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The deformation processes in filamentary superconducting composites at both room 
temperature and 4.2 K have been studied using transmission and scanning electron 
microscopy. In all the composites, the filaments consisted of a central core of unreacted 
niobium surrounded by a reacted layer of Nb3Sn. The Nb3Sn failed in an intergranular 
manner without any prior dislocation activity and the radial cracks formed in the Nb3Sn 
layer during deformation were stopped at the niobium core. The observed variations in 
ductility, fracture stress and secondary modulus between the different composites were 
accounted for quantitatively by the presence of the niobium cores. 

1. Introduction 
In common with other A15 compounds, and the 
intermetallic compounds in general, Nb3Sn is 
extremely brittle and this raises many difficulties 
in its fabrication and use. One fabrication process 
currently employed is to produce filamentary 
Nb3Sn composites by a solid-state reaction. 
Basically the procedure is to embed rods of 
niobium in a t in-bronze matrix, swage, cut and 
re-bundle and finally draw down to a wire. The 
composite wire is then reacted in the temperature 
range 600 to 800 ~ C to allow diffusion of tin from 
the bronze into the niobium and hence form 
Nb3 Sn by solid-state reaction. 

Care must be taken to minimize the stresses 
imposed on the reacted NbaSn composite since 
it has been found that the current-carrying ca- 
pacity is sensitive to mechanical damage [1 -4 ] .  
Tensile tests have been carried out on Nb3Sn 
filamentaly composites by a number of workers 
(e.g. [2]) and in particular by the groups at 
A.E.R.E. and the Rutherford Laboratory [1, 5, 6]. 
Composites varying in filament size/density and 
reaction time/temperature have been tested at 
4.2 K and room temperature and the stress-strain 
curves found to exhibit the following features: 

(i) an initial linear region, extending up to 
about 0.1% strain, in which the composil~e behaves 
elastically; 

(ii) this is followed by a second region with a 
linear relationship between stress and strain, but 
the constant of proportionality (secondary modu- 
lus) is less than the Young's modulus in the 
preceeding elastic region. This region extends up 
to 0.8 to 1.0% strain; 

(iii) finally, deformation continues at a con- 
stant stress until failure occurs at a strain which in 
some cases may exceed 10%. 

This paper reports the results of an electron 

microscopy investigation of the Nb~Sn filamen- 
tary superconducting composites which were 
tested during the previously mentioned mechanical 
properties investigations carried out by the groups 
at A.E.R.E. and the Rutherford Laboratory. The 
mechanical properties data are re-analysed in the 
light of the information acquired from the met- 
allographic study. 

2. Experimental procedure 
Foils for transmission electron microscopy were 
prepared from longitudinal sections of the com- 
posites using an ion-beam thinning technique. 
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T A B LE I The mechanical properties of Nb 3 Sn filamentary superconducting composites [ 1, 5, 6] 

Code Reaction Test Young's Secondary Failure 
time (h)] temp. modulus modulus stress 
temp. (~ C) (K) (GNm -2) (GNm -~) (MNm -2) 

Failure 
strain 
(%) 

3780 144/665 4.2 t38.1 • 40.6 4 1 . 9  • 2.9 559 • 10 7.0 • 1.8 
343 16J750 295 113 20.9 325 11 
37 100/800 295 102-110 38.8 350 0.5 
1369 161750 295 90-104 32.3 350 0.5-1.2 
5143 16/750 295 103 29.2 335 10 

TABLE II Characteristics of the reacted filaments 

Code Filament diameter 
(~m) 

Nb 3 Sn layer thickness Nb 3 Sn grain size 
(~m) (A) 

Measured Calculated Measured Calculated 

37 15 2.5 
343 3.0 1.3 
1369 5.0 1.5 
3780 6.0 1.8 
5143 6.5 1.6 

2.9 - 1200 
1.6 950 800 
1.6 700 800 
1.55 800 750 
1.6 910 800 

These foils were examined in a 100kV electron 
microscope (Philips 301). Scanning electron 
microscopy (Cambridge 600) was also used to 
study the fracture surfaces of  the composites. 

The mechanical properties data for the speci- 
mens studied are given in Table I; the number of  
filaments in the composites is used as a code 
number. Samples o f  fractured and untested com- 
posites which had received the quoted heat- 
treatments were available for examination and, in 
addition, composites 3780 and 1369 were supplied 
after testing to various strains (3780, 0.8%; 1369, 
0.52,0.92 and 1.18%). A series of  1369 specimens, 
which had been reacted for times in the range 
1 to 16h at 700~ and tested at room tempera- 
ture to strains in excess of  1.00%, were examined 
in order to study the effect o f  NbsSn layer thick- 
ness on the deformation process. 

3. Results and discussion 
3.1. Nb3Sn layer thicknessand grain size 
The layer thickness and grain size, as determined 
by transmission electron microscopy, are pre- 
sented in Table II. Also given in this table are the 
average filament sizes; it can be seen that all the 
filaments contained a core of  unreacted niobium. 
The layer thicknesses and grain sizes determined 
in this investigation are consistent with those 
calculated from previously reported data [7]. 

3 .2 .  F r a c t u r e  
Figs. 1 and 2 are scanning electron micrographs of  
filaments fractured at 4.2 K and room tempera- 
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ture, respectively. The NbaSn layer and the 
niobium core of  the filaments were easily dis- 
tinguishable in the room temperature specimens. 
The fracture surface at 4 .2K was not so well 
defined, the main features being an increased 
number of  voids or cracks at the NbaSn-bronze  
interface and fragmented niobium cores. The 
latter feature is consistent with the reported 
ductile-brit t le transition temperature for niobium 
o f  43 K [8].  

Transmission electron microscopy showed that 
at failure, and at smatier strains (e.g. 3780, 0.8%; 
1369, 0.92%), many cracks had nucleated and 
propagated through the brittle Nb3Sn layer but 
had been stopped at the niobium core (Figs. 3 
and 4). This was observed even in the composites 
tested at 4.2 K in which the niobium would have 
been in the brittle state. 

The stress situation at the crack tip in a 
filament can be analysed if it is assumed that the 
standard principles of  fracture mechanics can be 
applied at tttis low temperature for a brittle 
material, regardless of  the small specimen size. If  a 
filament with a cracked Nba Sn layer is considered 
as a circumferentially cracked round bar, the stress 
intensity factor K, is given by [9] ,  

YP 
KI - Da/2 (1) 

where P is the load, D is the bar (in this case 
filament) diameter and Y is a constant which 
depends on the ratio of  the bar diameter to the 
diameter of  the uncracked core. For the cracked 
3780 filaments this ratio was 2.3 and the corre- 



Figure 1 Scanning electron micrograph of the fracture 
surface of composite 3780 reacted 144h at 665~ and 
tested at 4.2 K. 

Figure 2 Scanning electron micrograph of the fracture 
surface of composite 1369 reacted 16h at 700~ and 
tested at room temperature. 

Figure 3 Transmission electron micrographs of composite 3780 reacted 144 h at 665 ~ C and fractured at 4.2 K, showing 
intergranular cracks in the Nb 3 Sn layer stopping at the niobium core. (a) The niobium core lies in the bottom right- 
hand corner of the micrograph with the Nb 3 Sn layer running diagonally across from bottom left to top right. (b) The 
niobium core runs vertically down the centre of the micrograph. This longitudinal section is not through the centre of 
the wire, hence the apparent narrowness of the niobium core. 

sponding Y value was 2.65.  Two  l imits  were taken 

for the strain at which  the Nb3 Sn fails, namely :  

(i) an upper  l imit  o f  0.8%, since e lec t ron 

mi c ro s copy  results show that  cracks are present  at 

this strain (Table III)  and fur ther  de fo rma t ion  o f  

the compos i tes  to higher strains proceeds  at near ly  

cons tan t  stress; 

(ii) a lower  l imit  o f  0 .5% as degradat ion  o f  

superconduct ing  propert ies  can take place at this 

strain and, since no dis locat ion act iv i ty  has been  

observed,  this degradat ion may  be associated wi th  

cracking o f  the Nb3Sn.  Also, failure o f  some o f  

the  composi tes ,  even at r o o m  tempera tu re ,  can 

occur  at strains as low as this. 

T A B L E I I I Crack separation within the localized regions of damage 

Code Reaction time (h)/ Test Strain (%) Layer Crack 
temp. (o C) temp. (K) thickness (~m) separation 0xm) 

1369 1/700 295 > 1 0.6 - *  
1369 2/700 295 > 1 1.2 3.13 
1369 4/700 295 > 1 1.0 1.44 
1369 8/700 295 > 1 1.5 3.69 
1369 16/700 295 > 1 1.5 3.68 
1369 16/700 295 1.2 1.5 4.81 
1369 16/700 295 0.9 1.5 3.46 

q~ 
1369 16/700 295 0.5 1.5 - 
3780 144/665 4.2 7 1.8 2.17 
3780 144/665 4.2 0.8 1.8 - 

*Cracks present but data too limited to quantify a crack separation. 
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Figure 4 Transmission electron micrograph of composite 
1369, reacted 16 h at 700~ and strained > 1%, showing 
an intergranular crack. The crack runs vertically down- 
wards through the Nb 3 Sn layer, stopping at the niobium 
core. r 

At these strains at 4 .2K,  the cold-worked 
niobium core may be assumed to behave elasti- 
cally. The load on the niobium core is, therefore, 
given by eEA where e is the strain, E is the 
Young's modulus at 4 .2K and A is the cross- 
sectional area of  the niobium. The room tempera- 
ture modulus of  niobium is 104 .7GNm -2 [10] 
and taking a typical temperature dependence of  
- -5  • 10 -4 per degree gives a value for E at 4 .2K 
of  120.5 G N m  -2. Substituting these values into 
Equation 1 for K1 yields 0.58 to 0.92 MNm -3n . 

The critical stress intensity factor, KIc,  is 
related to Young's modulus and the effective 
surface energy 7 by 

KIc = (27E)  In .  

The effective surface energy in b c c metals is 
greater by an order of  magnitude, even at cryo- 
genic temperatures, than the true surface energy, 
%, due to localized plastic flow. The true surface 
energy of  niobium is 2 . 5 5 J m  -~ [11],  hence the 
minimum value that Kic could take for niobium 
is 0 . 78MNm -3n and a more realistic value, 

obtained by putting 7 = 10%, is 2 . 5 M N m  -3n.  
Thus the niobium core acts as a crack stopper 
since K~ for thin Nb3 Sn layer thicknesses is less 
than KIc.  

The cracking in the Nb3Sn layer occurred in 
localized regions, the number of  these regions 
increasing with strain. Within these regions the 
cracks were fairly evenly spaced (Fig. 5) and the 
crack separation was, within experimental error, 
independent of  layer thickriess and strain (Table 
III). McDougall [21 has suggested that cracking of  
the Nb3Sn layer occurs as a consequence of  
splitting at the f i lament-matrix interface and 
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Figure 5 Transmission electron micrograph of composite 
1369 reacted 8h at 700~ and strained > 1%, showing 
regular arrays of cracks in the Nb3Sn layers of two 
filaments. (The filaments lie either side of a section of the 
bronze matrix which has been removed during ion-beam 
thinning.) 

Figure 6 Transmission electron micrograph of composite 
3780 reacted 144h at 665~ and fractured at 4.2K, 
showing cracks in the Nb 3 Sn layer, several of which are 
associated with voids at the filament/matrix interface. 

predicts that such a f i lament-matrix split would 
have to be of  the order of  3 pm in length to induce 
cracking in the Nb3Sn at both ends. This value of  
3 gm is not inconsistent with the crack separations 
given in Table III. However, thick Nb3 Sn layers 
would be more susceptible to cracking by this 
mechanism than thin layers and there is no indi- 
cation from the present work that this is so. 
Furthermore, splitting at the f i lament-matrix 
interface was not frequently seen and was gener- 
ally associated with voids produced during pro- 
duction. This was more noticeable for the 3780 
composite (Fig. 6). Thus it is concluded that 
f i lament-matr ix splitting can lead to failure of  the 
Nb3 Sn but is not  a prerequisite. 

At bo th  test temperatures, fracture in the 
Nb3Sn layer area was intergranular in character 
(Figs. 3 and 4). Intergranular failure is not  
uncommon in intermetallic compounds and is 



often attributed to a lack of slip systems and/or 
the restriction of cross-slip. Transmission electron 
microscopy revealed no signs of dislocation 
activity in the NbaSn layer. The Griffith theory 
for fracture may be used to determine the effec- 
tive surface energy of Nb3 Sn if it is assumed that 
the critical flow size was equal to the grain 
diameter. The Grifflth equation for the fracture 
stress oF is 

= (2E7)  t/2 
or  \--~--e ) 

where 2c is the crack length. The limits to ~V were 
taken as the stress in the Nb3 Sn at 0.5 and 0.8% 
strain, and the values used for the Young's modu- 
lus of  NbaSn were 178.6GNm -2 at room tem- 
perature [5] and 167.9 GNm-2 at 4.2K (esti- 
mated assuming a temperature dependence of 
2 x  10 --4 per degree). The effective surface 
energies obtained from this analysis were 0.32 to 
0.83 and 0.25 to 0.68 J m - :  at 4 .2K and room 
temperature, respectively. These low values are in 
accordance with the brittle nature of Nba Sn. 

Old and Charlesworth found that the room 
temperature fracture stress was approximately the 
same for a number of composites irrespective of 
volume fraction of filament, and concluded that a 
simple law of mixtures was not obeyed [5]. 
However, they considered the composites to 
consist solely of  a bronze matrix with Nb3Sn 
filaments, whereas it is clear from the metallo- 

600 

Figure 7 Comparison of experimental values of the 
fracture stress with those calculated from a simple 
law of mixtures (fully reacted) and Equation 2 
(partially reacted). 
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graphic evidence now available that the filaments 
have a niobium core and hence the volume frac- 
tion of Nb3Sn is less than that used in their 
calculations. In view of this information, the 
fracture stresses of the composites, %, have been 
re-calculated using the modified equation: 

O e = O'Nb3S n VNb3S  n -~- O N b  V N b  -}- 0 m V m (2) 

where GNb3S n is the ultimate tensile strength of 
the Nb3Sn and ONb and am the stress on the 
niobium and bronze at the failure strain of the 
Nb3 Sn, V is the volume fraction of the particular 
component. The strains in the cold-worked ni- 
obium and the bronze were assumed to be plastic 
at failure. As neither of  these materials work- 
hardens very rapidly, aNb and am are not strongly 
dependent on the strain selected for the calcu- 
lation and values of  525 and 350 MN m-Z, respect- 
ively, were used. In contrast, the strain in the 
Nb3Sn is elastic and hence O-Nb3S n is directly 
proportional to strain. The value chosen for the 
strain is important as oe is dominated by the first 
t e r m  0"Nb3SnVNb3S n. 0 e was evaluated using the 
two limits previously used for the strain, namely 
0.5 and 0.8%. The results of this analysis and those 
previously obtained, assuming the filaments were 
fully reacted, are compared with the experimental 
data in Fig. 7. The calculated fracture stresses 
obtained after taking into account that the fila- 
ments were only partially reacted are lower than 
those determined assuming fully reacted filaments 
and do not vary so much from composite to 
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composite. All the experimental results lie within 
the limits of the partially reacted Oc. 

The good room temperature ductilities of the 
343 and 5143 composites are characteristic of 
composites containing volume fractions of fibres 
below a certain volume Vmin, where Vmi~ is given 
by: 

I 

Vmin _ o~z - -  ~  , (3 )  
Of q- O# - -  O m 

t 

o~ is the U.T.S. of the matrix, om is the stress on 
the matrix at the failure strain of the filaments and 
~ is the failure stress of the filaments. Old and 
Charlesworth [5] put of equal to the failure stress 
of Nb3Sn, and calculated Vmi n to be 4.1% and 
compared this value with the volume percentage 
of fully reacted filaments. As the volume fraction 
of Nb3 Sn was, in all cases, greater than Vmi n they 
concluded that all the composites should have 
behaved in a brittle manner. This apparent incon- 
sistency between experiment and theory can be 
accounted for by the crack-stopping capacity of 
the niobium cores. The presence of unreacted 
niobium means that the critical step in the failure 
of  the composites is not the fracture of the Nb3 Sn 
but the failure of the niobium cores. It follows 
that Vmin should be calculated using the U.T.S. of 
niobium for o~ and then compared with the 
volume fraction of unreacted niobium. The U.T.S. 
of niobium will depend on the degree of cold-work 
and putting values obtained for heavily cold-rolled 
niobium into Equation 3 gives Vrnin in the range 
7 to 10%. Thus this analysis successfully predicts 
that the 343 (2% unreacted niobium) and the 

5143 (3.5% unreacted niobium) composites should 
be ductile and the 37 composite (16.5% unreacted 
niobium) brittle. The 1369 composite has a 
volume fraction of niobium of 7%, which is similar 
to Vmin, and as a consequence its behaviour is 
borderline with ductilities varying from 0.5% 
(brittle) to above 1%. The 3780 composite was 
ductile at 4.2 K and had approximately 4% un- 
reacted niobium. The mechanical properties data 
for bronze and niobium at 4.2 K are not available 
to calculate Vmin; however, it is unlikely that 
V~in will change significantly with temperature so 
again there is agreement between experiment and 
theory. 

3.3. Elastic and pseudo-elastic properties 
Equation 2 may be written in terms of the 
Young's modulus of the components to yield a 
value for the Young's modulus of the composite 
(Ec). The values used for ENb3s n and ENu were as 
quoted previously and E m was taken as 
122 GNm-: .  It can be seen from Fig. 8 that the 
Young's modulus of the composites from this 
analysis, although lower than those calculated 
assuming fully reacted filaments, are still greater 
than the experimental modulus. The major contri- 
bution tO Ee is from the bronze and the value used 
for the Young's modulus of the bronze matrix in 
the calculations was typical for a random poly- 
crystalline material. This value would be inappro- 
priately high if the matrix had a marked recrystal- 
lization texture with a "soft" elastic orientation 
parallel to the wire axis. However, X-ray diffrac- 
tion studies revealed no signs of any texture in 

Figure 8 Comparison of experimental values of  the 
Young's  modulus with those calculated by the two 
methods discussed in the text. 
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the bronze and hence the anomaly cannot be 
attributed to an orientation effect in the matrix. A 
strong (1 1 1) deformation texture was found in 
the niobium cores but this is not significant as the 
contribution to E e from the niobium is negligible. 
A large error in the value for ENu3sn could ac- 
count for the discrepancy but there is no indi- 
cation from the previous calculations, many of 
which involved E~b~sn, that the value used was 
unduly high. Furthermore when the elastic con- 
stants C44, C~1 and C~2 [12] are substituted into 
Voigt's equation [13], the approximate value 
obtained for the Young's modulus of  polycrystal- 
line Nb3Sn was similar to that used in the calcu- 
lations. The reasons for the difference between 
theory and experiment remain unclear. 

In the second linear stage of the stress-strain 
curve the composite behaves in a pseudo-elastic 
manner and the secondary modulus is given by 

where a(r/ae is the rate of work-hardening. The 
work-hardening rates of both the cold-worked 
niobium core and the recrystallized bronze matrix 
are relatively low, consequently the first term on 
the right-hand side of the equation predominates 
when determining the secondary modulus. Fig. 9 
shows that there is good agreement between the 
calculated results and the experimental data when 
the fact that the filaments were only partially 
reacted is taken into account. 

4. Conclusions 
(1) In all the composites examined the filaments 
were only partially reacted and consisted of an 
outer Nb3Sn layer surrounding a core of cold- 
worked niobium. 

(2) Fracture of the Nb3Sn was intergranular at 
room temperature and at 4.2K. The effective 
surface energy was in the range 0.25 to 0.83 J m -2 . 
Cracking of the Nb3Sn occurred in localized 
regions and within these regions the crack separ- 
ation was found to be relatively independent of 
the Nb3Sn layer thickness and the amount of 
strain. 

(3) The unreacted niobium cores acted as crack 
stoppers and the variation in ductility between the 
different composites could be explained in terms 
of the volume fractions of  unreacted niobium. 

(4)When the presence of  the unreacted ni- 
obium cores in the filaments was taken into 
account, there was agreement between the values 
of  the fracture stress and the secondary modulus 
obtained experimentally and those values calcu- 
lated using the law of mixtures. Such agreement 
was not found between the two sets of values for 
the Young's modulus. 
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