
J O U R N A L  OF M A T E R I A L S  S C I E N C E  21 (1986) 1020-1026  

Tensile strength and flux pinning force of 
superconducting Nb3Sn compound as a function 
of grain size 
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Department of Metallurgy, Kyoto University, Sakyo-ku, Kyoto 606, Japan 

In order to evaluate the influence of grain size on the strength and flux pinning force of the 
Nb3Sn compound, the microstructure, tensile behaviour and flux pinning force of the bronze- 
processed Nb3Sn superconducting composite materials were investigated under various heat 
treatments. It was found that the strength of the Nb3Sn layer has a strong dependency on the 
grain size and it can be expressed by the HalI-Petch type relation. The flux pinning force was 
roughly proportional to the inverse grain size, agreeing with the results of former investi- 
gations. 

1. I n t r o d u c t i o n  
As the superconducting Nb3 Sn compound is brittle, it 
fractures at low strain. This not only has serious 
consequences for handling but also gives a limit of 
strain tolerance in superconducting properties [1-4]. 
Thus it is very important to know the fracture behav- 
iour and strength of  the Nb 3 Sn compound. Although 
the deformation and fracture behaviour of  the Nb 3 Sn 
layer in composites has been studied in detail [5, 6], the 
strength of  this layer has not been clarified up to date. 

In the Nb3Sn superconducting materials, grain 
boundaries plays important roles. For  instance, it is 
believed that grain boundaries are the primary pinning 
centres and the flux pinning force increases with 
decreasing grain size when the grain size is larger than 
a critical value [7-9]. From the view of  fracture behav- 
iour of  Nb 3 Sn, fracture occurs at the grain boudary. 
Therefore it is expected that the strength of  this com- 
pound has a strong dependency on the grain size. The 
aim of the present work is to measure the tensile 
strength and flux pinning force of the Nb3 Sn layer in 
bronze-processed multi-filamentary composites and 
to obtain the relations of these properties to grain size. 

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 for energy research in 1983 to 1985 
of the Ministry of Education, Science and Culture of 
Japan. The composite specimens were composed of 
745 niobium filaments in a Cu-13 wt % Sn alloy, sur- 
rounded with a niobium barrier and then pure copper 
as a stabilizer. The bronze and copper to non-copper 
ratios were 2 and 0.445, respectively. The diameter of  
the niobium filaments, dr, and the thickness of the 
niobium barrier were, on average, 5.0 and 7.1/~m, 
respectively. 

In order to change the grain size and thickness of  
the Nb3Sn layer, two kinds of  heat treatment were 

carried out. For  the first heat treatment (HT1), the 
specimens were annealed isothermally, at 973 and 
1073K up to 4320ksec, and for the second heat- 
treatment (HT2), the specimens were annealed at 973, 
1023 and 1073 K for 432ksec. Some of the specimens 
annealed at 973 K for 432ksec, which had a very 
low tin concentration in the Cu-Sn matrix (about 
0.2 at %) and therefore would not melt at least below 
1300K [10], were annealed again at 1123, 1173, 1223 
and 1273 K for 86.4 ksec. After annealing, each speci- 
men was embedded in resin and then the cross-section 
was polished. Using this polished cross-section, the 
thickness of the Nb3 Sn layer, c, the volume fraction of 
the Nb 3 Sn layer, VNb3Sn, which is the sum of the vol- 
ume fractions of the Nb3Sn layer formed on the 
niobium filaments and at the niobium barrier, the 
volume fraction of niobium, VNb, which is the sum of  
the volume fractions of the niobium filaments and the 
niobium barrier remaining after reaction, and tin con- 
centration in the Cu-  Sn matrix, Xs,, in which the ZAF 
correction was carried out, were measured with scan- 
ning electron microscopy (SEM) and electron probe 
microanalysis (EPMA). The volume fraction of cop- 
per was 0.308, being unvaried in any heat treatment. 
The volume fraction of the Cu-Sn  matrix was 
obtained by the equation of  1 - VNbgS n - VNb - -  Vcu .  

Tensile tests were carried out with an Instron-type 
tensile machine at room temperature at a strain rate of 
3.33 x 10 -3 sec -1 . For  each annealing treatment, two 
specimens were tested and the results were averaged. 
From the fracture surface of the Nb3Sn layer, the 
grain size was measured with the linear line intercept 
method [7]. 

The critical current was measured in the magnetic 
field B from 2 to 8 tesla at 4.2 K by a 1/~V criterion for 
critical current. The critical current density Jc was cal- 
culated by dividing the critical current by the real cross- 
sectional area of the Nb3 Sn layer itself. The flux pin- 
ning force Fp (which equals JoB) was plotted against B 
and the maximum value of  Fp, Fp . . . . .  was obtained. 
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Figure 1 Variations o f  (a) c and (b) Xsn fo the specimens annealed 
as a function of  t. o: 973K;  zx: 1073K. 

3. Resul ts  and  d iscuss ion  
3.1. Microstructure of the composites 
The thickness of the Nb3Sn layer, c, increased and 
correspondingly, the tin concentration in the Cu-Sn 
matrix, Xs, , decreased with increasing annealing time 
under HT1 treatment, as shown in Fig. 1. Fig. 2 shows 
the variation of c as a function of final annealing 
temperature T, below 1073K the specimens were 
annealed for 432ksec, and above 1123K they were 
annealed for 86.4 ksec after having been annealed at 
973 K for 432 ksec (HT2). c increased with increasing 
T. Xsn in these specimens were less than 0.2 at %. The 
variations of VNb,Sn and gNU for HT1 and HT2 treat- 
ments are shown in Figs. 3 and 4, respectively. VNbsS n 
increased and correspondingly V~u decreased with at 
increasing annealing time and final annealing tem- 
perature. 

0.25 

7~ C~2C 

 o.i 
Z 

O.lO 

I I 1 

\ 
@ \ ~ zx -, 

"\7"/ 
o / e- e-...__te 

/ A ~ & -  / o  
/ O  

I I I 
10 4 10 5 10 6 

t (sec) 

Figure 3 Variations of VNb3S n and VNb of  the specimens annealed as 
a function of t. o: Vr%sn , 973 K; e :  Vr~b, 973 K; zx: VN%s, , 1073 K; 
A: VNb , 1073K. 

Fig. 5 shows typical fracture surfaces of the Nb3 Sn 
layer after annealing at (a) 973 K for 432 ksec, (b) 
t073K for 432ksec, (c) 1173K for 86.4ksec after 
having been annealed at 973 K for 432 ksec and (d) 
1273K for 86.4ksec after having been annealed at 
973 K for 432ksec. It is evident that the grain size 
increased with increasing final annealing temperature. 
The shape of the grain was columnar near the 
Nb-Nb3Sn interface but rather equiaxed near the 
NbsSn-(Cu-Sn) interface at annealing temperatures 
of 973 and 1073 K. The columnar grain dimensions in 
the growth direction were about 2 to 4 times (973K) 
and about 1 to 2 times (1073K) larger than those 
transverse to the grain direction. Such dimension ratio 
values has been reported also for VsGa [11]. On the 
other hand, above 1123 K, the grain became nearly 
equiaxed and of cubic symmetry. From the photo- 
graphs as shown in Fig. 5, the average grain size d 
after HT2 treatment was measured with the line inter- 
cept method as shown in Fig. 6. For the columnar 
grains, this method was applied in both directions of 
grain growth and perpendicular to it, and the results 
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Figure 2 Variation o f  c of  the specimens after HT2 treatment  as a 
function of  final annealing temperature. 

Figure 4 Variations of  VN%Sn and V~ of  the specimens after HT2 
treatment as a function o f  final annealing temperature. 
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Figure 5 Fracture surfaces of the Nb3 Sn layer in the specimens annealed (a) at 973 K for 432 ksec, (b) at 1073 K for 432 ksec, (c) at 1173 K 
for 86.4 ksec after annealing at 973 K for 432 ksec and (d) at 1273 K for 86.4 ksec after annealing at 973 K for 432 ksec. 

were averaged. Similarly, the variation of  the average 
grain size of the Nb3 Sn layer after HT1 treatment was 
measured as shown in Fig. 7. It is evident that the 
grain size increased with increasing annealing time at 
both annealing temperatures of 973 and 1073 K, as 
has been observed by Scanlan et al. [7]. 

3.2. Flux pinning force as a function of grain 
size 

The critical current measurements were carried out for 
the four different grain sizes; 0.20 #m (heat treatment 
at 973K for 432ksec), 0.24#m (973K, 1730ksec), 
0.32/~m (1023K, 432ksec) and 0.44#m (1073K, 
432 ksec). The measured values of  the flux pinning 
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force Fp are shown in Fig. 8 as a function of applied 
magnetic field B. The pinning force is influenced by 
many factors such as grain size, grain shape and 
stoichiometry of the Nb3Sn layer and also residual 
stresses arising from the difference in thermal contrac- 
tions among the constituents. Among these factors, 
the increase in the pinning force with decreasing grain 
size has been predicted in various theories on flux 
pinning by grain boundaries [12-14]. Especially, at 
least within the range of  grain size smaller than about 
0.1 #m, it has been demonstrated by many investi- 
gators [7-9, 15] that the flux pinning force is roughly 
proportional to the inverse grain size. The present 
result agreed with these investigations, although the 
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Figure 6 Average measured values of d after HT2 treatment as a 
function of final annealing temperature. 
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Figure 8 Measured values of  Fp plotted against B. 

aforementioned factors other than grain size might 
affect the pinning force to some extent, as shown in 
Fig. 9 where the maximum pinning force, Fp ..... 
which was read from the Fp-B curves shown in Fig. 8, 
is plotted against the inverse grain size. 

3.3. Tensile behaviour  of compos i tes  
Fig. l0 shows typical stress-strain curves of the com- 
posite specimens annealed at 973 K for 43.2, 173 and 
432ksec. The specimens annealed for 43.2 and 
173 ksec showed large plastic deformation, while the 
specimen annealed for 432 ksec fractured in a brittle 
manner without apparent plastic deformation. These 
two types of fracture mode of bronze-processed 
Nb 3 Sn superconducting materials have been observed 
and analysed in our following work [6]. As in our 
following work, the fracture mode of the former speci- 
mens are named as type I and that of the latter as 
type II. Within the range investigated in the present 
work, only the specimens annealed at 973 K for 43.2, 
86.4 and 173ksec and that annealed at 1073K for 
4.43ksec showed type I but the other specimens 
showed type II; namely type I mode occurred in the 
specimens with low VNb3S n and type II in the specimens 
with high Vr%sn. The reason, why the specimens with 
low V N b 3 S  n showed type I but those with high V N b 3 S  n 

type II, could be attributed to the difference in the load 
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Figure 7 Average measured values of  d of  the specimens annealed as 
a function of  t. O: 973 K; z~: 1073 K. 

bearing capacity of composites due to breakage of the 
Nb3Sn layer that can be compensated by the work 
hardening of the ductile constituents of copper, 
Cu-Sn and niobium when VNb3S, is lOW but not when 
it is high, as demonstrated [6] using the theory of fibre 
reinforcement [16-18]. 

In order to know when the Nb3Sn layer begins 
fracturing in composites, the appearance of the Nb3 Sn 
layer after loading to various strain levels was examined 
with the SEM by etching away the copper, the niobium 
barrier and some portion of the Cu-Sn matrix. It was 
found that, in the specimens which showed type I 
mode, the Nb 3 Sn layer begins fracturing when apparent 
plastic deformation of composites as a whole takes 
place. Fig. 11 shows an example of the appearance of 
the Nb3Sn layer at various strains shown in the 
stress-strain curves. In this example, taken from the 
specimen annealed at 973 K for 43.2 ksec, fracture of 
Nb 3 Sn layer has started at the strain (~)in the stress- 
strain curve, which is just after the initiation of 
apparent plastic deformation. Not only in this example 
but also in all specimens showing type I mode, the 
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Figure 10 Typical stress strain curves of the specimens annealed at 
973 K for various times. 

Nb3Sn layer was broken into shorter and shorter 
lengths with increasing strain after the start of frac- 
turing, showing multiple fracture at high strains as 
shown in Fig. 11. On the other hand, in the specimens 
which showed type II mode, it was found that most of  
the Nb3Sn layer fractured at the fracture of  com- 
posites as a whole while only a small number of  frac- 
tures of the Nb 3 an layer occurred prior to the fracture 
of composites as a whole. Therefore, in type II speci- 
mens, the fracture strain of the Nb3 Sn layer is approxi- 
mately equal to that of  composites as a whole. 

3.4. Tens i le  s t r e n g t h  of  the  Nb3Sn  layer  
The multiple fracture phenomenon of the Nb 3 Sn layer 
can occur only when the VNR3S, is lOW and the drop of 
load-bearing capactity of composites due to breakage 
of the Nb 3 Sn layer can be compensated by the work 
hardening of ductile constituents [6, 16, 17]. On the 
other hand, when VNb3Sn is high, as the drop of the 
load-bearing capacity cannot be compensated by the 
work hardening of  the ductile constituents, the fracture 
of  the Nb3 Sn layer causes fracture of the composite as 
a whole. Therefore the stress at which multiple frac- 
ture of the Nb 3 Sn layer starts occurring in type I and 
the stress at fracture of  composites in type II could be 

regarded as the stress at which the Nb 3 Sn layer shows 
its strength, to a first approximation. Noting the com- 
posite stress at which the Nb3Sn layer shows its 

A strength as ~r c , o "A is approximately given by 

0 "A VNb3S n -'[" O'~u Vcu ONb3S n 

+ * Vcus n + * aCu_Sn O'Nb VNb (1) 

from the rule of mixtures [6, 16, 19] where O'Nb3S n is the 
tensile strength of the Nb3 Sn layer and the a'u, * O-Cu_Sn 
and a*b are the stresses of copper, Cu-Sn  and niobium 
at the fracture strain of  the Nb3 Sn layer. CrNb3S n can be 
evaluated by substituting the measured values of a A, 
VNb3Sn, Vcu and Vcu-s,, and the values of a~u_Sn, a~u and 
a*b into Equation 1. As the fracture strain of  the 
Nb 3 Sn layer is very low compared with that of Cu-Sn  
and copper, the aCu* sn and a*u can approximately be 
given by respective yield stress [6]. Using the data of  
the yield stresses of annealed Cu-Sn  alloy for various 
tin concentrations [20], the yield stress of this alloy, 
O'Cu_Sn,y , was expressed as a function of  tin concen- 
tration in the form given by 

acu_s~,y = 70 + 22 x(at % Sn) MPa (2) 

Substituting the measured values of tin concentration, 
XSn, into Equation 2, the value of a~u_s, was obtained 
in each specimen. For  a*~, the value of ac~-sn,y at 
Xs~ = 0, 70 MPa was used. As the yield stresses of the 
niobium filaments and the niobium barrier could not 
be measured separately, it was assumed that both of  
the niobium filaments and the niobium barrier show 
the same yield stress under a given annealing treat- 
ment. The yield stress of  niobium was measured by 
using the niobium filaments with a diameter of  
0.65mm supplied by Sumitomo Electric Industries 
Ltd, Japan, after the respective annealing treatment. It 
was found that the time dependency of the yield stress 
of niobium at annealing temperatures of  973 and 
1073 K is small. Therefore the average values of the 
yield stress, 233 MPa at 973 K annealing and 210 MPa 

Figure 11 Appearance of the Nb 3 Sn layer 
at the strains indicated in the stress-strain 
curve of the specimen annealed at 973 K 
for 43.2 ksec, which showed type I fracture 
mode. 
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Figure 12 Variations o f  o~ as a function o f  t of  the specimens 
annealed isothermally, o: 973 K; zx: 1073 K. 

at 1073 K annealing, were used a s  o-~q b. Under HT2 
treatment, the yield stress of  the niobium filaments 
had little dependency on final annealing temperature 
above 1123 K, being nearly constant at 210 MPa. This 
value of 210 MPa was used a s  o-~q b for the final annealing 
temperature above 1123 K. This value is nearly the 
same as the reported value of the yield stress of the 
fully annealed wrought niobium, 207 MPa [21]. 

In composite specimens annealed to form Nb3Sn 
layers and then cooled to room temperature, the 
Nb3Sn layer, niobium filaments and barrier are sub- 
jected to compressive residual stresses and the copper 
and Cu-Sn to tensile residual stresses [22]. When the 
composites are pulled in tension, the stress exerted on 
the Nb 3 Sn layer increases from minus to zero and then 
becomes plus with increasing applied tensile stress. As 

A corresponds to the stress at which the Nb3Sn the oc 
layer fractures in tension, the estimated values of 
O'ND3Sn show the tensile strength [6]. 

Figs. 12 and 13 show the measured values of o-~ for 
HT1 and HT2 treatments, respectively. From the 

A shown in Figs. 12 and 13, the measured values of ac 
aNb3S, was calculated as shown in Figs. 14 and 15, 
respectively. It is evident that the longer the annealing 
time and the higher the annealing temperature, the 
lower becomes the ONb~S," AS shown already the grain 
size increased with increasing annealing time and 
temperature. Then all values of the O'Nb3S n shown in 
Figs. 14 and 15 were plotted against grain size d to 
check the dependency of the strength on the grain size. 
Fig. 16 shows the result. It is clear that the larger the 
grain size, the lower the strength. 

Efforts were made to find a relation of O'Nb3S n to d. It 
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Figure 13 Variations of  cr~ as a function of  final annealing tem- 
perature of  the specimens after HT2 treatment.  
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annealed isothermally. O: 973 K; ~: 1073K. 

was found that aNb3Sn, to a first approximation, is 
proportional to d-~/2 as shown in Fig. 17. This type of 
the relation is known as the Hall-Petch relation [23, 24]. 
This relation has been derived on the basis of the 
mechanism that a crack is nucleated by a dislocation 
pile-up process against grain boundaries and therefore 
microscopic plastic flow is the cause of fracture 
[23-25]. In this mechanism, plastic deformation or 
dislocation movement is inevitable. At present, it is, 
however, unknown whether plastic deformation 
occurs or not in the Nb 3 Sn compound when pulled in 
tension at room temperature, although it has been 
confirmed that plastic flow occurs under high hydro- 
static pressure even at room temperature and also 
under no and ambient pressure at elevated tem- 
peratures [26-28]. Therefore it cannot be concluded 
that the strength of the Nb3 Sn compound obeys the 
Hall-Petch relation in a rigid manner. Although the 
reason, why the Hall-Perch type relation can describe 
the strength of Nb3 Sn layer, is not known at present, 
this type of the relation can be employed at least as an 
empirical one to describe the strength as a function of 
grain size. This is the first finding for the Nb3Sn 
compound. 

4 .  C o n c l u s i o n s  
The tensile strength and flux pinning force of the 
Nb 3 Sn layer were expressed as a function of grain size, 
to a first approximation. The flux pinning force was 
proportional to the inverse grain size as in the former 
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Figure 16 Decrease in <r~3s, with increasing d. 

investigations and the strength was described by the 
Hall-Petch type relation empirically. 
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