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Abstract—Nb3Sn is the original high-field superconductor but
understanding its optimization in wire forms, which are always
inhomogeneous, is compromised by a lack of basic understanding
of its true property variations when it is alloyed with Hc2 enhancing
additions (e.g., Hf, Ta, Ti, Zr). Since improving the high-field
performance of Nb3Sn is important for many future applications
in high energy physics, fusion, and medicine, we are studying bulk
binary and alloyed samples fabricated by ball milling its constituent
powders and reacting them in a Hot Isostatic Press at pressures
up to 2000 bar and temperatures up to 1800 °C. Remarkably,
we found that these bulk samples, reacted to produce the A15
phase at temperatures between 1200 and 1800 °C, show minority
traces of Hc2 (0 K), evaluated with a 99% criterion, that reach
almost 40 T, more than 27% higher than the best value previously
reported for Nb3Sn. These results are both scientifically interesting
but potentially of great practical importance if they can be exploited
for improving the high-field properties of Nb3Sn wires. One caution
is that these samples do not have added Cu as wires do and that the
high Hc2 reactions were all done at well above 1000 °C.

Index Terms—Nb3Sn, upper critical field, Hc2.

I. INTRODUCTION

N B3SN is an important superconductor for high-field magnet
applications, like particle accelerators, Nuclear Magnetic

Resonance, and nuclear fusion machines. Improvement of the
high-field performance for Nb3Sn wires is necessary for the re-
alization of the Future Circular Collider to be built at CERN [1],
[2], [3], [4] and is a high priority for the U.S. Magnet Develop-
ment Program [5]. The high-field superconducting performance
can be enhanced by introducing artificial pinning centers [6], [7]
and improving the upper critical field (Hc2).
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There is a rich history of enhancing Hc2 by means of alloying
Nb3Sn with different doping elements [8], [9], [10], [11], [12],
[13], [14], [15]. According to the Ginzburg-Landau-Abrikosov-
Gorkov (GLAG) theory,Hc2 ∼ γρnTc, where ρn is the residual
resistivity of the normal state, γ is the electronic specific heat
coefficient, andTc is the critical temperature. The increase in Hc2

by alloying is believed to be due to the increase in ρn [9], [10]
created by disorder in A15. Bulk samples are easy to fabricate,
and their high compositional homogeneity and relatively large
dimensions compared to those found in wires make them useful
for the study of the impact of alloying on A15 properties. For this
reason, we are making binary and alloyed bulk Nb3Sn samples,
which will allow us to independently investigate the GLAG
parameters, γ and ρn, and to understand how alloying affects
A15 lattice disorder and perhaps how Hc2 can be enhanced
beyond present limits.

Because of unexpected results, in this work, we focused
only on the fabrication and characterization of both binary and
alloyed bulk Nb3Sn samples made using a hot isostatic press
(HIP) reaction to investigate the impact of doping (with and
without Ta) on the upper critical field evaluated by transport
measurement.

II. EXPERIMENTAL DETAILS

Bulk samples weighing about 15 g were fabricated using the
HIP method. Powders used for binary sample preparation were:
Nb (−325 mesh, 99.99% purity) and Sn (−325 mesh, 99.8%).
For ternary samples, Hf (−325 mesh, 99.6%) was added as a
doping element. For the quaternary sample, Nb4at%Ta alloy
(−200 mesh) was used. The constituent powders were weighed
inside a dedicated glove box filled with ultrahigh purity Argon
gas (99.9999% purity) to avoid possible oxidation and were
mixed for 1 hour using a high-energy ball mill. The resulting
powder was placed inside a rubber tube and densified using a
cold isostatic press (CIP) to form a hard pellet. To prevent any
contamination, the hard pellet from the CIP was wrapped with
Ta foil. The wrapped pellet was placed inside a one-end-closed
Nb-tube. The tube was Ar flushed 4-5 times and finally evacuated
to a pressure of 28 ± 2 mTorr. The tube’s opposite end was
crimped and finally sealed by welding. The encapsulated tube
was CIPped, and then, a variety of heat treatments reaching
temperatures as high as 1800 °C were performed inside the HIP.
The pressure inside the HIP was kept at 2000 bars throughout
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TABLE I
PROPERTIES, COMPOSITIONS, AND HTS OF NB3SN BULK SAMPLES

the heat treatment (HT). The list of samples fabricated, and their
corresponding heat treatments are listed in Table I.

After the heat treatment, bulk samples of 2 cm in length
and ∼1 cm in diameter were obtained. Microstructural and
standardless-EDS microchemical analyses were performed us-
ing a ZEISS EVO 10 scanning electron microscope (SEM). The
transport measurements were made in 9 T and 16 T Quantum
Design (QD) physical property measurement system (PPMS)
instruments, while their Tc transitions were evaluated by zero
field cooling in a 5.5 T QD magnetic property measurement
system (MPMS) SQUID magnetometer. To determine normal
and superconducting properties, we performed transport mea-
surements on rectangular bars. Thin round slices (1–2 mm)
from each large sample were cut using diamond wire saw and
further cut to remove the outer edges. The cut samples were then
polished to obtain a rectangular shape with typical dimensions
of 8 × 1 × 0.5 mm3 to which voltage and current taps were
made using thin silver-plated copper wires and silver epoxy. The
temperature dependences of the upper critical field, Hc2, and
of the irreversibility field, HIrr, were evaluated with different
criteria from 99% RN to 1% RN, with RN being the normal
state resistance (99% and 90% RN are the most used criteria
for Hc2, whereas 10% and 1% are the most common criteria for
HIrr). In the following, theμ0Hc2,99 notation refers, for instance,
to Hc2 estimated at 99% RN. Nb3Sn data were fitted using the
reduced WHH equation, where both the paramagnetic limitation
parameter (α) and a spin-orbit scattering parameter (λso) are set
to 0. So, we used the follow eq.:
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andψ is the digamma function.

There are two fit parameters Tc and Hc2 (0), with the latter
being related to the Hc2 slope by the relation (2) below. Similarly
to [16], [17], the Werthamer-Helfand-Hohenberg (WHH) fits
were made from data taken from 2–16 T, which was then used to

determine the zero-temperature Hc2 and HIrr values. The Hc2,99

slopes listed in Table I were back calculated using the relation:

Hc2 (0) = 0.693 Tc

∣∣∣∣dHc2

dT

∣∣∣∣
Tc

. (2)

The (Nb2Hf)25Sn-HT2 sample had a mild resistance offset
of about 13.5 µΩ, comparable to the instrument sensitivity,
when measured on the QD rotator in the 16 T PPMS, but no
offset was detected when the same sample was remeasured in
the 9 T PPMS. Concluding that the offset was caused by the
experimental setup, we have subtracted it.

III. RESULTS

As listed in Table I, we fabricated one binary sam-
ple, Nb25Sn-HT1, three ternary samples, (Nb2Hf)25Sn-HT2,
(Nb1Hf)25Sn-HT3, and (Nb2Hf)25Sn-HT3, and a quaternary
sample (Nb4Ta1Hf)25Sn-HT4. The ternary sample, denoted as
(Nb1Hf)25Sn, is made of 75 at.% niobium alloy and 25 at.%
Sn. Within the niobium alloy, the composition is 99 at.% pure
niobium (Nb) and 1 at.% hafnium (Hf) and so on.

Fig. 1 shows the superconducting transitions of all the
fabricated bulk samples. Sharp transitions were observed for
Nb25Sn-HT1, (Nb2Hf)25Sn-HT2, and (Nb1Hf)25Sn-HT3.

Fig. 2 shows SEM images of two bulk samples. Fig. 2(a) and
(b) compare the backscattered-electron (BSE) image of binary
Nb25Sn-HT1 and (Nb2Hf)25Sn-HT2. The binary Nb25Sn-HT1
was found to be single-phase with an A15 Sn content of about
25.3%. The dark regions in both images are porosity, while the
white-contrast spots in Fig. 2(b) are unreacted Hf particles. EDS
revealed that the amount of Hf in the A15 of all the Hf-doped
samples is lower than the nominal. The missing Hf appears to
be distributed as Hf-rich particles (most likely unreacted Hf)
scattered throughout the sample but most visible on the interior
surfaces of pores (Fig. 2(c)). SEM-EDS measurements indicated
oxygen contents consistent with HfO2 for large (1–3 µm diame-
ter) Hf-rich phases in and adjacent to the voids. It was, however,
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Fig. 1. Normalized moment versus temperature after zero field cooling to 5 K
and then applying 1 mT while warming.

not possible to perform EDS analysis on the smaller particles
(which may be relevant for pinning), especially for the particles
found in the porous region, because they are too small. Much
smaller particles will require additional analysis by TEM.

Fig. 3 shows the resistance versus temperature plot at different
fields up to 16 T for the (Nb2Hf)25Sn-HT2 sample. At low
fields, the transitions are very sharp, but some transition broad-
ening was observed at higher fields.

Fig. 4 reports a comparison of the temperature dependences
of Hc2,99 and Hc2,90, including the WHH fits and the zero-
temperature Hc2 extrapolations (also summarized in Table I).
We observe that all samples have a Hc2,99 exceeding 33 T.

Fig. 5 shows the temperature dependence of Hc2 and HIrr with
the WHH fits and 0 K extrapolations at different resistive criteria
for the best sample (Nb2Hf)25Sn-HT2. The unusually high
extrapolated μ0Hc2,99(0 K) value of 39.2 T and μ0HIrr,1(0 K) of
30.0 T were observed on this sample, making them the highest
Hc2 and HIrr values ever reported for Nb3Sn in literature. In this
case, the Hc2,99 slope was evaluated as 3.15 T/K.

Differently from the other samples, (Nb1Hf)25Sn-HT3 and
(Nb2Hf)25Sn-HT3 were directly heated to 1600 °C/60 h without
the 650 °C/16 h pre-annealing step (which was reported to reduce
the number of voids [18], [19]). (Nb1Hf)25Sn-HT3 also has
a high extrapolated μ0Hc2,99(0 K) of 38.2 T with a slope of
3.11 T/K. EDS revealed 25.2 at.% Sn and 0.40–0.55 at.% Hf in
the A15. After the heat treatment, the tube of the (Nb2Hf)25Sn-
HT3 sample was found to be cracked with evidence of some
Sn leak. The resistivity at 20 K for this sample was the highest,
and it was relatively Sn poor (∼24 at.% Sn in A15) and it also
had the lowest Tc among all five samples. This sample had the
lowest μ0Hc2,99 (0 K) of 33.1 T.

IV. DISCUSSION

In this work, we have fabricated and characterized bulk Nb3Sn
samples with a goal of studying how Hc2 varies by alloying.
To our surprise, we found much broader and higher transitions

than we expected, especially after the recent wide-ranging study
of Paudel et al. [16], [17] of Hc2 using similar arc-melted Nb
alloys then reacted to A15 with Cu and Sn powder mixtures.
To exemplify our surprise, we can compare our extrapolated
μ0Hc2,99(0 K) for binary Nb25Sn-HT1 of 34.6 T with most
earlier literature results that generally lie in the 25–31 T range
[19], [20], [21]. The only other remotely comparable high value
for a binary sample was the 35.7 T Hc2(0) reported by Cooley
et al. [22] on a heavily ball-milled Nb3Sn powder with heavy
disorder that easily annealed away at 750 °C when trying to
sinter the powder particles together.

Regarding (Nb2Hf)25Sn, the unusually high Hc2,99(0 K) of
39.2 T is well above the 29.7 T of the property measurement sys-
tem (PIT) wire [23], 30.8 T of the TaHf-doped wire extrapolated
in [24], and above the measured Hc2,99(4.2 K) values obtained in
TaHf- and TaZr-doped wires [25] [26], which remain below 30 T.
Clearly, our sample is inhomogeneous with a 99%-1% Hc2–HIrr

breadth of 9 T at 0 K, but both the highest and lowest portions of
the transition reach values unseen before. Their unusually high
extrapolated Hc2 values are certainly favored by their high Tc

values and their high Hc2(T) slopes near Tc up to 3.15 T/K at
99% RN, leading to the very high Hc2(0). To make a further
check, we remeasured this same sample in our 9 T PPMS using
its resistivity puck rather than the rotator sample holder of the
16 T-PPMS. Using a 2–9 T range for the WHH fit, we obtained
a very similar extrapolated Hc2,99 of about 39 T, confirming the
exceptional high result. From the standardless EDS analysis, it
was confirmed that the sample had a relatively high Sn content,
∼26.3 at.% Sn, which is unusual compared to any wire, and
0.40–0.50 at.% Hf in the A15.

(Nb4Ta1Hf)25Sn-HT4 is also particularly interesting because
in the literature there are now data on many samples with similar
doping but reacted below 750 °C. For such wire samples (which
are all made in the presence of Cu), Hc2(0), though enhanced
by about 1 T with respect to similar Hf-free samples, does not
exceed 31 T [7], [17], [24], [25], [26]. However, the WHH
extrapolated μ0Hc2,99(0 K) of our Cu-free, 1600 °C reacted
sample was found to be 36.8 T with a Hc2 slope of 2.98 T/K.
The inhomogeneity of this sample can be seen from the Tc plot
shown in Fig. 1, but the predicted 1–99% transition breadth at
0 K was about 8.6 T, similar to the others. The 99% value is high
but 90% and 50% are much closer to what expected. Excluding
the cracked (Nb2Hf)25Sn-HT3 sample, a general trend of an
increase in Hc2 with an increase in Hc2(T) slope and resistivity
was observed in these samples, as is seen in Table I.

We initially suspected that these unusually high Hc2 values
might be due to external surface artifacts caused by faster cooling
of outer sample regions, which might have retained a higher
disorder level than the fully annealed interior regions. However,
the pieces for resistivity measurements were taken mostly from
the center of the sample. It made no difference whether the
sample was tested with or without removing the outer edges.
So, we are forced to conclude that these high Hc2 values are
indeed characteristic of our bulk samples.

At this point, we must emphasize that there are differences
between these samples and any wires. Wires are always made
with Cu present so as to suppress the direct reaction of Nb and Sn
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Fig. 2. BSE images of (a) Nb25Sn-HT1 (b) (Nb2Hf)25Sn-HT2. The dark regions represent porosity. (c) Secondary electron image of (Nb2Hf)25Sn-HT2. The
“white” particles are the residues of the originally much larger unreacted Hf powder particles.

Fig. 3. Transport characterization of (Nb2Hf)25Sn-HT2 at various fields up
to 16 T. Resistive offsets were subtracted as described in the text.

to form NbSn2 and Nb6Sn5. These are certainly to be expected
in our bulks but they both disappear above 930 °C, allowing full
reaction to the only stable phase at 1600 °C, that is Nb3Sn, which
is indeed stable at the stoichiometric composition. Although we
rule out external surface artifacts as being the source of the
enhanced Hc2, the next logical hypothesis to consider is the grain
boundary network. Grain boundaries form an internal network
that is fully connected and capable of being revealed by our
resistivity measurements. A plausible, but so far experimentally
unconfirmed interpretation is that grain boundary disorder in
Cu-free grain boundaries is enhancing Hc2. This grain boundary
disorder should affect binary, ternary, or quaternary alloys simi-
larly. Cu segregation to A15 grain boundaries is well supported
by many experiments [27], [28], [29]. Since it does not enter the
A15 lattice, it is likely to depress the superconducting properties,
while Ta and Hf actually enhance them. The principal driver for
high Hc2 is in fact disorder, which reflects itself directly in the
Hc2 slope proportional to ρnTc. The enhanced WHH Hc2(0)
values reported here come directly from the enhanced measured
resistivities. The top part of the resistive transitions, measured

Fig. 4. Upper critical field (Hc2) versus temperature of all the samples deter-
mined using (a) 99% RN and (b) 90% RN criteria with WHH fits and the 0 K
extrapolations of Hc2.

between 90 and 99% of RN, could represent a minority resid-
ual grain boundary superconducting path that is scientifically
interesting but impossible to make practical use of.

One final point to note is that Nb3Sn is a strongly coupled
superconductor with a modified BCS Pauli limit Hp. The ap-
propriate relation given by Orlando et al. [30] shows that Hp is
enhanced by a factor ηHc

(1 + λep)
1
2 with respect to the weakly-

coupled case. The λep value for binary Nb3Sn being 1.8 even
these unexpectedly high Hc2 values lie below the Pauli limit.
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Fig. 5. Upper critical field (Hc2) and irreversibility field (HIrr) versus temper-
ature of (Nb2Hf)25Sn-HT2 determined at different resistive criteria with data
fitted using the WHH model. The inset shows a picture of the bulk sample before
cutting.

Although the recent PhD work of Paudel [16], [17] concludes
that the WHH model works well for all Nb3Sn samples and
that evaluation up to 16 T is enough to accurately determine
μ0Hc2(0 K) eliminating the need to measure at higher fields, we
will measure these samples in the 35 T magnet at the NHMFL
because these high values demand an explicit verification.

V. CONCLUSION

Summarizing, all the samples with the highest Hc2 have a
Sn content above 25 at.% and less than 0.6 at.% Hf in the
A15 grains. Although our alloyed bulk Nb3Sn samples appear
chemically inhomogeneous, they clearly have minority traces
of extremely high Hc2 values never seen before. We plan to
thoroughly investigate the origin of these high Hc2 values,
which nearly reach 40 T, because the result is so unexpected.
We suspect, but have not yet verified, grain boundary disorder,
which is strong even in the binary and also enhanced by doping
elements. Also, we do not yet suggest that the results can be
translated into wires because all the heat treatments are done at
1600 °C or above and in the absence of Cu, two conditions that
are unsuitable for wire manufacture. Our results finally drive
home that Nb3Sn, the original high-field superconductor [31] is
still not fully understood!
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