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Abstract
In the last few years, a new type of Nb3Sn superconducting composite, containing a high
density of artificial pinning centers (APC) generated via an internal oxidation approach, has
demonstrated a significantly superior performance relative to present, state-of-the-art
commercial Nb3Sn conductors. This was achieved via the internal oxidation of
Nb-4at.%Ta-1at.%Zr alloy. On the other hand, our recent studies have shown that internal
oxidation of Nb–Ta–Hf alloys can also lead to dramatic improvements in Nb3Sn performance.
In this work we follow up on this latter approach, fabricating a 61-stack APC wire based on the
internal oxidation of Nb-4at.%Ta-1at.%Hf alloy, and compare its critical current density (Jc)
and irreversibility field with APC wires made using Nb-4at.%Ta-1at.%Zr. A second goal of this
work was to improve the filamentary design of APC wires in order to improve their wire quality
and electromagnetic stability. Our new modifications have led to significantly improved residual
resistivity ratio and stability in the conductors, while still keeping non-Cu Jc at or above the
conductor Jc specification required by the proposed Future Circular Collider. Further
improvement via optimization of the wire recipe and design is ongoing. Finally, additional work
needed to make APC conductors ready for applications in magnets is discussed.

Keywords: Nb3Sn superconductor, artificial pinning center, internal oxidation, Nb-Ta-Hf, Jc

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

1. Introduction

After a steady increase for about three decades since the early
1970s (when the first Nb3Sn superconducting wires were pro-
duced), the critical current density (Jc) of Nb3Sn conductors
stagnated [1–3]. However, efforts in the community aiming to
further improveNb3Sn Jc never truly ceased because Jc is such
a critical parameter for magnet development, especially if the
goal is not to build a small number of magnet demonstrators
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but to produce a large number of magnets for a collider
machine, for which cost is one of the most important consid-
erations. To build a magnet with a specific field target, using
conductors with a low Jc would require a larger coil size and
higher conductor amount. Take, for example, the Future Circu-
lar Collider (FCC)-hh, proposed to succeed the Large Hadron
Collider (LHC) [4, 5]. A specification for the Nb3Sn conductor
non-Cu Jc, which at 4.2 K and 16 T is at least 1500 A mm−2,
was determined based on the optimal coil current density
(Jcoil) for the 16 T dipoles [6, 7]. The Jc of the state-of-the-
art Nb3Sn conductors, which are of the restacked-rod-process
(RRP®) type, can meet the High-Luminosity LHC (HL-LHC)
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specification with a 3% margin [8]. However, the FCC Jc spe-
cification is 50% above the HL-LHC specification [4–7, 9]. As
a result of this Jc difference, it was shown by themagnet design
studies for the 16 T dipoles [9] that the width of a cosine-theta
coil using conductors that merely meet the HL-LHC specific-
ation is ∼40% larger than that using conductors meeting the
FCC specification. Thus, building the magnets using conduct-
ors only meeting the HL-LHC specification would lead to sig-
nificantly higher amount of required conductors and associ-
ated magnet cost. Clearly, a significant improvement of the
Jc of Nb3Sn conductors is critical for building cost-effective
magnets for future energy-frontier circular colliders. This will
also benefit other high-field applications that use Nb3Sn con-
ductors, such as the magnets for nuclear magnetic resonance
spectroscopy.

The stagnation of Nb3Sn non-Cu Jc since the early 2000s
was finally lifted in 2019, achieved by a new type of Nb3Sn
conductor containing a high density of artificial pinning cen-
ters (APC) formed by the internal oxidation method [10].
Although this method was used in Nb3Sn tapes in the 1960s
[11], efforts to transfer it to Nb3Snwires showed that this was a
difficult task [12]. It was not until 2014 when its application in
Nb3Sn wires was successfully demonstrated (first in the form
of binary monofilaments) [13].We showed in [13] that internal
oxidation can be realized by making two modifications to an
Nb3Sn subelement: (a) the commonly-used Nb or Nb–Ta alloy
(Ta is a dopant for Nb3Sn to improve its irreversibility field,
Birr) is replaced by Nb–Zr alloy, and (b) an oxide that can be
reduced by Nb and thus supply O to Nb [3] is added into the
subelement, which must have a properly designed structure
such that during heat treatment the Nb alloy is able to take
O from the oxide, leading to formation of fine ZrO2 particles
in the Nb3Sn. Such fine particles enhance the flux pinning
force (Fp) via two mechanisms. First, they refine the Nb3Sn
grain size, which leads to more grain boundaries acting as flux
pinning centers. Second, they directly serve as flux pinning
centers—in fact, as they are point pinners, apart from enhan-
cing the maximum pinning force (Fp,max) they also cause the
Fp-B curve peak to shift to higher fields [14]. This Fp-B curve
peak shift leads to a flatter Jc-B curve, which enhances Jc at
high fields (e.g. above 10 T) but reduces Jc at low fields (e.g.
below 5 T) [10, 13]. After demonstrating the implementation
of the internal oxidation method in monofilaments [13], we
then proposed to apply it to the powder-in-tube (PIT) design in
order to make multi-filamentary wires [15]. The development
of multifilamentary APC wires was achieved first for binary
wires using Nb-1at.%Zr in 2015–2017 [16, 17], then for tern-
ary wires (with Ta doping) beginning in late 2017 [18]. Sub-
sequently, by improving the conductor recipe and quality, we
were able to improve the performance of APC wires rapidly
and push the non-Cu Jc to the level of the FCC specification
in 2019 [10]. Meanwhile, following our successful develop-
ment of APC wires and demonstration of enhanced flux pin-
ning, several other groups also began to actively study this
method, each leading to some exciting discoveries [19–22].
In particular, Balachandran et al, when studying the effect of
oxidation for Nb3Sn with various Nb alloys, found that the

use of Nb–Ta–Hf alloys without adding O could also lead to
smaller grain size than using the common Nb–Ta alloy [22].
Other effects of Ta and Hf co-doping were investigated in a
subsequent study [23].

On the other hand, Zr is not the only element that can be
used as a solute in Nb alloys for making internal-oxidation-
type Nb3Sn wires. In our previous work [24] we identified
four promising elements for this purpose: Al, Ti, Zr, and Hf,
as they have considerable solubility in Nb and also have a
much higher affinity to O than Nb does, which is the pre-
requisite for internal oxidation. Among these candidates Nb–
Ti, Nb–Zr, and Nb–Hf alloys had already been demonstrated
to be suitable for fabricating Nb3Sn wires by the studies in
the 1980s [25, 26]. In order to see which element would lead
to the strongest enhancement of Nb3Sn performance, we fab-
ricated a mono-filamentary wire using Nb-1.5at.%Ti as well
as multi-filamentary (48/61-stack) wires using Nb-4at.%Ta-
1at.%Zr and Nb-4at.%Ta-1at.%Hf alloys, with all wires given
sufficient O to internally oxidize the Nb alloys [24]. The res-
ults showed that internal oxidation ofNb–Ti formed large TiO2

particles (from tens to hundreds of nanometers), which could
not effectively serve as flux pinning centers or refine Nb3Sn
grain size. Internal oxidation of Nb-4at.%Ta-1at.%Hf formed
dense HfO2 particles with sizes mostly below 5 nm, smaller
than the ZrO2 particles formed by internal oxidation of Nb-
4at.%Ta-1at.%Zr (mostly 5–10 nm), both for a heat treatment
temperature of 700 ◦C. Such HfO2 particles led to slightly
stronger Nb3Sn grain refinement and Fp-B curve peak shift
than ZrO2 particles did. In this work, we present the transport
properties of a recent APC wire based on internal oxidation
of Nb-4at.%Ta-1at.%Hf, and compare them with those of a
recent APC wire based on Nb-4at.%Ta-1at.%Zr.

It is also worth pointing out that for these two APC wires
more conservative recipes were used relative to those wires
made previously. In 2019, our goal was mainly to push the
non-Cu Jc to the level of the FCC specification, so aggressive
recipes were used, which led to relatively low residual resistiv-
ity ratio (RRR, which reflects the cleanliness of the Cu matrix)
and poor electromagnetic stability [10]. One of the goals for
this work is to see if more conservative recipes can lead to bet-
ter wire quality and improved RRR, and to see how this affects
the conductor stability and non-Cu Jc (as a conservative recipe
will lead to lower Nb3Sn fraction in the filaments).

2. Experimental

2.1. Samples

Two APC wires were fabricated at Hyper Tech Research Inc.
based on the internal oxidation method and the PIT filament
design. Both had a 48/61 design (i.e. 48 Nb3Sn filaments and
13 Cu rods) with a Cu/non-Cu ratio of 1.15–1.25. The first
wire used a tube with nominal composition of Nb-4at.%Ta-
1at.%Hf (i.e. Nb-7.5 wt.%Ta-2 wt.%Hf) and is named ‘IO–
Hf’ here. The second wire used a tube with nominal compos-
ition of Nb-4at.%Ta-1at.%Zr (i.e. Nb-7.5 wt.%Ta-1 wt.%Zr)
and is named ‘IO–Zr’. Both conductors used mixtures of Sn,
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Figure 1. SEM images of (a) and (d) IO–Hf-705 ◦C/65 h, (b) and (e) IO–Zr-700 ◦C/60 h, (c) and (f) the 2019 APC wire after 700 ◦C/70 h
reaction, with the (a)–(c) showing the whole filamentary regions, and the (d)–(f) showing some local regions at higher magnifications.

Cu, and SnO2 powders and had Cu/Sn and O/Nb ratios similar
to a previous APC wire using Nb-4at.%Ta-1at.%Zr made in
2019 (detailed information can be found in [10], in which it
was named ‘IO2’). Due to the more conservative recipes, the
IO–Hf and IO–Zr wires have larger Nb/Sn ratios than that of
the 2019 APC wire. All of these wires were drawn to 0.7 mm
diameter without any breakage. Straight segments were heat
treated under vacuum, all with a ramp rate of 50 ◦C/h without
any intermediate steps. The 2019 APC wire was reacted at
700 ◦C for 70 h, which was long enough to make sure it was
fully reacted. The IO–Hf wire was reacted at 705 ◦C for 65 h—
a few extra degrees were added to speed reaction to meet
schedule, but it was not anticipated that the basic properties
would depend much on a 5 ◦C increment. More heat treatment
studies were done for the more recent IO–Zr wire, and it was
found that 700 ◦C/60 h was enough to fully react it. It is worth
mentioning that the heat treatments used in this work may not
represent the optimal schedules. For example, after the testing
at the National HighMagnetic Field Laboratory (NHMFL) we
did further heat treatment studies on the IO–Hf wire and found
that 705 ◦C/65 h led to an over-reaction and a degradation of
RRR. Apart from the above APC wires, an RRP® wire for the
HL-LHC project was used as a reference sample for this study.
It has a wire diameter of 0.85 mm, 108 Nb3Sn subelements,
and a Cu/non-Cu ratio of 1.2. It underwent a recommended
heat treatment of 210 ◦C/48 h + 400 ◦C/48 h + 665 ◦C/75 h
with a ramp rate of 25 ◦C/h. More details and properties can be
found in [18]. Scanning electron microscopy (SEM) images of
the three APC wires after reaction are shown in figure 1, with
the (a)–(c) showing the whole filamentary regions, and (d)–(f)
showing some local regions at higher magnifications so that
the different components can be seen more clearly.

2.2. Measurements

The voltage versus current (V–I) curves of the samples were
measured at 4.2 K up to 26 T in a resistive DC magnet in the
NHMFL. Tests were performed on straight samples with the
magnetic field perpendicular to the wire length; each segment
was 35 mm in length with a voltage tap separation of 5 mm.
A criterion of 0.1 µV cm−1 was used to determine the critical
current (Ic). The segments for the V–I tests were later used for
RRR measurements at zero field in Fermilab; for these RRR
measurements a current of 1 A was used, and the voltage tap
separation was 5 mm. The RRR value was taken as the resist-
ance at room temperature (about 296 K) over that at 20 K. The
Birr and the upper critical field (Bc2) values were obtained from
the resistance vs field (R-B) curves that were also measured in
the NHMFL; the sample length was 15 mm and the voltage
tap separation was 5 mm, with a sensing current of 0.1 A.
Five samples could be measured together in each run (with
the magnetic field again perpendicular to the wire length), so
we always included a standard sample (e.g. RRP®) as a ref-
erence. For each measurement great care was taken to ensure
that all of the samples were within the uniform-field region in
the magnet.

3. Results

Themeasured non-Cu Jc values of the APCwires are shown in
figure 2, along with those for the RRP® wire [18]. The engin-
eering current density (Je) values of these conductors can be
calculated by multiplying their non-Cu Jc values by their non-
Cu fractions. Also shown in figure 2 is the FCC Jc specifica-
tion. Note that here the ‘FCC Jc specification’ does not mean a
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Figure 2. Non-Cu Jcs (4.2 K) of IO–Hf-705 ◦C/65 h,
IO–Zr-700 ◦C/60 h, and APC-2019 ◦C–700 ◦C/70 h, along with the
FCC Jc specification. Also shown are the results for an RRP® wire
for the HL-LHC project [18].

single Jc value at 16 T, but a Jc-B curve generated using para-
meters given in [7]. The reason to use a Jc-B curve is that for
the design of a 16 T dipole, not only the Jc at 16 T matters,
but the Jc-B curve in the 16–19 T range is also relevant due to
the operational margin along the load line (e.g. 14% used for
the FCC 16 T dipole design [4, 7]) and the fact that the highest
field on the conductors is typically a few percent higher than
the bore field.

It can be seen from figure 2 that the non-Cu Jcs of both the
IO–Hf and IO–Zrwires reach or surpass the FCC specification.
The non-Cu Jcs of the IO–Zrwire are slightly higher than those
of the IO–Hf wire and both are higher than those of the 2019
APC wire. The non-Cu Jcs of the 2019 APC wire shown here
are lower than those reported in [10] for 0.84 mm diameter and
685 ◦C/234 h reaction, perhaps because the wire quality was
better at 0.84 mm diameter and 685 ◦C was better than 700 ◦C
for Jc. In general, we note that the APC wires have a higher
advantage in Jc at higher fields. For example, the non-Cu Jcs of
the IO–Zr wire are 8% and 16% higher than the FCC specific-
ation (and 49% and 86% higher than the reference RRP® wire)
at 16 T and 19 T, respectively. This is because APC wires have
higher Birr than standard conductors [20, 27], and the shift of
theFp-B curve peak to a higher field [13–21] leads to enhanced
Jc at high fields (e.g. above 10 T) but reduced Jc at low fields
(e.g. below 5 T) [10].

It can also be seen that the recently made IO–Hf and IO–Zr
wires have much better electromagnetic stability than the APC
wire made in 2019, despite their higher non-Cu Jc. For the
2019APCwire the Ic values below 20 T could not bemeasured
due to quenches during V–I tests. The stability improvement is
due to improvedwire quality andRRR: themeasuredRRRval-
ues of the IO–Hf, IO–Zr, and the 2019 APC wire were 84, 91,
and 22, respectively. The better RRR of recent APC wires are
mainly due to the more conservative recipes. The average area
fractions of residual Nb and fine-grain Nb3Sn layers within the

Table 1. Fractions of unreacted Nb and fine-grain Nb3Sn layers in
the filaments for IO–Hf-705 ◦C/65 h, IO–Zr-700 ◦C/60 h, the 2019
APC wire, and the RRP® wire for HL-LHC.

IO–Hf-
705 ◦C/65 h

IO–Zr-
700 ◦C/60 h

2019 APC
wire:

700 ◦C/70 h
RRP® for
HL-LHC

Unreacted Nb
fraction, %

35 34 28 10

Fine grain
fraction, %

36 38 41 59

Figure 3. The Nb3Sn layer Jc values for IO–Hf-705 ◦C/65 h,
IO–Zr-700 ◦C/60 h, the 2019 APC wire, and the RRP® wire for
HL-LHC.

filaments of the above wires were calculated from their SEM
images (figure 1) and are shown in table 1. The unreacted Nb
fractions for the IO–Hf and IO–Zr wires are higher than that of
the 2019 APC wire, and are also much higher than those of the
standard PIT wires, which are typically around 25% [28, 29].

The fine-grain Nb3Sn layer Jc values of these wires, which
equal the non-Cu Jc values (figure 2) divided by the fine-grain
Nb3Sn area fractions (table 1), were calculated and are shown
in figure 3. It is shown that the layer Jc values of the IO–Zr
and IO–Hf wires are similar and are noticeably higher than
the 2019 APC wire.

In order to see if internal oxidation of Nb-Ta-Hf leads to
different Birr and Bc2 values as compared to internal oxidation
of Nb–Ta–Zr, the R-B curves of the above samples were meas-
ured and are shown in figure 4. The Bc2 values at 10%, 50%,
and 90% of the transitions are listed in table 2. Also shown are
the results for the RRP® control sample.

It can be seen that the Birr and Bc2 values for the APC wires
based on internal oxidation of Nb-4at.%Ta-1at.%Hf and Nb-
4at.%Ta-1at.%Zr were similar, and were 1.5–2 T higher than
those of the RRP® wire. In fact, from figure 2 it is seen that
the Ic values were still large enough to be measured (which
means Ic > 1 A for the transport rig we used) for both the IO–
Zr and the IO–Hf wires at 26 T but not for the RRP® wire at
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Figure 4. The R-B curves of IO–Hf-705 ◦C/65 h,
IO–Zr-700 ◦C/60 h, the 2019 APC wire, and the RRP® wire for the
HL-LHC.

Table 2. Bc2 (4.2 K) values as determined from the R-B curves.

IO–Hf-
705 ◦C/65 h

IO–Zr-
700 ◦C/60 h

2019 APC
wire:

700 ◦C/70 h
RRP® for
HL-LHC

Bc2-10%, T 26.9 26.6 26.7 25.1
Bc2-50%, T 27.2 27.1 27.1 25.5
Bc2-90%, T 27.5 27.7 27.5 25.9

24.5 T. In previous work we also measured Birr and Bc2 val-
ues for standard non-APC PIT wires [27], which were consist-
ent with those measured by Godeke [29] and were about 1 T
lower than those of our APC wires. A very high Bc2(4.2 K) of
29.2 T was reported in [20] for a Nb3Sn monofilament based
on internal oxidation of Nb-4at.%Ta-2at.%Zr—of course the
lower thermal strain in the samples studied in [20] might also
contribute to their high Bc2 values. Our previous paper [27]
gave a possible explanation for such a Birr and Bc2 increase in
APC wires.

4. Discussion

It is seen from figure 3 that the internal oxidation of Nb-
4at.%Ta-1at.%Hf did not lead to higher layer Jc than the
internal oxidation of Nb-4at.%Ta-1at.%Zr, although our previ-
ous work demonstrated that the former led to somewhat more
dramatic Fp-B curve peak shift and grain refinement than the
latter [24]. We still do not fully understand the reason for this
yet. A possibility is that the diameters of the HfO2 particles
are mostly below 5 nm [24], smaller than the flux line core dia-
meter, which equals to 2ξ, where ξ is the coherence length and
is estimated to be∼3.5 nm for Nb3Sn at 4.2 K from the relation
Bc2 =Φ0/(2πξ2)—in which Bc2 is 27–28 T (based on figure 4)
and Φ0 is the magnetic flux quantum (2.07 × 10−15 T m2).
In contrast, the diameters of most ZrO2 particles are in the

5–10 nm range, closer to 2ξ, so each ZrO2 particle may have
higher flux pinning efficiency than each HfO2 particle. On the
other hand, the number density per volume for HfO2 and ZrO2

particles may also be different, which influences the flux pin-
ning force as well. Thus, a comprehensive model, which takes
all microstructural factors (e.g. particle size, particle density,
and Nb3Sn grain size) into consideration, is still needed to
compare the flux pinning forces for the two scenarios.

From figure 3 it is also seen that the IO–Zr wire has a higher
layer Jc than the 2019 APC wire, in spite of the fact that both
were based on internal oxidation of an Nb-4at.%Ta-1at.%Zr
alloy with similar Cu/Sn and O/Nb ratios. This is most likely
because the IO–Zr wire has better wire quality and uniformity
than the 2019APCwire due to the use of a conservative recipe.
After obtaining a large number of cross-sectional images, we
found that both the IO–Zr and the 2019 APC wire had some
filaments with noticeably thinner Nb3Sn layers than the other
filaments in some cross sections, but this problem was much
more severe in the 2019 wire. As examples, SEM images for
three cross sections of the IO–Zr and three for the 2019 APC
wire are shown in figure 5, from which it is seen that the 2019
APC wire has more bad filaments than the IO–Zr, and most
of the bad filaments are in the innermost layer of the filament
array. The cause of this needs further investigation. We also
found that such locally thin Nb3Sn layers were not due to com-
positional (e.g. Nb/Sn ratio) non-uniformity along the filament
length, but typically due to Sn leakage into the surrounding Cu
matrix during Nb3Sn layer growth, and that such a Sn leak-
age was usually caused by a local filament defect, such as an
eccentric filament core or a filament distortion. A higher occur-
rence of such defects (and the associated Sn leakage) not only
reduces RRR and stability, but also affects the transport Jc.

Although significant progress has been made in improving
the electromagnetic stability of APC wires, further improve-
ment is still needed before they can be practically used to
make magnets. This can be achieved by several means. First,
although the IO–Hf and IO–Zr wires have much better wire
quality than the APC wires made in 2019, the fact that fila-
ment defects still exist in them (e.g. figure 5) indicates that
there is still room for further improvement. Improvement of
wire quality requires further optimization of the wire recipe
and design, as well as improvement of raw material quality
and the wire fabrication process. Second, as mentioned earlier,
the heat treatments used for these samples were not optim-
ized. Further optimization in heat treatment is needed for fur-
ther improvement of RRR and stability. Third, reduction of
filament size, which has a significant influence on conductor
electromagnetic stability [30], is also required. The IO–Hf
and IO–Zr wires used in this work have filament sizes around
70 µm, which is still relatively large. Reduction of filament
size requires an increase of filament count in the wires. In
2019, we fabricated a 180/217-stack APC wire and drew it to
0.98mm diameter (with a filament size around 50 µm)without
any wire breakage, and its non-Cu Jc reached the FCC spe-
cification at high fields [27]. However, because an aggress-
ive recipe was used for that wire, it suffered from the above-
mentioned instability problem. Moving forward, we plan to
make new 180/217-stack APC wires using more conservative

5



Supercond. Sci. Technol. 36 (2023) 035012 X Xu et al

Figure 5. SEM images of (a)–(c) IO–Zr-700 ◦C/60 h and (d)–(f) the 2019 APC wire at various cross sections. Some of the bad filaments are
pointed out using the red arrows.

recipes. Our near-term goal is to reduce the filament size to
∼40 µm while increasing RRR to 150 and still keeping the
non-Cu Jc above the FCC specification. If so, we can expect
that the electromagnetic stability will be significantly better
than the IO–Hf and IO–Zr wires reported in this paper.

5. Conclusions

In this work, we fabricated multifilamentary APC wires based
on internal oxidation of Nb-7.5 wt.%Ta-1at.%Hf and Nb-
7.5 wt.%Ta-1at.%Zr alloys. More conservative recipes were
used relative to the APC wires made in 2019, leading to much
better wire quality and higher RRR, and thus better electro-
magnetic stability. The conservative recipes did not lead to
a decrease in non-Cu Jc in spite of a decrease in fine-grain
Nb3Sn fraction, because of better filament quality and higher
Nb3Sn layer Jc. The non-Cu Jc values of both the IO–Hf and
IO–Zr wires reach or surpass the FCC Jc specification. The
Nb3Sn layer Jcs of the IO–Hf were not higher than those of
the IO–Zr, perhaps because the HfO2 particle size is below the
optimal flux pinning center size. Finally, there is still signific-
ant room for further improving the electromagnetic stability of
APC wires by improving wire quality, optimizing heat treat-
ment, and reducing filament size.
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