence of temperature variation
on Nb3Sn reaction was studied, and changes in crystal structure with temperature were
measured to study the change in phase transition during the process. After high-energy
ball milling at different times, the precursors were prepared and heat treated at various
temperatures ranging from 298 K to 1073 K at 10-50 K intervals.

2. Experiment

All original materials used in this work, including Nb, Sn, and Cu, were composed
of 99.9% pure powder, which were 5-20 pm in scale. Nb, Sn, and Cu were blended with
a molar ratio of 3:1:1. Then, the blended powders were placed in a ball mill tank. The
rotational speed of the ball mill was 1725 rpm. The precursors were synthesized after
high-energy ball milling. The procedure above was performed in a glove box to prevent the
blended powders from oxidizing in a high-temperature and high-pressure environment.
The as-blended powders were mechanical alloyed at different times by using a Spex 8000D
mixer. The prepared precursors were then heat treated from room temperature to 1073 K.
During the process, we studied the changes in the crystal structure of the precursors after
the selected temperatures, which was approximately at every 50 K interval from 298 K
to 873 K and from 973 K to 1073 K and at every 10 K interval from 903 K to 953 K. The
heating rate was 10 K per minute, and sintering holding time was 15 min at each sintering
temperature point.

The morphology of the product was recorded using a scanning electron microscope. A
transmission electron microscope was used to analyze the crystallinity of the as-prepared
samples. The prepared samples were characterized via XRD on an Empyrean X-ray diffrac-
tometer. The temperature dependence of magnetizability was measured using a physical
property measurement system (PPMS-9).
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3. Results and Discussion

Figure 1 shows the scanning electron microscopy (SEM) images of the original samples.
Figure 2 shows the SEM images and the energy-dispersive X-ray spectroscopy (EDS)
mapping images of the products after the milling of Nb-Sn—Cu powders for 5 h. The
images indicated that all the elements were homogeneously dispersed. Patankar [16]
reported that brittle Nb with a body-centered cubic structure is likely to get fragmented
and get coated onto the surface of ductile Sn. Patankar believed that the depth of XRD
was insufficient to penetrate the Nb shell. Thus, Sn was not observed from the XRD
result. However, the results of the EDS mapping images showed that Sn and Cu were
homogeneously dispersed around Nb and did not exhibit the core—shell structure. This
phenomenon may be attributed to the amorphization of Sn with increasing milling time.
The original material was several microns in size. After mechanical alloying, the dimensions
of the particles decreased. Even nanocrystalline materials were formed due to high-energy
ball milling.

TOum Electron Image 1 Nh La1

SnLal Cu Ka1

Figure 2. SEM image and EDS mapping of the samples after the milling of the Nb-Sn—-Cu powder
for 5 h.

Figure 3 depicts the elemental composition of the as-blended particles after mechanical
alloying, as illustrated in the inset of the figure. From the results of the selected area with a
few microns, Nb, Sn, and Cu were included and mixed in stoichiometric ratio, indicating
that a new combination of elements was constructed at the microscopic level. This finding
exerted a significant effect on the reaction of Nb with Sn to produce Nb3Sn due to the
microscopic stoichiometric ratio and the closer diffusion distance between Nb and Sn in
the subsequent heat treatment process.
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Figure 3. EDS analysis of the sample after the milling of the Nb-Sn—Cu powder for 5 h.

Figure 4 shows the typical low-magnification and high-resolution transmission elec-
tron microscopy (TEM) micrographs of the samples. The selected area electron diffraction
pattern shown in the inset of Figure 4a suggested that the products exhibited poor crys-
tallinity after ball milling for 5 h. One study suggested that Sn transformed into the
amorphous phase because Nb and Cu were harder than Sn [17]. Some diffraction spots
were observed with halo rings in the figure. The Nb grains were confirmed through the
high-magnification micrograph in Figure 4b.

Figure 4. TEM micrograph of the sample: (a) low-magnification micrograph and (b) high-magnifi-
cation micrograph.

The finding was consistent with the XRD result below. Diffraction intensity became
weaker with increasing milling time. This result suggested that on the one hand, the crys-
talline grain size of products became smaller and even reached nanometer scale, broadening
the width of diffraction peaks. On the other hand, the high-energy ball milling introduced
many defects into the products. The disorder degree of interfacial atoms increased consid-
erably, reducing diffraction intensity. The high-resolution TEM micrograph showed the
interplanar crystal spacing of Nb.

Figure 5 presents the XRD patterns of the particles after mechanical alloying at different
times. The results showed that the diffraction peaks of Sn and Cu disappeared when milling
time reached 1 h compared with the apparent diffraction peaks of the original as-milled
particles. The intensity of peaks decreased with increasing milling time. When ball milling
time reached 10 h, the primary diffraction peak of Nb evidently broadened compared with
the initial stage. High-energy mechanical alloying caused the continuous cold welding and
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fracturing of different particles. Grain size decreased with increasing milling time. The
results showed that the effects of ball milling on the crystallinity of products became worse
with increasing milling time. This effect was also observed from the TEM results of the
products. Simultaneously, long-range-order parameters decreased with increasing milling
time due to the large number of defects and the high amount of grain boundary energy
during high-energy mechanical alloying. Both caused the intensity of peaks to decrease
and transform into metastable phases.
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Figure 5. XRD patterns of the particles after mechanical alloying at different times.

Figure 6 presents the XRD patterns of the products after different heat treatment
temperatures ranging from 298 K to 573 K. These curves represent the crystal structures of
the products after each heat treatment at different temperatures. As shown in the figure, the
XRD pattern at 298 K presents the measurement result at room temperature, i.e., the crystal
structure of the sample after mechanical alloying. Only the Nb diffraction peaks are shown.
The Sn and Cu diffraction peaks disappeared after high-energy mechanical alloying.
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Figure 6. XRD patterns of products after heat treatment at different temperatures (from 298 K to 573 K).
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After heat treatment from room temperature to 573 K, the XRD patterns showed
that the products did not change, and no new diffraction peaks appeared. These results
indicated that the crystal structures of the products did not change, and no chemical
reaction occurred at below 573 K. The melting point of Sn is below 504.9 K, and Sn will
liquify at temperatures above 504.9 K. However, the results obtained after the 573 K heat
treatment showed that Sn did not change and turn to liquid, signifying that Sn reacted with
the other elements to exist in a new form during high-energy mechanical alloying.

The XRD patterns of the particles after heat treatment from 573 K to 773 K are depicted
in Figure 7. The shapes of the peak diffraction were nearly identical from 573 K to 723 K.
After heat treatment temperature increased to 773 K, small diffraction peaks of Nb3Sn
appeared. This finding indicated that reactions that produced Nb3zSn started when the
temperature was above 773 K. Simultaneously, the diffraction peaks of Nb began to fade
due to the reaction of Nb with Sn or Sn compounds.
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Figure 7. XRD patterns of the products after heat treatment at different temperatures (from 573 K
to 773 K).

As shown in Figure 8, Nb diffraction peaks gradually attenuated after heat treatment
from 773 K to 903 K. Nb diffraction peaks nearly disappeared at temperatures above 903 K.
In this process, Nb3zSn was produced with increasing temperature. After heat treatment at
903 K, Nb3Sn phase diffraction peaks became highly apparent. Thus, through high-energy
mechanical alloying, the as-milled particles should be at least exposed to an environment
with a temperature of above 903 K.

To determine the optimum temperature range of heat treatment, temperatures of
903 K, 913 K, and 923 K were selected to study the crystal structure of the products. As
shown in Figure 9, the crystal structures were nearly identical at different temperatures,
and Nbs5Sn and NbO, diffraction peaks were observed. NbsSn diffraction peaks exhibited
slightly higher intensity with increasing temperature.

As shown in Figure 10, the samples were heat treated at different temperatures of
923 K, 933 K, and 943 K. The results indicated that the locations of the diffraction peaks did
not change, and no new structures appeared. Thus, the temperature of 923 K was selected
to obtain the final Nb3Sn product.
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Figure 8. XRD patterns of the products after heat treatment at different temperatures (from 773 K

to 903 K).
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Figure 9. XRD patterns of the products after heat treatment at different temperatures (from 903 K

to 923 K).
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Figure 10. XRD patterns of the products after heat treatment at different temperatures (from 923 K
to 943 K).
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The effect of higher heat treatment temperatures was studied to determine whether the
crystal structure of the product changed when exposed to higher temperatures. Figure 11
shows the XRD patterns of the products after heat treatment at different temperatures
ranging from 953 K to 1073 K. The results showed that the diffraction peaks of Nb3Sn
did not change when exposed to temperatures above 973 K, but other impurities, such as
Nb,Os, appeared. Thus, as-milled particles should not be utilized at above 973 K.
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Figure 11. XRD patterns of the products after heat treatment at different temperatures (from 953 K
to 1073 K).

The key temperature points of Nb3Sn heat treatment were presented to show the
change in crystal structure during the heat treatment process. As illustrated in Figure 12,
the phase transition process from room temperature to 903 K and then to 1073 K was
as follows: the original materials of Nb, Sn, and Cu at 298 K exhibited broadened Nb
diffraction peaks at 298 K after mechanical alloying. Then, Nb3Sn and NbO, diffraction
peaks appeared at 903 K. Finally, Nb3Sn, NbO;, and Nb,O3 diffraction peaks appeared
at 1073 K. In accordance with the solid-state diffusion reaction, different temperatures
correspond to different activation energies of atomic diffusion, affecting the diffusion
reaction speed and whether diffusion reaction can occur. In accordance with the result of
heat treatment, the as-milled particles should be exposed to temperatures above 903 K.
However, when the temperature reached 1073 K, diffraction peaks of impurities appeared.

To maximize the Nb3Sn area, heat treatment time must last for a long time (50-200 h)
at high temperature in Nb3Sn formation reaction. The researchers investigated the effects of
reaction time (24-150 h) on the superconducting characteristics of Nb3Sn. They determined
that a 24 h final reaction reached >90% of the highest obtained J. [18]. To obtain a short
reaction time and good performance, the experimental sample received a final reaction
for 24 h at 923 K. With this scheme, we can combine the technologies of Nb3Sn bulk and
conductors to fabricate Nb3Sn superconducting joints on magnets in the future.
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Figure 12. XRD patterns of the products after heat treatment at different temperatures (from 298 K
to 1073 K).

Figure 13 shows MT curves of the samples that were ball milled for 5 h and heat
treated for 24 h and 50 h. The onset T, of the samples was between 17 K and 18 K. The T,
value was determined by taking the first deviation point from the linearity that signified
the transition from the normal state to the superconducting state. As shown in Figure 13,
the transitions of all the samples were relatively steep, indicating that the Nb3Sn phase
formation qualities of the samples were good. The differences among the prepared samples
and between the experiment results and the theoretical value may be attributed to the
purity of the products. Critical temperature exhibits a relationship with the concentration
of Sn and the stoichiometric ratio of Nb and Sn. After high-energy mechanical alloying, the
size of Nb and Sn particles sharply decreased. The distribution of Nb and Sn became more
unique, and the solid-state diffusion reaction of Nb and Sn occurred on the basis of a more
precise stoichiometric ratio of 3:1. B»(0) can be calculated using the following equation
based on the Werthamer-Helfand-Hohenberg theory [19]:

aBCZ

Bea(0) = aT |,

—0.69T.

where B, is the upper critical magnetic field, T, is the critical temperature of a Type II
superconductor (Nb3Sn), and 0.69 is the pre-factor constant for the dirty limit [20].

The results led to the conclusion that the B.,(0) of the prepared samples did not
appear to depend on the heat treatment time of the samples.

Figure 14 shows the field independence of the critical current density J. of the heat-
treated bulk for 24 h. The heat-treated bulk was about 3 mm in length, 2 mm in width, and
1 mm in thickness. The magnetic J. was calculated from the magnetization loops based on
the critical Bean model [21], as follows:

AM
a(l-35)

where a and b (b > a) are the width and length of the sample, respectively.

Je
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Figure 13. MT curve of the samples that were heat treated for 24 h and 50 h.
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Figure 14. Magnetic critical current density of the sample vs. applied magnetic field at 4.2 K.

Jc decreased with increasing magnetic fields. The phenomenon of the curve in the low
magnetic field is attributed to the flux jump, which typically occurs in NbzSn materials
at low fields in changing magnetic fields. Flux jumps result in the transition between
the superconducting and normal states, which has been readily observed during V-H
measurements. Compared with the performance of Nb3Sn in low magnetic field, we are
more concerned about the performance of Nb3Sn in a high magnetic field, because the
Nb3Sn material will contribute more to the high magnetic field region. As shown in the
figure, the magnetic J. was approximately 30,000 A /cm? under 8 T. Considering the limit
of the magnetic field in the PPMS instrument (£9 T), the J. value under 8 T was used to
evaluate the performance of Nb3Sn. The technology can be used for fabricating Nb3Sn
joints in Nb3Sn magnets. The magnetic intensity in the region of Nb3Sn joints is lower than
that in the center of the magnet. The result can help magnet designers place the Nb3zSn
joint on the location where the joint has no problem to work under such a magnetic field.
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4. Conclusions

This study presented the process of Nb3Sn phase transitions during heat treatment.
Nb3Sn was prepared by heat treating the precursors, which were mechanically alloyed first.
The size and crystal structure of the products changed after mechanical alloying for some
time. The TEM results indicated that the products exhibited poor crystallinity after ball
milling, and this finding was consistent with the XRD results. In accordance with the XRD
analysis, the diffraction peaks of Cu and Sn became weaker with increasing ball milling
time, and only Nb diffraction peaks were observed after 3 h. The precursors were heat
treated from room temperature to 1073 K, and simultaneously, the crystal structures were
monitored after exposure to different temperatures. When the temperature was above
773 K during heat treatment, Nb3Sn began to appear. When the temperature was above
973 K, some impurities, such as Nb,Os, appeared. Thus, the heat treatment temperature of
the as-milled particles should not be above 973 K. The critical temperatures of the samples
that were heat treated at different times were between 17 K and 18 K. The magnetic critical
current density of the sample versus the applied magnetic field at 4.2 K illustrated that
magnetic J. was approximately 30,000 A /cm? under 8 T. The result can be applied to the
fabrication of Nb3Sn superconducting joints in the future and help magnet designers place
the joint in an appropriate location where the joint will not be affected by magnetic intensity.
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