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X-Ray Absorption Spectroscopy to investigate 
precipitated oxides in Nb3Sn wires with an internal 

oxygen source 
 

G.Bovone. F. Buta, F. Lonardo, M. Bonura, C. N. Borca. T. Huthwelker, S.C. Hopkins, A. Ballarino, T. Boutboul, C. Senatore 
 

 
Abstract— Internal oxidation can achieve significantly enhanced 

Jc in Nb3Sn wires, but the mechanism of oxygen transport and ox-

ide precipitation is not fully understood. Our investigation em-
ploys X-ray Absorption Near-Edge Structure (XANES) spectros-
copy, revealing insights into the oxidation of Zr and its interaction 

with oxygen in different areas of the wire cross section. We discov-
ered that in samples reacted at 650°C the majority of Zr in the 
Nb3Sn layer is oxidized as ZrO2, whereas it predominantly re-

mains non-oxidized within the residual alloy. This is an interesting 
finding especially for samples where oxygen has to diffuse first 
through the entire layer of Nb alloy to reach the regions where 

Nb3Sn will form. The onset critical temperature (Tc) of the residual 
Nb alloy was the lowest in such samples, most probably due to a 
higher content of interstitial oxygen resulting from the diffusion 

gradient. This report adds to existing indications that ZrO2 pre-
cipitates in superconductors employing internal oxidation are only 
located within the Nb3Sn layer and opens new avenues of research 

on the formation of this precipitates. 
  

Index Terms— Nb3Sn, Internal Oxidation, ZrO2, XANES. 

I.  INTRODUCTION 

nternal oxidation can significantly enhance the critical cur-

rent density (Jc) of Nb3Sn wires, exceeding the stringent de-

mand of the Future Circular Collider [1] (FCC-hh) of 

1500 A/mm2 at 16 T and 4.2 K [2]. Successfully implemented 

by Xu et al. [3] in mono-filamentary wires, the technique is now 

applied in different multi-filamentary wire architectures [4], 

[5]. The technique relies on an oxygen source (OS), typically 

SnO2, and high-oxygen affinity elements, such as Zr or Hf, 

added to the Nb alloy. During heat treatment, the decomposition 

of SnO2 releases oxygen that oxidizes the Zr or the Hf. Precip-

itated oxide nanoparticles inhibit the grain growth, resulting in 

a Jc enhancement. These precipitates also contribute to the vor-

tex pinning as point defects and to an enhanced upper critical 

field (Bc2) [3]. 

After the initial reports [6] on the use of internal oxidation to 

refine the grain size of Nb3Sn and increase its Jc, it took more 
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than 20 years for a first detailed study of the resulted micro-

structure to be published by Hall et al. [7]. This was done on 

Nb3Sn formed at 1050°C from a Nb-1at%Zr-2at%O alloy that 

was prepared in advance by surface anodization to form a layer 

of Nb2O5, followed by the decomposition of this oxide and the 

diffusion of the oxygen into the Nb alloy. TEM images of sam-

ples extracted from the reacted tape showed the presence of 

ZrO2 precipitates only in the Nb3Sn layer, but not at the inter-

face nor in the residual Nb alloy. Based on electrical residual 

resistance ratio determinations that were published a few years 

later [8] the authors argued that during the heat treatment the 

oxygen and the zirconium leave the substitutional sites in the 

Nb lattice, presumably to form Zr-O clusters that are too small 

to be visible in the TEM images. The diffusivity of these clus-

ters in the Nb lattice is low, which explains why they do not 

immediately coalesce into ZrO2 precipitates [8]. Indicative of 

this slow diffusion is the observation that at 1050°C it took 

~14h for all the alloying elements to leave their substitutional 

sites and join a cluster.  

The 1050°C formation temperature used by Hall et al. [7] is 

substantially higher than the 600 to 700°C at which practical 

Nb3Sn wires are heat treated, which means that the thermody-

namic equilibrium and the kinetics can be expected to be sig-

nificantly different. However, at the time at which the experi-

ments of this report were planned and performed there was 

nothing published regarding the oxidation of Zr in wires reacted 

at these lower temperatures. Moreover, the presence of Ta in 

the Nb alloy of wires intended for high field applications made 

it also necessary to investigate the oxidation of Zr in these new 

wire compositions/configurations. During the preparation of 

this manuscript, a preprint by Lee et al. [9] on ZrO2 precipita-

tion in modern Nb3Sn wire configurations was made available. 

Their findings, obtained through techniques that are comple-

mentary to the ones we used in our study, will be presented 

when discussing our own results. 
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The Extended X-ray Absorption Fine Structure (EXAFS), 

which probes the coordination environment around the atoms 

of an element of interest, was recently used by Tarantini et al. 

to investigate the role of Hf in internally oxidized wires [10]. 

The analysis concluded that the majority of Hf is present in ox-

idized form (HfO2) but it was not possible to exclude a minor 

degree of substitution of Hf in Nb3Sn lattice. EXAFS already is 

a very effective investigation techniques for Nb3Sn as it probes 

one element without having its signature limited by other ele-

ments present in the sample [11]. For example in previous 

works, EXAFS was used to understand the Ta and Ti substitu-

tion on the Nb3Sn atomic sites [12], [13]. 

To gain a more profound understanding of the internal oxida-

tion applied to the Nb3Sn wires, we employed X-ray Absorption 

Near Edge Structures (XANES) spectroscopy, which is partic-

ularly efficient to identify both electronic structure and chemi-

cal environment (e.g. oxidation state) of the photon  absorbing 

atoms [14]. From the shape and position of the peaks, it is pos-

sible to determine the atoms bonded to the absorbing atom. This 

analysis also enables the discrimination between different pol-

ymorphs of the same compound, such as ZrO2 in its cubic or 

monoclinic structures. The investigation was performed on 

multi-filamentary wires manufactured using a Nb-7.5wt%Ta-

1wt%Zr starting alloy and SnO2 as an OS, as reported in [15]. 

For our XANES investigation a focused X-ray beam was used 

to probe the chemical environment of Zr through various re-

gions of the wire cross-section (Nb3Sn layer, residual alloy). 

Consequently, we could ascertain the fraction of Zr that precip-

itates as ZrO2 and improve our understanding of how oxygen 

interacts with the Zr atoms present in the Nb-alloy. 

II. EXPERIMENTAL TECHNIQUE 

We produced multi-filamentary wires with a reduced number 

of filaments, using a Nb-7.5wt%Ta-1wt%Zr starting alloy. 

SnO2 was used as the OS, added to the wire layout in two dif-

ferent configurations, shown in Fig. 1: a) in a hole drilled at the 

core of the Nb-alloy filaments (coreOS) or b) deposited at the 

periphery of the Nb-alloy filaments, between the Nb-alloy and 

the Cu jacket (annularOS). The central hole and the deposited 

layer of SnO2 were sized to contain a molar ratio of oxygen to 

Zr of 2.5 to permit the complete oxidation of the Zr present in 

the Nb-alloy. An additional sample with Zr but without OS 

(noOS) was manufactured as a comparison. All the wires con-

taining Zr and the OS exhibited refined grains, enhanced pin-

ning properties, and high layer Jc values that exceeded the FCC-

hh specification (layer Jc > 2500 A/mm2 at 4.2 K and 16 T [15]).  

Short samples, manufactured following the procedure re-

ported in [15], were heat-treated in a vacuum furnace at 650 °C 

for 200 h, with an intermediate plateau at 550 °C for 100 h. 

Some pieces were extracted from the furnace at the end of in-

termediate plateau to perform magnetization measurements. 

XANES spectra in fluorescence mode were gathered at the 

PHOENIX beamline of the Swiss Light Source at the Paul 

Scherrer Institute in Villigen, Switzerland. The PHOENIX 

beamline is specifically designed for micro-spectroscopy 

within the soft and tender X-ray energy ranges (0.8–8 keV) and 

we investigated the Zr L3-edge, around 2223 eV. The fluores-

cence yield was measured using a solid-state fluorescence de-

tector (Vortex) with 180 eV energy resolution. The signal was 

collected from a surface layer of around 1 µm in thickness. 

The wire samples were mounted into a polished metallo-

graphic puck, and a pellet of compacted monoclinic ZrO2 pow-

der was used as a reference. A focused beam was employed to 

irradiate the samples under high vacuum (10-6 mbar), with an 

estimated 5 × 5 µm2 beam size. An integrated optical micro-

scope was utilized to broadly place the sample under investiga-

tion in the correct focal position. By systematically scanning the 

samples in front of the focused beam at 2225 eV and 45 degrees 

tilt with respect to the incident beam, we acquired a two-dimen-

sional map of the Zr L fluorescence line. This method enabled 

the identification of the different areas of the wire sample, the 

Nb3Sn area, the residual (un-reacted) Nb-alloy and the fila-

ments edge. 

Over-absorption corrections were conducted for the ZrO2 ref-

erence spectrum using the Fluo-µ(E) self-absorption correction 

algorithm, as incorporated into the ATHENA software package 

[16]. This procedure is necessary only for samples with inves-

tigated atom concentrations above 10 at%. The Zr concentration 

in the Nb alloy is 1 at%, therefore the self-absorption correction 

was not necessary. Spectra were initially processed by subtract-

ing the linear pre-edge background. Then all spectra were nor-

malized to a value of 1 at the post-edge oscillations, the part of 

the spectrum after the peak, to obtain the normalized absorb-

ance as a function of photon energy, which facilitates compari-

sons across samples. The absorption threshold energy (E0) was 

determined as the energy at which the first derivative of the 

XAS spectrum attains its maximum value. We evaluated the 

molar fraction of oxidized Zr in the Nb3Sn area (with respect to 

the overall Zr content) by analyzing the XANES spectra using 

the Linear Combination Fitting (LCF) procedure as imple-

mented in ATHENA [16]. The chosen fitting energy ranged 

from 20 eV below to 30 eV above E0. We used the monoclinic 

ZrO2 (i.e. not cubic ZrO2) spectrum as reference for fully oxi-

dized Zr (in the form of ZrO2) and the spectrum of the noOS 

sample as non-oxidized Zr reference. 
 

Fig 1. Cross-sectional schematic view of the layout (at assembly) of coreOS 

(a) and annularOS (b) wires. In coreOS the oxide powder is placed inside the 
12 Nb-alloy filaments, while in annularOS it is between the Nb-alloy filaments 

and their copper jacket. A Ta barrier prevent Sn diffusion to the external Cu. 
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III. EXPERIMENTAL RESULTS 

The analysis of the Zr L3 edge within the Nb3Sn layer, as de-

picted in Fig 2, shows a change in the absorption energy spectra 

of Zr when the OS is added into the wire design, due to its oxi-

dation to ZrO2. In the absence of OS (Zr-noOS), the L3-edge 

exhibits E0 at 2223.40 eV and a single peak spectrum, which 

quickly decays and levels out in the post-edge region. When the 

OS is introduced into the wire design (Zr-coreOS and Zr-annu-

larOS), the XANES spectra undergo substantial alterations, 

manifesting as two distinct peaks and an E0 around 2224 eV, 

with no significant difference in E0 between coreOS and annu-

larOS. The spectrum of monoclinic ZrO2 is also included in the 

plot for reference, showing that the two peak spectra of the Zr 

in the investigated Nb3Sn layers resemble the spectrum of ZrO2, 

even if not in the finest details as it will be later be discussed. 

The results of the LCF, calculated from this XANES analysis, 

demonstrate that the majority of Zr in the Nb3Sn area is oxi-

dized, with a molar fraction of oxidized Zr ranging from 0.89 

in the annularOS to 0.99 in the coreOS samples. The intensities 

and shapes of the peaks in the ZrO2 XANES spectra are related 

to the crystal structure of ZrO2 [17] generated by Zr d-orbitals 

modification (eg orbital split in energy), due to the crystal sym-

metry and the position of the oxygen atoms in the lattice [18]. 

An examination of Fig. 2 allows for the identification of the 

major differences between the reference spectrum (monoclinic 

ZrO2) and the ZrO2 spectra from the annularOS and coreOS 

samples. The deconvolution of the reference ZrO2 spectrum re-

veals three peaks, including a shallow peak at 2225.63 eV, 

which appears as a small shoulder between the two main peaks 

(also visible in Fig 3).  

It is known [18], [19] that this peak is present in the lower 

crystalline symmetry polymorphs of ZrO2 (namely monoclinic 

and tetragonal) but not in cubic ZrO2. This shallow peak is ab-

sent in the spectra of the coreOS and annularOS samples which 

allows us to reasonably conclude that the ZrO2 precipitated in 

our Nb3Sn samples has a cubic rather than monoclinic crystal-

line structure. Recently, similar results were independently con-

firmed by Lee et al. [9], who followed a different approach. 

Based on this we have repeated LCF with a cubic ZrO2 refer-

ence spectrum, taken from ref [19], only to find very similar 

molar ratios of oxidized Zr. 

An examination of the absorption edge was also conducted 

on the residual alloy, as illustrated in Fig 3. The graph incorpo-

rates the spectrum of a wire sample that was not subjected to 

heat treatment (Zr-noHT) and of monoclinic ZrO2. The refer-

ence spectrum of Zr-noHT alloy aligns with the Zr-noOS sam-

ple, meaning that the heat treatment, in the absence of OS, does 

not alter the chemistry of the alloy, with E0 at 2222.70 eV. 

When the OS is introduced to the wire, the double peak spec-

trum characteristic of the ZrO2 is not observed, suggesting that 

the fraction of ZrO2 in the residual alloy after heat treatment is 

negligible. The single peak of the samples with OS shows a shift 

of the E0 towards higher energy (2223.23 eV and 2223.15 eV 

respectively for coreOS and annularOS). The shift towards 

higher energy is indicative of a different chemical environment 

given by the presence of ligands [20], in this specific case oxy-

gen. We observe the suppression of the small peak around 2220 

eV and at 2232.15 eV when the OS is added to the wires. We 

see no difference between the spectra of the Zr in the residual 

alloy of the coreOS and annularOS samples, which indicates 

that even in the coreOS case the oxygen has diffused through 

the Nb alloy and is available at the Nb3Sn reaction front to form 

ZrO2. However, while this oxygen leads to the formation of 

ZrO2 in the Nb3Sn layer, it does not result in ZrO2 formation 

within the alloy itself, even if the amount of oxygen released 

from SnO2 was sufficient to oxidize all the Zr present in the 

alloy.  

Observing the lack of the distinctive ZrO2 XANES spectrum 

in the residual alloy, we decided to investigate the presence of 

interstitial oxygen by measuring the superconducting transition 

temperature (Tc) of the residual Nb alloy. The Tc of Nb is re-

duced by 0.93 K for each 1 at. % of oxygen added [21]. The 

onset of Tc of the Nb alloy was determined by the temperature 

dependence of magnetization (measured with a SQUID/VSM) 

of samples extracted at the end of the intermediate plateau at 

550°C for 100 hours (shown in Fig 4). SEM images and EDS 

analysis on cross-sections of samples extracted at the end of the 

intermediate plateau reveal metallic Sn left at the center of the 

coreOS wires, due to the total decomposition of the SnO2 (also 

reported elsewhere [22]), from which the oxygen diffused in the 

2220 2230 2240

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

4.5

5.0

5.5

6.0

6.5

2222 2224 2226 2228 2230

 ZrO
2
 reference


o

rm
a
ili

z
e

d
 A

b
s
o
rb

a
n
c
e

Photon energy (eV)

Zr L
3
 edge in Nb

3
Sn

 noOS

 coreOS

 annularOS

 
Fig 2. X-ray absorption spectra of Zr L3 edge in Nb3Sn of samples with and 

without an OS. The monoclinic ZrO2 reference is included to outline the sim-
ilarity to samples with OS. 
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Fig 3. X-ray absorption spectra of Zr L3 edge in the residual Nb alloy. ZrO2 

and unreacted alloy reference spectra are included. 
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alloy. At this stage, the Nb alloy in the coreOS sample exhibits 

the lowest onset Tc, indicating more interstitial oxygen in the 

Nb lattice, compared to the annularOS alloy. We calculated an 

interstitial oxygen concentration of 1.3 and 0.35 at. % for co-

reOS and annularOS, respectively, on the assumption that the 

Tc dependence is similar for Nb-Ta-Zr alloys and pure Nb. 

IV. DISCUSSION 

Our XANES analyses of the Nb3Sn layer and of the residual 

alloy after heat treatment reveal that ZrO2 precipitates can be 

found exclusively in the Nb3Sn layer, adding to similar reports 

on samples of different configurations heat treated at different 

temperatures [refs Hall and Lee]. According to our findings and 

another recent report [9], these precipitates appear to have a cu-

bic structure rather than the monoclinic phase that is stable at 

room temperature, but this is not surprising given that the cubic 

(or tetragonal) structure can be stabilized (or retained in meta-

stable state) by alloying metallic elements (like Y or Ca for ex-

ample), which lead to oxygen deficiency, or by reducing its 

grain size [23]–[25]. Any of these factors or additional ones like 

a coherent growth with the Nb3Sn cubic lattice [9] or the pres-

ence of Nb atoms in the ZrO2 precipitates [9] may explain the 

cubic structure of these precipitates, and pinpointing the spe-

cific cause would require a research project on its own. The re-

sidual Nb alloy of samples with OS does not exhibit the two-

peak spectrum of ZrO2, which is particular noteworthy for the 

coreOS sample in which oxygen must have diffused across the 

entire alloy. Nevertheless, the diffused oxygen permitted ZrO2 

precipitation in the Nb3Sn layer and the associated grain refine-

ment [15]. In the residual Nb alloy region of samples with OS, 

the spectra reveal a shift in E0 and the Zr peak towards higher 

energy, accompanied by a suppression of the peaks at 2220 and 

2232.15 eV. A shift to higher energy [20] generally indicates a 

different chemical environment of the investigated atom, re-

lated to the formation of compounds, e.g. oxides, or to the pres-

ence of strong electronegative atoms in the proximity of Zr, e.g. 

oxygen. The lack of the distinguishable two peak spectrum of 

ZrO2 excludes the formation of oxides. 

Taken together with other reports in the literature [7], [9], our 

findings suggest that the absence of ZrO2 precipitates in the re-

sidual layer is independent of the reaction temperature and Nb-

alloy composition or oxygen source placement. In the recent 

work of Lee et al. [9] (in pre-print) Transmission Electron Mi-

croscopy (TEM) and Atomic Probe Tomography has revealed 

a clustering of the oxygen with Zr and Nb and the segregation 

at the grain boundaries of the resulted Nb-O and Zr-O ions but 

no presence of ZrO2 in the residual alloy. The Zr-O clusters are 

most probably of the same nature as those inferred by Rumaner 

et al. [8] from electrical resistivity measurements.  

The shift in the E0 measurement observed in the Zr XANES 

spectrum of the Nb alloy in both coreOS and annularOS sam-

ples leads us to conclude that there is a similar interaction be-

tween Zr and O in our samples. Numerical calculations based 

on our XANES spectrum can provide insights into the Zr-O 

bonds of these clusters, but they aren’t available at this time. 

Their presence and distribution is of the highest importance if 

we think of their possible role in the nucleation of ZrO2, whose 

distribution will dictate the uniformity of the Nb3Sn grain size 

as underlined by Rumaner et al. [8]. For this reason, we think 

that further investigations of the relationship between the heat 

treatment and the size and number concentration of the Zr-O 

clusters and of the ZrO2 nanoparticles may lead to further im-

provements in the flux pinning properties of these nanoparti-

cles. In these studies, X-ray absorption studies may need to be 

complemented by TEM analysis. 

If we consider the results from Fig 4, we find that the inter-

stitial oxygen concentration is below the expected values con-

sidering the nominal amount of SnO2 in wire layout (~2 at. % 

to fully oxidize the Zr in the alloy). For coreOS the calculated 

fraction of interstitial oxygen is 1.3 at.%, close to the  solubility 

limit of oxygen in Nb at 500 °C (1.43 at.% according to ref 

[26]). According to the findings from XANES spectrum, it is 

possible that the oxygen, which is not contributing to the Tc re-

ductions, is taking part in the formation of the Zr-O clusters dis-

cussed earlier. Another possibility would be that some of the 

oxygen is dissolved in intermediate compounds such as NbSn2 

or Cu-Nb-Sn phases (present at 550 °C), or it initiates the for-

mation of fine NbOx precipitates [27], [28]. NbOx precipitates 

do not contribute to a reduction in Tc [21], as they effectively 

remove interstitial oxygen from the Nb-alloy lattice. Conclu-

sion 

V. CONCLUSION 

In this study, we have investigated the chemical environment 

of Zr atoms in various regions of internally oxidized Nb3Sn 

wires using XANES spectroscopy. This has enabled us to quan-

tify that over 90% of Zr in the Nb3Sn layer is indeed oxidized 

as ZrO2. In contrast, in the residual alloy after heat treatment, 

Zr primarily remains in a non-oxidized state, similar to its state 

in the pristine (not heat-treated) alloy. The presence of oxidized 

Zr in the Nb3Sn layer of the coreOS samples implies that oxy-

gen, initially located at the center (core) of the filament, can 

diffuse through the Nb alloy to reach the external Nb3Sn reac-

tion layer, and form ZrO2 in this layer, without oxidizing the Zr 

in the alloy, even if the amount of OS was sufficient to oxidize 

all the available Zr. The alloy of the coreOS sample, heat-
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Fig 4. Magnetization measurement of samples with and without OS after in-

termediate plateau (550 °C × 100h) to determine the onset superconducting 

transition temperature (Tc) of the Nb alloy. 
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treated at 550 °C for 100 hours exhibited the lowest onset Tc of 

the Nb alloy among the Zr-doped wires. We attribute this to a 

higher content of oxygen distributed within the alloy due to its 

diffusion through the Nb alloy, without ZrO2 formation, until 

Nb3Sn synthesis occurs. The formation of Zr-O clusters, ob-

served in previous works, may explain the modification of the 

XANES spectrum of the residual alloy when oxygen diffuses, 

but at this time we cannot be conclusive on this subject.  
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