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Growth of Nb_.Sn in multifilamentary bronze

composites
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National Physical Laboratory, Hillside Road, New Delhi 110012, India

Growth of Nb;Sn layers in multifilamentary composites has been investigated and their
superconducting critical temperatures are measured using both resistive and inductive
techniques. The growth parameters are discussed in the light of the analytical models of
Reddi et a/. Results show that for the composites studied, the rate controlling step for
Nb3Sn growth is diffusion of tin through grain boundaries of Nb;Sn with the time expo-
nent n determined by both the initial grain size and grain growth. 7, measurements show
that for composites with a higher filament number, the width of superconducting
transition is broader with no significant change in the onset 7.

1. Introduction

During the last few years the bronze route [1, 2]
has emerged as a commercially viable process for
making superconducting A-15 compounds, namely,
Nb3Sn and V;Ga in multifilamentary form. In
this process niobium (or vanadium) strands, in the
desired configuration, are embedded in a cylindri-
cal bronze matrix containing tin (or gallium) and
such a composite is subsequently drawn into a
wire. The wire is then heat treated to form super-
conducting NbsSn (or V3;Ga) at the bronze—
niobium (or vanadium) interface by diffusion
reaction of tin (or gallium) and niobium (or
vanadium). It is now well established [3—6] that
the growth of A-15 layer in the above process is
governed by two sequential rate controlling steps,
namely, (i) diffusion of tin from the bronze matrix
to the bronze—Nb3Sn interface, and (ii) diffusion
of tin through the Nb3Sn layer to the unreacted
niobium interface for further growth. The slower
of the two steps determines the growth rate of
Nb3Sn [3]. The growth kinetics models due to
Reddi et al. [3] developed for monofilamentary
composites have shown that depending on the
experimental conditions, the time exponent » in
the growth law R = k", where R is the layer
thickness and ¢ is the reaction time, can vary over
a wide range from 0.25 to 1. While these conten-
tions have proven valid [3, 6] for monofilamentary
NbsSn and V;3Ga, the preliminary studies [4, 5]
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have indicated that the models could be stretched
to explain the results of multifilametary com-
posites as well.

In this paper we report growth kinetics studies
carried out on multifilamentary Nb3Sn composites
containing 2601 and 10000 filamentsand compare
the findings with the previously reported [4, 5]
results on a Nb3Sn composite with 1500 filaments.
Superconducting critical temperatures at various
stages of growth are also measured using both
inductive and resistive techniques.

2. Experiments

The unreacted samples containing 2601 and
10 000 niobium filaments of 5um and 3 um diam-
eter, respectively, were obtained from the Vacuum-
schmelze, GmbH, Hanau. The distribution of
niobium filaments in composites with 2601 (com-
posite A) and 10000 (composite B) filaments are
depicted in Figs. 1a and b, respectively. These fila-
ment are embedded in a bronze matrix of 0.52 mm
diameter in the case of composite A. The com-
posite B of diameter 0.65 mm contains a central
copper core with a tantalum barrier around it. The
niobium filaments are distributed around this
barrier in the bronze matrix. Both these com-
posites differed from the previously studied [4, 5]
one containing 1500 filaments in that while the
latter contained an even distribution of individual
filaments with uniform filament density over the
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Figure 1 (a) Photomicrograph of the unreacted composite A with 2601 niobium filaments distributed in 51 bunches,
Each bunch contains 51 filaments. (b) Photomicrograph of the unreacted composite B with 10 000 niobium filaments
distributed in 114 bunches with an average of 87 filaments in each bunch.

entire conductor cross-section, the present com-
posites as may be seen in Figs. 1a and b had a uni-
form distribution of rather closely packed bunches
making the distribution of individual filaments
uneven.

Short sections of the wires were heat treated in
vacuum at different temperatures of 550, 650, 750
and 800° C for various durations of time ranging
from 5 to 50h. The diffusion reacted Nb;Sn layers
formed were studied for the growth kinetics using
optical and scanning electron microscopy tech-
niques. In the latter, the samples were first brittle
fractured at liquid nitrogen temperature and after
coating them with gold were examined using the
scanning electron microscope Jeol JSM 35 CF
operating at 25kV. Typical SEM micrographs of
composites A and B showing the Nb3Sn layers
formed after different heat treatments are shown
in Figs. 2a and b, respectively. As may be seen
in Fig. 2b the complete cross-section of the fila-
ment is transformed to NbsSn and there is no
unreacted niobium left over. In all the samples
studied, the layer thickness measurements were
confined to the outermost layers to keep uniform-
ity in the analysis of the data.

Superconducting critical temperatures of the
various specimens were measured using the stand-
ard four probe resistive as well as inductive tech-
niques. The temperature measurements were
accurate to within £ 0.05 K.

3. Results and discussion

Fig. 3 depicts InR—In¢ plots for the composite A
annealed at various temperatures mentioned
above for different durations of time. The data
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for composite B annecaled at 800°C are also
plotted.

As may be seen, the time exponent n of the
growth law varies for different annealing tempera-
tures. The effect of increasing annealing tempera-
tures for these samples is to raise » which is
entirely consistent with the previously reported
results of Upadhyay e al. [5] obtained for a com-
posite containing an even distribution of 1500 fila-
ments. Furthermore, n values observed in the
present study are in accord with those reported in
[5]. The composite B annealed at 800° C has
yielded a higher value of 0.34 for the time expo-
nent. It is interesting to note that in the case of
the sample of composite A annealed at 800° C
there is an abrupt increase in the value of n t0 0.77
when the annealing time exceeds 35 h.

If we examine the above findings in the light of
the analytical models of Reddi er al [3], the
following broad conclusions seem to emerge. The
n values less than 0.5 imply that the observed
growth of the Nb3Sn layer is controlled by dif-
fusion of tin atoms through the grain boundaries
of the layer, i.e. diffusion of tin through the
bronze matrix is faster than through the com-
pound layer. The n values exceeding 0.5 simply
means that the rate controlling step is diffusion of
tin through the bronze matrix, i.e. the diffusion
through the layer is faster than through bronze.
All the values of n observed in the present study,
except the composite A samples annealed at
800° C beyond 35h, are less than 0.5 suggesting
that the rate controlling step is via grain bound-
aries. It is worth pointing out that in the case of
monofilamentary conductors having bronze to



niobium ratios of about 10 or more, the n values
invariably exceed 0.5 [3, 6, 7, 8], while in multi-
filamentary situation having bronze to niobium
ratio to be much smaller (around 2 or less), the
reported n values [4, 5, 9, 10] are found to be
less than 0.5. This is entirely justified as in multi-

Figure 2 (a) Scanning elec-
tron micrograph of the
composite A annealed at
550°C for 50h (Magnifi-
cation X 10 000). (b) Scan-
ning electron micrograph
of the composite A an-
nealed at 800° C for 50h
(Magnification X 10 000).

filamentary conductors, because of considerable
overlap of diffusion fields of neighbouring fila-
ments and a larger volume fraction of niobium
with greater surface area, the diffusion rate of tin
atoms in bronze is considerably enhanced, thereby
making the diffusion of tin through the compound
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layer as the rate controlling step. The observed n
values are consistent with the above contentions.
The increase of n value from 0.26 to 0.77 after
35h of annealing at 800° C (Fig. 3) suggests that
the rate controlling step has changed from dif-
fusion of tin through the grain boundaries to that
through the bronze matrix. This is not entirely
unexpected if the tin in bronze is depleted to such
an extent that the flux rate of tin through the
bronze matrix has now become smaller than
through the grain boundaries of the compound
layer. This increase in n resulting from depletion
of tin atoms in the bronze matrix has been observed
by Takacs [11].

The lowest value of the exponent n as observed
for the composite A annealed at 550° C has been
found to be 0.19 in contrast to 0.25 predicted by
Reddi et al. [3] for the grain boundary diffusion
process. It is worth stressing that the above pre-
diction, #n = 0.25, has emerged for the situation
when the initial grain size d; is small and the
growth of Nb3Sn grains of the layer is assumed to
be governed by the parabolic relation d? —d? =
kst. In what follows we can briefly see how u is
affected if the grain growth is described by a more
general relation. The general diffusion equation is
given by [3]

In(re — R, X = [ paDy, (Lﬁg———cﬁﬁ) (1)
dr R

where Ly, is the total length of the network of

grain boundaries that intersect the reaction inter-

face, a is the thickness of the grain boundary per-
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pendicular to the direction of flux and Dg, is the
grain boundary diffusion coefficient of tin atoms
in the compound layer. The other symbols carry
the same meanings as in [3].

Substituting for Ly, and using a more general
grain growth relation

k4[jl1/m

dt = di [1+Efn‘

(2

or

Equation 1 takes the form
% _ 2dng
it G

Cgo — C, -
( — “) @ + kat) ™ (3)
1
(i) for the case when the initial grain size d; is
small,
dR _ 2aDy §
ol _C—;—(Cﬁa — Cap)(kat) '™

which yields on integration

4aD m
R? = —= (Cp, — Cgp) kgt DI
Cﬁ ( Ba ﬁF) 4 m—1
or
172
44D

R = a@ gb k4mm 1} (Cﬂoz _ CgF)1/2t(m—1)/2m

8 —
or

R = ks(Cgo — Cgp)/2(m012  (4)

(ii) For the case when d; is large Equation 2
takes the form



R d_R— _ 2ang CBOC - CBF
dt Eﬁ di
— 40_1_)gb C/ioz — Cur t
G d;

R2
or

1/2
4aD,,
R = (—Ef-—) (Cﬁa _CBF)1/2t1/2 (5)

implying thereby a parabolic growth.

It follows from Equation 4 that the observed
n=0.19 would result when m =1.61 implying
the grain growth relation to be d¢ ' —dj %! = k,¢
which represents a faster growth than parabolic as
considered by Reddi ef al. [3]. The higher values
of n for higher annealing temperatures as observed
in the present as well as in previous [S] findings
would imply higher values of m in the above
relation which results in a dilemma. If we assume
the initial grain size d; to be small and same for all
annealing temperatures and assume the grain
growth to be the sole factor in determining the
time exponent n, we are led to an obvious contra-
diction that at higher anneal temperatures the
grain growth is reduced! This discrepancy can,
however, be resolved by the fact that the initial
grain size d; is not likely to remain constant but is
expected to increase with increasing temperatures.
Thus the observed n values after different tem-
peratures of reaction anneal can be thought to be
the consequence of two mutually competing pro-
cesses, namely, a progressively rising rate of grain
growth with temperature resulting in decrease in n
and an increase in the initial grain size d; causing

an increase in n towards 0.5. The present investi-
gation as well as the previously reported data [5]
on 1500 filaments indicate the possible dominance
of the latter of the two processes. In the light of
the above one can interpret the unaccounted
observation of Larbalestier et al. [12] that the
time exponent n decreased from 0.20 to 0.17
when the reaction temperature was raised from
600 to 750° C. Equation 4 implies that the expo-
nent m of the grain growth relation is reduced
from 1.67 to 1.51 suggesting a faster grain growth
at higher temperature to be the dominant factor in
determining the layer growth of Nbs;Sn. The
observed difference between the above and the
results of present studies and as well as those of
Upadhyay et al. perhaps may be attributed to the
purity of niobium filaments and of the bronze
matrix in deciding both the initial grain size d; and
the exponent m of the grain growth relation. Due
to rather small grain sizes observed reliable grain
growth studies of Nb;Sn layer are to-date lacking.

The onset T, measured both resistively and
inductively were found to be mutually consistent.
The variation of the onset 7, with reaction time
at different annealing temperatures for composite
A is depicted in Fig. 4. As may be seen, the T,
values for samples annealed at 550, 650 and
800° C continually decrease with reaction time
whereas for the 750° C annealed sample the vari-
ation is zigzag but tending to increase with
reaction time. As already discussed by Upadhyay
et al. [5], the observed variation in 7, may be
linked to the two competing processes, namely,

0 550°¢C
4 650°C
164 e 750°C
v 800°C
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x
 15.81+
15.6F
154}
18.2t
Figure 4 Variation of the onset
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the volume expansion during the formation of
Nb3Sn layer causing building up to internal strains
resulting in depression of T, and simultaneous
decrease of internal strains due to annealing treat-
ment causing enhancement in T,. The dominance
of either of the above two processes dictates the
net variation of T, observed. In all the samples
studied, the observed T, values were less than the
optimum 7, of 18.3K of NbsSn, in agreement
with other workers [3, 4, 13, 14], which is attri-
buted to compressive stresses caused by the bronze
matrix during cool down. The denuded Nb;Sn fila-
ments have been found to exhibit enhanced T,
[13].

For samples studied it was consistently found
that inductive measurements of 7, yielded a much
broader transition width than resistive measure-
ments (Fig. 5) in agreement with the observations
of Suenaga er al. [15]. The reason for this being
that the resistive measurements give only the high-
est T, value of the layer while the inductive studies
yield information about the T, variation within
the layer. In Fig. 5 the inductive transition curve
for the composite B diffusion reacted for 5h at
800° C, is also plotted. The present study showed
that the samples of composite B containing a
larger number density of filaments than composite
A, in general showed a broader transition width.
The maximum transition width recorded for com-
posite B was about 7K for the sample annealed at
800° C for 50h in contrast to 4K for the com-
posite A annealed at 650° C for 50 h. For the com-
posite containing still smaller number (1500) of
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filaments, uniformly distributed, Kwasnitza et al.
[4] had earlier found maximum width to be about
1.2K for a sample annealed for 50h at 725° C.
Moreover, for the same layer thickness the com-
posite with 10000 filaments exhibited a broader
transition than for composites with 1500 and
2601 filaments. Thus, the larger T, width observed
for higher filament number composite does not
seem to result from the stoichiometric variation
within the layers. The close packing of several fila-
ments in bunches in higher filament number com-
posites is expected to result in enhanced internal
strains which are perhaps responsible for larger
transition width observed. Thus, the transition
width seems to decrease as the number density of
filaments in the composite goes down and is
independent of the layer thickness.

4. Conclusions
The main conclusions of the study may be sum-
marized as follows.

1. The rate controlling step for the growth of
Nb3;Sn in multifilametary composites is the dif-
fusion of tin atoms through the grain boundaries
of the compound layer. After longer anneals at
higher temperatures, with appreciable depletion
of tin in the matrix, there are indications of the
rate controlling step reverting to the diffusion
of tin through the bronze matrix.

2. The time exponent r of the growth equation
R = Fkt" increases with the reaction temperature
in conformity with larger initial grain size at higher
annealing temperature.



3. Whereas the onset T, is affected little, the
transition width does seem to be affected by the
filament concentration; higher the filament con-
centration broader is the 7.
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