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Abstract

Non-stoichiometric compounds may develop a composition gradient when they are formed
by reactive diffusional processes. This paper reports an interesting phenomenon that in
compounds with low bulk diffusivities, which rely mainly on grain boundary diffusion for their
growth, the final bulk compositions may be far from equilibrium, with a very low bulk
diffusivity leading to fixed (persistent) compositions — one such example is Nbs3Sn, a
superconductor. We investigated the microchemistry at the reactive interface using atom probe
tomography to clarify the diffusion reaction mechanism for this low-bulk-diffusivity case and
thus propose a theory for what determines the compound composition, using Nb3Sn as an
example for concreteness. Using certain approximations, we derive an explicit analytical
equation that illustrates what factors determine its composition profile. We compare our model
with the known facts of Nb3Sn and see good agreement. In particular, this model predicts that
internal oxidation may lead to higher Sn contents than conventional, non-oxidized Nb3Sn. Our
measurements show that this is indeed true, and that the internally-oxidized NbsSn also has
higher upper critical fields, achieving up to 28.2 T at 4.2 K. We discuss the general applicability
of this model to non-stoichiometric compounds with low bulk diffusivity, and propose it as a
tool to help in the design and processing of such materials for compositional control.

Keywords: Non-stoichiometric compounds, Compositions, Grain boundary diffusion, Solid
state reactions, Nb3Sn superconductor, Internal oxidation

1. Introduction

Non-stoichiometric compounds (i.e., those with stoichiometric ratios that can vary in finite
ranges) represent a large class of materials. In many of these materials their compositions have
significant influence on their performance for relevant applications. This performance can be
related to their mechanical properties (e.g., Ni-Alo4-0.55 [1]), superconducting properties (e.g.,
NbB:2.2s [2]), or catalytic properties (e.g., Zn-Pdiss-50.1 [3]), to give a few examples. In many
cases such compounds are products of diffusional reactions, where the formed compound has
certain layer thickness through which the diffusing species must travel to reach the reaction
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front. This typically leads to a composition gradient in the compound layer, with the
compositions at all points falling somewhere within the composition range given by the
equilibrium phase diagram because limited reaction rates at interfaces lead to discontinuity in
the chemical potential across the interfaces.

One example of that is given by the case of Nb3Sn, an A15-structure intermetallic compound
with a Sn content range of around 17-25.5 at.% [4,5]. In practical terms it is a technical
superconductor for fabricating high-field superconducting magnets above ~10 T, and has found
a series of important applications [5]. Research and development of Nb3Sn materials are
regaining significant interest worldwide in recent years because they are the conductors of
choice to build accelerator magnets for the planned Future Circular Collider (FCC); however,
the performance of the state-of-the-art Nb3Sn is significantly below that required by FCC
specification [6], motivating researchers to explore further improvement. For Nb3Sn, the Sn
content is a primary factor determining its critical temperature (7) and upper critical field B.>,
with lower Sn content leading to significantly poorer 7. and Bc> [5,7-8]. In a Nb3Sn
superconductor a NbsSn layer is formed in a Sn/Nb diffusion reaction process and this layer
contains a Sn content range, which has significant influence on its performance: e.g., a recent
modeling study by Baumgartner et al. showed that improving the Sn content and reducing its
gradient in the NbsSn layer could be a potential way to approach the FCC specification [9].
However, even though improving the Sn content has been a critical goal for Nb3;Sn conductor
development since its composition—performance correlation was discovered in the early 1980s
[7,8], and observations of experimental results in the past few decades have led to a few semi-
empirical conclusions (e.g., high-Sn Cu-Sn as Sn source tends to form NbsSn with higher Sn
content [10]), a clear, systematic understanding of what determines the Sn content profile of a
NbsSn layer, as it forms from the Sn/Nb diffusion reaction process, has not been obtained so
far, let alone a quantitative, explicit treatment with predictive power.

But Nb3Sn is only one of the non-stoichiometric compounds for which a clear understanding
of what determines their compositions is very desirable (due to the influence of compositions
on their properties). However, while a lot of previous studies on diffusion reaction systems
were focused on subjects such as layer growth kinetics and compound presence (e.g., [11]),
etc., to the best of our knowledge there has been no systematic theory illustrating what
determines compositions of non-stoichiometric compounds formed in diffusion reaction
processes. This is not very surprising because in a common diffusion reaction model the
compound composition is not constant, but changes with annealing time (e.g., as the layer
grows or as the chemical potential profile of the system evolves). However, during our studies
of NbsSn, we found an interesting fact that the composition profile of a formed NbsSn layer
had little change with annealing time. We correlated this to the very low bulk diffusivity in
NbsSn, which leads to bulk compositions that are far from equilibrium (elaborated below).
Thus, the above-mentioned changing composition in a common diffusion reaction model is in
fact based on an automatic assumption of considerable bulk diffusion, which of course allows
the bulk composition of a formed compound layer to change. On the other hand, when we come
to the case of a compound with low bulk diffusivity (e.g., Nb3Sn) that makes its bulk
compositions persistent (or nearly-persistent), a understanding of what determines its
compositions now becomes much more useful. This paper aims to fill this gap. To do so, we
will, for concreteness and clarity, choose NbzSn as a specific example, and describe our theory



for that particular case. This is a particularly useful example because (i) much data is extant on
NbsSn for model validation, and (ii) the composition of Nb3Sn is critical for its performance,
which is very motivating, as discussed previously. We have performed some exploration of this
general area of inquiry [10,12], but were ultimately limited by a lack of knowledge of some
microchemistry details that are needed to understand the diffusion reaction mechanism in the
case of low bulk diffusivity. This is now present, available based on chemical analyses
particular on the reactive interface. Using this information, we are able to more fully and
predictively describe the diffusion reaction process in this paper, and using some
approximations we derive an explicit analytical equation for the composition profile showing
the determining factors. We then compare the model to the known facts of Nb3zSn for validation.
We also use this model to predict the compositions of an emerging new-type Nb3Sn, which is
based on the internal oxidation technology [13]. This technology introduces O and Zr (or
alternatively Ti, Hf, Al) separately to Nb3Sn precursors so that during heat treatment, while a
NbsSn layer forms in the diffusion reaction system, O selectively oxidizes Zr (or Ti, Hf, Al) to
form ZrO; (or TiOz, HfO2, AlbO3) nanoparticles in Nb3Sn. This new type of Nb3Sn has
demonstrated superior performance to conventional Nb3Sn [13,14]. In particular, we found that
internal oxidation of Nb3Sn influences certain parameters in our equation, which provides an
ideal opportunity to validate the soundness of this model. In the end we briefly discuss the
possibility of using our theory generally for other non-stoichiometric compounds with low bulk
diffusivity.

2. Theory and validation

As mentioned above, we found that the bulk diffusivity has a critical influence on the
composition of a non-stoichiometric compound formed in a diffusion reaction process, with a
low bulk diffusivity leading to interesting features quite distinct from those in a compound with
high bulk diffusivity. In order to show these features specifically, let us use NbsSn as an
example. Below is a brief introduction to the Nb3Sn system that is relevant for the discussion.
Fig. 1a shows the Nb-Sn phase diagram below 800°C [4] (the temperatures to use for Sn+Nb
reaction to form NbsSn are typically between 600-800°C, mostly 625-700°C for practical
applications). Reaction of elemental Sn and Nb below 800°C would form first NbSnz, which
would then transform to NbeSns and finally to Nbs;Sn (assuming Nb in excess). A
technologically useful NbsSn superconductor is normally in the form of a wire, which is
comprised of a number of Nb3Sn filaments (and a few Cu filaments) embedded in a Cu matrix.
As an illustration, scanning electron microscopy (SEM) images of an internal oxidation wire
with 180/217-filament design (i.e., 180 Nb3Sn and 37 Cu filaments) after heat treatment
(685°C/120h) are shown in Figs. 1b and 1c. More details of this wire will be given in Section
3. Each NbsSn filament is an independent diffusion-reaction unit (separated from the outside
Cu matrix by a barrier), which, in the as-fabricated state, is typically composed of a Sn-source
(usually Cu+Sn) core surrounded by a Nb alloy tube (or variant). These precursors require a
heat treatment for the formation of the NbsSn phase. Cu is added into the Sn source core in
each NbsSn filament because Cu can promote the formation rate of Nb3Sn by destabilizing
NbSnz and NbeSns [15], but Cu has low solubility in NbzSn lattice [16]. It was found that if the
Sn/Cu atomic ratio is above 1/3, NbeSns will form, which initially serves as a Sn source for the



Nb3Sn formation until it is consumed, after which the low-Sn Cu-Sn alloys (with Sn content
below 25at.%) take over [10]; the Sn content in the Cu-Sn alloys drops as its Sn is consumed
for Nb3Sn layer growth until the Sn source is depleted (or the heat is removed). In the Sn-
source/Nb3Sn/Nb diffusion reaction system (a schematic of this system and its Sn content
profile is shown in Fig. 1d), Sn is the diffusing species in Nb3Sn (as judged by the location of
Kirkendall voids [10]): during heat treatment Sn diffuses out from the Sn source, across the
growing NbsSn layer, to the Nb3Sn/Nb interface where the reaction front of the Nb+Sn >
NbsSn reaction is located.
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Fig. 1. (a) Binary Nb-Sn phase diagram below 800°C (after [4]), (b) SEM image of an internal-
oxidation-type wire after 685°C/120h heat treatment, (c) zoom-in of a filament to show the Sn-
source/Nb3Sn/Nb diffusion reaction system, (d) a schematic of the Sn-source/Nb3;Sn/Nb
diffusion reaction system with the Sn content profile. The parameters X;, X, and X are to be
explained later.

Let us first assume that Nb3Sn has a high bulk diffusivity and see if this agrees with facts.
With a high bulk diffusivity, when the Sn source is a Cu-Sn alloy, as the Sn content in Cu-Sn
drops with the Nb3Sn layer growth, the Sn content level of the NbsSn layer is expected to drop
accordingly because the chemical potential of Sn (us,) in the Sn source must be higher than the
usn of Nb3Sn. If Nb is in excess, with sufficiently long annealing time, the Sn source will
eventually be “depleted” when its us, drops to a level such that the Sn source reaches
equilibrium with the unreacted Nb — in fact, in this case the Sn source, the Nb3Sn layer, and the
unreacted Nb are all in equilibrium, which, based on the Nb-Sn phase diagram (Fig. 1a), means
the Nb3Sn layer should have a uniform composition of Nb-17at.%Sn. In reality, pushing Nb3Sn
wires to full reaction is quite typical, and our measurements show that the Sn content in the
remaining Cu-Sn core after depletion is usually only 0.2-1.0 at.% (depending on reaction



temperature), but contrary to the above predictions about Nb3Sn composition based on high
bulk diffusivity, the NbsSn layer composition has never been found to be Nb-17%Sn after Sn
source depletion. Furthermore, we measured the change of the Sn content profile of a Nb3Sn
layer as the Sn content of the Cu-Sn source was decreasing, and found that it kept more or less
persistent [12]. In fact, we found that even after extended annealing after the Sn source was
depleted, the Nb3Sn layer composition still had little change. For example, we reacted wires
with small filament sizes at 800°C for 1 hour (the Sn source was already depleted at this time),
which generated Nb3Sn layers with Sn content profiles between 22.5-24.5 at.% [17]; then we
extended the annealing time to 100 hours. If the bulk diffusivity was high, we would expect
the NbsSn layers to transform towards Nb-17%Sn (in order to reach equilibrium with the
unreacted Nb), with the released Sn reacting with Nb to form thicker Nb-17%Sn layers.
However, in reality we observed that the extremely long annealing time led to little Sn content
drop or further Nb3Sn layer thickness growth [17]. In fact, we also noticed in a previous study
[18] that the superconducting properties had little change when the annealing time at 750°C
was extended from 8 hours (long enough to deplete the Sn source) to 110 hours; based on the
correlation between Nb3Sn superconducting properties and its Sn content [5,18], this result
actually also indicated the persistent behavior of Nb3Sn composition.

We ascribe this extraordinary phenomenon of persistent composition to a very low bulk
diffusivity in Nb3Sn. The exact values of bulk diffusivity of Sn in Nb3Sn have not been reported,
but were suggested in [19] to be below 102* m?/s at 800°C, which, based on the relation that
the diffusion distance roughly equals to square root of the product of diffusivity and time, leads
to a bulk diffusion distance of <2 nm for 100 hours at 800°C. Of course, the bulk diffusivity at
a practical heat treatment temperature for Nb3Sn wires in real applications (typically at 625-
700°C, while a temperature above 700°C is very rare for modern Nb3Sn conductors in practical
use) can only be even much lower. On the other hand, the diffusivity of Sn along Nb3Sn grain
boundaries is over 9 orders of magnitude higher than that of the bulk diffusivity [19], which,
combined with the small Nb3Sn grain size (typically 60-200 nm), dictates that Sn diffuses
mainly through the NbsSn layers along the grain boundaries.

However, one important question is, if Sn cannot readily diffuse in Nb3Sn lattice and thus
only effectively diffuses along the Nb3Sn grain boundaries, how can the Sn+Nb reaction be
sustained at the Nb3Sn/Nb interface? It is impossible to answer this question without a better
knowledge of the Nb3Sn/Nb interface. Thus, we have employed atom probe tomography (APT)
to directly explore the NbsSn/Nb interface; we chose here to look at a high-performance
internal-oxidation-type Nb3Sn wire (with Zr and O added). Fig. 2a shows a 3-D reconstruction
of an APT nanotip containing a Nb3Sn/Nb interface, Fig. 2b displays distributions of Nb and
Sn elements in a cross section of the APT nanotip shown in Fig. 2a, Fig. 2c displays
distributions of Cu and Zr-O ions, and Fig. 2d shows concentrations of Cu, Zr, and O across
the Nb3Sn/Nb interface.



T
(a) — ~2 .

T T T T T T
120 100 80 60 4 2
2

1
80 160 140

(c) (d)

Concentration (at.%)
O g, L e O

20 nm T
— -20 15 10 -5 0 5 10 15 20
© Cu ® Zr0 Distance (nm)

Fig. 2. (a) 3-D reconstruction of an APT nanotip containing a Nb3Sn/Nb interface, (b)
distributions of Nb and Sn atoms in a cross section of the APT nanotip shown in Fig. 2a, (c)
distributions of Cu and Zr-O ions, (d) concentrations of Cu, Zr, and O across the Nb3Sn/Nb
interface.

It has been reported that Cu segregates at Nb3Sn grain boundaries while having low
solubility in Nb3Sn lattice [16], which can also be seen in Fig. 2¢. Furthermore, from Fig. 2¢
we can see that there is also a high concentration of Cu at the Nb3;Sn/Nb interface, similar to
that at Nb3Sn grain boundaries. The composition scan across the interface in Fig. 2d shows
quantitatively the concentrations of some elements, from which we can not only verify the high
concentration of Cu, but also see large amounts of Zr and O at the Nb3Sn/Nb interface. It is
worth noting that our APT results (Figs. 2c and 2d) show that the width of the region with high
impurity concentrations at the interface is similar to that at Nb3Sn grain boundaries (a
concentration profile across a Nb3Sn grain boundary we obtained using the same APT
technique can be found in [20]), indicating that the Nb3Sn/Nb interface may have a similar
characteristic to Nb3Sn grain boundaries with respect to being diffusion paths for Cu and Sn.
This could be because the vacancies in the interface and the grain boundaries, which can
accommodate high concentrations of impurities with relatively low energy penalty, also allow
atoms to diffuse relatively fast along these disordered structures. Therefore, a possible
mechanism for the diffusion process in the case of low bulk diffusivity is that Sn atoms first
diffuse along Nb3Sn grain boundaries, reach the intersections of the Nb3Sn grain boundaries
and the Nb3Sn/Nb interface, and then diffuse at the interface from these intersections.
Furthermore, based on our studies we do not see any Sn concentration gradient at the Nb3Sn/Nb
interface, indicating that the Sn transport rate at the interface must be higher than that along



the Nb3Sn grain boundaries — this is perhaps because the maximum Sn diffusion distance at the
interface is only tens of nanometers (which is half of the geometric distances between the
intersections of the interface and the Nb3Sn grain boundaries) while the Sn diffusion distance
along Nb3Sn grain boundaries is mostly micrometers (from the Sn source to the Nb3Sn/Nb
interface). Therefore, for the analysis below we assume the diffusion along Nb3Sn grain
boundaries is the limiting process for the whole Sn diffusion process that supplies Sn for new
NbsSn formation.

Based on the above picture of the diffusion mechanism, we propose our theory for the bulk
composition in the case of low bulk diffusivity as below. As new atomic layers of Nb3Sn form
and the Nb3Sn/Nb interface moves ahead, the Nb3Sn atomic layers that were previously in the
diffusion zone at the Nb3Sn/Nb interface are now left behind in the newly formed “bulk”; then
due to the extremely low bulk diffusivity, the Sn vacancies in these now bulk atomic layers are
frozen inside the lattice (or transform to Nb-on-Sn antisites): i.e., the Sn contents of these layers
are now fixed and cannot change, regardless of the us, change in the system. This explains the
experimental results mentioned previously that the Sn contents changed hardly at all even after
extremely long annealing times. From this picture we see that the resultant bulk Sn content
profile of a final Nb3Sn layer is in fact an accumulation of local “snapshots” of the Sn contents
of the “frontier” NbsSn layers (i.e., the atomic layers in the diffusion zone at the Nb3Sn/Nb
interface) just before they break away from the diffusion zone at the interface. If we denote the
Sn content of a “frontier” layer as Xy, then the bulk Sn content profile of a final Nb3Sn layer is
simply an accumulation of Xrat each layer thickness.

So, what determines the Sn content of a frontier Nb3Sn layer? Below is a qualitative analysis.
Based on the Nb-Sn phase diagram, as long as Xris higher than 17 at.%, the frontier layer tends
to transform to Nb-17%Sn to reach equilibrium with Nb (this can happen because this frontier
layer is in the diffusion zone at the Nb3;Sn/Nb interface), with the released Sn reacting with Nb
to form new Nbs3Sn (also Nb-17%Sn). On the other hand, if the frontier layer in fact has a
composition of Nb-17%Sn, its us, would be lower than that of the Sn source (if not yet
depleted); this us, difference is a driving force for Sn to diffuse to the frontier layer to enhance
its Sn content (again, this can happen because the frontier layer is connected to the diffusion
path). From these discussions we see that there are two competing processes that determine Xy:
(1) the transfer of Sn from the frontier layer to the Nb region to form new Nb3Sn (i.e., the
reaction process at the Nb3Sn/Nb interface), which tends to reduce Xy towards 17%, (2) the
diffusion process that transports Sn from the Sn source to the frontier layer, which tends to
enhance Xrtowards some value that makes its s, equal to that of the Nb3Sn grain boundaries
next to the Sn source. If the diffusion rate is slow relative to the reaction rate at the Nb3Sn/Nb
interface, the Sn supply is only sufficient to maintain the growth of a Nb3Sn layer with a lower
Sn content. If, on the other hand, the reaction rate at the Nb3Sn/Nb interface is slow relative to
the diffusion rate, the frontier layer cannot develop as large a us, difference with the NbsSn
grain boundaries next to the Sn source — in this case, Xywould increase until a balance is reached
between these two processes; of course its maximum is limited by the us, of the Sn source and
the reaction rate (i.e., the Sn transfer rate) at the Sn source/NbsSn interface because a us,
discontinuity across this interface may exist depending on the reaction rate at this interface (a
lower reaction rate leads to a larger us, discontinuity). From this qualitative analysis, we see
that there are four factors determining Xy: a higher reaction rate at the Nb3;Sn/Nb interface tends



to reduce Xy, while a higher diffusion rate, a higher us, of the Sn source, and a higher reaction
rate at the Sn source/NbsSn interface tend to enhance X.

The above qualitative analysis provides a preliminary understanding of what determines X},
but we still need a quantitative model. In order to obtain a simple analytical solution that can
directly show all the factors and how they influence the composition, let us make some
reasonable simplifications and consider the case in one dimension. A schematic of the
concentration profile for this diffusion reaction system is shown in Fig. 1d. Because Sn diffuses
along Nb3Sn grain boundaries, only a fraction of the cross-sectional area perpendicular to the
diffusion direction is effective as a diffusion channel, and this fraction can be estimated as 1-
d*/(d+w)? = 2w/d (since w << d), where w (in nm) is the width of NbsSn grain boundaries in
which Sn diffuses and d (in nm) is the average grain size. Assuming a steady-state diffusion,
with the mole fraction of Sn in the Nb3Sn grain boundaries next to the Sn source denoted X7,
the Sn diffusion flux (in mol/m?-s) to the frontier layer is given by: J; = D/Vy 2w/d) (X~ Xp)/I,
in which D (in m%/s) is the Sn diffusivity along Nb3Sn grain boundaries, V5 is the molar volume
of Nb3Sn (~44.6 cm*/mol), and / (in m) is the Nb3Sn layer thickness (i.e., the distance of the
frontier layer from the Sn source, see Fig. 1d). If we define an effective diffusivity Dey =
D/Vu(2w/d), which has a unit of mol/m-s, J; can be written in a simple form:

Ji = Deg(X— Xy)/1 (1)

Next, let us consider the reaction rates at the interfaces (expressed in terms of the Sn fluxes
across the interfaces). As shown in Fig. 1d, let us denote the Sn source/NbsSn interface as
Interface I and the NbsSn/Nb interface as Interface II. The us, discontinuity across an interface
is the driving force for transfer of Sn atoms and, together with a pre-factor, determines the
reaction rate at this interface. A derivation of the reaction rate at an interface is shown in the
Appendix, using the Nb3Sn/Nb interface as the example, which gives that the reaction rate at
the Interface II is:

Jir = ku(Xr—17%) ()

where kj is the reaction rate constant (in mol/m2-s) for Interface II. We can use a similar
treatment for Interface I; however, we need to first define an imaginary Sn content X; for the
Sn source that makes the us,(Sn source) equal to us,(Nb-X;Sn). Note that X is not the real Sn
content in the Sn source, but an equivalent Sn content in Nb3Sn such that this Nb3Sn has the
same us, with the Sn source. For example, if the Sn source is NbeSns, then X = 25.5% because
1sn(NDb-25.5%8Sn) = us.«(NbeSns). If the Sn source is a Cu-Sn alloy, X; depends on the Sn content
in the Cu-Sn — while the relation is not so explicit, a possible relation was proposed in [12].
Using the parameter X;, we can express the reaction rate at the Interface I as:

Jr = ki(Xs—X)) (3)
where k; is the reaction rate constant (in mol/m>-s) for the Interface I. According to mass

conservation, Jy, J;, and J;; must be equal, so by solving the equation set of Egs. (1) - (3), we
can obtain X7.
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This equation expresses Xywith /, with three parameters that depend on each specific system:
X;, kulky, and ki/Def. As mentioned earlier, the composition profile of a growing Nbs3Sn layer
is an accumulation of each Xrat each layer thickness; thus, Eq. (4) in fact shows the Sn content
profile in a formed Nb3Sn layer (with / treated as the variable: i.e., the distance from the Sn
source) — but one thing that must be pointed out is that X; may not be a constant when Cu-Sn
alloys serve as the Sn source (because X drops as / increases). However, if the Sn source is
NbeSns, X is constant (25.5%); then it is possible to use Eq. (4) to fit a Sn content profile of a
NbsSn layer in order to obtain the k;/k; and kii/Deyy parameters. An example is given in Fig. 3a,
where the data of a so-called “tube type” wire [10,21] (a wire type without internal oxidation)
from a previous study (the 650°C/48h sample in [21]) are used, for which the Sn source was
only NbsSns. It can be seen that the fitting is reasonably good, and the obtained ks/kr is 0.233,
and the ku/Dey is 0.11/m. In Figs. 3b, 3c, and 3d we show the Sn content profiles calculated
from Eq. (4) for varying the ki/ki, kiu/Dey, and X; in turn, in order to see how each factor
influences the X, profiles. In Fig. 3b we keep X; =25.5% and ki/Dey= 0.1/m, and plot the Sn
content profiles for ky/k;=0.01, 0.1, 1, 10, and 100. In Fig. 3¢ we keep X; = 25.5% and ki/k; =
0.1, and plot X, profiles for ki/Dey=0.01/m, 0.1/m, 1/m, 10/m, and 100/m. In Fig. 3d we keep
ki/kr = 0.1 and ki/Der = 0.01/m, and plot Xs.(/) for four cases: X; = 25.5%, X, dropping from
25.5% by 0.5% as the Nb3Sn layer grows by 1 pm, X dropping from 25.5% by 1% as the Nb3Sn
layer grows by 1 pm, and Xy = 17%. One thing that must be pointed out is that the curves
displayed in Fig. 3 do not represent all the possible Sn content profile shapes in Nb3Sn wires.
This is because in real wires the change of X; with / can be complicated and thus generate
different profiles. One example is given here: a common case for modern Nb3Sn wires is that,
NbeSns first serves as the Sn source (making Xy = 25.5%) before Cu-Sn alloys take over, and
the Sn content drop in the Cu-Sn causes a X; drop, but this X; drop with Sn content decrease in
Cu-Sn is not linear; instead, Xy drops faster as the Sn content in the Cu-Sn is lower [12]. In
such a case, the Sn content profile would have a concave-down shape.
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Fig. 3. (a) Fitting of the Sn content profile of a “tube type” Nb3Sn wire (a wire type without
internal oxidation) with only NbsSns as the Sn source [21] using Eq. (4), and plots of the
calculated Sn content profiles for (b) varying ku/k; while keeping Xy = 25.5% and ki/Dejy=
0.1/m, (c) varying ki/Dey while keeping X = 25.5% and ky/k; = 0.1, (d) varying X; while
keeping ki/k;= 0.1 and ki/Dey= 0.01/m.

It can be seen from Figs. 3b, 3c, and 3d that each of these factors has a significant influence
on the Sn content profile. Let us analyze how they each influence the Sn content of Nb3Sn, and
also compare the predictions of this theory to the known facts gleaned from the experimental
observations of many groups over the past few decades.

e X;: clearly lower X, leads to lower Sn content. In reality the Sn source was indeed found
to have a significant impact on the Sn content of Nb3Sn; comparison of Nb3Sn wires with
different Sn sources clearly indicates that Sn sources with higher us, tend to form NbsSn
with higher Sn contents and lower Sn content gradients [10]. In fact, X; has a dramatic
influence on the Sn content gradient of a NbsSn layer due to decrease in X with / when
low-Sn Cu-Sn alloys serve as the Sn source. This can be most clearly seen in “bronze-
process” Nb3Sn wires which use bronze as the Sn source: the Sn content is relatively high
for the initial Nb3Sn layers (i.e., those formed first, when / is small), but drops quickly as
the diffusion distance increases [22].

e ku/kr: this parameter has a dramatic influence on the composition at / = 0, with larger
ki/ki leading to decrease in the Sn content. The importance of this parameter has not been
revealed by previous experiments, but its influence can be easily understood: a larger
reaction rate constant at an interface leads to a smaller chemical potential discontinuity
across the interface. Thus, larger ki means that Xy is closer to 17%, while larger k; means
X is closer to X;. Clearly, a larger k7 and a smaller kj; are beneficial to the Sn content in
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the Nbs3Sn layer.

o ki/D.g this parameter, which in fact reflects the competition between the diffusion rate
and the reaction rate at the Nb3Sn/Nb interface mentioned in our qualitative analysis
earlier, has a direct influence on the Sn content gradient, with a larger kz/Defleading to a
larger Sn content gradient, which agrees with our qualitative analysis before. Since Dy =
D/V,-(2w/d), smaller reaction rate constant 4z, smaller grain size d, larger grain boundary
width w, and larger grain boundary diffusivity D (which, taken together mean lower
reaction rate and higher diffusion rate) tend to reduce the Sn content gradient of Nb3Sn.
The influence of reaction rate versus diffusion rate has not been noted before; however,
in this paper we show that this plays a key role, especially in the new internally-oxidized
NbsSn.

We see that the model agrees well with the above qualitative analysis and the known facts
of Nb3Sn composition, although these known facts only represent the tip of the iceberg for the
whole story of what influences Nb3Sn composition. Next, we can use this model to guide the
design and processing of Nb3Sn conductors in order to improve the Sn content and reduce the
gradient. However, in order to do that, we still need to know how each design or processing
factor influences these fundamental parameters in Eq. (4). In certain cases, one factor may
influence more than one of these parameters (e.g., a higher heat treatment temperature leads
simultaneously to larger &y, ki, larger d, larger D, and larger X, — because it enhances us, of the
Sn source); in such a case, we need to know the variation of each parameter with this factor.
Overall, this model sets up a framework for compound composition calculation that bridges
the material design/processing and structure (chemistry).

Next, in order to investigate the influence of the diffusion rate versus reaction rate, let us
look at the new internally-oxidized NbsSn, which displays some features distinct from
conventional Nb3Sn. One of the features is particularly interesting for this theory: we have
previously noted that internally-oxidized Nb3Sn has noticeably lower layer growth rate than
conventional, non-oxidation Nb3Sn for reaction temperatures below 750°C [13]. Here we want
to point out that in addition to allowing a calculation of the compound composition, the above
model can also be used to calculate the compound layer growth rate, because d//dt = JiVu/X;.
After inserting Eqgs. (2) and (4), we obtain a second-order differential equation regarding /().
While obtaining its general solution is beyond the scope of this article as we are focused on the
composition, a few simple conclusions can be drawn from the model: (1) as D/l >> ki (i.e.,
reaction-rate limited), [ = [krkiVn (Xs—0.17)/(krXs+0.17kn)]t; (2) for ku >> Dyl (i.e.,
diffusion rate limited), / = [2Vmu Dey(Xs—0.17)/0.17]%%-£*%; (3) in a general case between the
two extremes, the layer growth rate depends on &z, ki1, Def, and X;, all having positive influence;
(4) from the above two extreme cases and a general case in between, we see that higher X; (i.e.,
higher us, of the Sn source) always leads to higher NbsSn layer growth rate — this has been
demonstrated in a number of experiments [10,19]. For example, using Cu-Sn source with
certain alloying elements (e.g., Zn [23]) that can increase the us, of the Cu-Sn alloys has been
demonstrated effective to enhance the Nb3Sn layer growth rate [23].

The influence of internal oxidation on the Nb3Sn layer growth rate in a general case indicates
that it must change at least one of the four parameters (k;, ki, Doy, and X;). Next, let us
investigate the possible influence of internal oxidation on each parameter so that we can use
Eq. (4) to predict its influence on the Sn content. First of all, we expect that the internal
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oxidation has little influence on the us, of the Sn source (as O is absorbed by the Nb-Zr alloy
and does not reside in NbsSns or Cu-Sn alloys) or on the reaction rate constant at the Sn
source/NbsSn interface because of similar chemistry at this interface to that in non-oxidized
NbsSn wires. However, the internal oxidation may have an influence on the diffusion rate. It is
well known that internally-oxidized Nb3Sn has dramatically smaller grain size than non-
oxidized Nb3Sn (reduction by two times or more [13,14]), and our APT analysis shows that
their grain boundary widths are similar (~2 nm in terms of segregation region [20]). These
observations seem to suggest that internal oxidation may enhance the diffusion rate due to
smaller grain size; however, we are not sure about the change of the grain boundary diffusivity,
as Deyr= D/Vin(2w/d). On the other hand, we expect that the internal oxidation may suppress
the reaction rate at the Nb3Sn/Nb interface. From the APT results in Figs. 2c and 2d we see
high concentrations of Zr and O atoms at the Nb3Sn/Nb interface, and it is very likely that they
slow down the migration of the interface with a “solute drag effect” [24], which accounts for
the reduced NbsSn layer growth rate. According to Eq. (4), the reduced ki should lead to
increased Sn content in the NbsSn layer. So, let us compare the measurement results of
internally-oxidized and control NbsSn to see if this is in fact true.

3. Experimental results and discussions

For the purpose of our Sn content study, an internal oxidation wire based on a 48/61-filament
design (i.e., 13 Cu + 48 Nb3Sn filaments) with a diameter of 0.84 mm and a Cu/non-Cu area
ratio of 1.3 was used, and is named IO61 here. Its filament was fabricated by filling a mixture
of Cu, Sn, and SnO; powders into a Nb-1at.%Zr-4at.%Ta tube. Other details and SEM images
of this wire can be found in [14]. In addition to the three basic elements (Nb, Sn, Cu) necessary
for Nb3Sn formation, this wire has three additional elements (Ta, Zr, O) with two distinct
functions: Ta is a dopant that dissolves in Nb3Sn lattice to improve NbsSn B.2, while Zr and O
are for the internal oxidation process (i.e., O supplied by the SnO> powder diffuses into the Nb-
Zr-Ta tube during the early stages of the reaction and selectively oxidizes Zr to form ZrO»
particles in Nb3Sn). In order to have a rigorous comparison with 1061, we fabricated several
reference wires with the same design as the 061, each lacking only one element in turn: (1) a
wire without Ta (named here “Ref-noTa”) was made using similar Cu+Sn+SnO, powders and
a Nb-lat.%Zr tube, (2) a wire without Zr (named “Ref-noZr”) was made using similar
Cu+Sn+SnO; powders and a Nb-4at.%Ta tube, (3) a wire without O (named “Ref-noO”) was
made using the same Nb-1at.%Zr-4at.%Ta tube but with only Cu+Sn powders (i.e., no SnO>
powder). The Cu/Sn ratios of these wires were all similar. In addition, a state-of-the-art powder-
in-tube (PIT) wire made by Bruker, which uses a Nb-4at.%Ta tube but no Zr or O, was also
used as a reference wire (named here “PIT-Bruker”). It has 192/217 filaments and a 0.78 mm
diameter, with other detailed information given in [14]. All the wires were heat treated under
vacuum at the same 675°C, with the reaction times for the I061, Ref-noTa, Ref-noZr, Ref-no0O,
and PIT-Bruker wires being 380, 300, 200, 120, and 50 hours, respectively. The reaction
durations were chosen to drive them to complete reaction; the PIT-Bruker had shorter reaction
time because its filament size (~40 um) is smaller than that of others (~84 pum). Fig. 4a gives
the Sn contents of the NbsSn layers of the above five wires measured using energy dispersive
spectroscopy (EDS) attached with a SEM. For the EDS measurements, 25 kV voltage was used,
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with a collection rate above 40000 counts per second, and data were collected for 30 seconds
for each spot. The interaction volume of each EDS spot was ~1 um in diameter. The spots
spanned the Nb3Sn layer formed by diffusion reaction (which is also called the “fine-grain”
Nb3Sn layer by some papers [21]), with the Spot #1 closest to the Sn source, and Spot #7 closest
to the NbsSn/Nb interface. For each wire, measurements were made on three filaments and
averaged. The error bars in Fig. 4a reflect both the statistical and systematic errors.

[\e]
(=)}

]
(o))

Sn at.% of limernzlilly—ml(idize(li Nb_;én

\

{ Fitted |
{ curves

[3e]
[
]
o
T

Sn layer, at.%
[\)
=

(=]

=

= 22 |

20 1| —a— 1061

| —»— RefnoTa 22 ¢ UsIng 4
18 L Ref-noZr E Eq. (4)
—&— RefnoO 21 + ]

17 r| —a— PIT-Bruker
16 I I 1 Il Il 1

1 2 3 4 5 6 7 0 1 2 3 4 5 6

(a) EDS Spot number in the Nb,Sn layer (b) Distance from the Sn source, pm

Sn content in the Nb;Sn layer, at.%
W]
[F8)

Sn content in the Nb
v

Sn at.% of non-oxidized Nb;Sn

[§®]
o

Fig. 4. (a) EDS-measured Sn contents in the Nb3Sn layers of different samples (note that the
Spot #7 in each sample, i.e., the one closest to the Nb3Sn/Nb interface, may partially sample
the Nb region), and (b) fittings using Eq. (4) to an internally-oxidized sample and a non-
oxidized sample, both having only NbsSns as the Sn source.

Because the EDS analysis of Spot #7 may be partially sampling Nb regions due to the
interaction volume of the electron beam, below we mainly discuss the Sn content results of
Spot #1 through Spot #6. From Fig. 4a it can be seen that within the measurement error range
the five wires fall into two groups: (1) Ref-noZr, Ref-noO, and PIT-Bruker generally had Sn
contents between 21.5 and 24 at.%, which is typical for conventional Nb3Sn wires [5,9,10,18];
(2) the other group, including 1061 and Ref-noTa, had Sn concentrations between 24 and 25
at.%, close to stoichiometry. The latter group of wires are those with internal oxidation (with
and without Ta dopant), while the former group of wires are those without internal oxidation
due to lack of either Zr or O. By comparing these wires, we can clearly see that the internal
oxidation indeed significantly improves the Sn content of Nb3Sn (by at least 1 at.%) for the
majority of a Nb3Sn layer (the last-formed part still has low Sn contents as in non-oxidized
wires, due to low Xj). Since the samples shown in Fig. 4a were fully reacted and had Cu-Sn
alloys as the Sn source as well, we cannot fit the data using Eq. (4) due to changing X;. In order
to understand how the internal oxidation influences the parameters in Eq. (4), we measured the
Sn content of I061 reacted at 650°C for 200 hours so that it only had NbsSns as the Sn source,
and let us compare its fitted parameters with those of the non-oxidized wire reacted at 650°C
for 48 hours shown in Fig. 3a. The obtained fitted parameters for the internally-oxidized Nb3Sn
in Fig. 4b are that: ky/k; = 0.047, and ki/Dey= 0.02/m. Comparing these parameters with those
of the non-oxidized sample, it can be seen that the major effect of internal oxidation is on kz:
the significant suppress on the reaction rate at the Nb3;Sn/Nb interface leads to substantial
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decreases in both ky/k; and kii/Dey, which further leads to significant increase of the Sn content
in the Nb3Sn layer, as well as a reduced Nbs3Sn layer growth rate.

Next let us compare the B.> of our internal oxidation wires with present state-of-the-art
NbsSn wires to see if the higher Sn content can lead to superior high-field performance. Two
common ways to measure B, are: (1) directly measuring electrical resistance vs magnetic field
(R-B), and (2) measuring critical current density J. at each field and extracting B.> from the J.-
B curve. J. is a property that directly determines the application of a superconductor in magnets,
and B.> has a critical influence on J. because J. decreases with B, vanishing at B.>. Therefore,
we performed two types of transport tests: (1) resistance vs field (R-B) measurements using a
sensing current of 0.1 A, and (2) voltage vs current (V-I) measurements at various magnetic
fields, allowing determination of J.-B curves. All tests were at 4.2 K in a 31 T magnet at the
National High Magnetic Field Laboratory (NHMFL), with fields perpendicular to wire axes.
Great care was taken to ensure that each sample was centered within the magnet. The R-B tests
were performed on samples 15 mm in length with a voltage tap spacing of 5 mm. The V-1
measurements were performed on straight samples 35 mm in length with a voltage tap
separation of 6 mm. A criterion of 0.1 pV/cm was used to determine the J. values.

Our focus was to compare the properties of our internal oxidation wires with present state-
of-the-art Nb3Sn to see if we could push the Nb3Sn performance to a new level. In addition to
the 1061 wire used above, we also measured another internal oxidation wire we fabricated
recently, which had a similar filament recipe with 1061 but 180/217 filaments, 0.98 mm
diameter, and a Cu/non-Cu ratio of 1.15, named here 10217. SEM images of 10217 after
685°C/120h are shown in Figs. 1b and 1c. For the state-of-the-art Nb3Sn wires, besides the PIT-
Bruker wire, a “rod-restack-process” (RRP®) wire is also used here as a reference, with its
detailed information given in [14]. Both were heat treated with their recommended schedules
[14]. The R-B curves of the four wires are shown in Fig. 5a. At low fields they were
superconducting, and then with increasing field eventually experienced a transition to the
normal state. Below we take the fields at 10% and 99% of the full resistance as B.2-192 and Be>-
992, respectively. The width of the transition reflects the uniformity of a superconductor. The
4.2 K Bes-10% and Bez.g99; of the RRP® wire were ~25 and ~26.2 T, respectively, which are
typical for RRP® wires reacted at 665°C [10]. The PIT-Bruker wire had 4.2 K Be2-10% and B
999, of 26 and 27.1 T, respectively, which are similar to what Godeke obtained for PIT wires
reacted at 675°C [5] and are ~1 T higher than those of the RRP® wire. The fact that PIT wires
have higher B> than RRP® wires is well-known, and can be explained by their different Sn
sources based on our model. The 4.2 K B¢2-102% and Bc-999; of 1061 were 27 and 28.1 T,
respectively, ~1 T higher than those of the PIT-Bruker wire. The 10217 sample had even higher
4.2 K Be2-102% and Be.ggos: 27.1 and 28.2 T, respectively.
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Fig. 5. The measured (a) R-B and (b) non-Cu J.-B curves of the reference wires and the internal
oxidation wires at 4.2 K.

The measured non-Cu J-B curves of the above four wires are shown in Fig. 5b, along with
the FCC J. specification [6]. Fittings were made to their J.-B data with a commonly-used model
[25], giving extrapolated B.: values (at 4.2 K) of 24.7, 25.5, 26.3, and 26.6 T for the RRP®,
PIT-Bruker, IO61, and 10217 wires, respectively. A summary of the B.> values obtained from
the two methods is shown in Table 1. The B.; values from the two methods are somewhat
different due to sample non-uniformity and different criteria used, but both show that the
internal oxidation wires have noticeably higher B.; than present state-of-the-art wires (~2 T
higher than RRP® and ~1 T higher than PIT-Bruker). These results indicate that the internally-
oxidized NbsSn indeed has higher B.2, which is most likely due to their higher Sn contents. .
In fact, to the best of our knowledge, 28.2 T is the highest measured B.>(4.2 K) value reported
in Nb3Sn multi-filamentary wires ever. On the other hand, our measurements showed that the
internally-oxidized samples did not have noticeably higher 7. than the PIT-Bruker wire. The
variations of B.2 and T, with Sn content for Ta-doped Nb3Sn, which have not been well studied,
are needed to explain the B.> and 7 changes in internally-oxidized Nb3Sn. Other possibilities
include that there might be extra O dissolving in Nb3Sn, or the intragranular ZrO; nanoparticles
cause distortion of NbsSn lattice, both increasing normal-state resistivity of Nb3Sn, which may
enhance B> but reduce 7. [8].

Table 1
Summary of the measured B.; values (4.2 K) of state-of-the-art Nb3Sn and internal oxidation
Nb3Sn wires

Bc2(4.2 K) RRP® PIT-Bruker 1061 10217
B> determined from J.-B curves 24.7 25.5 26.3 26.6
Be2-109 from R-B curves 25 26 27 27.1
Bc2-999; from R-B curves 26.2 27.1 28.1 28.2

High B.> is important for applications of Nb3Sn superconductors at high fields. From Fig.
5b we see that B, has a significant influence on J., and the higher the field is, the stronger the
influence becomes, due to proximity to B... For example, the non-Cu J. value of [0217 is 1.65
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times of that of the RRP® wire at 19 T, but becomes 2 times of the latter at 21 T, and 2.7 times
at 23 T. Of course, this is partially contributed by a pinning force peak field shift effect in
internally-oxidized Nb3Sn [14], but higher B.> also plays an important role. This is important
because Nb3Sn superconductor is used for building nuclear magnetic resonance (NMR)
magnets at 23 T operating at 1.9 K (operation at 4.2 K is prevented by the insufficient J. and
B¢> at 4.2 K). Here it is worth noting that although 10217 has lower non-Cu J. than 1061 due
to lower filament quality (e.g., reaction extent and uniformity) as a result of smaller filament
size (50 um vs 84 um), 10217 already has non-Cu J. above the challenging FCC specification
above 19 T. Further wire development is expected to improve quality and thus J. of internal
oxidation wires with 217 filaments.

Finally, it is worth discussing the general applicability of our model, developed using Nb3Sn
as an example, to other non-stoichiometric compounds formed by diffusion reaction processes
with low bulk diffusivities. If a non-stoichiometric compound has a sufficiently low bulk
diffusivity such that the bulk diffusion distance is small with respect to the grain boundary
width [26] (as Nb3Sn does), then the bulk diffusion can be regarded as small enough to be
neglected. In this case, the model, with certain parameters modified, can be applied to that
compound, and the qualitative conclusions still apply: i.e., what determines the composition
profile of a single compound layer includes the chemical potential of the diffusing species in
its source, the ratios of the reaction rates at the two interfaces, and the competition between the
diffusion rate and the reaction rates. On the other hand, there are also systems with bulk
diffusivities that are low but perhaps not low enough to allow us to totally neglect the presence
of bulk diffusion. In this case, the bulk composition profile is not totally persistent, but changes
slowly with annealing, perhaps preventing itself from reaching the equilibrium compositions
within a realistic annealing time. For such compounds, the model presented in this paper
represents an extreme case that can be used for the evaluation of their composition profiles. To
determine the accurate composition at a specific time, a treatment for the homogenization
between the lattice and the grain boundaries for each grain (e.g., leakage of the diffusing species
from the grain boundaries to the adjacent bulk if the latter has a lower chemical potential) must
be added on top of the present model, which is beyond the scope of this work.

4. Conclusions

This paper explores what determines the composition of a non-stoichiometric compound
formed in a diffusion reaction process, and shows that the bulk diffusivity has a critical
influence. If the bulk diffusivity is very low, the composition profile of the compound layer is
just an accumulation of local “snapshots” of the composition of each frontier layer before it
breaks away from the diffusion zone at the reactive interface, and the profile is persistent (i.e.,
it cannot be homogenized or reach equilibrium even with long annealing times). A model was
developed to quantitatively determine the composition profile in this case, using the Nb3Sn
compound superconductor as an example, which shows that the composition profile is
determined by (1) the chemical potential of the diffusing species in its source, (2) the ratios of
the reaction rate constants for the two interfaces, and (3) the competition between the diffusion
rate and the reaction rates, where the diffusion rate is determined by the grain boundary
diffusivity, grain size, and grain boundary width. The model was then compared to the known
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facts for Nb3Sn compounds, and good agreement is seen. In particular, the importance of the
competition between the diffusion rate and the reaction rates is seen in the emerging internal-
oxidation-type Nb3Sn wires. We show that, in agreement with Eq. (4), such wires have higher
Sn contents than conventional, non-oxidized Nb3Sn, and also higher B.., which significantly
benefits the high-field performance. In general, this model provides a framework for us to
understand how a design or processing parameter influences the composition of a non-
stoichiometric compound with low bulk diffusivity and thus can be a tool for us to optimize
the design and processing of such materials for composition control.
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Appendix
The reaction rate at the Nb3Sn/Nb interface, expressed in terms of the Sn flux from the
frontier layer to the Nb region (in mol/m?2-s), is J, = r{1—exp(—Au/RT)], where r (in mol/m?-s)

is a rate constant for this process which depends on temperature (7) and an energy barrier
(following an Arrhenius-type equation), R is the gas constant, and Au = us,(Nb-X/Sn) — us.(Nb-
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17%8Sn) is the us, drop and thus the driving force for transfer of Sn atoms. Here we notice that
exp{—[us«(Nb-X/Sn) — usi(Nb-17%Sn)|/RT} = asi(Nb-17%Sn)/as,(Nb-X;Sn), where as, is the
activity of Sn in Nb3Sn and is a monotonically increasing function of Sn content. Because
Nb3Sn has a narrow composition range, if we perform a Taylor series expansion for 1— as,(Nb-
17%Sn)/as,(Nb- X;Sn) (i.e., the whole term being treated as a function, with Xy being the
variable) around Sn content of 17% and neglect high-rank terms, we find that it can be reduced
to a simple form of c:(X/—17%), where c is a unitless constant related to as, and its derivative
for the Sn content of 17%. If we define a reaction rate constant ki = r-c, the reaction rate at
Interface II can be written in a very simple form: Jy = ki (X—17%).
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