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ABSTRACT 

Pure niobium and special niobium 100 

(RRR > 100) represent a new materials group. 

Little information is available concerning grain 

growth as a function of heat- treatment time, 

temperature and the degree of prior deformation. 

The aim of the present work was to determine the 

following relationships more quantitatively and to 

d i s c u s s these r e l a t ionsh ips for the low 

temperature field of application. 

Mechanical properties at 20 and - 269°C for 

different production routes 

Investigation of fracture structures and their 

characteristics. 

The results of Individual tests, depending on 

the different production routes, demonstrate the 

sensibility of the material due to the degree of 

prior deformation and the closen way of hot and 

cold working. 

1. INTRODUCTION 

Unalloyed n iobium h a s increased in 

importance due to the continued development of 

high frequency superconductors in science and 

technology / 1 / . At 9.2K it undergoes a transition to 

the superconducting state and is thus the element 

with the highest transition temperature. Niobium 

possesses the high ductility of body-centered 

cubic metals, which permits the cold deep drawing 

finished products from semi-products. These 

properties have led to niobium becoming an ideal 

material for the construction of super-conducting 

hollow resonators or "cavities". 
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By applying phase-corrected high frequency 

fields, the use of resonators makes it possible to 

create electric fields of the type required for 

acceleration of electrons, protons and positrons to 

relativistic velocities. 

Initially, superconducting properties were 

the fo remos t cons ide ra t ion in mate r ia l s 

development for the above mentioned application. 

These properties are influenced considerably by 

the purity of the material and the production 

technique. High requirements are placed on the 

raw materials which are to be used and the 

production process itself in order to guarantee 

that the favourable properties can be reproduclbly 

and reliably achieved In Indus t r ia l - sca le 

processing. 

Therefore, the a lms of the mater ia ls 

development are not simply the attainment of the 

required mater ia l propert ies, b u t also the 

definition of optimum raw material and processing 

characteristics. Additional difficulties arise for 

the materials development specialist when the 

requirements which determine the behaviour 

during processing and in service have not yet been 

defined in all details. Thus, close collaboration is 

required between the producer of the semi-

f inished mate r ia l s product , the mater ia ls 

processor and the operator of the facility where 

the product is to be used. 

2. MATERIAL PROPERTIES AND 
REQUIREMENTS 

Investigation Into the thermal conductivity of 

s u p e r c o n d u c t i n g n iob ium show tha t i ts 

conductivity In the 2 to 10K range is largely 

dependent on the interstitial impurities and the 

deformation degree of the niobium (Figure 1). 
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TABLE 1 

Requirement profil of Nb 100/200 

Requirement Properties Production parameter 

- chem. Analyses 
Product - recrystallization - rough materials 
profil degree 

- RRR 
- thermal conductivity - melting techniques 
- surface - forming operation 

- mechanical properties - heat-treatment 
Manufacturing at RT and 3K - fabrication 
and - microstructure 
operating 
properties - surface condition - packaging 

Flg. 1 Thermal conductivity of cold deformed 
niobium samples, Wasserbäch 11); 
undeformed; 1.0% deformed; 2.4% 
deformed; 22.0% deformed. 
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C, Ο, Η, Ν can be determined as an Integral 

value by the measu remen t of the residual 

resistivity ratio RRR. In the case of the material 

Nb 100 which was being investigated, It lay In the 

RRR 100 region, which Is equivalent to a content of 

non-metals of approx. 65 μg/g. With this material, 

thermal conductivity reached values up to λ = 

33W/mK. It Is important to note that Increased 

purity leads to an increase in the thermal 

conductivity. 

A correlation between λ and the number of 

latitc defects such as dislocations and grain 

boundaries exists at the temperature of boiling 

hel ium (the operat ing t empera tu re of the 

resonator) . This in f luence Increases in 

importance as purity is improved. Although λ is 

increased by the removal of lattice defects with the 

help of complete recrystallizatlon or even the 

onset of grain coarsening, a grain size of ASTM 5-6 

should not be exceeded if the favourable 

prerequis i tes for deep drawing are to be 

maintained. 

Pure niobium and special niobium 100 

(RRR > 100) represent a new materials group. 

Little information is available concerning grain 

growth as a function of heat- treatment time, 

temperature and the degree of prior deformation. 

The aim of the present work was to determine 

more quant i ta t ively and to d i scuss these 

relationships for the low temperature field of 

application. 3. 

3. PRODUCTION AND TESTING 

The objective was, therefore, to find a 

product ion route t ha t could be based to 

conventional technian.es which are available on an 

Mechanical Properties of Nb 100 al Cryogenic Temperatures (4.2 Κ) 

industrial scale and economically viable, e.g., 

processes such as alumlnothermic reduction, 

electron beam melting, forming by forging and 

rolling, and vacuum heat treatment. 

The production of sheet semi-products from 

superconduct ing niobium is shown in self-

explanatory form in Figures 2 and 3. 

Figure 4 shows the reciystallization diagram 

for Nb 100 and acts as a graphic example of the 

very narrow range of variation of the production 

parameters to achieve the desired properties. This 

particular example demonstrates the dependence 

of the grain size d is t r ibut ion of the re-

crystall ization mater ia l on the mechanical 

deformation and the heat-treatment temperature. 

The reproducible achievement of the grain size 

decisively influences the behaviour when cold 

forming the sheet blank to the shell which 

represents one half of the resonator. 

In plastic deformation, part of the energy 

employed remains stored η the lattice in the form 

of numerous defects. Most of the stored energy is 

contained in the dislocations whose density 

Increases with the degree of deformation. The 

structure will try to decrease this energy, and thus 

with Increasing temperatures a change starts to 

occur and then a dimlnishment In the lattice 

defect structure. As these structural changes are 

in general associated with a reduction of the 

dislocation barriers, they lead ultimately to a 

softening of the materials. The crystal recovery is 

to be regarded as a re-arrangement of the 

dislocation into a lower energy state. 

It Is to be noted that the less far advanced the 

crystal recovery process was, the more intensively 

the recrystallizatlon process proceeds. The 

temperature at which recrystallizatlon occurs is 
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approx. 0.3 χ Tm for pure metals. The grain size of 

the new structure is dependent on the degree of 

deformation, the heat-treatment temperature and 

time, and the content of impurity atoms. 

4. EXPERIMENTAL PROCEDURE AND RESULTS 

Choice of Precursor Material 

Bars of alumino-thermically reduced niobium 

Mechanical Properties ofNb 100 al Cryogenic Temperatures (4.2 K) 

(ATR-Nb) with defined interstitial and metallic 

impurity contents were used as feed-stock for the 

electron beam melting furnace (see Table 2/Flgure 

5). 

Selection of Process Variants for the Production of 
High Thermal Conductivity Niobium Sheets 

Production of the semi-finished product was 

carried out using three different methods. The 

difference between the three processes (A, B, C) 

Commissioned 

Application 

Power 

Pump Capacity 

Maximum Ingot Size 

Maximum Ingot Weight 

December, 1982 

For melting tantalum and niobium and their alloys 

150 KVA 

100.000 litres per second 

tantalum 175 mi dla. χ 2,300 ran long 

niobium 275 mm dla. χ 2,300 mm long 

tantalum aoorox. 920 kg 
niobium approx. 1,200 kg 

Fig. 5 Electron Beam Melting Furnace 
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TABLE 2 

Impurity contents of alumino-thermically reduces niobium 

Element Mg/g Element Mg/g 

A l 4.4 χ 104 Mo <20 

Ta <30 Ri <20 

W <50 V <20 

Fe 1200 Ο 4900 

Zr <20 Ν 200 

Si 250 Η 40 

Ni 50 C 140 

Hf <30 S 150 

lies in the thermo-mechanical treatment of the 

partly rolled sheets which has a decisive influence 

on the microstructure of the finished sheet. Each 

step in the deformation process (ingot forging, 

breakdown rolling and finish rolling) contribute to 

the cold deformation and alter the hardness and 

toughness values. The forging temperature lies 

between 550°C and 700°C and is, therefore, below 

the recrystallization threshold. Thus, despite the 

high process temperature, the forging is 

considered as cold deformation /5/ 

Material Characterization by Gas Analysis and 
RRR Measurements 

Analysis of the gases C. O, H, N, S and 

determination of the RRR value was carried out 

after each heat treatment in order to check the 

purity of the materials during the production 

process. 

The following equipment was used for 

analytical purposes: a portable gas analyzer TC 

136 from the LECO company (N and Ο 

determination), an Evalograph VH 9 with gas-

chromatograph from Leybold AG (S and C 

determination). The equipment for measuring the 

RRR values is an in-house construction of the W.C. 

Heraeus company. Basically it consists of a 

constant current source, potential measuring 

equipment, an x-y-plotter and a specimen holder. 

Impurities can be picked up for the following 
reasons: 

dirty rolls 

too high residual pressures during the heat-

treatment cycles 

dirty heat-treatment equipment 

dirty environment during storage and 

handling of intermediate and finished sheets 

In this context, the increase in the surface to 

volume ratio during processing to the finished 

product is especially critical. The following Tables 

present the gas contents and RRR measurements 
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from the intermediate and finished sheets (see 

Tables 3, 4 and 5). 

Tensile Test at RT 

The tensile test is a mechanical testing 

procedure with static loading. Its purpose is to 

determine the material behaviour when a uniaxial 

tensile load is applied uniformly over the cross-

section. A tensile test-piece is stretched uniformly 

and smoothly until rupture occurs. The load on 

the specimen and its elongation are constantly 

measured /5/. 

TABLE 3 

Ingot-COHN-Analysis 

Element 

C 

Ο 

Η 

Ν 

S 

RRR 

Hg/u 

10 

15 

< 1 

10 

145 

TABLE 4 

Sheet: COHN-Analysis 

Production variant Element Intermediate Finished 

sheet (|ig/g) sheet (ng/g) 

C 4 -

Ο 22 12 

A Η < 1 < 1 

Ν 12 17 

S 2 -

C 4 -

Ο 28 7 

Β Η < 1 < 1 

Ν 15 16 

S 1 -

C 3 * 

Ο 26 7 

C Η < 1 < 1 

Ν 9 16 

S 2 
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TABLE 5 

RRR - Measurements 

Production variant Intermediate Finished 

sheet (RRR) sheet (RRR) 

A 141 155 

Β 109 152 

C 129 156 

The tensile test is the most common mechanical 
test procedure for the following reasons: 

Determination of characteristic material 

properties which are valid as a basis for 

calculations. 

Application of the law of similarity, i.e. 

characteristic values defined on any random 

cross-section can be applied at will to any 

other cross-section. 

Due to long experience, numerous inter-

relationships are known which permit the 

deduction of further characteristic properties 

from the results of the tensile tests. 

The following strength and toughness values are 
determined: 

Tensile Rm 

0.2% - proof stress Rp0,2 

Tensile elongation A5 

Test procedure: 

according to DIN 50145 

Specimens: 

according to DIN 50125 

(Intermediate sheet: Β 8 χ 40 mm) 

(Finished sheet: DIN 50144 20 χ 80mm) 

Specimens were taken longitudinally and 

transversely from the intermediate sheets in order 

to determine any possible anisotropy due to the 

deformation by rolling. Transverse specimens 

only were taken from the finished sheets. 

Test Machine: 

Tensile test machine Class 1 DIN 51221 

(Universal testing machine Zwick 1484) 

Notched Bar Impact Test at RT 

The notched bar impact test is a mechanical 

testing procedure which applies impact loading. It 

is used to determine material behaviour under 

extreme testing conditions. That is: 

Increase of the danger of brittle fracture due 

to high deformation speed. 

Stress increase at the base of the notch. 

Stress embrittlement due to the tri-axial 

stress condition at the base of the notch. 
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In the notched bar impact test a notched 

specimen is placed with both ends against 

supports and is broken with an impact or forced 

through the specimen supports. The energy 

absorbed is measured /5/. The notched bar 

impact test serves to evaluate the toughness of 

metallic materials. It is especially useful for the 

control of heat-treatment processes and for 

revealing any inclination to brittleness /5/. It does 

not provide characteristic properties for strength 

calculations. In the notched bar impact test there 

is no law of proportion such as can be found in the 

tensile test. The notched bar impact energy is 

strongly dependent on the specimen form /6/. 

The notched bar impact test provides the following 
results and valuation criteria: 

impact energy 

fracture appearance 

Test procedure: 

according to DIN 50115 

(Notched bar impact tests at RT were only 

carried out on finished sheets). 

Low Temperature Measurements at 4.2 Κ 

The liquid helium can be converted into its 

gaseous state at the resonator due to partial 

heating caused by the collapse of the 

superconductivity. This in turn leads to a sudden 

pressure increase and thus to mechanical stress. 

The material is required to have the lowest 

possible tendency to brittleness at the service 

temperature of the resonator (4.2 K). Notched bar 

impact tests were carried out at 4.2 Κ to 

Mechanical Properties ofNb 100 at Cryogenic Temperatures (4.2 K) 

investigate the tendency to brittleness. The 

strength and toughness values required for 

calculations were determined in tensile tests at 4.2 

K. 

Notched bar impact tests approximating to 

DIN 50115 were carried out on the heat-treatment 

intermediate and finished sheets. In the notched 

bar impact test, the capsule is limited to the 

specimen, which, once it has been cooled down to 

4.2 Κ with liquid helium, is broken within a set time 

limit. 

Tensile tests were carried out on the heat-

treated finished sheets according to DIN 50145. 

The grips were located in a cooling chamber so 

that during the whole tensile test the specimen, 

which is additionally cooled by liquid helium, 

could be maintained at the required temperature 

(4.2 K). 

The deformation rates were 0.8 mm/min for 

the determination of the 0.2% proof stress and 2 

mm/min for the determination of the tensile 

strength and elongation. 

Specimen forms for the notched bar impact test: 

Measurement on intermediate sheet: 

150-RRR specimen 

Measurement on finished sheet: 

Special form approximated to the 150-RRR 

specimen. 

Specimen form for tensile test: 

Special form approximating to flat tensile 

specimens DIN 50125. The difference between 

longitudinal and transverse specimens was only 

investigated in the notched bar impact tests and 
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then only In the measurements on the Inter-

mediate sheet. In the case of all other low 

temperature measurements , the scope of the 

Investigations was restricted to the examination of 

transverse specimens. 

Evaluation of the Results at 4.2 Κ 

Notched bar impact tests on the intermediate 

sheet A showed a high tendency to brittleness In 

the reciystallized structure, whereas the deformed 

structures of the processing variants Β and C all 

showed ductile f racture with correspondingly 

higher Impact energies (Figures 6, 7 and 8). 

It was not possible to confirm the hypothesis 

that the brittle fracture could be attributed to grain 

bondary embrlttlement during recrystallization. 

Selected enlargements of the fracture surfaces 

(SEM examination) show clearly a transcrystalline 

brittle fracture and not the intercrystalline 

f rac ture which is typical of grain bondary 

embrittlement. Figures 9 and 10 show two 

TABLE 6 

Results of tensile tes t s a t 4.2 Κ 

(heat t reated f inished sheet, sheet th ickness 3.2 mm) 

P rocess ing Spec imen R m 
v a r i a n t type 

Ν / m m 2 

A Τ 829 

Β Τ 824 

C Τ 876 

RpO,22 AL = 30 Young's 
m o d u l u s 

N / m m 2 % Ν / m m 2 

605 8 100800 

590 12 106200 

790 6 109700 

TABLE 7 

Results of the notched b a r impact tes t s at 4.2K 

(heat t rea ted f inished sheet , sheet th i ckness 3 .2mm) 

Process ing Spec imen Cross Impac t F r a c t u r e 
v a r i a n t type sec t ion energy type 

c m 2 J 

A Τ 0,25 5 Β 

Τ 0,25 3 Β 

Β Τ 0,26 36 D 

C Τ 0,26 5 Β 

Β = Brittle f rac tu re 

D = Ductile f rac ture 

Τ = Transverse 
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Fracture sur face of a notched impact specimen 
Magn i f i c a t i o n 5 : 1 

Fig. 6 Processing Variant A 

Fracture sur face of a notched impact specimen 
Magn i f i c a t i o n 5 : 1 

Fig. 7 Processing Variant Β 
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Fracture surface of a notched Impact specimen 
Magnification 5 : 1 

Fig. 8 Processing Variant C 

Fig. 9 Detail of Figure 6 - fracture surface 
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different e n l a r g e m e n t s of the s a m e f rac ture 

surface. They show clearly the typical an-l lke or 

feather-l ike pat terns of ductile f racture lines of 

this type of fracture. The appearance of many new 

fracture lines a t the transfer to an adjoining grain 

is significant. The partial fractures recombine a s 

they propagate further / 6 / . 

The tensile tests on the finished sheet show 

that at 4 . 2 Κ the material displays tensile strength 

approximately 5 t imes a s high a s that a t room 

temperature . As h a s already been observed in 

tensile tests at RT, the tensile strength of the sheet 

(Typ C) which was s t ress - re l i e f t reated at the 

i n t e r - m e d i a t e h e a t - t r e a t m e n t w a s s o m e w h a t 

higher than in the other processing variants . The 

0 . 2 % proof s t r e s s b e h a v e d correspondingly , 

whereas the tensile elongation was lower. 

Notched b a r Impact test specimens from the 

finished s h e e t s show, with only one exception, 

bri t t le behaviour . In earl ier t e s t s which were 

carried out by W.C. Heraeus it could be demon-

strated that the material shows ductile fractures at 

4 . 2 Κ in the recrystalllzed condition and, therefore, 

has a low tendency to brittle fracture. 

5. SUMMARY 

Figure 11 shows the mechanical properties at 

2 0 and - 2 5 9 ° X C o f the material Nb 100 in relation 

to different production variants (A. B, C). It is clear 

t h a t c e r t a i n proper t i es c a n be d e l i b e r a t e l y 

emphasized or restrained. Table 8 shows this 

particularly clearly. This shows properties at 2 0 

and - 2 6 9 ° C in relation to the production variants 

{A, B , C). Although these tests are limited to the 

results of individual tests, it is apparent to what a 

considerable extent se lected properties can be 

influenced by carefully select ing the production 

parameters . 

This representation should be regarded a s an 
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Properties at 2 0 ° c at - 2 6 9 ° c 

Production 
variant 

/ \ Ö c c 

η t frf 

N/mm? 

Ν/ιπιπ-1 
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/ \ 
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60 

50 

«0 

1Ί0 -
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J/ctti' 120 -

110 -

15 

10 

5 

0 

25 

20 

15 

10 

Fig. 11 
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Heraeus 

•Grain s ize (GS) ' KG 

( D I N 5 0 1 2 5 ) R p 0 , 2 
A 

Fig. 12 Qual i f icat ion of Niobium Semi-Products 
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TABLE 8 

Properties Niobium 100 

Production —> Α Ι Β1 CI Temperature 
variant 

Rm (N/mm2) 160 350 250 

Rp0,2 (N/mm2) 57 320 190 20° C 

A (%) 50 18 25 

aK (J/cm2 ) 12 200 135 

-269°C 

RRR 140 110 130 

indication for the producer and user that the 

material Nb 100, on the basis of its currently 

known characteristics, offers further possibilities 

for optimization with regard to specific require-

ments /6/. 

After a production batch has passed through 

all intermediate qualifications and production 

steps, the final qualification of the product batch 

is carried out on randomly selected sheets. Figure 

12 shows an example of sampling from one sheet. 

The investigation carried out on niobium at 

4.2 Κ were to the best of our knowledge the first to 

be carried out within the scope of industrial 

quality assurance. The physical-metallurgical 

questions which are still open must be explained 

and discussed in further experiments. 
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