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Abstract

In the present work the electrochemical and thermal syntheses of superconducting Nb3Sn films are
investigated. The Nb3Sn phase is obtained by electrodeposition of Sn layers and Cu intermediate
layers onto Nb substrates followed by high temperature diffusion in inert atmosphere.
Electrodeposition was performed from aqueous solutions at current densities in the 20 to 50 mA/cm?
range and at temperatures between 40 and 50°C. Subsequent thermal treatments were realized to
obtain the Nb3Sn superconductive phase. Glow discharge optical emission spectrometry (GDOES)
demonstrated that after thermal treatment interdiffusion of Nb and Sn occurred across a thickness of
about 13 um. Scanning Electron Microscopy (SEM) allowed accurately measuring the thickness of
the Nb3Sn phase, whose average for the various types of film samples was between 5.7 and 8.0 um.
X-ray diffraction (XRD) patterns confirmed the presence of a cubic Nb3Sn phase (A15 structure)
having (210) preferred orientation. The maximum obtained 7. was 17.68 K and the B.2 ranged
between 22.5 T and 23.8 T. With the procedure described in the present paper, coating complex
shapes cost-effectively becomes possible, which is typical of electrochemical techniques.
Furthermore, this approach can be implemented in classical wire processes such as "Jelly Roll" or
"Rod in Tube", or directly used for producing superconducting surfaces. The potential of this method
for Superconducting Radiofrequency (SRF) structures is also outlined.

Operated by Fermi Research Alliance, LLC under Contract No. De-AC02-07CH11359 with the United States Department of Energy.



Introduction

The intermetallic compound NbsSn is a type II superconductor having a close to stoichiometric
composition (from 18 to 25 at.% Sn) and the A15 crystal structure. It has a critical temperature 7 of
up to 18.1 K and an upper critical magnetic field B.2p of up to 30 T [']. As a comparison, the ductile
alloy NbTi has a 7. of 9.8 K and a B2 of 14.5 T, which make NbTi adequate only up to operational
magnetic fields of 8 to 9 T. Thanks to Nb3Sn’s stronger superconducting properties, it enables
magnets above 10 T, which for instance is a larger field than any existing in present NbTi particle
accelerators. Nb, which is used for radio frequency (SRF) structures, has 7cp of 9.26 K and B2
smaller than 1 T. The development of a successful and industrially scalable Nb3Sn coating would
improve an SRF cavity quality factor Oy by at least tenfold at 4.5 K thanks to the higher 7.

Some of the challenges are that Nb3Sn requires high-temperature processing, which makes it brittle,
and its critical current is strain sensitive, i.e. high strain on the sample may reduce or totally destroy
its superconductivity. In the last decades, several manufacturing processes have been developed to
produce superconductive NbsSn wires [2], [*], [*], [°], and Fermi National Accelerator Laboratory
(Fermilab, US) has used these wires to develop superconducting cables and perform Nbs3Sn research
for high field accelerator magnets [°], [’]. During this research, in 2001 a phenomenological model
that aimed at improving flux pinning properties in Nb3Sn wires for high field magnets was published
[%]. The results herein presented on electrochemical and thermal syntheses of superconductive Nb3Sn
films on Nb substrates originated from trying to experimentally verify this model in collaboration
with a group of experts from Politecnico di Milano (POLIMI) [°]. As electrodeposition is scalable to
any 3D surface, this technique could allow for the first time to use superconductors as surface coatings
as opposed to bulk, wires and cables.

In addition, while coating Nb with Nb3Sn, our team was able to produce direct deposits of molecular
NbsSn on a Cu substrate. This would be the first time that Nb3Sn is reproducibly formed directly in
molecular form and at much lower temperatures (100°-130°C) than in any other state-of-the-art
method, which is by solid diffusion at very high temperature (650°C+). The results of this latter work
were published in a separate Journal ['°].

The best yet demonstration of superconducting RF properties of Nb3Sn has been its growth via high
temperature vapor diffusion of Sn onto bulk Nb cavity structures followed by thermal reaction aimed
at forming the A-15 compound conformally inside the RF cavity. This work was started in the 1980s
at the University of Wuppertal and has been replicated and further developed at Cornell University
[!'], and at Thomas Jefferson National Accelerator Facility (JLab) ['?]. High field performance is yet
less than desired. There is no precedence for forming Nb3Sn on Cu substrates.

A Nb3Sn thin film process such as electrodeposition allows films of this material to be studied easily
and to solve the materials problems that are presently limiting the maximum gradients in Nb3Sn
cavities. A strong incentive is the theoretical prediction that gradients about twice as high as for
niobium could be obtained. Whereas there are other ways to produce this Al5 compound,
electrodeposition would be among the most inexpensive ways to mass produce SRF cavities for a
long accelerator. In fact, electrodeposition techniques allow the deposition of metals and alloys on
complex 3D shapes and require lower capital costs when compared to vacuum deposition techniques.
Furthermore, electrochemical techniques can eliminate the problem of a low tin concentration at the
niobium interface, which is a fundamental limit of the current vapor deposition techniques. Finally,
electrodeposition techniques can be implemented in classical processes as "Jelly Roll" or "Rod in
Tube" or directly used for the production of superconducting surfaces.



Only a few works are available in literature on the application of electrochemical techniques to the
production of Nb3Sn. In the ‘80s some works described the manufacturing of Nb3Sn wires by
electrodeposition of Sn onto Cu-Nb alloys ['3,!4,13 1], or by electrodeposition of Cu-Sn alloys onto
Nb filaments ['7]. No mention is made to Nb3Sn coatings. More recently, some authors proposed the
synthesis of Nb3Sn coatings by electrodeposition ['#,!°] and by galvanic displacement of Nb in molten
salts containing SnCly [*°]. The main disadvantages of these approaches are that they require
temperatures higher than 370°C and residual pressures no higher than 2.5 Pa in order to remove
adsorbed moisture, gases, and residual moisture. Therefore most of the common advantages of
electroplating (i.e. operation at room or near-room temperatures and atmospheric pressure) are lost.
Previous studies from Koura et al. [*!,%2,%*] described the electrodeposition of Nb3Sn coatings from
ionic liquids based on 1-butylpyridinium chloride (BPC) or on 1-ethyl-3-methylimidazolium chloride
(EMIC). XRD analyses and resistivity tests demonstrated that a superconductive Nb3Sn phase could
be obtained [**]. However, the same authors declared that the reproducibility of the process was not
acceptable. More recently the same group [*°] tested a Lewis basic EMIC melt producing NbsSn
along with metallic Sn and Cui0Sn;3 alloy. However, no indication of the thickness of the NbzSn film
was given, questioning the eligibility of the approach for actual applications and for further
development to the industrial scale.

In the present paper, a combination of thermal diffusion processes and electrochemical techniques is
proposed to obtain thick superconductive Nb3Sn coatings onto Nb substrates. The approach was to
electrodeposit a seed copper layer onto the Nb substrate, followed by a tin layer and a copper barrier
layer. The electrodeposition processes were carried out using aqueous solutions working at near-room
temperatures and atmospheric pressure. Samples were then heat treated and characterized. Details of
the fabrication process are given in the following.

Experimental Setup and Methods

Electrodeposition tests were carried out on niobium foils of 1 cm x 3 cm having thickness of 250 um.
Prior to deposition, the niobium foils were degreased in acetone and cleaned in diluted acid to reduce
the presence of niobium oxides on the surface. Niobium oxides reduce the adhesion of
electrodeposited metals and act as a diffusional barrier layer during the heat treatment, hindering the
formation of the superconductive phase. It is therefore important to proceed with electrodeposition
without delay after the thorough chemical treatment of the Nb. The electrodeposition of tin was
performed using the commercial bath Solderon™ MHS-W at a current density of 50 mA/cm? and
bath temperature of 50°C. Copper seed layers were electrodeposited at 30 mA/cm? and 40°C using a
sulphate-based electrolyte whose composition is reported in Table 1. Copper barrier layers were
deposited from a pyrophosphate-based electrolyte whose composition is reported in Table 2. The pH
of the electrolyte was 8.5. Electrodeposition experiments were carried out at 20 mA/cm? and 50°C.
Electrolytes were prepared from analytical grade chemicals and deionized water. Electrodeposition
experiments were made in a two electrodes cell, where the anode was a copper sheet and the cathode
a Nb foil. Deposition times ranged from 1 to 25 min.

Table 1. Composition of electrolyte used for the deposition of the copper seed layer.

Chemicals | Concentration (g/1)
CuSO4 60

H,SO4 200 g/l

HCI 40 g/l




Table 2. Composition of the electrolyte used for the deposition of the copper barrier layer.

Chemicals | Concentration (g/1)
CuszO7 26

NaNOs 5
Na4P207 1 80

Heat treatments were performed in a computer controlled tubular furnace. The oven was equipped
with three separately programmable induction resistances. Temperature was continuously monitored
by two thermocouples. Heat treatments were performed in argon atmosphere. To determine the
diffusional parameters, samples were observed using an optical microscope. The samples were
prepared for optical microscope observation by means of classical metallurgical techniques: they
were placed in an epoxy resin and accurately sliced by means of a metallographic sectioning saw.
The exposed surface was grinded by means of a Buehler HandiMet® roll grinder, using sandy papers
from a 240 grit to 600 grit. The final polishing was performed by an automatic grinding and polishing
system (LECO GPX-300). Samples were observed after heat treatment using an inverted
metallurgical microscope (Nikon ECLIPSE) connected to a computer with a camera control unit. The
Imaging Software used for the analysis was "NIS-Elements", which gives the possibility to apply
smart filters to the image, such as different phase and grain boundary recognition. The maximum
optical magnification was 500X.

For superconductivity tests, a commercial magneto-cryostat equipped with a Variable Temperature
Insert (VTI) was used, whose operation temperature is from 1.5 to 300 K. For transport current
measurements, an original setup that had been designed to measure the critical current dependence
on magnetic field orientation for anisotropic High Temperature Superconductor tapes was used after
the appropriate modifications. Since the Nb-Sn-Cu films after reaction cannot be soldered, the
original soldered contacts used to transfer the current from the Cu current leads to the samples were
replaced by a sample holder with pressure contacts. For the same reason, the voltage tap wires were
attached to stainless steel screws that were put in contact with the sample. Using the modified setup,
film samples were tested for critical current /. in liquid He at 4.2 K and in magnetic fields from 0 T
up to 14 T. The tests were performed both in a field parallel and perpendicular to the tape, as shown
in Figure 1 (left). An electrical field criterion of E.=1 nV/m was used to define the critical current.
The measurement of the critical temperature 7. of the samples was performed in the VTI using a DC
method with currents between 1 and 3 A. The temperature was measured with a Lakeshore Cernox
1030, which had been calibrated down to 1.6 K, and which was placed in contact with the film sample
inside one of the copper lugs.

The crystallographic structure of the Nb-Sn coatings was assessed by X-ray diffraction (XRD) using
a Philips PW1830 instrument, with Cu Kol radiation and Bragg-Brentano geometry. XRD was
performed in the 20 angular range of 10 to 90°. An approximate measure of the grain size was
evaluated by calculating the crystal coherence extensions according to Scherrer equation. Glow
discharge optical emission spectrometry (GDOES) depth profiling analyses were performed with a
Spectruma GDA750 analyzer using argon ions for sputtering with a beam spot size of 2.5 mm. The
Scanning Electron Microscopy (SEM) was performed on sample cross sections using a SEM —
JEOL® 5900 with tungsten filament, operated at 20 kV. The cross sections used for the SEM were
cut longitudinally 5 mm away from the sample edge (Fig. 1, right), and half of the sample length was
used in order to measure film thickness homogeneity.



width

Figure 1. Parallel and perpendicular orientations used for the magnetic field in critical current measurements (left); and
schematic of cross section used when performing sample SEM (right).

Results and Discussion
Electrodeposition of Sn and Cu layers on Nb substrates

Preliminary electrodeposition experiments of Sn layers were carried onto Nb substrates at 50 mA/cm?
and 50°C. The coating showed high roughness and scarce adhesion on the Nb. On the other hand, the
electrodeposition of Sn onto copper substrates resulted in a bright Sn coating with good adhesion. In
addition, as shown in Figure 2, the growth rate of the Sn film on copper substrates was about
1.25 um/min, i.e. higher than that onto Nb substrates (about 0.63 um/min). The most efficient thermal
techniques for obtaining superconductive Nb3Sn wires through solid diffusion at high temperature
require the presence of copper. Nb3Sn is formed by solid diffusion at high temperature (650°C or
higher). In the binary Nb-Sn system, single-phase Nb3Sn layers form only above ~930°C, where the
only stable phase is Nb3Sn. At temperatures below 845°C, the two non-superconducting phases
NbSn; and NbeSns are also stable and all three phases will grow at the interface, with NbSn> most
rapidly formed and Nb3Sn being the slowest [26]. However, in the ternary system (Nb-Cu-Sn) the
only relevant stable phase is Nb3Sn even at lower temperatures [1]. The diffusion path from the Cu-
Sn solid solution to the Nb-Sn solid solution passes through only the A15 phase field, destabilizing
the formation of the non-superconductive phases NbSn, and NbeSns. Therefore, the addition of Cu
lowers the A15 formation temperature from well above 930°C to any other that is deemed practical,
thereby limiting grain growth and thus retaining a higher grain boundary density required for flux
pinning. Although Cu can be detected in the A15 layers, it is generally assumed to exist only at the
grain boundaries and not to appear in the A15 grains, allowing to use the binary A15 phase diagram
to qualitatively interpret compositional analysis in wires. Also, to the first order, the addition of Cu
does not dramatically change the superconducting behavior of wires as compared to binary systems
[*7]. Therefore, the conclusion was made that a copper seed layer should be deposited onto the Nb
substrates prior to the deposition of the Sn film.
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Figure 2. Thickness of Sn coatings on copper substrates (a) and on Nb substrates (b) as a function of deposition time.
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Figure 3. Copper seed layer onto Nb substrate (a), Sn coating onto Nb/Cu substrates (b), XRD pattern of a Nb/Cu/Sn sample
(c) and final sample design for superconductivity tests (d).

Electrodeposition of copper on Nb was carried out from a sulphate-based electrolyte at 30 mA/cm?
and 40°C. The resulting coating was bright and adherent (Figure 3-a). As expected, the subsequent
deposition of tin on the copper seed layer resulted in a coating adherent to the substrate (Figure 3-b).
The XRD pattern (Figure 3-c) revealed that the Sn coating onto the copper substrate had a crystalline
tetragonal structure with a slight (211) preferred orientation.



Thermal treatments on Nb/Cu/Sn samples (see the following section) evidenced that Sn coalesces
into small lumps during heating, producing a severe inhomogeneous tin distribution. This issue was
addressed by changing sample design. A copper barrier layer was deposited onto the Sn coating in
order to restrain the coalescence effect and maintain the coverage of the Nb substrate homogeneous.
The copper barrier layer was deposited from a pyrophosphate-based electrolyte at 20 mA/cm? and
50°C. Thermal treatments for superconductivity tests were carried out on samples having the
sandwiched structure represented in Figure 3-d. Three types of samples were fabricated, based on the
thickness of the tin and copper barrier layers. The thickness of the Sn layer ranged between 10 and
20 um, and the thickness of the copper barrier layer was either 10 um or 15 um, as indicated in
Table 3.

Table 3. Thickness of Sn and Cu layers in Nb/Cu/Sn/Cu samples.

Sample | Thickness of Sn layer (um) | Thickness of Cu barrier layer (um)
Type 1 10 10
Type 2 15 15
Type 3 20 15

Calculation of diffusional parameters

The diffusional parameters were determined by annealing Nb/Cu/Sn samples. In the case of Nb-Sn
systems, a parabolic growth rate was suggested in literature for the newly forming superconductive
layer [2°]. This behavior is derived from first Fick's law, assuming a constant concentration of the
diffusing component at both the boundaries of the interlayer, and a constant concentration gradient
across the interlayer:

Ji = —D; %,

Eq. 1
where J is the diffusional flux (mol/um?s), D is the diffusion coefficient (um?/s), C is the
concentration (mol/um?) and x is the width of the concentration gradient (um). More precisely the
parabolic growth can be described by the simple law:

L = V2Dt
Eq. 2

where L is the thickness of the new phase created after the heat treatment (um), » is usually considered
equal to 2, D (um?/s) is the interdiffusion coefficient and ¢ is the duration of the heat treatment in
seconds. Large deviations from the parabolic growth rate are primarily due to cracks in the layers for
n < 2, and to depletion of Sn in the matrix for n > 2. The interdiffusion coefficient can be written in
an Arrhenius form as:

D = Doexp(—=2),

Eq.3
where Dy (um?/s) is the diffusion frequency, Qo (kJ/mole) is the activation energy for diffusion, R is
the gas constant (kJ/K.mol) and 7 (K) is the reaction temperature. The thickness of the newly formed
phase was sampled in ten different locations and the average value was calculated (Table 4).



Table 4. Temperature and duration of thermal treatments, thickness of the resulting Nb-Sn phase and corresponding
standard deviation.

Sample | Temperature (°C) | Duration (h) | Thickness of Nb-Sn phase (um)
1 220 20 No diffusion

2 400 20 No diffusion

3 800 40 4.2+0.36

4 800 20 3.9+0.44

5 950 20 12.7+0.48

At temperatures below the melting point of tin (232°C), diffusion was negligible. At higher
temperatures, diffusion becomes significant, but the tin layer coalesced forming small domains and
leaving the niobium substrate partly uncovered. The thickness of the newly formed Nb-Sn phase
could be evaluated in the areas where good coverage was maintained. However, in view of further
analysis and practical applications, the samples design was later changed (see following section).

In Figure 4, the experimental thickness of the Nb-Sn phase is reported as a function of the duration of
the heat treatment, and it is compared to curves calculated based on data reported in literature. In
Table 5 the calculated values for Dy and Qy are reported and compared with others found in literature.
The experimental activation energy for diffusion Qp was about 202 kJ/mol. Values reported in
literature are between 221 kJ/mol and 404 kJ/mol. High values of Oy are not desired because it means
lower diffusion rates and higher duration of heat treatments, with excessive grain growth and loss of
the superconductive properties. As shown in Table 5, the value of Oy determined in the present work
is lower than that measured for Nb surrounded by a bronze matrix [*%29].

Table 5. Experimental Dy and Qy, and values of Qo reported in literature.

Sample design before TT | Dy (um?%/s) | Qo (kJ/mol)
Sn/Nb [27] - 221
CuSn7/Nb [26] - 404
CuSn8/Nb [26] - 279
This work 2x10° 202
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Figure 4. Thickness of the Nb-Sn phase as a function of the duration of the heat treatment, compared to data reported in
literature.



Heat treatment of Nb /Cu/Sn/Cu samples

Nb/Cu/Sn/Cu samples were processed following the thermal profile shown in Figure 5. The initial
step was carried out at a temperature of 214+£2°C for 72 hours, slightly lower than the Sn melting
point, to allow for relaxation of the internal stresses in the metal layers and to start the diffusion
between Cu and Sn. According to literature, during this step a 3um n phase should form [*°]. The
second intermediate step at 458+2°C for 10 hours was done to allow the formation of a liquid tin
phase and start the interdiffusion with niobium and copper. This intermediate step was necessary in
order to avoid the Kirkendall effect and consequently a severe degradation of the materials properties.
Furthermore, higher temperatures would induce higher Sn pressures onto the Cu barrier layer, with a
possible damage of the same and consequent Sn leakage. According to literature, after ten hours at
~450°C, a bronze ¢ phase forms on the surface, and an 1 phase develops underneath. Finally, the
temperature was increased to 699+1°C for a duration of 24 hours to form the Nb3Sn superconducting
phase. After the heat treatment, small tin islands were observed only on the surface of type 1 samples,
presumably because of the lower thickness of the copper barrier layer.
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Figure 5. Average temperature as monitored by two thermocouples located with the Nb/Cu/Sn/Cu samples during reaction vs.
time profile.

Table 6 shows the parameters of the Nb-Sn-Cu film samples that were tested after reaction. In Table 6,
thickness and width values were measured with micrometer and caliber respectively in five locations
along the samples. The average length of the samples was 37.41 mm + 0.51 mm.

Table 6. Film sample parameters after reaction.

Sample ID Sample Thickness, mm Width, mm Notes
Set Average | Standard Dev. | Average | Standard Dev.
Type 1 535455 0.274 0.026 8.762 0.230
Type 1 535455 Small Sn islands
Type 2 565758 0.359 0.029 7.548 0.164 Broken
Type 2 565758 0.336 0.012 7.994 0.225
Type 3, 1* 596061 0.367 0.023 7.480 0.173
Type 3,2™ | 596061 0.342 0.007 8.900 0.137




Characterization of Nb/Cu/Sn/Cu samples

Nb/Cu/Sn/Cu samples after thermal treatment were characterized by means of GDOES, XRD and
electrical tests. By means of GDOES analysis, the region where Sn and Nb are superimposed was
defined and, in some cases, the possible position and thickness of the Nb3;Sn phase was inferred. It
must be noted that the in the present work the relative intensities of the GDOES signal do not give
indication on the relative amount of the elements. To verify the thickness estimate obtained in the
GDOES analysis, SEM was performed on longitudinal cross sections of the samples. Film
composition was also assessed by EDX analysis.

According to the experimental diffusional parameters, the expected thickness of the Nb-Sn alloy after
thermal treatment was about 3.5 um. In Figure 6-a the qualitative composition profile of a Type 1
sample consisting of a Nb/Cu/Sn(10 pum)/Cu(10 um) multilayered structure is shown. The thickness
of the Nb3Sn phase was estimated at about 5 um, located at a depth of about 10 um from the surface.
The SEM that was performed on a longitudinal cross section of the sample showed a maximum Nbs3Sn
film thickness of 6.7 um. The XRD pattern (Figure 6-b) revealed the presence of a crystalline cubic
Nb3Sn phase (A15 structure). Other phases were also detected: NbSno, B Sn, &€ Cu3Sn (26= 43.65°),
NbO and NbO: (36.98° and 74.84°).
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Figure 6. XRD pattern (a) and GDOES analysis (b) of sample consisting of Nb/Sn(10 pm)/Cu(10 pum) after thermal treatment
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Figure 7. DC measurement of critical temperature 7. (left), and critical current /. at 4.2 K as a function of magnetic field B in
both parallel and perpendicular orientations (right) for a Type 1 Nb-Sn film sample.



Figure 7 (left) shows the DC measurement of critical temperature 7. for a Type 1 sample. For this
sample type, a region of slow and nearly linear rise of the resistance can be observed at the onset of
normal conductivity. This effect is reproducible as it was found also on the second Type 1 sample,
which had small Sn islands on its surface. The 7. value that was obtained using the definition shown
in the plot was 17.438 K. Using as definition the mid-point of the temperature range encompassing
the whole transition, the 7. value was 16.65 K.

Figure 7 (right) shows the critical current /. measured at 4.2 K as a function of magnetic field B in
both parallel and perpendicular orientations (right) for the Type 1 Nb-Sn film sample without Sn
islands on the surface. A fit [31] was performed on this set of /. data by using the measured 7. value
as a fixed parameter, and without introducing any assumptions on the strain status ¢ of the conductor,
which is not accurately known. The upper critical magnetic field at zero temperature, Bc2o(€), was
obtained as free parameters in the fitting: The results for B.2o(¢) varied between 23.8 T and 23.5 T for
T, values between 16.65 K and 17.438 K respectively.

In Figure 8-a the GDOES analysis of a Type 2 sample consisting of a Nb/Cu/Sn(15 pum)/Cu(15 pm)
multilayered structure after thermal treatment is shown. The composition gradient did not allow to
infer the thickness nor the position of the Nb3Sn phase. However, the SEM that was performed on a
longitudinal cross section of the sample showed an average Nbs3Sn film thickness of 8.0 um+ 0.5 um
(Figure 10, left). The XRD pattern (Figure 8-b) shows the reflection of a crystalline cubic Nb3Sn
phase (A15 structure). Other reflections can be attributed to NbSnz,  Sn, Cu-Sn phases, NbO and
NbO:.

Figure 9 (left) shows the DC measurement of critical temperature 7. for a Type 2 sample. For this
sample type, the transition region is narrower and the rise of the resistance at the onset of normal
conductivity is sharper than in Type 1 samples. The 7. value that was obtained using the definition
shown in the plot was 17.454 K. Using as definition the mid-point of the temperature range
encompassing the whole transition, the 7. value was 17.066 K.

Figure 9 (right) shows the critical current /. measured at 4.2 K as a function of magnetic field B in
both parallel and perpendicular orientations (right) for a Type 2 Nb-Sn film. The same fit method was
used as in the case of the Type 1 sample. The results for B.2o(€) varied between 23.4 T and 23.3 T for
T. values between 17.066 K and 17.454 K respectively.
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Figure 8. XRD pattern (a) and GDOES analysis (b) of a Nb/Sn(15 pm)/Cu(15 pm) sample after thermal treatment (Type 2
sample).
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Figure 9. DC measurement of critical temperature 7. (left), and critical current I. at 4.2 K as a function of magnetic field B in
both parallel and perpendicular orientations (right) for a Type 2 Nb-Sn film sample.

Figure 10. SEM cross-sectional pictures of Type 2 sample (left) and of Type 3 sample (right). The average NbsSn film thickness
in the Type 2 sample was 8.0 pm= 0.5 pm. The average Nb3Sn film thickness in the Type 3sample was 5.7 pm= 0.5 pm.

In Figure 11-a the GDOES analysis and corresponding XRD pattern of a Type 3 sample
(Nb/Cu/Sn(20 pm)/Cu(15 pum)) after thermal treatment are reported. Based on the GDOES analysis,
the thickness of the Nb3Sn phase was estimated at about 5 um. The SEM that was performed on a
longitudinal cross section of the sample showed an average Nb3Sn film thickness of 5.7 um= 0.5 um
(Figure 10, right). According to the XRD pattern (Figure 11-b), a Nb3Sn phase having cubic structure
with a strong (210) preferred orientation is present. Compared to the other XRD patterns, the signal
to noise ratio increased, probably due to mechanical cleaning of the sample surface before XRD
analysis. NbSnz (26=18.71° and 58.19°), NbO> (26.14° - 35.28° - 52.13°), CueSns (68.27°), B Sn
(30.24°), Cu (30.24°) were also detected. In all cases, the GDOES analysis revealed that the region
where Sn and Nb elements are superimposed was about 13 um thick and confirmed the presence of
oxygen in the outer 3 pm.

Figure 12 (left) shows the DC measurement of critical temperature 7. for a Type 3 sample. For this
sample type, the transition behavior is similar to that in the Type 2 sample. The 7. value that was
obtained using the definition shown in the plot was 17.684 K. Using as definition the mid-point of
the temperature range encompassing the whole transition, the 7. value was 17.128 K.

Figure 12 (right) shows the critical current /. measured at 4.2 K as a function of magnetic field B in
both parallel and perpendicular orientations (right) for two Type 3 Nb-Sn films. The same fit method
was used as in the case of the Type 1 sample. The results for B.2o(¢) varied between 22.6 T and 22.5T
for T values between 17.128 K and 17.684 K respectively.



Elemental EDX measurements were performed in a number of points over the longitudinal cross-
sections prepared for the SEM. The elemental composition of the Nb3Sn films typically showed
76 at.% Nb and 24 at.% Sn. As also seen in the GDOES analyses, a Cu-Sn layer of similar size forms
above the Nb3Sn film. This outer bronze phase was measured as 74 at.% Cu and 26 at. % Sn, which
is consistent with the Cu-Sn € phase. The white spots in Figure 10 are associated to Sn and Sn rich
Cu-Sn phases.
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Figure 11. GDOES analysis (a) and XRD pattern (b) of a Nb/Sn(20 um)/Cu(15 pm) sample after thermal treatment (Type 3
sample).
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Figure 12. DC measurement of critical temperature 7. (left), and critical current I. at 4.2 K as a function of magnetic field B
in both parallel and perpendicular orientations (right) for Type 3 Nb-Sn film samples.

The crystallite size 7 of samples after thermal treatment was estimated by the Scherrer's equation [*%]:

=K1/ p2cos0,

Eq. 4
where K is the shape factor (taken as 0.94 for cubic crystals), 4 is the X-ray wavelength (1.54 for Cu
Ka radiation), f is the line broadening (full width at half maximum, FWHM), and 4 is the Bragg
angle. The average crystallite size of the electrodeposited Nb-Sn alloys was about 27 nm for Type 1,
24 nm for Type 2 and 32 nm for the Type 3 sample. Grain sizes in Nb3Sn films obtained by e-beam
co-evaporation onto Si substrates [33] were between 20 and 100 nm.

Table 7 summarizes the results of this analysis. With this very first attempt at producing Nb3Sn films
by electro-deposition, reasonably good superconducting properties were already obtained. The
maximum obtained 7. was 17.68 K and the B.2o ranged between 22.5 T and 23.8 T. Whereas samples
made with the thinnest Sn layers had crystallites without any preferential orientation, the sample type
with the thickest Sn layer showed a strong preferred (210) orientation. This is consistent with the



larger anisotropy of the latter’s transport current, shown in Table 7 as /.|| / I. L. This phenomenon
will have to be better understood in light of the importance of grain orientation in flux pinning.

Table 7. Calculated crystallite size, preferred orientation (P.0.), and superconducting properties of Nb3Sn thin films.

Sagl)ple (Zsli}zlz‘iarlllrlr‘ie PO Ic¢(4.25, 12T), | I (4.22, 12T), L/ L T. K Bux, T
Type 1 27 none 6.5 8 1.23 16.65-17.44 | 23.5-23.8
Type 2 24 none 24 29 1.21 17.07-17.45 | 23.3-234
Type 3 31 210 15 22 1.47 17.13-17.68 | 22.5-22.6

Conclusions

The results of the synthesis of Nb3Sn thin films onto Nb substrates were herein presented.
Superconductive coatings were obtained by combining thermal treatments and the electrochemical
technique for thin film deposition. Samples were fabricated by electrodeposition of a Cu seed layer
onto the Nb substrate, followed by deposition of a Sn layer (10-20 um) and a Cu barrier layer (10-
15 pum). Subsequent thermal treatments were carried out to form the NbsSn phase. The copper seed
layer improved adhesion of tin onto the substrate, while the copper barrier layer limited tin
coalescence during thermal treatments. Both layers were expected to favor the formation of theNbsSn
phase.

Diffusional parameters were determined, indicating a thickness of the Nb-Sn phase after thermal
treatment of about 3.5 um. GDOES analysis revealed that the region where Sn and Nb are
superimposed was about 13 pum thick. In some cases it was possible to infer that the thickness of the
Nb3Sn phase was about 5 um, at about 10 um from the sample surface. The XRD patterns revealed
the presence of both NbzSn + NbSn» crystalline phases and of Cu-Sn phases. The SEM and EDX that
were performed on longitudinal cross sections of the samples confirmed more accurately these
findings, with the average thickness of the different types of film samples between 5.7 and 8.0 pm.
Electrical tests showed a very good superconductive behavior with a majority of the samples having
T. higher than 17 K and B.29 larger than 23 T.

The next step of this research, subject to appropriate funding, will be using this technique for possible
applications, such as high performance superconducting magnetic shields for accelerator magnets,
MRI, MAGLEYV and other applications and/or high performance superconducting RF cavities for
particle accelerators and light sources. For application of this method to RF cavities, appropriate
mechanical and/or chemical polishing techniques will have to be used to remove the superficial
bronze layer ~10 pum thick, and expose the superconducting NbsSn film as RF working surface. The
relatively large thickness of the NbsSn layer produced will offer sufficient margin for the use of
electropolishing, which can be controlled with 1 um accuracy.

The development of a successful and industrially scalable Nb/Nb3Sn coating would improve an SRF
cavity Qo factor by at least tenfold at 4.5 K thanks to the higher 7%. This would considerably reduce
the cryogenic costs of high-frequency machines, since operating near the boiling point in liquid
Helium rather than in superfluid Helium requires less powerful cryomodules. If in addition to a larger
Qo factor, Nb3Sn coated cavities with larger gradients than for Nb were produced as expected, based
on the higher superheating critical magnetic field Hs» of NbsSn, this would also reduce the length and
therefore the costs of linear accelerators such as an International Linear Collider (ILC).
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