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Grain size and its relation to tensile strength of
Nb;Sn compound in bronze-processed
multi-filamentary superconducting materials

SHOJIRO OCHIAI, KOZO OSAMURA, TOSHIHIRO UEHARA
Department of Metallurgy, Kyoto University, Sakyo-ku, Kyoto 606, Japan

The grain size and room-temperature tensile strength of Nb;Sn compound were studied over
wide ranges of annealing temperature and time using thin and thick multi-filamentary super-
conducting composite materials. The strength of Nb;Sn compound in thick specimens was
lower than that in thin specimens at any heat treatment. This result was accounted for by the
existence of extra-coarse grains in thick specimens. It was found that the strength of Nb;Sn
compound is nearly proportional to the inverse square root of the grain size.

1. Introduction

The Nb,Sn compound is known as one of the most
promising superconducting materials. This compound
is, however, very brittle and fractures at low strains,
which gives serious consequences when an external
load is applied and also gives a limit of strain tolerance
in the superconducting properties [1-4]. Therefore it
is strongly desirable to study the fracture behaviour
and strength of this compound.

In our former work [5], the room-temperature tensile
behaviour of the Nb,Sn layer in bronze-processed
multi-filamentary superconducting composite mate-
rials has been investigated over wide ranges of the
factors of specimen size, annealing temperature and
time. It was found that the strength of the Nb,Sn layer
estimated on the basis of the rule of mixtures [6, 7]
decreases with increasing specimen size, annealing
temperature and time. In later work using a given
specimen size [8] it was found that the strength of this
compound decreases with increasing grain size, and
also that the relation of the strength to the grain size
could be expressed empirically by an equation of the
Hall-Petch [9, 10} type. In this work, the reason why
the strength decreased with increasing annealing tem-
perature and time was well understood since the grain
size increased with increasing annealing temperature
and time.

There still remains a question why the strength of
the compound decreases with increasing specimen
size. The aim of the present paper is to study the
structure and strength of the Nb;Sn compound
in bronze-processed multi-filamentary composite
materials by changing the specimen size, and to deter-
mine the reason why the strength of the compound
becomes low when the specimen size becomes large.

2. Experimental procedure

The specimens employed in the present study were
multi-filamentary composites supplied as the Japanese
Standard Reference Sample for the superconducting
materials group of the 1983-1985 energy research
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programme of the Ministry of Education, Science and
Culture of Japan. Two kinds of composite specimen
were used in this study. The only difference between
them was the diameter of the composite as a whole,
d.(0.31 and 2.60mm). In this paper, the composite
specimens with d, = 0.31 and 2.60 mm are named as
S1 and 83, respectively, as in our former works [5].
The S1 and S3 specimens are geometrically similar,
having the same number of niobium filaments and the
same volume fractions of niobium filaments, niobium
barrier, Cu—Sn matrix and pure copper as a stabilizer.
All specimens were composed of 745 niobium filaments
in Cu—13wt % Sn alloy, surrounded with a niobium
barrier and then pure copper. The bronze and copper
to non-copper ratios were 2 and 0.445, respectively, in
both S1 and S3 specimens. The diameters of the
niobium filaments in S1 and S3 specimens were, on
average, 5 and 42 ym, respectively.

The experimental procedure was the same as that
shown in our former papers [5, 8]. As the data of the
earlier work were available, further experiments were
carried out only for shorter and more prolonged
annealing times at annealing temperatures of 973 and
1073 K. The present data, together with the former
ones, cover the annealing periods of 17.3 to 4320 ksec
at 973 and 1073 K for both S1 and S3 specimens. The
volume fractions of Nb,Sn, niobium and Cu-Sn were
investigated with the SEM and electron probe micro-
analysis (EPMA). Tensile test was carried out with an
Instron type tensile machine at room temperature at a
strain rate of 3.33 x 107*sec™'. The fractured speci-
mens were observed with the SEM to determine the
morphology of the Nb,Sn layer. The tensile strength
of the Nb;Sn layer was obtained by the procedure
shown in our former work [5, 8]. The grain size of the
Nb;Sn compound was measured from the fracture
surface observed with the SEM. First the one-dimen-
sional grain size was obtained with the linear-line-
intercept method and then it was converted to the
three-dimensional one by multiplying by 1.56 under
an approximation that the grain is spherical.
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Figure 1 Variation of ¢ as a function of ¢: (0) S1, 973K; (O0) S3,
973K; (a) S1, 1073K,; (v) S3, 1073K.

3. Results and discussion
3.1. Thickness and volume fraction of Nb;Sn
layer

The thickness ¢ of the Nb;Sn layer increased with
increasing temperature T and time ¢, as shown in
Fig. 1. The ¢ of the Sl specimens increased with
increasing ¢ and reached nearly 1.4 um, remaining
nearly constant for longer ¢. On the other hand, the ¢
of the S3 specimens did not reach a constant value
even for prolonged annealing time within the range
investigated.

Fig. 2 shows the variation of the volume fraction of
Nb;Sn layer, Vyp,s0, Which is the sum of the volume
fractions of the Nb,Sn formed on niobium filaments
and at the niobium barrier. The ¥, s, of the S1 speci-
mens showed a saturation for prolonged annealing
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Figure 2 Variation of VM3Sn as a function of £: (0) S1, 973K; (0O) S3,
973K; (a) S1, 1073K; (v) S3, 1073 K.
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Figure 3 Variation of Onp,ss @8 @ function of £: (0) 81,973 K; (00) S3,
973K; (a) S1, 1073K; (v) 83, 1073K.

times, while that of the S3 specimens did not show it
within the range of this work. This means that elemen-
tal tin had been consumed to form Nb,Sn in the S1
specimens but it still existed in the S3 specimens for
prolonged times.

3.2. Tensile strength of Nb;Sn layer

3.2.1. Difference in tensile strength of Nb;Sn
layer between thin and thick
specimens

Fig. 3 shows the variation of the strength of the

Nb;Sn layer, oyy,s,, as a function of ¢. There are two

distinct features:

(i) The higher the annealing temperature and the
longer the annealing time, the lower becomes the
Onp,ysn fOT both S1 and S3 specimens.

(i) The o,y in thin S1 specimens is higher than
that in thick S3 specimens at any annealing temperature
and time.

The feature (i) can be attributed to the fact that
grain size d becomes large with increasing annealing
temperature and time, as ascertained previously [8].

To account for the feature (ii), two possibilities were
considered in this work. Generally, brittle materials
have a characteristic that the thinner the materials, the
stronger they become, since they have fewer defects
[11, 12]. This is the first possibility. If the present
Nb,Sn layer had this characteristic, it would be easy to
understand why the thin Nb;Sn layer in the thin Si
specimens is stronger than the thick Nb;Sn layer in the
thick S3 specimens for a given heat-treatment. To
examine this possibility, ow,s. was plotted against
thickness ¢. Fig. 4 shows the result, where the values
shown by square symbols were taken from S1 speci-
mens annealed at 1123, 1173, 1223 and 1273K for
86 ksec to obtain large grain size after having been
annealed at 973K for 432ksec [8]. Contrary to the
expectation that the ayy,s, of the S1 specimens would
be higher than that of S3 specimens at a given ¢, the



Figure 4 oy, s, plotted against ¢ (O) 81, 973K; (Q) 83,
973K, (a) S1, 1073K; (¥) 83, 1073K; (+) S1 annealed at
1123, 1173, 1223 and 1273 K for 86 ksec after having been
annealed at 973K for 432 ksec [8].
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former was lower than the latter. Thus the possibility
mentioned above was disproved.

The next possibility is that the structure of the
Nb,Sn in the §3 specimens is different from that in the
S1 specimens. The structure, especially the grain size
of the Nb,Sn layer, was therefore studied in detail,
since for the S1 specimens it has been demonstrated
that the strength of the Nb;Sn layer had a strong
dependency on grain size [8].

3.2.2. Difference in grain size of Nb;Sn layer
between thin and thick specimens and
its influence on the strength

The fracture morphology of the Nb,Sn layer was quite

different between the S1 and S3 specimens. Fig. 5

shows typical examples of the fracture surface of the

Nb;Sn layer in S1 annealed at 973K for 432ksec

(Fig. 5a) and 1073 K for 1730 ksec (Fig. 5b), and for

S3 annealed at 1073K for 432ksec (Fig. 5¢) and

Figure 5 Fracture surfaces of the
Nb,Sn layer: (a) S1 specimen
annealed at 973K for 432ksec,
{b) S1 specimen at 1073K for
[730ksec, (c) S3 specimen at
1073K for 432ksec and (d) S3
specimen at 1073 K for 1730 ksec,
showing extra-coarse grains in the
$3 specimens (¢, d) which are not
found in the SI specimens (a, b).
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Figure 6 (a) Average measured values of grain size in the region of
small grains, 4,, in the S$3 specimens, together with the average grain
size measured in the S1 specimens d,,. for comparison ((O) 4, in S3,
973K; (v) d, in 83, 1073K; (0) d,,. in S1, 973K; (2) 4, in Si,
1073 K), and (b) those in the region of extra coarse grains, 4, in the
S3 specimens ((O) S3, 973K; (v) 83, 1073K).

1073K for 1730 ksec (Fig. 5d). In the S! specimens,
there was a slight tendency for the grain size of the
Nb, Sn layer to increase with increasing distance from
the Nb—-Nb,Sn interface. However, the sizes of the
grains were not much different from each other, com-
pared with the difference in size in the S3 specimens.
In the S3 specimens, very coarse grains were found as
shown in Figs 5c¢ and d. Such coarse grains in the S3
specimens were observed for ¢ > 173ksec at 973K
annealing and for ¢ > 17.3ksec at 1073 K annealing.
The average grain size was then measured in both
regions of small grains, d;, and extra large grains, d,
separately in the S3 specimens when such large grains
were observed. Fig. 6 shows the average values of d,
(Fig. 6a) and 4, (Fig. 6b) in the S3 specimens together
with those measured in the S1 specimens (plotted in
Fig. 6a). It is interesting that the d, values of the S3
specimens are nearly the same as the average grain size
in the S1 specimens for any heat-treatment. This might
indicate that, if no coarse grains arose, the average
grain size would be determined only by the annealing
temperature and time. At present, the reason why very
coarse grains are formed in the thick specimens is
unknown.

As it has been established that the relation of the
strength of the Nb,Sn layer to grain size in the S1
specimens can be empirically expressed by the Hall-
Petch type of equation [8], the value of oyy,s, Was
plotted against d ', where d, was taken as the grain
size d for the S1 specimens and S3 specimens in which
no coarse grains were observed and &, was taken as d
for the S3 specimens in which coarse grains were
observed. Fig. 7 shows the result. Although a wide
scatter is found, the data points approximately fall on
a straight line. In Fig. 7, the average grain size d,,. was
used as d when extra-coarse grains did not exist and d,
was used as d when they existed. It is, however, not
sure that d,,, can be compared with 4, directly. Then, as
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Figure 7 oyy,s, plotted against d~'2, where average grain size was

taken as d for the S1 specimens and the S3 specimens in which
extra-coarse grains were not found, and 4, was taken as 4 for the 83
specimens in which extra-coarse grains were found. (0) S1, 973K;
() 83, 973K; (&) S1, 1073K; (¥) 83, 1073K; (+) S1 annealed at
1123, 1173, 1223 and 1273 K for 86 ksec after having been annealed
at 973K for 432 ksec [8].

it was expected from the fracture surface of the Nb;Sn
layer that coarser grains exist near the interface
between the Nb,Sn and the Cu—Sn matrix even in the
S1 specimens which have no extra-coarse grains, side
views of the Nb,;Sn layer were observed by etching
away the copper, niobium barrier and Cu—Sn matrix.
Fig. 8 shows an example of the side view of the Nb,Sn
layer of an S1 specimen annealed at 1073K for
864 ksec (Fig. 8a), together with the fracture surface
of the same specimen (Fig. 8b) for comparison, and
the side view of an S3 specimen under the same heat-
treatment (Fig. 8c) for comparison, too. The specimen
of Fig. 8¢ observed after tensile test shows also the
fracture path, indicating that the fracture proceeds not
only intergranularly but also transgranularly.
Comparing Figs 8a to ¢ with each other, it is evident
that the average grain size in the side surface of the S1
specimen (Fig. 8a) is larger than that in the fracture
surface (Fig. 8b), and that the grain size in the side
surface of the S1 specimen is smaller than that in the
S3 specimen (Fig. 8c) under the same heat-treatment.
The grain sizes in the side surfaces of the S3 specimens
were nearly the same as the sizes of the extra-coarse
grains in the fracture surface. The average grain size in
the side surface was then measured as d, for the speci-
mens without extra-coarse grains. Fig. 9 shows the
variation of d; as a function of ¢ for the S1 specimens,
together with that of d,,. for comparison. The dif-
ference between d,,. and d, is small for short annealing
times but it becomes large with increasing ¢. The value
of oy,s. Was plotted against d~ " as shown in Fig. 10.



Figure 8 An example of the side view of the Nb,Sn layer in (a) SI specimen annealed at 1073 K for 864 ksec, together with (b) the fracture
surface of the same specimen for comparison, and (c) the side view of the layer in an S3 specimen given the same heat-treatment.

Both Figs 7 and 10 can give the same conclusion in the
point that the data points approximately. fall on a
straight line. The difference between Figs 7 and 10 is
that the scatter in Fig. 10 becomes smaller than that in
Fig. 7.

The results shown in Fig. 10 imply that the strength
of the Nb,Sn layer in both Si and S3 specimens is
proportional to the inverse square root of the grain
size when the size of coarse grains is employed as the
representative grain size. From the present result, the
reason why the Nb,Sn layer becomes weak when the
specimen thickness becomes large can be accounted
for by the existence of extra-coarse grains in thick
specimens.

The reason why o, s, is nearly proportional to 4,
is not known at present. One possible reason is that
microscopic plastic flow or dislocation movement
occurs even at room temperature so that a crack is
nucleated by a dislocation pile-up process against
grain boundaries [9, 10, 13]. However, it is unknown
whether microscopic plastic flow occurs or not at
room temperature, although it has been known that
plastic flow occurs under high hydrostatic pressure at
room temperature and also under zero and ambient
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Figure 9 Variation of (s) d, as a function of ¢ of the S1 specimens,
together with that of (O) d,,. for comparison; (a) 973K, (b) 1073 K.

pressure at elevated temperatures [14-16]. Another
possible reason is that a crack is nucleated by the
fracture of a grain boundary, so that the grain size is
nearly equal to the crack length. According to this
concept, Griffith theory [17] may be useful, since it too
gives a relation that oy, is proportional to &' if
the crack length is proportional to the grain size. At
present, either of the above possibilities can be argued.
In order to clarify the reason why oy, is nearly
proportional to 4", further study is needed.

4. Conclusions

The grain size and room-temperature tensile strength
of the Nb, Sn layer in bronze-processed multi-filamen-
tary superconducting composite materials were studied.
The strength of the Nb;Sn layer in thick specimens
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Figure 10 oy, s, plotted against d~ 2:(0) S1,973 K; (1) 83, 973K;
(2)81, 1073K; (v) 83, 1073 K; (+) SI annealed at 1123, 1173, 1223
and 1273 K for 86ksec after having been annealed at 973K for
432 ksec [8].
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was lower than that in thin specimens for any heat-
treatment. This was accounted for by the existence of
extra-coarse grains in the thick specimens. It was
found that the strength of the Nb;Sn layer is nearly
proportional to inverse root grain size.
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