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This study presents a heat treatment-doping effect of individual and synergic nano-oxide Y»O3 and TiO; dis-
persoids on Nb3Sn towards the interrelation among phase, microstructure and properties. Synergic doping of
Y203 and TiO5 to Nb3Sn resulted in T, of 18 K after annealing at 400 °C for 9 h. A lower T, of 16 K was observed
for as-sintered pristine NbsSn. Pristine samples were susceptible to heat treatment, indicated by the wide
transition width of 2 K in T,. A high overall J; of 5.17 x 10° A/cm? (10 K, 2 T) was observed for Y503 and TiO,
co-doped NbsSn sample annealed at 400 °C for 9 h compared to the overall J, of 2.3 x 10° A/cm? for as-sintered.
Solutionized and quenched samples showed poor overall J, performance, with the lowest J, of 9.1 x 10* A/cm?
for the pristine. A higher NbO phase fraction led to a degraded overall J, performance in TiO doped sample. A
superior overall J. performance for co-doped sample was due to the synergic presence of Y203 and TiO; at grain
boundaries of Nb3Sn which acted as blanket to restrict the NbO formation. An analytical model to predict the

microstructurally governed overall J, performance at different applied fields was developed.

1. Introduction

NbsSn is among such traditional superconductors which carry a
potential for critical applications like future colliders and particle ac-
celerators. Nb3Sn superconductors have been found to serve in many
applications like superconducting magnets in NMR, MRI etc. [1]. A high
critical current density, J. is desirable for such applications and to cater
the demand of future applications. The microstructural changes of
Nb3Sn have shown to channelize the J. and upper critical field, B, via
the magnetic flux pinning effects [2-5]. This is directly linked with the
grain structure, especially with grains involving a higher grain boundary
fraction in A15 structured superconductors [6], desirable for additional
flux pinning support [2,7]. The aspect of doping NbsSn is also utilized in
engineering the microstructure, as also indicated in the literature [8,9].
Out of the several available dopants, hexagonally packed structured
dopants were keenly observed for modifying the superconducting
property of NbsSn [9]. The choice of dopants, basis of their purity
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specifically in elemental form adds up the cost for bulk or wire fabri-
cation. Recently some studies highlighted the use of the dopants through
internal oxidation process, using elemental additions with an active
oxygen source as SnO; to form oxides of those additions. This process is
used mainly in refining the NbsSn microstructure [10-12]. The process
of internal oxidation has led to appealing results in functional property
enhancement i.e., J. and upper critical field, B, when compared to the
elemental doping itself [10]. The nano-oxides formed as a result of in-
ternal oxidation process serves as additional flux pinning centers (APCs),
enhancing the J.. This internal oxidation process, however, still requires
dopant in their elemental form which adds up the cost. Whilst a direct
influence of the oxide dopants could have an impact on the super-
conducting functionality of Nb3Sn and also on the phase and micro-
structure evolution. Additionally, the oxide dopants are economical
when compared to the cost of their elemental counterparts. However,
the current literature still lacks a detailed and systematic study on the
utilization of oxide dopants for NbsSn bulk. Such studies are readily
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available for superconductors like MgB, and YBCO where the oxide
dopants have been observed to play a crucial role in modifying J.
[13,14].

In one of our recent studies on the effect of doping Y and Ru to NbsSn,
we observed that the formation of yttria (Y203) phase out of residual
yttrium (Y) due to its limited solubility in NbsSn led to a positive vari-
ation in functional behaviour; particularly the J. [9]. These secondary
Y203 phase particles also helped enhancement of J, in NbTi by acting as
an additional artificial flux pinning center (APC) [15]. So, we are
expecting a very high chance of creating APCs by using oxide dopants as
dispersoids within the Nb3Sn matrix. This can be directly linked to the
deviations in microstructural features as we have observed in [2,4,9].
The correlation of microstructural changes with phase stability is not a
well understood phenomenon for oxide-doped NbsSn in the existing
literature. From the available oxides of known elemental dopants to
NbsSn, Ti had been extensively researched for NbsSn. The oxide form of
Tii.e., TiO4 is very cheap and easily available compared to its elemental
form Ti. An addition of TiOy to other superconductors i.e., Bi-2223
[16,17] and MgB, [18,19] stabilizes the superconducting phase and
enhances the functional properties. A very limited study had been re-
ported for TiOy addition to NbsSn [20]. This study further utilized TiOy
as an addition to NbsSn.

Another challenge is the optimization of concentration of the oxide
dispersoids to modify properties of NbsSn. This study also highlights the
method of optimizing the oxide dispersoid concentration in NbsSn
through mechanical alloying route. Further, we had also observed that
sintering temperature would play a crucial role in determining the
properties of mechanically alloyed NbsSn bulk [21]. Effects of different
heat treatment conditions on the functional behaviour of bulk Nb3Sn
are, however, yet to be understood. This was a crucial factor to under-
stand the superconducting behaviour of NbsSn isolating the effect
induced by only the grain size. Therefore, this study also aims to address
the role of different heat treatment conditions on the superconducting
properties of oxide-doped Nb3Sn bulk. A low temperature heat treat-
ment of the range 200 °C - 400 °C is used in the current work, so that the
alloy can also be used in conjunction with the bronze route. Combining
the effects of phase equilibria and formation kinetics with the oxide
dispersoids modification to Nb3Sn, a microstructure — functional prop-
erty link is established. Using this correlation method, the mechanism
behind the functional changes were understood. Advanced character-
ization techniques like electron backscattered diffraction and automated
crystal orientation mapping (ACOM) through transmission electron
microscopy (TEM) was used to accurately define the microstructure.

Additionally, a link between the J, and flux pinning behaviour
through suitable pins was established using a developed analytical
model. The model was validated using the experimental data for
different samples. Further, this analytical model was able to precisely
predict the J. performance. This model quantitatively defines the J.
values based on the available microstructural features like effective and
non-effective pinning phase fractions.

In our earlier study we found that the doping with Y203 and TiO3 in a
synergic way able to enhance both the T, and J. [20]. However, the role
of different post sintering heat treatment conditions was not analysed.
Further, this work focuses on understanding the mechanism for the
enhancement of the abovementioned properties in a structure-property
correlative approach. The emphasis was also given in designing a model
to understand the microstructure evolution with synergic doping in this
study.

2. Materials and methods
2.1. Alloy fabrication
Pure NbsSn powder (Goodfellow, 99.99% pure, 250 pm), yttria

powder (ACS materials, 99.9% pure, Y203) and rutile (Thermofisher
scientific, 99.8% pure, TiO3), was taken in a stainless steel (SS) jar
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Table 1
Heat treatment conditions for different samples with their identification
abbreviations.

Samples/ As-sintered Annealed at Annealed at Solutionized +
Heat 200 °C 400 °C Quenched at
treatment (9 hrs) (9 hrs) 400 °C
conditions (9 hrs)

. ° G/oh ©C/oh ° G/oh
Pristine ASpyt AN}z)fto C/9 ANg?to c/9) SQ;:?[O c/9

NbsSn
Nbs3Sn + 2 wt AS 200° C/9h 400° C/9h 400° C/9h

350 + 2 Wi Y,03 ANY203 ANY203 SQYQO:; /

% Y203
NbsSn+ 2wt  ASrio, AN200"C/9h ANA00°C/9h SQ‘“.)OE C/9h

% TiOy TiO, TiO, TiO,
Nb3Sn + 1 wt AS LTi 200° C/9h 400° C/9h 400° C/%h

OZ Y203 + (10O AN(Y203+Ti02> AN(y,0,'mi0s) SQ(Y203+Ti02)

1 wt%

TiO,

(RETSCH, grade 1.4112) with SS balls of diameter, ¢ = 5 mm. The ball to
powder weight ratio was maintained as 10:1. The setup was then placed
in RETSCH PM100 planetary ball mill and milled at 300 rpm with 20
mins of cooling time after every 10 mins of milling to avoid excessive
heat generation. The powder was initially milled at different speed i.e.,
100 rpm, 200 rpm, 300 rpm and 400 rpm. The speed of 400 rpm shows
extensive agglomeration between powder particles and the cold welding
of powder particles with the balls even after 30 mins of milling. The
milling was performed for different time periods, restricted up to a time
interval of 2.5 h as beyond this time extensive agglomeration and cold
welding between particles and milling media took place. A small amount
of milled powders was removed after every desired timeframe for
characterization purposes. The doping concentration was optimized
using Nb3Sn doped with Y203. Y203 was chosen to have comparison of
the parameters as per our earlier study, utilizing Y as a dopant to NbsSn.
Different Y503 concentrations i.e., 0.5 wt%, 2 wt% and 5 wt% were
chosen to identify the optimized doping concentration. The choice of
these concentrations was based on the idea that the concentrations in
near vicinity may not affect the crystallite size or lattice variations
much.

The resultant milled powder (~ 5 gms) was fabricated to pellet bulk
by placing those in a graphite die placed in FCT systeme spark plasma
sintering (SPS) furnace at an electrode pressure of 50 MPa, pulsed at
1200 °C for 2 mins. These conditions of pressure and time were chosen
to ensure maximum densification of the pellets. The diameter of the
sintered disc was 20 mm and a thickness of 3 mm owing to the die
constraints in SPS technique. The sintered disc was then cut using a
Chennai metco-based low speed saw and heat treated under different
conditions within the range 200 °C — 400 °C in a Tempsens HTF1200
made furnace fitted with Pfeiffer vacuum rotary and turbomolecular
pump. The heat treatment conditions used in the current study along
with the abbreviation terminology used in this study is presented in
Table 1. The resultant samples were grinded and polished using SiC
papers of suitable grades and mirror finished using 0.5 pm particle sized
colloidal silica for the characterization purpose.

2.2. Phase analysis

The phase analysis study was conducted using Rigaku Ultima IV X-
ray diffractometer within the 26 range of 25° to 75° at a step size of 0.02°
and a scan rate of 2°/min. The phase match was done using international
centre for diffraction data (ICDD) powder diffraction file (PDF) database
cards. Apart from phase analysis, calculations on crystallite size, lattice
strain and lattice parameter of phases were carried out using the
Williamson-Hall formulation in Malvern Panalytical X’Pert Highscore
plus software. The analysis was further confirmed through Rietveld
refinement method using Full Prof software.
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Table 2
Sample dimensions corresponding to the samples subjected to different heat
treatment conditions.

Condition a (mm) b (mm) ¢ (mm)
ASpyt 3.03 2.41 0.72
ASy,0, 3.07 2.37 1.49
ASrio, 2.53 2.09 0.50
AS(y,0,+Ti0,) 2.51 1.80 0.54
AN]z)o:)” C/%h 2.32 2.06 0.47

T
ANzoo”c/gh 2.38 2.28 0.54

Y203

200°C/9h 2.61 2.44 0.53
ANTyo,

200°C/9h 2.29 2.24 0.51
AN(y,0,'4Ti0y)
AN00"C/9h 2.56 2.34 0.57

Prt

400" C/9h 2.35 2.14 0.48
ANy, o,

400" C/9h 2.42 1.85 0.50
ANrio,

400" C/9h 2.62 2.37 0.52
ANy, 0,"i0,)
Sngotc/gh 1.80 1.47 0.47

Tt

400° C/9h 2.26 1.34 0.44
SQuyo.

400° C/9h 2.55 2.24 0.49
SQrio,
SQ400 C/% 1.96 1.91 0.48

(Y203+TiO2)

2.3. Functional characterization

The superconducting measurements were carried out using Quantum
Design magnetic property measurement systems (MPMS3) utilizing the
vibrating sample magnetometer (VSM) mode. A cuboidal geometry
sample with dimensions a, b and ¢ were considered for the measure-
ments such that the direction of ¢ || applied field axis. The sample
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dimensions corresponding to the heat treatment conditions shown in
Table 1 is presented in Table 2. The sample centering was done at an
applied field of 50 Oe (5 mT) after placing the sample in straw with one
side of straw blocked using Kapton tape. A low field was used just to
induce some magnetic effect to get optimal magnetic response in
detecting sample’s magnetic behaviour and to identify the sample po-
sition for measurement. The applied field was removed before cooling
down procedure. The measurement step rate was 1 K/min with a step
size of 1 K and within the range of 10-22 K.

Further, moment-applied field (m-H) loops were used for calculation
of critical current density (J.) at 10 K using Bean’s critical model [2].
The 10 K temperature was chosen so as to allow the moment — applied
field (m-H) loops to get closed. The loops did not close at the 4.2 K
temperature even at the instrumental limit field of 7 T. This study re-
ports a higher non superconducting phase fraction in certain cases which
will be discussed in the later part of text, the terminology of J. is changed
to overall J; i.e., J,, or J., to indicate the correct behaviour. This J., is
defined as the critical current density calculated over the total sample
cross-section which includes the effect of both superconducting and non-
superconducting phase fractions. This J., differs from the intrinsic J,
which is defined only for the superconducting NbsSn phase. Hence, a J;,
terminology will be used for this study.

2.4. Microstructural analysis

The initial microstructural analysis was carried out using Jeol 7800F
prime field emission scanning electron microscope (FESEM), equipped
with Oxford Instruments energy dispersive x-ray spectroscopy (EDX)
and electron backscatter diffraction (EBSD) detectors. Subsequent
analysis was carried out using a TESCAN Magna LMU made scanning
transmission electron microscope equipped with an Ametek EDX
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Fig. 1. Schematic diagram of experimentation carried out in this work.
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Fig. 2. X-ray diffractogram showing the phases formed at different milling time
for pristine Nb3Sn sample.

detector.

Electron backscattered diffraction (EBSD) was performed using a
FEI™ Quanta 3D FEG scanning electron microscope operated at 20 kV,
equipped with an EDAX Velocity Super™ camera. EDAX OIM Analysis 9
was used to analyse and index the orientation data. Kikuchi patterns
were collected at a resolution of 120 x 120 pixels with a 4 x 4 binning. A
Spherical harmonic-based EBSD indexing method (implemented in OIM
Analysis 9™) was employed to index different phases for phase identi-
fication and orientation mapping.

The advanced microstructural characterization was carried out using
a Jeol JEM 2800 transmission electron microscope (TEM) fitted with a
Jeol EDX detector at an accelerating voltage of 200 kV. The TEM
lamellae were prepared using Thermofisher Scios 2 focused ion beam
SEM (FIB-SEM) by deposition of carbon at region of interest followed by
milling using Si ions. The TEM based orientation imaging micrographs
(TEM-OIM) were captured using Nano-megas precision electron
diffraction (PED) technique attached to JEM 2800 under STEM mode.
The step size is 30 nm within and a total point of 200 along x and y
direction of a square grid. The imaging system is kept at 2 m relative to
electron source.

The experimental methodology is shown in Fig. 1.

3. Results and discussion

3.1. Optimization of dopant concentration for mechanically alloyed
Nbgsn

The milling conditions play a crucial role in varying both micro-
structural and functional behaviour of Nb3Sn. Over milling of powders
can make the NbsSn structure amorphous, while an under milling con-
dition won’t help achieving an optimal functional behaviour. The
milling speed was decided based on the trial-and-error rule, where a
high speed of 400 rpm resulted in cold welding between powder and
milling media. The speed of 300 rpm was optimized for a ball to powder
weight ratio of 10:1, to impart high energy to the powder for refinement
of particles to nano-range [22]. A size of nano-range was desirable for
better densification of powder particles during sintering phase.

Fig. 2 shows the indexed X-ray diffractograms for the powders milled
at different time intervals. The identified phases were Nb3Sn (ICDD: 01-
073-2817), NbSn; (ICDD: 01-072-8778) and NbO (ICDD: 01-089-5297).
Here ICDD indicates the reference code from International Center for
Diffraction Data powder diffraction file (PDF) database. The possibility
of formation of NbSn; is likely be due to the interactional reaction
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Fig. 3. (a) Crystallite size and (b) lattice strain as a function of milling time for
different dopant concentration.

between the residual Sn and the dissociated Nb from the Nb3Sn phase
during high-energy milling process. Pure Sn was one of the constituents
being present in the as-received powder [9]. This dissociated Nb was
equally susceptible towards the oxygen from the environment to form
the NbO phase. This intake of oxygen is not so uncommon for such
milling processes [9]. Milling is known to create more reactive surfaces,
which combined with high affinity of Nb for oxygen, can easily form the
NbO phase despite maintaining stringent conditions of inert atmosphere
[9,20].

The impact of mechanical alloying directly reflects over the effect
induced on the crystallite size and lattice strain. The crystallite size and
lattice strain directly impacts the functional properties like critical
temperature and critical current density. These values of crystallite size
and lattice strain was estimated from X-ray diffraction (XRD) technique.
Although estimating the crystallite size through XRD technique does not
give very accurate results but it gives an insight about the behavioural
pattern to gauge the functional properties. This method is also helpful in
determination of an optimized dopant concentration by understanding
the effect of dopant on crystallite size and lattice strain. This study uti-
lized Williamson-Hall (W-H) method, employing pseudo-Voigt peak
fitting function, pV(x) for the determination of crystallite size and lattice
strain. The fit function is a sum of Lorentzian peak function, L(x) and
Gaussian peak function, G(x) and the functions are weighted by a
weighing parameter, n whose value ranges between 0 and 1.

pV(x) = nG(x) + (1 —n)L(x) @
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The G(x) and L(x) function depends on the full width at half maxima
(FWHM), peak height (intensity) and peak position (0). The fitted pa-
rameters were used in the W-H equation to determine the crystallite size
and lattice strain.

pcosd = 4esind +l% 2)

here f is peak broadening, 0 is diffraction angle in degrees, ¢ is lattice
strain, k is a constant indicating shape factor with a value of 0.9 [23], ais
X-ray source wavelength i.e., 1.54 A for Cu K, and D is crystallite size.
The calculated values were matched with the values calculated through
Rietveld refinement procedure in the Full Prof software. For the process
of Rietveld refinement, whole data profile within the selected 20 range
of 25° to 75° is fitted using a pseudo-Voigt function. A proper fitting was

ensured for the peaks with higher ‘20’ values to reduce the error in
measurement. During fitting, the refinement of parameters like lattice
constants, FWHM using Caglioti widths and atomic positions parameters
were carried out.

Fig. 3 shows the variation of crystallite size and lattice strain of
pristine NbsSn and Y203 doped Nb3Sn as a function of milling time. Y203
doping was considered to analyse these effect due to a limited solubility
of Y in Nb or Sn such that an excess quantity of dopant can be avoided. Ti
from TiO; on the other hand was observed to displace Nb, so it would be
difficult to identify the optimal amount in case of Nb3Sn doped with
TiOs. It is clear from Fig. 3a that 120 mins (2 h) of milling time stands as
optimized and desirable as beyond this time, the crystallite size of
undoped Nb3Sn sample begins to increase. This increase in crystallite
size could be a result of particles agglomeration because of repeated cold
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welding. Further, the milling time was restricted to 2.5 h just at the
verge of extensive cold welding of powder particles with the milling
media. A lower crystallite size is also desirable for good densification
post sintering. Fig. 3a also highlights the choice of different concentra-
tions of Yo03 doped in Nb3Sn.

As observed, Nb3Sn doped with 2 wt% Y503 possessed the relatively
smallest crystallite size of 25.6 + 2.2 nm. This observation states that
doping with 2 wt% Y203 possesses a smaller crystallite size than the
other chosen concentrations of Y503 i.e., 0.5 wt% Y503 and 5 wt% Y503
in this study. A smaller crystallite size is desirable to improve the sample
densification and functional properties. Crystallite size gives an esti-
mation about the grain boundary fraction. In A15 structured super-
conductor like Nb3Sn, critical current density is mainly driven by the
fraction of grain boundaries as these boundaries serve as flux pinning
sites. Further a continuous decreasing value of crystallite size with
increasing milling duration for 2 wt% Y203 doped sample is a result of
severe plastic deformation (SPD). An increase in the crystallite value for
5 wt% doping suggests an agglomeration taking place as the doping limit
has surpassed. This agglomeration could be in between the NbsSn par-
ticles with Y203 and between Y503 residues. Also, from Fig. 3b, it was
observed that the lattice strain was highest for the 2 wt% Y,03-doped
sample.

As the milling proceeded, the SPD might result in generation of
higher strain with a steady decline in crystallite size. This could be the
reason why NbsSn doped with Y503 was observed to be induced with
increasing lattice strain when the milling period increases. The sample
doped with 2 wt% Y203 showed highest lattice strain as a result of
lowest crystallite size. The other inference from the Fig. 3 could be that
the SPD process could bring in changes in the lattice strain because of
the changes in lattice parameter shown by Fig. 3a. Also, with the in-
crease of milling time, peak broadening could be seen due to induced
strain by the milling media within the lattice. This induced strain
resulted in the reduction of crystallite size, thereby causing peak
broadening and hence, a decrease in the peak intensity of Nb3Sn.

Fig. 4a shows the variation in lattice parameters of Nb3Sn doped with
different concentrations of Y,03 as a function of different milling time
periods. The Nb3Sn sample doped with 2 wt% Y203 showed a continuous
decreasing trend in the lattice parameter as a function of an increase in
milling time. The presence of high strain in the crystal lattice may result
in lattice contraction to relieve those strain [24]. The induced strain is of
compressive nature due to generation of defects caused by SPD as
mentioned earlier. This correlates with the observed decrease in lattice
parameter in Fig. 4a with the increase in lattice strain shown in Fig. 3b.
The contraction in lattice begins when the strain values reach a limiting
value to nucleate defects or dislocations to relieve those strains. This
strain field is also manifested in the form of the shift in XRD peak. The
milling had also an effect on the size of powder particles. The refinement
of the powder particles because of milling time could be observed from
the secondary electron (SE) micrograph shown in Fig. 4b-e for the
pristine Nb3Sn sample. The average particle size was estimated from the
SE micrograph by using linear intercept method. The estimated size of
particles varies from ~ 250 + 3.6 pm for a milling time of 10 min to a
particle size range of 200 nm =+ 20.37 nm to 1 &+ 0.13 pm after milling
for a time period of 2 h. A higher percentage of nano-sized particles (>
80 %) was present for a milling period of 2.5 h with some particle
agglomeration. Post this period, extensive agglomeration of powder
particles and cold welding with milling media was observed. The final
estimated particle size at milling period of 2.5 h was estimated within
the range of 80 &+ 7.1 nm to 500 + 43.5 nm.

A similar doping concentration of 2 wt% TiO4 was utilized for Nb3Sn
with same milling parameters. Also, an earlier study on other Al5 su-
perconductor i.e., NbsAl was reported to enhance its functional behav-
iour when a synergic doping of Sn and B was used [25]. The individual
utilization of Sn [26] and B [27] was observed to enhance the functional
property. However, when used in a combined manner, the functional
property gets enhanced further. Hence, this study also utilized a synergic
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Fig. 6. X-ray diffractogram showing Y,O3 with progressing milling time for
Nb3Sn doped with 5 wt% Y,03.

doping of Y203 and TiO5 to NbsSn. The total dopant concentration was
kept as 1 wt% each to avoid dopant excess to NbsSn.

Since it was slightly difficult to identify the overall phases present in
the milled powders using energy dispersive spectroscopy technique of
SEM, the phase analysis was carried out using an XRD. An equal amount
of powder was used to carry out the XRD measurements for undoped,
Nb3Sn doped with 2 wt% Y203, 2 wt% TiO, and co-doped with 1 wt%
Y203 and 1 wt% TiO9 samples. The XRD analysis has been presented in
the Fig. 5 for the considered doped and undoped samples. No distinct
peaks for the dopants were visible in the diffracted patterns. This might
be possible due to the lower concentration of the dopant used [28]. The
peaks were, however, visible for the higher doping concentration i.e., 5
wt% Y203 in NbsSn, as shown by Fig. 6. Fig. 6 shows a small peak around
260 angle of 30° indicating the presence of Y203 which disappeared with
the increase of milling time. The disappearance of Y,03 peak could be
due to the mixing of the signal with noise because of poor signal to noise
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Fig. 7. (a-d) Susceptibility plot as a function of temperature measured at 5 mT applied field for the samples underwent different heat treatment conditions and (e-h)

corresponding g—’; curves as a function of temperature for the samples.

ratio for very low intensity peaks. This observation of absence of dopant
peak at low dopant concentration also matches with the results from one
of our previous studies on doping of Y with Nb3Sn [9]. The disappear-
ance of Y503 peak could also be linked to the dissolution of Y203 in
Nb3Sn. The atomic radius of Y (1.80 10\) is larger than that of either Nb
(1.43 A) or Sn (1.45 10\); the increase in lattice parameter for the 5 wt%
Y203 doped NbsSn indicates dissolution after dissociation of Y203 in
NbsSn lattice. In 2 wt% Y203 doped NbsSn, due to lattice contraction by
relatively higher strain, the dissociation and dissolution of Y503 would
be relatively less compared to 0.5 wt% and 5 wt% Y503 sample. The Y
from Y503 dissolution may prefer one of the available sites i.e., either
lattice site of Nb or Sn within the A15 structure. Due to a size mismatch
between Y and Nb (~20.5 % higher for Y) and between Y and Sn (~19.4

% higher for Y), the resulting strain would induce a compressive stress.
Due to this compressive stress, there would be a lattice expansion which
results in an increase in lattice parameter values in Nb3Sn doped with 5
wt% Y203. Further, the increase in lattice parameter for undoped and
0.5 wt% Y203 doped NbsSn sample could be a result of occupation of
interstitial site by either Nb or Sn atom as a result of SPD. In case of 2 wt
% Y203 doped sample, there would be a trade-off between occupation of
interstitial site by Nb/Sn and defect site by Y such that overall nature of
strain becomes compressive. This compressive strain was the reason for
lattice contraction. The agglomeration of Y;Os nano-sized particles
could be higher in case of 5 wt% Y203 doped Nb3Sn sample than 0.5 wt%
Y203 doped sample. This agglomeration results in less availability of free
Y203 phase particles for dissociation. Hence, this also resulted in the
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Fig. 7. (continued).

higher Y503 dissolution in the 0.5 wt% to Nb3Sn than 5 wt% Y,03 doped
sample.

4x (3.03x10°%) x (2.41 x 1072)

The example calculation for N for the ASp,; sample is shown below by
using the a, b and ¢ data from Table 2:

=071

N =
4% (3.03x103) x (241 x 10-3) + 3 x (0.72 x 10-3)(3.03 x 103 + 2.41 x 10-3)

3.2. Effect of heat treatment on superconducting performance of pristine
and doped Nb3Sn

The milled powder after the optimization of milling time and the
dopant concentration was then sintered using spark plasma sintering
technique at 1200 °C for 2 mins under a pressure of 50 MPa. This sin-
tering condition was utilized based on the inferences carried out from
another study on effect of sintering conditions on doped NbsSn bulk
formation [21]. Different sets of samples were diced from the sintered
bulk and conditioned to various heat treatment conditions as detailed in
Table 1. The low heat treatment temperatures were chosen based on the
annealing temperature conditions used for Nb3Sn wires during the
drawing process [29]. This choice was also preferred to ensure that no
significant grain growth of Nb3Sn matrix phase would take place during
the said heat treatment conditions. These different sets of samples were
analysed for critical temperature, T, of the NbsSn phase.

Moment-temperature (m-T) curves were converted to susceptibility-
temperature (y — T) curves for the evaluation of critical temperature of
the concerned phase (T;) at an applied field (Bgyiea) of 50 Oe (5 mT)
under zero field cooled (ZFC) condition. The magnetic susceptibility (y)
was calculated using the equations (3)-(5) given below [30].

moment x 4z x 1077

X absolute = Volumeofsmnple X Bapplied ©
1 _ (){ 1 3 > C)]
X absolute
4ab
N=|
{4ab +3c(a+b) } Y

here moment is represented in Acm? N is known as demagnetization
factor and a, b and c are dimensions of cuboidal sample in mm with c ||
applied field (Bgpiied). Xapsotue iS the absolute value of susceptibility
without considering the demagnetization factor, as given by Eq. (3).

This value of N is then fed into Eq. (4) to calculate the magnetic sus-
ceptibility (y).

The onset T, was determined where the value of magnetic suscepti-
bility reaches zero i.e., the sample behaves no longer as a supercon-
ductor. Fig. 7a-d show the susceptibility curves as a function of
temperature for the samples undergone different heat treatment condi-
tions for an applied magnetic field of 5 mT. The susceptibility values
give a definitive result where a value of —1 indicates perfect diamag-
netism due to Meissner effect. Also, the demagnetizing effect due to
sample geometry is considered in the susceptibility values [31]. Fig. 7a
shows that the transitions of T. observed for the pristine samples. As
observed, the pristine samples are sensitive to the heat treatment con-
ditions, marked by the width in the transition region. Fig. 7b-d shows the
transitions for individually doped with Y503 and TiO5 and co-doped
Nb3Sn sample. The transition widths are relatively narrower, indi-
cating the samples are relatively less sensitive to the heat treatment
conditions compared with pristine samples. That was more clearly
evident from the % curves as a function of temperature, shown in Fig. 7e-
h, where a wide transition was shown by the pristine samples compared
to the doped ones by 1 K. This wide transition width was due to presence
of non-superconducting NbO and NbSn, phases. Due to these in-
homogeneities, there could be composition variations which resulted in
partial Meissner effect and a broader transition width. While this tran-
sition width reduced to 1 K for the individual doing and co-doping. This
indicates that the dopant helps in the homogenization of Nb3Sn phase in
the co-doped sample. Further, the annealed conditions i.e., 200 °C and
400 °C for 9 h was better for the pristine and doped samples. On
comparing the effect of doping under the different heat treatment con-

400°C/9h
(Y203+TiOz)

This was an indication that the better homogeneity fraction in Nb3Sn
phase was achieved for the co-doped samples. The values of onset T,
were indicated in the Table 3. The corresponding onset T, values were
almost similar for the pristine samples, individually doped samples and
co-doped samples. The difference lies at the transition regions, as

ditions, as shown in Fig. 8, the AN sample performed better.
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Fig. 8. (a-d) Susceptibility plot as a function of temperature measured at 5 mT applied field for the pristine and doped samples at different heat treatment conditions

and (e-h) corresponding % curves as a function of temperature for the samples.

mentioned earlier. Also, the relatively lower T, values for SQ samples
could be due to more inhomogeneity by NbO and NbSn; phase leading to
the slight decrease in stoichiometric superconducting phase fraction.
The T, variation is linked to the Sn content in Nb3Sn phase, defining the
superconducting phase homogeneity, for which the lower Sn content
deteriorates the T.. For example, in the case of ANéggZi/Tgigz sample, Sn
content of 25.0 at.% Sn corresponds to a small AT value of 0.1 K, while

for SQ;S? "C/oh sample with Sn content range from 17.4 to 22.3 at.% Sn

composition for NbgSn has a AT value of ~2 K. This also indicates that

the ANéggZi/ﬁlz)z sample occupies the perfect stoichiometry for the A15
Nb3Sn phase.

To analyse the effect of these heat treatment conditions on overall
critical current density, J.,, we calculated the J. using Bean’s critical

model |J, = —2*2%- | from the M—H loops measured at 10 K, as
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Fig. 8. (continued).

Onset T, values for the samples under different heat treatment conditions.

Sample Onset T, (K) Sample Onset T, (K)
ASpy 16.0004 ANg?lO’ C/%h 16.00109
ASy,0, 17.0006 AN4YLZ)((!)‘;C/9h 17.0042
ASrio, 17.0005 AN;?S; C/%h 17.0042
AS(y,0,+Ti0,) 18.0018 AN?‘?S;SC,‘@TI;OZ) 18.0084
AN}z)trJto“ c/%h 16.00165 SQ;:S[O" C/%h 16.00189
AN?{fgf/"“ 17.005 SQ?{gg‘ac,/gh 17.00332
AN%?S; C/% 17.0042 SQi?g: C/%h 17.00262
ANzoo“ C/%h 18.0042 SQ400" G/9% 18.002

(Y203+TiO2) (Y203+TiO2)

shown in Fig. 9a-d. The temperature of 10 K was chosen to obtain a
closed M—H loop due to limitations in the applied magnetic field of up to

+ 7 T. The AM represents the width of m-H loop normalized by sample

volume <AM = W’}W) Now, Fig. 9e-h presents the J., curves for

the samples undergone different heat treatment conditions as mentioned
in Table 1. The calculated J., values at 2 T, 10 K is presented in Table 4.
The pristine, Y03 doped and TiO, doped Nb3Sn samples were observed
to have highest J,, of 2.28 x 10° A/cm?, 3.95 x 10° A/cm? and 2.14 x
10° A/em? at 2 T, 10 K respectively under the as-sintered condition
when compared with the same sample undergone different heat treat-
ment conditions mentioned in Table 1. While co-doped sample
possessed highest J;, of 5.17 x 10° A/cm? at 2 T, 10 K under annealed
condition of 400 °C for 9 h when compared within the same set of heat
treatment conditions as shown in Fig. 9. The probable reason behind this
observation could be that the as-sintered sample might contain small
vortices (possibly nuclei sites in the nano-range) for flux pinning. Upon
the heat treatment, nucleation of Y503 and TiO5 occurred on these sites,
causing the nucleation susceptible sites to disappear and/or leading to
some extent of grain growth of NbsSn phase. The grain growth of Nb3Sn
phase could result in relative lesser boundary fraction, reducing the
pinning sites of Y503 and TiO; phase available at the grain boundaries.
In the case of Y503 doped sample, the difference was significant between
the as-sintered and heat-treated samples, ~ 59% higher for the as-
sintered sample than that of annealed at 400 °C for 9 h. Presence of
Y,0s5 as additional pinning centers may explain this behaviour, the effect
of which got trade-off with the amount of grain growth with the treat-
ment conditions. This was also true for TiO3 doped sample, but since the
TiO5 had more oxidising tendency, an evolution of non-superconducting
phase i.e., NbO might have degraded the J.,. This mechanism had been
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explained in the later part of the text. There was also an optimal trade-off
between the grain growth of NbsSn phase, additional flux pinning by
Y203 and TiO, phase and the phase evolution for the co-doped sample
which underwent heat treatment conditions. For the case of pristine
samples, the ASp; sample had aJ., of 2.3 x 10° A/cm?at 2 T, 10 K, while
the lowest J., of 9.03 x 10% A/cm? at 2 T, 10 K was recorded for

SQp% “C/oh sample. The recorded J., values for all the samples at 2 T, 10

K was presented in the Table 4. The SQ samples in all the cases were
reported to have lowest J,. As observed from the case of T, the possible
explanation for the low J., for SQ samples could be absence of good
superconducting phase fraction. Further on comparing the J., data for
the dopants under different heat treatment conditions, as shown by
Fig. 10a-d, it was found that the co-doped samples had highest J.,. Of all
these presented data, this co-doped sample in annealed condition,

AN#00"C/% poccessed a highest J,, value of 5.17 x 10° A/cm?at 2T, 10 K.
From the J., data presented in Fig. 10, the samples annealed at 400 °C
for 9 h had the higher J., than the samples annealed at 200 °C for 9 h.
The co-doped samples showed the higher J. values under each
mentioned heat treatment conditions. Further, the TiO, doped NbsSn
samples showed lower J;, at the lower fields under the said heat treat-

ment conditions. The best J,, performer i.e., AN*? ¢/°" samples were

plotted with worst performer i.e., SQ*° ¢/%h samples for the flux pinning
forces. This was done to understand the flux pinning mechanisms and
the generalized idea can thus be utilized for the other samples.

Fig. 11a shows the flux pinning force, F, as a function of applied
field, B, calculated using Lorentz criterion, F, = J., x B. The maximum

pinning force value of 1.04 x 10° AT/cm? was achieved for AN?SB;SI’;};OZ)

sample at an applied field of 1.79 T. The lowest value of 1.82 x 10* AT/

cm? was achieved for SQ;?PO €/9" sample at an applied field of 1.77 T. The

maximum point of flux pinning force for the considered samples falls
below 2 T region. This observation indicated that the maximum flux
pinning took place at the lower field. To identify the flux pinning
mechanism, Dew Hughes model was utilized [32,33]. A normalized flux
pinning force, f, was plotted as a function of reduced field, b. The f, was

FPF—P, while the reduced field was

calculated using the relation, f, =
calculated using b = B%. The By, also known as irreversibility field was
calculated by extrapolating J.,-B curve to the point where value of J,
approaches zero [20]. The value is presented in Table 5 for the
AN#00"C/% cample. The B, is observed to not changing any significantly
for the TiOy doped sample while for the co-doped sample, it got
increased.

A fitting relation, f,ob?(1 —b)? was used for fitting the curves to

identify the type of pinning centers as per the Dew Hughes model [32].
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Fig. 9. (a-d) Magnetization — applied field loops and (e-h) overall critical current density, J., as a function of applied field for the samples subjected to different heat

treatment conditions, measured at 10 K.

The surface normal (also known as grain boundary normal) pins follow

1
the relation, f,ob2(1 — b)? and point normal pins follow as foxb(1 — b)%.
The peak position, by.q for surface pins as per the model was 0.2. As can

be observed from Fig. 11b, the AN*? C/%h samples had major contri-
bution from the pinning centers occurring at the grain boundaries.

400°C/%h
Further the bp.q value for AN(Y203 iTiOZ

firms an additional flux pinning action via volume Ax pins. A shift in

peak positions of f, curves towards higher b values for the SQg?tOn ¢/oh

samples indicate the contribution towards flux pinning was fulfilled by
the combination of surface and point pinning centers. A bp.q value of
0.33 corresponds to the contribution caused by the point pins centers.

The peaks of f, for the SQﬁ?to C/oh

) oceur around 0.17, which con-

samples range between the b values of

11

0.24 to 0.26. This shift corresponds to the pinning action arising from
the non-superconducting phase regions i.e., NbO within the NbsSn
matrix, whose dimensions maybe smaller than the flux line spacing [34].
Now since in the A15 structured alloys like NbsSn, effective pinning was
provided by the surface pinning centers [35], this result highlights that

400°C/%h
the AN(Y203 +TiO2

how these surface pins effectively enhance the superconducting
behaviour, further experimentation was carried out.

) samples were the better performer. Now, to understand

3.3. Effect of dopants and heat treatment conditions on microstructure of
sintered NbsSn

A detailed examination of the microstructure hence becomes essen-
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Fig. 9. (continued).

Table 4
J., Values for the samples under different heat treatment conditions, measured at
10 K.

Sample J, at2T, 10K Sample J,at2T,10K
(A/cm?) (A/em?)
ASpr 2.28 x 10° AN;?[O“C/% 2.17 x 10°
ASy,0, 3.95 x 10° AN €/9h 2.49 x 10°
2Us
ASrio, 2.14 x 10° ANO €/oh 1.69 x 10°
102
AS LT 4.39 x 10° 400" C/9h 5.17 x 10°
(¥205+Ti02) AN(Y203+TiOg)
AN}2)00”C/9]1 1.95 x 10° Sngo‘c/eh 0.91 x 10°
Tt rt
ANf{Ogc/gh 2.34 x 10° SQ;'{ODC: C/o%h 1.59 x 10°
AN%Q(())“C/% 1.79 x 10° SQ-?pg c/o%h 1.03 x 10°
102 102
200° G/9h 4.49 x 10° 400° C/9h 2.67 x 10°
AN(Y:Oa +TiO2) SQ(YzOs +TiO2)

tial to further identify the estimated behaviour of flux pinning of various
heat-treated samples. To examine the presence of different phases
within the microstructure, compositional analysis using a scanning
electron microscopy (SEM) tool was performed. The initial microstruc-
tural variation with doping effect for the AN ¢/ samples was pre-
sented in Fig. 12. This condition was chosen to correlate the J., with
microstructure as the co-doped sample exhibited the best J., perfor-
mance under this annealing treatment. From the Fig. 12, the dark grey
region majorly comprises of NbSny and NbO phases embedded within
the Nb3Sn matrix (bright features). The observation of these phases was
in-line with the XRD data for the bulk samples [20]. For the doped
samples, the Y203 and TiO, phases are segregated with the NbSn, and
NbO phase mixture as highlighted by the arrows in Fig. 12. The
elemental composition maps are presented in Fig. 13. It was somewhat
clear from the maps that the greyish region was deficient in Sn and
richer towards O. Since, from the results of SEM-EDX, it could not be
clearly confirmed about the phases getting segregated and the grain
characteristics of NbgSn. This information was very crucial to under-
stand as these might play a key role in defining the functional aspects of
the bulk alloy.

To confirm these variations, we performed an electron backscatter
diffraction (EBSD) analysis for all the samples. The conventional EBSD
indexing using the Hough transform approach however was not useful
due to overlapping of NbO and NbsSn reflectors, as detailed later in the
text and excessive noise in the captured data. So, a relatively newer
technique, known as dictionary indexing (DI) or spherical indexing (SI),
was used to overcome these limitations—these work by comparing the
experimental patterns to a set of simulated patterns. DI uses a library of
simulated patterns for a specific crystal structure [36,37]. This
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technique, although robust, has high data usage and gives poor angular
resolution in its preliminary form. To counter this limitation, simulated
theoretical EBSD patterns were correlated with spherical harmonic
functions and for individual EBSD patterns. This technique is much
faster and more accurate and can resolve fine differences in patterns
using intensity correlations [37].

In the current work, NbO and NbsSn phases have very similar space
groups. 225: Fm3m and 223: Pm3n, respectively. As shown in Table 6,
four out of five reflectors were common, which posed a great difficulty
in indexing them using the Hough transform. Given the very different
structure factors (Fpy) for these reflectors, there was possibility of this to
reflect on the intensities of the Kikuchi bands. This difference in in-
tensities was then used to index these phases using Spherical Indexing.
The Master patterns for these phases were generated using OIM Analysis
9™ software. These essentially were simulated patterns fitted to a
spherical harmonic function. The experimental patterns were then back-
projected to a sphere and compared with the simulated master pattern.
Due to the intensity correlation, this technique could unambiguously
index these two phases. Hence, the biggest advantage of this spherical
indexing technique is that even with similar space groups, the phase
indexing can be done on the basis of non-similar reflectors like structure
factor. A very weak Kikuchi band i.e., with a low signal to noise ratio can
be accurately indexed using the simulated master pattern. Fig. 14 shows
the phase maps for all the samples annealed at 400 °C for 9 h. Finer NbO
grains represented by green colour can be observed to be embedded in
the relatively coarser grained Nb3Sn matrix represented by red colour. A
significantly higher fraction of NbO phases was evident for samples
doped with TiOy, ~17.2% higher than the reference pristine Nb3Sn
sample. We suspected that these NbO phase particles can be a reason for

the variation in J., . A higher NbO fraction (~57%) in AN??S; C/oh sample

deteriorated its J., as indicated in Fig. 10. This higher NbO fraction

reduced the overall Nb3Sn phase fraction. While in the case of ANéSglc/ on

sample, absence of strong oxidising agent i.e., TiO,, a higher Nb3Sn
phase fraction (~58%) was formed. Combining this with additional
Y,03 phase as pinning center resulted in a higher J. . This J,, perfor-
mance was also dependent on boundary fraction [2-5,7,38] and type
[5,7,39] which plays an important role in providing sites for flux pinning
centers. f-(Nb, Zr) and p-Nb(Ti) secondary phase particles in case of Zr
and Ti alloyed Nb3Sn respectively serving as flux pins were located at the
boundaries for J., enhancement [2,5,7]. Based on the misorientation
angles between adjacent grains, the grain boundaries are classified as
the low angle grain boundary (LAGB) and high angle grain boundary
(HAGB) fraction.

Fig. 15 shows the LAGB and HAGB fraction in the band contrast or
image quality maps. The LAGBs were calculated for misorientations



N. Srivastava et al.

— ASpq
e »\5\,“0a
. ASTiO,

105_

o As:v,o,d.c,p

J, (Alem?)

0 1 2 3 4 5 6 7

Magnetic Field (T)
(a)

. = AN400°CISh
) ANEY

~ . — ANAOO*CISh
1 05 1 " ANY,O,

"~ . AD0°CISh
. AN-“O:

. — ANA00°CISh
ANy 0,710,

Jc (Alem?)

T T T T T T T T

0 1 2 3 4 5 6 7

Magnetic Field (T)
(©

Materials & Design 268 (2026) 116577

~ — = ANZCen
105_ ~ N e 'ANE'?g,mh
<~ — - ANZZE
. ~ — = AN200°C9h
— S ~ ANiy,0,+Ti0,)
£ N = ~
(2] -~ ~ ~
< TS =
™~ Rl
5104 ~_ ~ ~
o S ~ —
- - o~ ~
e
~ A~
-~
N~
L
N
0 1 2 3 4 5 6 7
Magnetic Field (T)
(b)
-"--"SQ‘F‘.E‘“DC’Q"
105_ .......SQQ,Eg‘;CNh
1 .......sQﬁg:CNh
B N sg?vﬂgfg{'oﬂ
£
(%]
<
o
(=
-
T T T T A T

0 1 2 3 4 5 6 7
Magnetic Field (T)

(d)

Fig. 10. (a-d) Overall critical current density, J., as a function of applied field for the pristine and doped samples at different heat treatment conditions, measured at

10 K.

ranging between 5°-15° and HAGBs were calculated for the mis-
orientations greater than 15°. From the Fig. 15, it was clear that the
HAGBs were much higher in fraction than LAGBs. As reported by Togano
and Tachikawa, HAGBs generally offer stronger flux pinning force for
the Nb3Sn superconducting phase and hence a high J., [40]. In our case,
the fraction of HAGBs observed to lie within the range of 0.92 to 0.95.
The higher fraction of HAGBs were found for the undoped NbsSn i.e.,
0.95 though this sample showed poorest performance at higher fields.
So, HAGBs were not the pinning sites in our case. Nakamura et. al
showed that the flux pinning for Bi-2223 occurs across LAGBs while
HAGBs showed no such pinning effect [41]. In the case of undoped
Nb3Sn sample, we suspect the pinning action was therefore, only driven
by LAGBs. Also, as per the observation for the doped samples, the J.,
performance was being driven by more than one mechanism in various
samples. The dopants themselves might have played a critical role in
enhancing J., similar to the case of elemental doping. From the results of
Fig. 14 and Fig. 15, however, it was not fully evident about the role of
the dopants. We further extended our analysis to transmission electron

microscopy (TEM). We had selected the reference AN;:?{OQC/ " and
AN?S?OSJ/:)T};OZ) sample with highest J, for the analysis to identify the

microstructural metrics aiding J,. The idea behind the choice is to
consider the extremities, as this will also give the idea about the prop-
erty variation of Y503 and TiO, doped samples. In the case of

AN?\?fofleiloz) sample, it showed highest J., even when the NbO fraction

was ~ 56%. Considering the poorer J, performance of ANi?gz/C/ oh

400°C/9h
(Y203+TiO

with

higher NbO phase fraction, the AN ) sample was expected to

13

behave the same way. This deviation in the result indicates some addi-
tional mechanisms were also playing the role in enhancing the J;, per-

400°C/9h
(Y203+TiO3)

variation requires additional analysis. Since the dopants were difficult to
locate using the SEM-EBSD technique, the phase analysis was performed
using orientation imaging microscopy (OIM) in TEM, as mentioned in
the later part of the text.

Fig. 16 shows the bright field micrograph with corresponding
selected area diffraction pattern (SADP) for the pristine and co-doped
Nb3Sn samples. As inferred from the SEM-EDX data and EBSD phase
maps, a large portion was covered by NbsSn matrix phase and NbO
second phase. Different locations were analysed to determine the
different phases. Since the phase proportions were uniformly distributed
in the matrix, multiple phases were visible to merge at any possible
location. Hence, a relatively smaller aperture (aperture size: 200 nm)
was used to accurately identify the corresponding diffraction spots. Due
to minute presence of dopants segregation, it is very difficult to trace
down their locations of segregation across the whole sample. Therefore,
a scanning transmission electron microscopy (STEM)-EDX analysis was
further carried out as shown in Fig. 17. The data presented for pristine
Nb3Sn sample and co-doped Nb3Sn sample matches with the data from
SEM-EDX presented in Fig. 13. Segregation of different phases was
evident from the elemental maps. Fig. 17a shows the composition map

400°C/9h 400°C/9h
for AN, (Y203+TiO,

shown in Fig. 17b, shows the elemental segregation of Ti and Y across
the same location, indicating an overlapping spectrum of Ti and Y soft X-
rays. Also, due to an inaccuracy in identification of different elements

formance of AN sample. Hence, the understanding of J,

sample. The composition maps for AN ) sample
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Table 5
Extrapolated B;, for the AN*00 ¢/9" sample
conditions.
Sample Bi+(T)
400° C/9h 8.47
ANPI[ /
400° C/9h 9.25
ANgQ.
400° C/%h 8.54
ANTiOQ
400° C/9h 10.50

(Y203+TiO2)

the data based on STEM-EDX is not very reliable in understanding the
different phases which might get formed. Hence, a TEM-based OIM
study was carried out in STEM mode, also known as automated crystal
orientation mapping (ACOM). The measurement was performed using
ASTAR, Nanomegas. The combination of precision electron diffraction
(PED) with ASTAR helps to resolve the features down to 1 nm in most
cases [42].

400°C/9h

Fig. 18a-b presents the STEM micrographs for ANp. and
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400°C/9h
AN(YZO3 +TiO,

NbsSn phase. Further, the Fig. 18c-d shows the phase map evaluated

: 400°C/9h 400°C/9h
using STEM-ACOM for AN{Y /™" and AN/

region shown in Fig. 18a-b. The segregation of different phases along
with the dopants were clear from these phase maps. An overview about
the phase formation kinetics for the different phase can be understood
from these phase maps. The formation of the NbO and Nb3Sn phases had
been shown using the schematic in Fig. 19.

) samples respectively. The dark region corresponds to the

) samples across the

3.4. Mechanism of phase evolution in best and worst J, performers and
establishment of microstructure-property link

Fig. 19 presents the proposed mechanism of phase evolution during
the sintering phase of the milled powder and as per the observations
from Fig. 18c-d. In Fig. 19a, the active oxygen source, which may have
been available from the milling process and from the dopants, combine
with the available Nb to form the NbO phase. As mentioned earlier, the
residual Sn particles combined with Nb to form NbSn; phase within the
Nb3Sn matrix. Following the sintering process and further annealing
treatments, helped the growth of NbO and NbSn, phase within the
Nb3Sn matrix and the resultant phase map is evident in Fig. 18c. On the
other hand, due to the co-doping of Y203 and TiO; in the Nb3Sn phase,
the Y503 and TiO; phase particles have segregated at the grain bound-
aries of NbsSn grains, as shown in Fig. 19b. These segregations appear to
form a blanket across the Nb3Sn phase and hence limit the diffusion of
Nb further to react with incoming oxygen source to form the NbO phase.
So, an imposed hinderance results in relatively lower NbO phase fraction
within the Nb3Sn matrix in the co-doped sample as shown in Fig. 18d.
This quantitative coverage of Y503 and TiO, phases across the bound-
aries is shown by the calculations below for the co-doped sample.

Total grain boundary length of all the phases (Fig. 18d) = 463 p.

Boundary length for Y503 phase = 17.88 p.

Boundary length for TiO, phase = 40.32 p.

Aomdenothoftheot

. . b g P
Phase grain boundary fraction = Foralbounadrylengthofallphases

Phase grain boundary fraction for Y203 = 1288 = 0.04.
Phase grain boundary fraction for TiO, = 432 = 0.09.

So, the Y503 phase covers 4 % and TiO, phase covers 9 % of the total
grain boundaries. In total this 13 % coverage by the dopants were able to
effectively reduce the percentage of NbO phase formation. The free
energy of formation (A¢G') for Y03, TiO, and NbO phases are
—1816.61 kJ/mol, —959.91 kJ/mol and —387.85 kJ/mol respectively
[43-45]. This indicates that the Y,O3 and TiO, phases being stable ox-
ides compared to NbO, cannot act as an active O source for the formation
of NbO in the NbsSn doped/co-doped samples. Despite having the least
free energy of formation of NbO compared to Y,O3 and TiO,, these
phases, as observed from Fig. 19b, can hinder the NbO phase growth by
forming a blanket across the NbsSn phase. The phase segregations
within the microstructure hence had an impact on the critical current
density, J;,. Also, Y203 being a very stable oxide compared to TiOs, a
higher fraction of phase segregation of TiO5 was visible relative to Y203
within the Nb3Sn matrix.

Now referring to Fig. 10 to explain the observed J;, variation for the

400° C/9h
AN(Y203 +TiO;

pinning mechanism. The model presented by Dew Hughes [32] and
Higuchi et al. [46] confirms that an additional volume pinning by Ax

400°C/9h
(Y203+TiO5)

sample. Since the presence of Yo03 were additionally pinning down the

) sample, a flux pinning model was used to determine the

pins was responsible for relatively highest J., for the AN

flux for AN?{fg;C/ " sample, an additional contribution could be followed

400°C/9h
(Y203+TiOz)

segregation mechanism, we knew that the dopants arranged themselves
across the boundaries, a higher visible TiO, phase particles across the
boundaries can help in pinning the flux. Now in this case the flux pinning

by the TiO, phase particles for AN sample. From the phase
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Fig. 12. Secondary electron micrograph for (a) Undoped, doped with (b) 2 wt% Y503, (c) 2 wt% TiO, and (d) 1 wt% Y503 + 1 wt% TiO, samples annealed at 400 °C

for 9 hrs.
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Fig. 13. SEM - EDX composition maps for (a) Undoped, doped with (b) 2 wt% Y503 and (c) 1 wt% Y,03 + 1 wt% TiO, for samples annealed at 400 °C for 9 hrs.

action was stronger relative to AN4°° C/% ond AN400 C/% Jlone. This boundoaries of NbsSn. Therefore, a possible reason for why the

may indicate that due to the prox1m1ty effect of the superconducting AN??SOHCFT};OZ) sample possess a higher J;, among the considered sample

phase, the TiO, phase particles may also behave as volume Ak pins. This was clear using the structure — property correlative approach.

proximity effect could only be possible when the non-superconducting Lastly, the individually doped and co-doped Nb3Sn, the change in the

phase was present in excess, which was possible in the case of J., values for these samples can also be related to the compositional

AN?00°C/%h sample, where largely TiO, was visible across grain variation, which affected T.. The co-doped sample was expected to have
(Y203+TiOz) >
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Table 6
Standard reflectors (hkl) used for Hough indexing with corresponding structure
factors (Fpy) for NbO and NbzSn.

NbO Nb3Sn

Reflector (hkl) Fria Reflector (hkl) Fria

002 23.02 002 22.95
012 19.88 022 16.18
112 19.45 111 14.75
044 14.51 024 8.921
123 12.72 224 7.7794

wide homogeneity range than the individual doped and pristine one and
hence achieved a higher J;,. Also, another important aspect i.e., differ-
ences in J,, values between the annealed co-doped and sintered co-
doped sample is addressed here. Sintered co-doped sample might had
accumulated some residual stress due to the rapid thermal cycle during

Nb;Sn: 0.518 + 0.029
NbO: 0.482 + 0.029

Nb3Sn: 0.435 £ 0.026
NbO: 0.565 = 0.026

©

(@ (b)

Materials & Design 268 (2026) 116577

sintering stage. This residual stress may generate the stress gradient
leading to internal stresses between the crystallites [47]. This internal
stress creates weak link at the grain boundaries, affecting J.,. The
annealing process could have relieved those stresses and hence the
measured J., was higher than those of the sintered samples.

4. Analytical model

To the best of our knowledge, no unified mathematical framework
correlating the J., and the relationship has been derived for the
microstructure-dependent overall critical current density, J., consid-
ering any of the microstructural metric parameters has yet been devel-
oped. Therefore, we tried establishing an analytical model to predict J,
and checked with the resultant experimentally determined behaviour of
J, of this study. The model takes into consideration the fraction of
effective and non-effective pins to predict the behaviour of J.,. The

Nb;Sn: 0.582 + 0.022
NbO: 0.418 + 0.022

Nb3Sn: 0.439 £ 0.021
NbO: 0.561 £ 0.021

(d)

Phase

B nNbssn
B o

Fig. 14. EBSD phase maps for (a) Undoped, doped with (b) 2 wt% Y503, (¢) 2 wt% TiO, and (d) 1 wt% Y203 + 1 wt% TiO, for samples annealed at 400 °C for 9 hrs.
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— LAGB: 0.032
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(©

— LAGRB: 0.044
— HAGB: 0.932

(d)

Fig. 15. Image quality maps with low angle grain boundary (LAGB) and high angle grain boundary (HAGB) for (a) Undoped, doped with (b) 2 wt% Y,03, (c) 2 wt%
TiO and (d) 1 wt% Y203 + 1 wt% TiO for samples annealed at 400 °C for 9 hrs along with corresponding boundary fractions.

model had been developed considering various relationships as derived
by Brandt [48] and Campbell [49].

The empirical relation between the flux pinning force density and
flux quantum, ¢, with a value 2.068 x 107*° T e m? and overall critical
current density, J., (A e m~2) can be derived from the similar concept of
force experienced by a curved dislocation present in a deformed
material.

fL :JCo .¢0 (6)

where f;, is pinning force per unit length of Nb3Sn phase. The flux re-
mains pinned as long as fi < fn, ., with fn, ¢ is the effective pinning
force per unit length of superconductor. In the limiting condition,

fL :Q.fnp,eff:g< 1 (7)

K .ﬁ'p,eff =Je, o, (8)

Q is the proportionality constant and K is a constant for inequality be-
tween f; and fr, ..
Now, for the magnetic field penetration from the surface to an

17

interaction depth d, the flux quantum is denoted by ¢, = B e d. Addi-
tionally, the surface provides a barrier to the flux motion which is

1
defined by Bean’s model as § = (u,BJ.,d)2.
62

=Bed=
¢o HOJCO

©)]

here B is applied magnetic field (T), d is the interaction length (m) be-
tween the flux lines and the pin and § is the surface barrier to the flux
and p, is the vacuum permeability, g, = 107 Tm/A.

5 2¢
J = =" 10
Co ¢o ”o L ( )
Also,F, =J;, o, = oy =X w‘ﬁ"e;f"“""(” , where vortex line tension is

analogous to dislocation line tension and R is the radius of the loop or
the vortex formed. At the moment of loop formation, the bowed segment
is approximated as semicircle whose chord length is L. Therefore, R =1%.

From Eq. (10),
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Fig. 16. Transmission electron micrograph along with selected area diffraction pattern for (a-b) Pristine Nb3Sn and (c-d) Nb3Sn doped with Y,03 and TiO, annealed
at 400 °C showing different phases formed. The red rings show the location of diffraction spot.
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Fig. 16. (continued).

o= © 5 =]

Fig. 17. Scanning transmission electron micrograph with corresponding elemental maps for (a) Pristine Nb3Sn and (b) Nb3Sn doped with Y203 and TiO, samples
annealed at 400 °C for 9 hrs.

J. = 261 an where K, (a) is the modified Bessel function for an argument a.
Lo, Substituting in Eq. (15), x = %. Therefore, Xy, = ™ = f and Xpmax =
e d fmer — 1 &S Iypgx = A
o= B2(r) o 2ardr (12) Also,r = xA=dr = Adx
Ho Teore & 2 Xmax
[ 2 2
=0 _a) /ono(x)dx (16)
B(r) is the microscopic field for a single flux line in cylindrical shape of Ay, v
radius r with core radius same as coherence length, £ and maximum
radius equivalent to penetration depth, 1. Here the B(r) function is o, Xmex
approximated by J.R. Clem [50] and is given by, a=y (/)”lz x o K%(x)dx a7)
iy
- q')o T Xmin
B(r) = 5 K, ( /1) (13)
2 X Xmax
Substituting the value of Eq. (13) in Eq. (12), we get e, = 2 ¢"/12 /x o K2(x)dx + / x o KZ(x)dx (18)
1 N Ho Xmin Xk
1 ¢u 2 r
= K (- 2nrd 14
ér 2y, / 4720* [ ° (/1) } ® srrdr a4 For x < xi (x is the point in between the coherence length (core), £ and
¢ penetration depth (maximum radius), 1) i.e., xxk<<1, K,(x) ~ % [48] and
, i for x > xi, £, ~ constant due to tension at the surface.
Py / 2 (T Therefore
=" [rek?(-)d 15 >
€L dau reK; (/1> r (15)

¢
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Fig. 18. Scanning transmission electron micrograph (STEM) showing grain size distribution for (a) Pristine Nb3Sn and (b) NbsSn doped with Y03 and TiO, samples
annealed at 400 °C for 9 hrs. Further phase map based on orientation imaging micrograph (OIM) captured in transmission electron microscope using precision
electron diffraction for (c) Pristine Nb3Sn and (d) Nb3Sn doped with Y,03 and TiO, samples annealed at 400 °C for 9 hrs.

reen(2)
& =—>"=n(— a9
‘ 4””0/12 § 2 ¢2 Te %‘;3
= ¢ ~In| ——— 21)
c 2

Substituting the value of ¢, from Eq. (14) to Eq. (6) we get, Lo | 4rpsh ¢

_ 2 ¢¢2) In EI (20) . . .
“ = Loby dmpu, 22\ & Considering the effect of pins and the temperature dependence of

penetration depth, 4 and coherence length, & the Eq. (21) can be
At X, where k is the Ginzburg-Landau parameter, a ~ I'a,, where I'is a generalized by Eq. (22).
phenomenological constant and a, is inter-vortex spacing. The vortices

4
arrange themselves in a periodic fashion to minimize repulsive inter- (feff Pm) 1 1 »? Te \2/"5";3
action and energy, usually in the form of hexagonal (triangular) lattice Jo, =W X f X ————F5 X . P ”’uo 72 n Ty (22)
ns
[51]. The intervortex spacing (a,) for this triangular lattice is given by (fnon—effpim) P ? o
a, = \2/203 [52] and hence, J, is defined by
The temperature dependence is defined as, Ay = ——2o—— and

4
()
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(a)

(b)

Fig. 19. OIM schematic showing the proposed mechanism of phase growth for (a) Pristine NbsSn and (b) NbsSn doped with Y503 and TiO, samples annealed at

400 °C for 9 hrs.
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The temperature dependence of J. arises from these temperature
dependent quantities. y is a constant with value range of 20-25,  is a
factor depending on the nature pin types with a value range of 0.5-1,
where ‘0.5’ represents the domination by point pins and ‘1’ represents
surface pins, fefpins and fuon—efpins are fraction of effective and non-
effective pins present in the sample and ryi is the average radius of
effective and non-effective pins. Based on the experimental J., data
shown by Fig. 10 and the J, correlation with Fig. 18c-d, the additional
parameters i.e., effective and non-effective pin fractions were observed
to play a key role towards the J. . The ratio and the power for the
effective and non-effective pin fraction was determined by correlating
the behaviour of pinning with dislocation-particle interaction mecha-
nism. Such correlation was hypothesized considering the flux lines
interact with the nano-dispersoids in a similar way. A schematic shown
by Fig. 20 helps to understand this behaviour. Below a critical radius the
dislocation pass through the particle by shearing it while beyond the
critical radius, dislocation loops around the particle and by-pass it.
While the magnetic flux lines are imaginary, the correlations follow as; a
fraction of non-effective pins degrades the J., performance, whereas a

[53] withl, = 40 nm [48] and &, = 3.5 nm [48] for NbsSn.

21

Flux pinning strength —

Pinning fraction ———

(b)

Fig. 20. Schematic relating the (a) dislocation-particle interaction model with the (b) flux lines interaction with effective and non-effective pins.

fraction of effective pins, pin down the magnetic flux, enhances the J;,
performance. Since the shear mechanism is dominated by nano-sized
particles equivalent to the nano-dispersoids, directly correlated with
Je,. Similarly, the bigger particles cause the dislocation to loop around
and bypass, tend to degrade the strength or J, performance, inversely
related to J.,. Considering this factor the average radius is introduced in
the Eq. (22) to highlight the actual effect on J.,. An average radius is
used because the size range of the effective and non-effective lie within
the same order. The additional parameters used i.e., 7 as pin domination
parameter is used to account for contribution of pinning domination by
surface or point pinning. The constant y is used as a seed value for the
curve fit.

The experimentally calculated data of J., shown in Fig. 10c was
utilised as reference to validate the model. For the pristine Nb3Sn
sample, as mentioned earlier in section 3.3, the low angle grain bound-
aries (LAGBs) served as the effective flux pinning sites and NbO phase as
the non-effective pins. The experimentally evaluated data for the pris-
tine sample i.e., 1.30 x 10* A/cm? (10 K, 4 T) nearly matches with the
predicted J., data of 1.05 x 10* A/cm? (10K, 4 T) from Eq. (22). The
LAGB fraction (fags) was ~ 0.04 and fyyo 0.48. Similarly, for the co-
doped sample, the Y503 and TiO, nano-sized phase particles served as
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Fig. 21. Superimposed J., for the experimentally determined and calculated
from Eq. (22) for the pristine and co-doped sample, annealed at 400 °C for 9 h.

the effective pins (feff_pins =fv,0, ® fmz) with fy,0, 0.02 and frip, 0.14
and NbO served as non-effective pinning center (beO 0.56). The
experimentally determined data of 2.17 x 10* A/cm? (10 K, 4 T) closely
matches with the calculated data of 2.53 x 10* A/cm? (10 K, 4 T) from
the model in Eq. (22). This data matching for two different samples
validates our model. So, using the above equation, a superimposed J,
curves had been plotted for both the measured and calculated data for
the co-doped sample, shown in Fig. 21. The predicted data nearly
matches with the experimentally determined data with an R? value of
97.8 % while a slight deviation was observed at higher fields. This de-
viation could be due to the overpowered pinning effect of non-effective
pins over the effective ones due to their higher fraction. This model is
also effective to give the insights on the J., quantification when the
microstructural features like phase fraction and pinning radius is pre-
sent. With these features available, the real time J,, values can be
evaluated at different step size for the applied field ranges. The good
agreement between the analytical predictions and experimental obser-
vations further suggests that the reported J., values realistically repre-
sent the true superconducting response of the microstructure. The
influence of non-superconducting phases such as NbO and NbSn;, would
have got already intrinsically embedded in the measured magnetization
signal.

5. Conclusion

This study highlights the effect of heat treatment on phase formation
and microstructural evolution and superconducting properties in the
absence and presence of Y503-TiO; nano dispersoids. These phases had
an effect on T, data with more uniform Nb3Sn phase being available in

co-doped condition. A high T. of 18 K was observed for AN?SZO;SCPT?%)

sample while the lower T, of 16 observed for ASp,; sample. The spheri-
cally indexed EBSD data reveals that the NbO fraction being impediment
to J., performance in pristine and TiO, doped sample. The presence of
co-doping of Y203 and TiO, provide a barrier to the evolution of this
NbO fraction by segregation of the oxides at the grain boundaries of
NbsSn. This crucial insight was presented by TEM-ACOM study, and it
helped in understanding of the phase formation mechanism. Addition-
ally, these nano dispersoids served as effective flux pinning centers and
overpowered the non-effective NbO pins, resulting in enhancing the J,
performance. A high J;, of 5.17 x 10° A/cm? at an applied field of 2 T

400°C/9h

was observed for AN(Y203 " Ti0

) compared to the lowest J, of 9.1 x 10*

A/cm? for the SQpYY /% condition. Our developed model could accu-
rately predict the role of each pin in quantifying the J., values and the
predicted results of 1.05 x 10* A/em? (10 K, 4 T) and 2.53 x 10* A/cm?
(10 K, 4 T) closely match with the experimental data of 1.30 x 10* A/
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em? (10K, 4 T) and 2.17 x 10* A/em? (10K, 4 T) for the ANA ©/°" and
AN?\?SOBCE;O” samples respectively.
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