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Electron Beam Welding of Superconducting Cavities Made of  
Ultra-Pure Niobium 

Igar L. Pobal, Siarhei V. Yurevich 

 

Manufacture of superconducting radiofrequency (SRF) cavities for modern accelerators requires 
ultra-purity niobium. Joining components of such cavities is only possible with the use of electron-beam 
welding. Investigations on this topic are carried out in the framework of activities of the Joint Institute 
for Nuclear Research (JINR, Dubna) for the project of the International Linear Collider (ILC). The aim 
is to manufacture the prototype of 1.3 GHz single-cell niobium SRF cavity. 

In this paper the results of study of electron-beam welding of Nb sheets are presented. The analyses 
of important characteristics of the material (including residual resistance ratio (RRR), chemical 
composition, mechanical properties) from different niobium manufacturers were done. The modes for 
EBW of Nb sheet 2.8 mm thick were explored. Geometry of welds, macro- and microstructure, 
microhardness and superconducting characteristics of welded joints were investigated. The method of 
chemical treatment of niobium prior to welding was also elaborated. 

Електроннолъчево заваряване на свръх-проводящи резонатори, направени от свръх-
чист ниобий (И. Побал, С. Юревич). Производството на свръх-проводящи радиочестотни 
(СРЧ) резонатори за модерни ускорители изисква свръх-чист ниобий. Съединяването на 
компонентите на такива резонатори е възможно само с електронно-лъчево заваряване. 
Изследването е направено в рамките на провежданите работи от Обединения Институт по 
Ядрена физика в Дубна за проекта на Международния Линеен Колайдер. Целта е да се 
произведе прототип на 1.3 GHz едноклетъчен ниобиев СРЧ резонатор. В тази работа са 
представени резултатите от изследването на електроннолъчево заваряване на ниобиеви 
листове. Данните от анализът на важните характеристики на материала, включително 
остатъчното отношение на съпротивлението, химическия състав, механичните свойства от 
различни производители на ниобии са приведени. Изследвани са режими за електроннолъчево 
заваряване на ниобиеви листове дебели 2,8 мм. Геометрията на шевове, макро- и микро-
структурата им, микротвърдостта и свръх-проводящите им характеристики на заварените 
шевове са изучени. Методите на химическата обработка на ниобия преди заваряване също са 
изследвани. 

 

Introduction 
Superconducting radio frequency (SRF) cavities 

are the central components of modern linear colliders. 
It is recognised now that SRF cavities must be 
fabricated from high purity niobium using deep 
drawing of half-cells from sheet material 2.8 mm thick 
and joined by electron beam welding (EBW) in high 
vacuum. The niobium used for the cavity is highly 
purified by several remelting cycles in a high vacuum 
electron beam furnace. Electron beam welding is used 
to obtain high quality welds that maintain the material 
high purity required for saving the niobium 
superconductivity. The EBW parameters must ensure 

a full penetration of the joints and smooth weld seam 
of a few-millimeters width at the inner cavity surface. 

Ultra-pure niobium for SRF cavity 
For production of the SRF cavities a niobium of 

exceptional purity is required with a gaseous 
contamination below 10 ppm and a tantalum content 
less than 500 ppm. The purity of niobium can be 
indicated by the residual resistivity ratio (RRR).The 
RRR is the ratio between the resistances of the 
material at room temperature (300K) and 4.2K.The 
standard specification of niobium used for cavity 
fabrication is the RRR value equal to 300 or higher. 
The main dissolved impurities that reduce the RRR 
are shown in Table 1 [1]. 
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Table 1. 
Impurities present in niobium used for SRF cavity 

Element Impurity content in ppm  
Ta ≤500 
W ≤70 
Ti ≤50 
Fe ≤30 
Mo ≤50 
Ni ≤30 
H ≤2 
N ≤10 
O ≤10 

C ≤10 

 

Electron beam machine and samples 
preparation 

The EBW installation based on the `ЭЛА-15` 
power source was used for welding. The main 
technical  data  of  EBW  equipment  are  listed  in 
Table 2. 

Table 2. 
Specifications of EB Facility 

Voltage 60 kV 
Beam power max. 15 kW  
Beam current 0 - 250 mA 
Chamber size 2 500 × ø1 350 mm 

Vacuum ca. 3×10-3 Pa 
 
The EBW joints made in the samples are of step 

joint configurations (Fig.1). This type of joint made in 
cavities was used to avoid radial displacement in 
mating components. The thickness of weld area was 
2.8 mm. 

 
Fig.1. Cross section of the step joint. 

For carrying out the electron beam welding, the 
samples were mounted on a clamping system made of 
stainless steel. After welding, the samples left in 
vacuum for at least two hours to cool down below 
60°C before their removing. 

The niobium surface morphology and structure of 
welded joints was investigated using an optical 
microscope. Microhardness was measured using 
hardness tester machine. 

Superconducting properties of the welds were 

studied by measuring RRR, superconducting 
transition temperature (TC) and critical magnetic fields 
of superconductor (HT). The samples in the form of 
strips 2.5-3 mm wide by 40 mm long for 
measurements of RRR were prepared using a 
precision diamond saw in the longitudinal direction to 
the weld with cooling by water. The samples for 
measurements of TC and HT were prepared by electro-
erosion cutting in transverse directions to the weld 
seam with obtaining strips 2.5 mm wide, 40 mm long 
(Fig.2).The superconducting properties of the samples 
were tested using the equipment of DESY (Hamburg, 
Germany) and Scientific and Practical Materials 
Research Centre of NAS of Belarus (Minsk, Belarus). 

 
Fig.2. Test samples of RRR, TC and HT. 

The niobium sheets used for investigation were 
from the Tokyo Denkai and Ningxia OTIC 
manufactures. 

The size of the niobium as-received material sheet 
(Fig.3) manufactured by Tokyo Denkai (Japan) is 
265×265×2.8 mm with the surface roughness of 
Ra0.3-0.4 µm, average grain size of 50-110 µm and 
RRR value of around 400. 

 
Fig.3. As-received Tokyo Denkai niobium surface. 

Size of the niobium as-received material sheet 
(Fig.4) manufactured by Ningxia OTIC (China) is 
290×290×2.8 mm with the surface roughness of Ra 
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0.6-0.9 µm, average grain size of 30-40 µm and RRR 
value of around 300. 

 
Fig.4. As-received Ningxia OTIC niobium surface. 

The mechanical properties of the niobium sheets 
are given in Table 3. 

Table 3. 
Mechanical properties 

Parameter 
ILC 

requirement  [1] 
Tokyo 
Denkai 

Ningxia 
OTIC 

Yield strength,  
MPa 

>50 70 98 

Tensile strength, 
MPa 

>100 166 170 

Elongation at 
break, % 

>30 57 35 

Chemical etching 
Surface cleaning is a necessary step of SRF cavity 

production that removes the surface layer of damaged 
material. A damage layer of 200 µm is removed from 
the inner cavity surface to obtain a good RF 
performance in the superconducting state [2]. The 
standard method applied for niobium cavities is 
buffered chemical polishing (BCP) that uses an acid 
mixture of HF (48% wt.), HNO3 (65% wt.) and H3PO4 
(85% wt.) in the ratio 1:1:2 [2], [3]. The temperature 
control of chemical etching carried out by controlling 
the bath temperature to 14°C must done to avoid 
hydrogen contamination of the niobium. 

In [4], we investigated the material removal rate 
depending on the treatment time for the standard 
mixture (1 part of HF, 1 par of HNO3 and 2 parts of 
H3PO4), the surface roughness depending on thickness 
of the removed layers, grain structure and surface 
quality of both supplied materials. After the BCP 
treatment, the grain structure is clearly visible. Fig. 5 
and 6 show optical micrographs of the sample 

surfaces of Ningxia OTIC and Tokyo Denkai niobium 
after surface removal of 200 µm by BCP. The removal 
rates by the standard BCP procedure of materials from 
Tokyo Denkai and Ningxia OTIC are 1.3µm and 
1.2µm per minute. After 200 µm BCP the surface 
roughness is Ra 0.5-0.6 µm and 1.2 µm for materials 
from Ningxia OTIC and Tokyo Denkai, respectively. 

Prior to EBW of the samples the surface layer of 
40 µm was removed by BCP. After cutting of the 
samples for measurements of the superconducting 
properties the surface layer of 40 µm was also 
removed by standard BCP method. 

 
Fig.5. Tokyo Denkai niobium surface after chemical 

treatment (BCP 200 µm). 

 
Fig.6. Ningxia OTIC niobium surface after chemical 

treatment (BCP 200 µm). 

Welding 

Relations between EBW parameters and 
geometries of weld beads of the step joint are 
investigated. Welding was carried out in the vertical 
gun position and the horizontal welding direction. Full 
penetration of the joints and smooth weld seams of 3-
4 mm width obtained at the inner surface of samples 
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ensure weld parameters: 
accelerating voltage of 60 kV; 
beam current of 53-55 mA; 
welding speed of 7-10 mm/sec; 
beam focus – defocusing; 
vacuum of 3-5×10-3Pa. 
Fig.7 shows relations between the weld bead 

widths (e1 and e2, Fig.8) and the beam current with 
constant accelerating voltage and welding speed. 

 
Fig.7. Width of the weld niobium Ningxia OTIC vs. the 

welding current (accelerating voltage is 60 kV,  welding 
speed is 10 mm / sec). 

 
Fig.8. Studied geometry of the weld seam. 

Structure of the welded joints 
Fig. 9 shows the weld of niobium from Ningxia 

OTIC. The sample was welded with a beam voltage of 
60 kV, a beam current and beam traveling speed were 
53 mA and 10 mm/sec, respectively, beam was 
defocused. The welding was performed at 5×10-3 Pa 
residual pressure. The width of weld seams is about 3-
4.5 mm. The overall width of the weld and heat 
affected zone is 12-12.5 mm. The weld has an 
equiaxed microstructure with a 1000 µm grain size in 
the fusion zone, 100-200 µm in the heat affected zone 
and 30-40 µm in the parent metal. 

 
Fig.9. Ultra-pure niobium EB weld (1 – line of the 

microhardness measuring). 

Microhardness was measured across the weld pool 
of electron beam welded niobium sample. The 
measurement was taken through line 1 (Fig.9) started 
on weld pool and terminated on parent metal. The 
hardness of parent metal and weld zone showed the 
similar values with fluctuation in the60-75 HV range 
(Fig.10). 

 
Fig.10. Vickers microhardness profile of EB welded 

niobium sample. 

Superconducting properties of the niobium 
welds  

Table 3 shows the results of RRR measurements 
obtained on the samples cut in the longitudinal 
direction to the weld on different distances from 
center of the weld of the niobium sheet manufactured 
by Tokyo Denkai. RRR of weld metal is reduced to 
300, heat affected zone RRR value just as for the base 
metal remains in the region of 400. 

Table 4. 
RRR of  the EB welding area at different distances from the 

middle of welding seam 

Position from weld center, 
mm 

RRR 

-20 399,9 
-10 421,5 
-7 409,9 
-4 406,0 
0 295,8 
4 414,2 
7 424,9 

10 412,2 
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Table 5 shows the measurement results of the 
superconducting transition temperature, TC, and 
critical magnetic fields of superconductor, HT, of the 
three types of the samples of Ningxia OTIC (RRR 
300) niobium. Samples of 0 type are the reference 
samples cut from material not subjected to thermal 
influence; 1 type are samples cut from a solid plate on 
which the electron beam was impacted to the full 
penetration (accelerating voltage of 60 kV; beam 
current of  51 mA; beam traveling speed of 10 
mm/sec; vacuum of 5×10-3 Pa); 2 type are samples cut 
from the welded joint (accelerating voltage of 60 kV; 
beam current of 53 mA; welding speed of 10 mm/sec, 
vacuum of 5×10-3 Pa). 

Table 5. 
Superconducting properties of the niobium samples 

Types of 
samples 

Superconducting properties 
TC, K HT, T 

0 8,8 0,5 
1 8,6 0,4 
2 8,6 0,4 

 
As can be seen from the Table 5, in the niobium 

welded joints of 1 and 2 types samples  there is 
insignificant degradation of the superconducting 
properties: TC value is reduced to 8.6 K (0 samples, 
8.8 K), HT value is reduced to 0.4 T (0 samples,  0.5 
T). This insignificant degradation in the 
superconducting properties of the welded joints 
should not exert any influence on the performance of 
the cavity. 

Conclusion 
The next step of this work is the production of 

prototype of 1.3 GHz SRF single-cell cavity from the 
niobium produced by Ningxia OTIC. 
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