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Phase Evolution and Area Fractions of Coarse-Grain
and Fine-Grain A15 in APC Nb3Sn Superconductors

Fang Wan"”, Xingchen Xu

Abstract—Previous studies have shown that APC Nb3Sn strands
based on the internal oxidation of Nb-Ta-Zr or Nb-Ta-Hf alloys had
higher non-Cu critical current density (/.s) than the state-of-the-
art strands at high fields (e.g., > 12 T) while having lower non-Cu
J.s at low fields (e.g., < 5 T), which helps to reduce the undesired
persistent-current magnetization. Moreover, APC strands reacted
at lower temperature tend to have flatter J.(B) curves, possibly
allowing the targeting of even better /. performance at high fields,
while at the same time suppressing J.s at low fields. However, it
is required that APC strands attain large fine-grain (FG) area
fractions and suppressed coarse-grain (CG) area fractions at low
reaction temperature. In this work, the influence of reaction tem-
perature on the evolution of FG and CG NbsSn phases in APC
Nb3Sn strands was investigated. Our goal is to find more effective
methods to increase the FG area fraction as well as the overall
performance of APC strands.

Index Terms—APC NbszSn strands, FG/CG ratio, internal-
oxidation, non-Cu J, reaction temperature.

1. INTRODUCTION

B3SN is a promising superconductor for the development
N of high-field magnets due to its high critical current density
in relevant magnetic fields, relatively lower cost (compared
to high-temperature superconductors), and technology maturity
[11, [2], [3], [4], [5]. In the past decades, many efforts have been
made to further improve the J . performance of Nb3Sn strands for
use in the high-field magnets of circular colliders, for example
the Future Circular Collider (FCC)-hh [6] which is proposed to
succeed the Large Hadron Collider (LHC) [7].

It has been demonstrated that one effective method for in-
creasing critical current density (J.) in Nb3Sn is the introduction
of Artificial Pinning Centers (APCs) [8], [9], [10], [11], [12],
[13], [14]. In 2014, Xu et al. first introduced this technique,
generating a high density of APCs (ZrOz) into their Nb3Sn
strands through the internal oxidation of Nb-Zr [13]. More recent
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studies have shown that APCs can also be introduced through the
internal-oxidation of Nb-Ta-Hf alloy, leading to APCs based on
HfO4 nanoparticles [9], [15], [16]. In addition, the APC strands
reacted at lower temperature generate flatter J.-B curves, which
has the potential to generate higher layer J s at a high field range
(> 12 T) while suppressing low-field layer J.s (< 5 T) lead-
ing to lower persistent-current magnetization [13], [14], [15],
[16], [17].

The evolutions of the fine-grain (FG) and coarse-grain (CG)
regions in the APC NbsSn strands have not been fully stud-
ied. Only the FG layer contributes effectively to the current-
carrying-capacity [18], [19], [20], [21]. Given this, the FG layer
area fraction needs to be increased in order to maximize the
non-Cu J.s of Nb3Sn strands. In this work, we describe the
phase evolution sequence of APC NbsSn strands during heat
treatments at low temperature (650-675 °C) as well as high tem-
perature (700-705 °C) and its influence on the A pg/A ¢ ratio
and A po/(A cG+A core) Tatio. Based on these investigations, we
pursued the possibility in the development of an effective method
to increase both A p/A o and A /(A c+A core) ratios for low
reaction temperature in these APC NbsSn strands.

II. EXPERIMENTAL
A. Samples

Two APC strands and one tube-type (TT) strand, all fabricated
by Hyper Tech Research, Inc., were used for this study. The
APC strands, which are denoted as “APC-Zr” and “APC-Hf”,
were fabricated by using ternary Nb alloys with the nominal
compositions of Nb-4at.%Ta-1at.%Zr and Nb-4at%Ta-1at%Hf,
respectively, and filling sufficient mixture of Sn, Cu, and SnO
powders into Nb filament cores, which are similar to a previ-
ous APC strand presented in [14]. Both APC strands have a
48/61 design including 48 NbsSn filaments and 13 Cu rods,
a Cu/non-Cu ratio of 1.15-1.25, and a diameter of 0.72 mm.
The TT strand with a 54/61 design (54 Nb3Sn filaments and 7
Cu rods) and a diameter of 0.72 mm was fabricated by using
a binary Nb alloy with the nominal composition of Nb-4at%Ta
and Cu-clad Sn rods filled into the cores of Nb filaments. The
Cu/Sn ratio of the TT strand is similar to those of the APC
strands. Transverse cross-sectional areas of the Nb3Sn strands
are shown in Fig. 1. Each strand was cut into several segments
and these segments were processed with different heat-treatment
conditions under vacuum. Table I illustrates sample name and
heat-treatment conditions.
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Fig. 1. BSE-SEM images of the transverse cross-sectional areas of (a) strand
APC-Zr, (b) strand APC-Hf, and (c) strand TT.

TABLE I
SAMPLE NAME AND HEAT TREATMENT (H.T.) CONDITIONS

High-Temperature | Low-Temperature
Sample H.T. H.T.
700°C x 1, 2,4, 8, 650°C x 6, 12, 24,
APC-Zr 16,38 h 48,96,215h
700°C x 2.5, 3, 4, 650°C x 48, 72, 96,
APC-Hf 55,7h 120,216 h
705°C x 85 h 675°C x 400 h
TT 700°C x 1, 2,4, 8, 650°C x 6, 12, 24,
17.5,30.5,38 h 48,96,215h

B. Characterization

Transverse cross-sectional-area images of the samples were
obtained using a Thermofisher Helios scanning electron micro-
scope in the back-scattered mode (BSE-SEM) with activation
energies of 20-25 kV and beam currents of 6.4-11 nA. In
addition, Energy Dispersive Spectroscopy (EDS) analysis with
activation energies of 20-25 kV was performed to determine the
elemental compositions of the FG and CG regions of samples.
The cps/eV values of main spectrum peaks for Nb, Sn, and Cu
are 1000, 700, and 100-200, respectively.

C. Image Analysis

For each sample, 10 NbsSn subelements in one transverse
cross section were selected for image analysis and the average
values and standard errors of different parameters are obtained
from these subelements, an example shown in Fig. 2(a). ImageJ
was used to obtain transverse areas of subelements, FG, CG,
and Core region (Asup, Arg, Acag, and A core). These areas
are shown in Fig. 2(b). In this analysis, the shapes of trans-
verse cross-sections for subelements, (FG+CG+-Core) regions,
(CG+Core) regions, and Core regions were treated as circles.
The subelement radius (Rg,,) was calculated by +/Agyp/7.
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Fig. 2. BSE-SEM images of the transverse cross sections of (a) 10 NbzSn
subelements used for image analysis and (b) residual Nb, FG, CG, and core
regions in one representative Nb3Sn subelement.

The distances from the Nb/FG boundary, FG/CG boundary,
and CG/Core boundary to subelement center (R G+ cG+ Cores
RCGJrCore’ RCore) are equal to \/(AFG + ACG + ACore)/’frs
\/ (Acc + Acore)/m, and \/ Acore /T, respectively. The nor-
malized FG thickness (ntpg) and normalized CG thickness

(ntcg) are caleulated by (Rrgycctcore — Roct core)/Rsub
and (RCGJr core — Rcore)/Rsub, respectively.

III. RESULTS
A. Phase Evolutions of APC and TT Strands

It was found that the phase evolution sequence of APC strands
is very similar to that of PIT and TT strands [21], [22], [23], [24],
[25], [26], [27]. Fig. 3 shows the normalized layer thicknesses
of all phases as a function of reaction time for (a) strand APC-
Zr and (b) strand APC-Hf reacted at 700 °C and 650 °C. In
Fig. 3, the y-axis shows normalized distances from the Nb/FG
boundary, FG/CG boundary, CG/Core boundary to subelement
center which are the distances from the Nb/FG boundary, FG/CG
boundary, CG/Core boundary to the subelement center divided
by subelement radius. For APCs reacted at 700 °C, we see (I) the
NbgSnj layer continued growing until the reaction time reached
2.5—4 h; simultaneously, a thin layer of FG Nb3Sn was formed
outside the NbgSnj5 layer (Fig. 4(a)), (II) after that, the NbgSnj;
phase decomposed into the CG NbsSn phase and released free
Sn atoms which diffused through the already-formed CG and
FG layers into the residual Nb to form new FG layers, and the
NbgSns phase completely decomposed into the CG Nb3Sn when
the reaction time was extended to 5.5-8 h (Fig. 4(b)), and (III) the
amount of the FG layer increased to a maximum (perhaps based
on the diffusion of extra Cu-Sn in the subelement core through
the already-formed CG layer and FG layer into the residual Nb)
(Fig. 4(c)). The phase evolution sequence at 650 °C was the
same as that at 700 °C, but every stage requires a longer reaction
time to complete the phase transformation. The layer thicknesses
of all phases and regions as a function of reaction time for the
strand TT reacted at 700 °C and 650 °C are demonstrated for
comparison in Fig. 5.

As shown in Fig. 3, the normalized FG thicknesses of both
APC-Zr reacted at 650 °C for 215 h and APC-Hf reacted at
700 °C for 7 h did not reach the maximum values due to not
long enough reaction time. Therefore, the APC-Hf reacted at
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Fig. 3. Normalized distances from boundaries between different regions to
subelement center as a function of reaction time for (a) the strand APC-Zr and
(b) the strand APC-Hf reacted at 700 °C and 650 °C.

Fig. 4. BSE-SEM images of subelements for the strand APC-Zr reacted at
700 °C for (a) 4 h, (b) 8 h, and (c) 38 h.

675 °C for 400 h was selected to make a fair comparison with the
APC-Hf reacted at 705 °C for 85 h. The normalized thicknesses
of TT strands reacted at 700 °C for 38 h and at 650 °C for
215 h, as shown in Fig. 5, are very close to the maximum
values; thus, two samples were compared with each other. The
final normalized layer thicknesses of FG, CG, and Core (ntpq,
ntca, and nroere), and the area fraction ratios of Apc/Aca
and A po/(A ca+A core) Were calculated for the APC-Hf strand
and for the TT strand, and are summarized in Table II. For

6000205

—— 700°C
—— 650°C

Residual Nb

0.8

FG Layer

0.6

CG Layer

0.4

Normalized Distance to Subelement Center

Core Region

0 5 10 15 20 25 30 35 40

Reaction Time at 700°C (hours)

0 50 100 150 200 250
Reaction Time at 650°C (hours)

Fig. 5. Normalized distances from boundaries between different regions to
subelement center as a function of reaction time for the strand TT reacted at
700 °C and 650 °C.

TABLE II
NORMALIZED THICKNESSES AND AREA FRACTION RATIOS

Para. APC-Hf APC-Hf TT TT

705°Cx85h  675°Cx400h  700°Cx38h  650°Cx215h

ntre 0.275£0.002  0.21440.001  0.224+0.006  0.223+0.006
ntcg 0.179£0.005  0.180+0.003  0.200£0.005  0.165+0.005

nrcoe  0.331£0.005  0.37240.004  0.412+0.006  0.452+0.007
Arg/Acc  2.38+0.05 1.70+0.03 1.59+0.06 1.85+0.06

A:;/C(‘fej” 13740.02  0.926+0.008  0.870£0.033  0.856+0.030

strand APC-Hf, the ntpg at 705 °C is 28.5% higher than that
at 675 °C, and the ntCG at 705 °C is close to that at 675 °C. For
strand TT, the ntpq at 700 °C is close to that at 650 °C. Strand
APC-Hf has alarger difference in the normalized thickness of the
FG layer caused by different reaction temperatures than strand
TT. Consequently, compared to strand TT, the Apc/Acc and
Arc/(Acc+Acore) of the APC strand are more significantly
affected by the reaction temperature, and the lower reaction
temperature tends to reduce the FG relative amount and cause
lower Arc/Acg and Apc/(Acc+A core). At the high reaction
temperature (> 700 °C), the APC strand obtains a higher FG
relative amount, a smaller CG relative amount and a smaller
Core relative amount than the TT strand; thus, the APC strand
has larger A p/A o and A pe/(A c+A core) than the TT strand
at high reaction temperatures.

B. Connectivity of Coarse Grain Layer

Reaction temperature has an influence on CG layer thickness
as well as the connectivity of the CG layer, as shown in Fig. 6.
BSE-SEM images of strand APC-Zr (Fig. 6(a) and (b)) show
that a high density of dark regions exists in the CG layer of
samples reacted at 700 °C, while no dark regions are observed
in the CG layer of samples reacted at 650 °C. These dark regions,
which exist among coarse NbsSn grains, define a CG layer which
has become disconnected. The CG layer is well-connected in
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Fig. 6. BSE-SEM images of the CG layers of (a) APC-Zr reacted at 700 °C
for 38 h, (b) APC-Zr reacted at 650 °C for 215 h, (¢) TT reacted at 700 °C for
30.5 h, and (d) TT reacted at 650 °C for 215 h.
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Fig. 7. (a) the diagram of EDS spots applied on the A15 phase layer. (b) Cu
composition profiles of A15 layers along the radial direction of subelement for
sample APC-Hf reacted at 700 °C for 5.5 h, 7 h and at 650 °C for 120 h, 216 h.

samples where the CG layer has no dark regions. The connec-
tivity of the CG layer for APC strands is dependent on reaction
temperature, with a lower reaction temperature more likely to
lead to a well-connected CG layer. For strand TT, BSE-SEM
images (Fig. 6(c) and (d)) show that dark regions are present in
CG layers at both 650 and 700 °C. In other words, the reaction
temperature has no effect on the connectivity of the CG layer
for TT strands and the CG layers tend to be disconnected even
at low temperature. The results of strand APC-Hf are similar
to those of strand APC-Zr. EDS analysis was performed on the
disconnected CG layers of APC-Hf sintered at 700 °C for 5.5
and 7 h as well as the well-connected CG layers of APC-Hf
sintered at 650 °C for 120 and 216 h. As shown in Fig. 7(a), for
each sample, the transverse cross sections of 3 subelements were
selected and EDS spots were applied along one radial direction
of each subelement. All subelements of each sample have same
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number of EDS spots on CG and FG layer, respectively. The
Cu composition profiles of A15 layers along the radial direction
of subelements are shown in Fig. 7(b). In this figure, the Cu
composition on each EDS spot is the average Cu composition
value with its standard error of the EDS spot with the same spot
number for all of 3 subelements. On the non-linear x-axis of
Fig. 7(b), the EDS spot at the boundary between the Core region
and the CG layer is defined as “0”, the EDS spot at the boundary
between the CG layer and the FG layer is defined as “1”, and
the EDS spot at the boundary between the FG layer and the
residual Nb region is defined as “2”. It can be noticed that CG
layers formed at 700 °C have much higher Cu compositions than
CG layers formed at 650 °C. This result confirms that the dark
regions in the disconnected CG layer are Cu-rich phases.

IV. DISCUSSION

Above we saw that reaction temperatures < 675 °C lead to
well-connected CG layers as well as reduced FG layer thick-
nesses for APC Nb3Sn strands. This result shows that the full
FG layer growth of the APC strand is possibly prevented at
low reaction temperature. It has been acknowledged that the
Cu and Sn diffusion within the A1l5 is dominated by grain-
boundary diffusion in Nb3Sn conductors [20], [28], [29]. It can
be speculated that a well-connected CG layer has the ability to
limit Cu and Sn diffusion due to its low grain-boundary density.
Consequently, the growth of the FG layer could be prevented
by the well-connected CG layer. On the other hand, if the CG
layer was disconnected and Cu-rich phases existed among the
coarse grains, Cu and Sn diffusion would not be affected. This
is because the Cu and Sn atoms can diffuse along the Cu-rich
phases among Nb3Sn coarse grains with high diffusivities. The
rich-Cu phases in the CG layer might be from the decomposed
Nausite [30], [31], decomposed NbgSns, and Cu-Sn phases in
subelement core region, which needs to be further explored.

V. CONCLUSION

This work studied the phase evolution of APC Nb3Sn strands
with a particular focus on the influence of reaction temper-
ature on the connectivity of the CG layer, Apg/Ace and
Arc/(Aca+A core). It was found that APC strands reacted at
low temperatures have a lower FG layer area fraction (although
lower reaction temperature may lead to higher layer J.). The
lower FG thickness at low reaction temperatures may be related
with the formation of a well-connected CG layer at these reaction
temperatures, which might impede Cu and Sn transport. In
order to further enhance high-field non-Cu J.s while retaining
small low-field magnetizations, it appears to be desired to find
a method to create a disconnected CG layer at low reaction
temperatures.
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