TESLA - COLLABORATION

R & D Issues in the Field of
Superconducting Cavities

March 6 - 8, 1995
DESY

Editor: D. Proch, DESY, MHF-sl

DESY Print May 1995, TESLA 95-09



TESLA 1995-09

Contents, Page 1

CONIENLS . ..ttt ettt e tet ettt e e e et s taa s ea e ren e n e n e e e eanananeann 1
INVICAHIOM .. otetinie ettt et e e et n e e et a e aaeneaaneanan H
AGENAA L. e aa i aaas v
List of PartiCiPants ..ottt v
Conclusion, D). PrOCK .......o.oiuiuiiii it et eeeas VI
Talks:

B. H. Wiik, DESY....cooiuiiiiiiiii ittt 1
Welcome and Introduction

F. Miiller, Universitdt der Bundeswehr, Inst. fiir Werkstofftechnik ....................... 15

An Introduction to Microstructure and Mechanical Behavior of Metallic Materials

F. Scholz. W.C. HOTQEUS ...ttt et et eaanens 30
Niobium Production from Ore to High Quality Sheet Material

Schleinzer, DOFRIEr .............c.ouiuiiiiiiiiiiiiitii it e et 60
Superplastic Forming SPF: Fundamentals about Superplasticity

G. Rao, P. Kneisel, CEBAF ..........o. ittt et r e 85
Mechanical Properties of High RRR Nb

A, Matheiser, DESY ...ttt e e e e e et 123
Electrical Data of Niobium

C. Hauviller, CERN .............c..vciiiiiiiiiiiiiiiiiiei i, e 136
Hydroforming of Monolithic Parts to Produce RF Cavities for Particle Accelerators

V. Palmieri . R. Preciso, V.L. Ruzinov, S.Yu. Stark, L.I. Kulik, INFN Legnaro..... 156
A New Method for Forming Seamless 1.5 GHz Multicell Cavities Starting from Planar

Disks

H. Padamsee for J. Kirchgessner, Cornell .........................ccciivuivieeniininannn. 198
Successes and Failures in Alternative Methods

W. Singer, 1. Jelezov, G. Kliatchkov, L. Kravchuk, D. Proch, A. Stepanov,

DESY/INR........ et e e ettt a s 231
Device for Forming of the Superconductive Cavity from the Tube

W. Singer, A. Stepanov, DESY .........ccovuiiiiiiiiiiiiiii it e 236
Analyze of Nb Properties from Point of View of Hydroforming

W. Singer, A. Stepanov, D. Proch, H. Kaiser, DESY .............ccoveiiiiiiiiinnnnnnn. 245
Treatment of the Welding Connection of Nb Tube for Hydroforming

T. Schiiller, BUtting........coooiiiiiiiii e 262
Activities from an Industrial Company (Butting)

P. Kneisel, CEBAF ..... .o i, 264
Open Contribution



Contents, Page II

TESLA 1995-09

Reports from Working Groups

B. Bonin, CE Sacl@y ..........c.ccoooviviiiviiineeinninnnnans.

Niobium Properties

C. Antoine, CESaclay ..........ccccccovevieiiiiiiiiiininninn.

Body Centered Cubic Metals

P. Kneisel, CEBAF...........ccooiiiiiiiiiiciiiiiniinnns

Cavity Fabrication

D. Proch, DESY ...... e s

Closing Remarks
APPENDIX

Yield Strength Measurements.........cc.cccevvnrennnnn..



TESLA 1995-09

D.Proch DESY, 05.01.95
MHF-SL

Workshop
on Cavity Fabrication Techniques

Mon. to Wed., 6 to 8 March, 1995
DESY

In this workshop alternative fabrication methods of Niobium resonators

will be discussed. At present resonators from solid Niobium are

produced by forming cups (spinning, deep drawing, etc.) and welding at

the iris and equator. For TESLA needs this fabrication method is

expensive and may produce large spread of performance at the welded

area. Different fabrication methods have been tried out in the past, for

example spinning or hydraulic forming of the whole cavity. The final

aim is to find a fabrication method for seamless Niobium cavities. It is

the idea of this workshop to bring interested people together to

- report about past experiments,

- discuss the understanding of success or failure,

- collect all available information about metallurgical properties of
Niobium

- review principal fabrication methods

- report/discuss present activities in development of new fabrication

methods

- have time to brainstorm on new ideas

- organize/coordinate joined effort in different labs or companies

An agenda will be distributed after confirmation of attendees.

Below you find a list of people who will be invited. If you know further
experts who might be interested, please let me know. Also for comments
or proposals, please contact me via

e-mail: Proch@Proch.Desy.de

or fax: (0049/40) 8994 4302
or phone: (0049/40) 8998 3273

Please jndicate your attendance as soon as possible

For housing arrangement please contact Katrin Lando via
E-mail: Lando@Lando.Desy.de
or fax (0049/40) 8994 4302

I

—m———

Workshop on cavity fabrication techniques, 28. April 1995
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D. Proch, DESY

Conclusion of fabrication workshop

1. SPINNING

The spinning technique is most advanced to make seamless cavities.
After making some single cavities by spinning, now the RF
performance of the heavily deformed Nb materiel has to be
measured.

Action points:

* Prepare and carry out the cold measurement of the single cell
cavity made by Palmieri. Help is offered by DESY to make the
cold measurement (frequency is 1.5 GHz, not 1.3 GHz!!).

* Make second cavity at Heraeus (first was cut for metallurgical
investigation)

Prepare beam pipes and stiffening rig (wall thickness thins down
from 2.5 to .8 mm)}

2. HYDRAULIC FORMING

Hydraulic forming seems to be very promising. Investigations must
be carried out to reduce the number of intermittent heating.

Action points:
» Finish design and start construction of INR-DESY machine. Next

meeting at INR (KW 21) to discuss the layout and prepare
spec./order of hydraulic system

* Fix dimension of tube for optimal hydroforming. Proposal by
INR: OD 110 mm, wall thickness 5 mm, not optimized , is equal to
available test pipe of Cu at INR.

» Send Nb material to Palmieri to make seamless Nb tube. Outer
dia of 136 mm, wall thickness about 3 mm

* Continue investigation of welded pipe (longitudinal weld). Make
cuts to be investigated by Prof. Kreye. (weld should have same
metallurgical properties as bulk material.)

* Reserve or order Nb sheets for 10 tubes

* Get offer from companies for forming and welding 10 tubes, od
of 136 mm, thickness 3 mm

» Contact Schleinzer, Dornier, for Addresses of German companies
with magnetic forming equipment.

* Contact Prof. Dormann, Institute for Hydroforming, to
discuss/organize collaboration on seamless cavity production
(first meeting at Paderborn at 20.April 95).

i
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3. EXPLOSIVE FORMING
At KEK efforts are started for explosive forming.

Action points:
» Establish contact for exchange of experience.
* Is there an institute for explosive forming techniques? Also try

Dynamite Nobel to get possible addresses.

4. SUPER PLASTIC FORMING
Super plastic forming might be possible with Nb.

Action points:
e Contact Schleinzer, Dornier, for Russian paper about super

plasticity of Nb.
* Contact Schleinzer, Dornier, to organize experiments at
Dornier/DESY to investigate super plastic properties of Nb.

5. INNER SPINNING

Inner spinning was proposed and discussed as simple alternative
method for fabrication.

Action points:
* Contact Dornier, ACCEL, Heraeus, for addresses of competent

spinning companies.

6. DATA BASE

A data base is needed to compile all electrical and mechanical data
on Nb. There was agreement that Rao’s compiled data will be
extended by further measurements at CEBAF (also DESY?) and
published. Bonin will extend and publish his data base also.

Action points:

* Regular contact/exchange of information should be organized
(CEBAF, DESY, Saclay) at R&D discussions during TTF meetings.

*» A recent Ph.D. work at Saclay about Nb properties should be
distributed (CEBAF, DESY, ...7)

Vil
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F. Schofz
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Workshop on cavity fabrication DESY 06.-08.03.95

Niobium production
From ore to high quality sheet material

Niobium and tantalum always occur in association with one another in nature, and
this both as isomorphous niobate and tantalate of manganese and iron and in the
form of higher grade niobite and tantalite. The latter contain 53 to 84% Ta205 and
47 to 78% Nb20Os. The most important reserves are the pyrochlorines (calcium
niobate) out of brasilia (about 80%) and canada (about 10%) and zinc- or tin-slags
containing niobium and tantalum out of zaire, nigeria and GUS as well as
stibiotantalite from westaustralia. The complete woridraise amount to 16000 t/a Nb-
metall. The price of standard grade nb amounts to 150 DM/Kg.

The most important commercial product for steel-production is the alioy Ferroniobium
with a content of 66% nb. An other important production part are optical glasses
which are endowed with up to 20% Nb203, because Nb>0O3 gives glass a very high
refractive index.

The ores are processed to concentrates by opening up with melted akalis or
hydrofluoric acid. Then the niobium and tantalum are separated from one another
using an older process of fractionated crystallisation. Modern separating methods
are based on solvent extraction with MIBK. The next step is the chlorination. Then
either a distillation and reduction with hydrogen takes place or an extraction by
complete fusion electrolysis is one way to produce pure nb. In industrial processes
the niobium halides are converted to niobium oxide and this is reduced by carbon or
aluminium to niobium powder or pellets. As a result of the high melting point of
niobium of 2468 °C, whitch is much higher than that of most other materials,
evaporation of impurities by electron beam melting in a vacuum typically better than
3x10-4 mbar for the first melt and 2x10-6 mbar in the last melt is very effective. Thus
commercial grade niobium can be achieved by a minimum of four EB melting steps.
The production of high grade niobium for construction of superconducting high
frequency cavities for accelerators in high energy particle physics, you need to know,
which are the sensitive parameters. Therefor it is absolutly nessesary to have a very
good analytical equipment for to detect the traceelements and a lot of exact physical
test methods for to find out the correlations between them. Therefore it was the aim,
to produce an extremly pure niobium in a tonnage scale based on economic process
steps which are available on an industrial scale.
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Investigations of the thermal conductivity of superconducting niobium show that the thermal
conductivity in the temperature range between 0.5 to 10 K is composed of phonon and electron
components and between 2 and 10 K depends largely on the interstitial impurities like C, H2, 02 and
N2 . Approatching the critical temperatur Tc, the point of transition to supraconduction, the electrons
condensed to Copper-pairs, which makes no contribution to the thermal transport. That is why the
phonons gain in significance for the thermoconductivity. If there are no defects in the lattice like
transpositions, grainboundaries etc. a significant peak of phonones can be seen at about T=0.2*Tc.
The range of the operating temperature of the niobium-cavities is about 2 to 4.2 K and so the
importance of the phonones for the themal conductivity must be seen. Therefor the material
development have to take care for both, improvement of structure and deformation as well as purity of
the material. To check the interstitial contents after various processing steps like electron beam
melting, forging, rolling and vacuum heat treatment, the determination of the thermal conductivity, the
residual restivity ratio compared to special gas analysis methods is particulary advantageous.

For determination of the thermal conductivity A at 4.2 K samples must be heated in liquit helium under
a high vacuum. The calculation followes the equation:

AQ/At= Ar " F * AT /L

AQAL = heat transfer

F = cross-sectional area

L = length

AT = temperature difference
t = time

On the basis of theoretical calculations there exists a correlation between thermal conductivity in the
normal and superconductive conditions. Together with the Wiedemann-Franz-law a simplyfied
correlation between the thermal conductivity and the RRR coult be deduced:

Ao = RRR/4 | T=42K

Therefor the thermal conductivity and the RRR decreases both when the concentration of impurities is
growing. The measurement of RRR is much easier than the measurement of the thermaf conductivity,
and this method showes a high sensitivity, accuracy and reproducibility.

Itis known that the electrical resistivity is made up of partial resistances according to the following
relationship (Matthiesen rule):

pR = pi(T) + pFA + pEF + pOF

pi{T) = resistivity from electron phonon scattering
pFA = impurity atom resistance

pPEF = intrinsic defect resistance

pOF = surface resistance

The resistivity contributions pEF and pOF can be neglected in technical quality material in
comparison with the resistivity pFA caused by impurity atoms.

35



TESLA 1995-09

10°

10? - 4

10!

T L] T TTITY L ¥ T T FrTYY
'l

Thermal conductivity A (W/mK)

T T FTYTTIT
A& 1 4 aal

5

0 51 5. 1 TK)

Thermal conductivity of cold deformed niobium samples (Wasserbach)

O undeformed
® 1.0% deformed
O 2.4% deformed
B 22.0% deformed

36



TESLA 1995-09

‘ -
;30
E
x
-
z
z | 2 g
E of 1
h -]
[= i w 4
8 3t Cuver >42k = BSgr, RRR 137 ]
Eﬂ_ Curve 2 >42k « & ,RRR-I?Q
'g Curve3: > 42k « 850 #R . 33 (Commercial Grode)

1 . , e

1 2 3 ¢ 5 © 7 & 9w

Temperature dependence of the thermal conductivity

in the technical niobium qualities obtained

1680+

[RRR)

1601

140t

1200

100r

80

60r

© . . . .
0 © 2 0 L

Thermal conductivity A (W/mK}

Agreement between the experimentally determined
value pairs ) (4.2K) and RRR and Wiedemann-Franz law

3t



TESLA 1995-09

The following relationship holds for the residual resistance PR :

pR = pi(T) + pFA = pi(T) + Api/ACi * Ci

Ciis the concentration and Api/ ACi the resistivity coefficients of the most important impurity atoms
are given in the following Table :

Residual Resistance Coefficients of Various Impurity Atoms in Niobium

Impurity Atom O N C Ta Zr
Api f ACi 264 3.49 3.33 0.12 0.6

(iterature values converted to {Qcm / wt.ppm.])

It can be seen, that the substitutionally dissoived impurity atoms (Ta, Zr ...) contribute much less to the
electrical resistance than the interstituals (O, N, C, H ...).For practical reasons, pR is mainly measured
at the boiling point of helium (4.2 K) or above the helium bath at 10 K. A measurement at 10 K offers
the advantage of being able to measure above the critical temperature Tc~ 9.3 K of niobium. Thus
there is no need for an external magnetic field to prevent the supercontuctivity. The residual resistivity
ratio RRR is then :

R(300 K) i + pFA
RRR = R( 10 K) = pi{ 10K} + pFA

As pFA at10 K and 300 K are practically equal and pFA << pi(300 K}, you can simplify:

RRR = Pi(300 K)/'{ pi(10 K) + (Ap/AC),"C,, + {AP/AC),*C, + (Ap/AC).*C,

The absolute values for pi(300 K) and pi(10 K) were taken from the literatur and are 14.58*106 and
8.7*109 [Qcm] respectively.

Because of the marked oxygen-affinity of niobium in gas-metal reaktions, the dependence of RRR on
the oxygen concentration was first calculated after writing the necessary computer programs. The
diagrams shows clearly that to achieve high RRR values with decreasing oxygen concentration, the
significance of low nitrogen and carbon contents becomes very marked. Examination of this
supposition with production samples shows that the influence of defect structure and the metallic
impurities can be neglected. Thus, a correlation between the gasanalytically determined oxygen,
nitrogen and carbon contents and the RRR values could be established. The good correlation between
RRR values and analytically determined gas contents for samples produced on a pilot scale provided
the basis for optimizing the melting programmes on a large scale.

The analytical determinations of oxygen and nitrogen were carried out by carriergas and vacuum meit
extraction with the platinum flux technique. Suitably prepared and etched samples were injekted in a
platinum capsule via a sample lock into a gas-free annealed graphite crusible at about 2800 K and
extracted for 25 sec.To estimate the achievable final concentrations of oxygen, nitrogen and carbon
and also to contro! the process equipment, mass-spectrometric analyses of the residual gas
atmosphere were carried out during the electron-beam melting cycles with the aid of a mass filter. The
main constituents of the residual gas were detected to be mainly hydrogen with water vapour, carbon

32



gascontent [u

gascontent [ug/g]

TESLA 1995-09

RRR  for Nb—charge 91

0 250
RRR

Fx o2 + N2 + 0242 !

RRR for Nk

in correlation fo gascontent 02 -N2

0 50 100 150 200 250 300 350 400
RRR

| —®— 02 —content —— N2 —conieni

3



TESLA 1995-09

monoxide, oxygen and nitrogen. The partial pressures of CO and N, had to be approximated from ion
currents [y, and Iy, because of the small difference in mass between carbon monoxide and nitrogen.

Experimental Procedure

The starting material (aluminothermically reduced (ATR) niobium) for the electron beam melting
electrodes consisted of slabs with defined interstitial and metallic impurity contents. The relatively high
contents of aluminium and the interstitial impurities are associated with the process and can be varied
within limits. The analytical charakterisation was carried out by sampling from the tap, middle and
bottom of the turned ingot.

Impurity Contents of Aluminothermically Reduced Niobium

Element Wt % Element Wt ppm
Zr <(.002 02 6.800
Ta 0.031 N2 300
Fe 0.051 H2 10
Si 0.021

w <0.010 C 120
Ni <0.002

Mo <0.002

Hf <0.003

Ti <0.002

\' <0.002

Al 5.500

(Average values from top, middle and bottom of the ingot)

The ingots (weighing approximately 800 kg) were melted in an electronbeam furnace type ESP
100/450 from Leybold-Heraeus. A final vacuum of about <106 mbar can be achieved in the coid
furnace after cleaning. The effective melting power is 450 kW, and two electron guns can be used with
a performance up to 400 kW each with an accelerating voltage of 30 kV. The furnace has a magazine
for the continuous charging of starting material in the form of slabs. Crusible dimensions are available
between 150 mm and 300 mm diameter for final ingot lengths up to 2300 mm.

g



Parameters for electron-beam meilting

Starting material ATR-ND slabs
Starting quantity = 80O kg
Melting cycles 6

Melting temperature = 2400 °C
Melting rate 60-70kg/h
Working pressure 3 x 106 mbar
Ingot diameter 225 mm

Yield 81%

Contents {ug/g) after each melting cycle

Melting cycle 1 2 3 4 5 6
C 8 8 7 10 6 8
QO 675 128 54 32 17 10
H 1 1 1 1 1 1
N 128 59 45 28 26 20
Total 812 196 107 71 50 39
Com
lugrsg)
10000 f
5¢
1000 3
St
100¢
St
10
5

L vy rryrrrr

A A n

0 1 ) 3 4 5 6
- Melting cycles ————#=

Gas contents, Cq, Cy, Cy, as afunction of the number of melting cycles
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The results of the mass-spectrometric determination of the residual gas components are
summarised in the following table. The evaluation was carried out during the maximum
degassing of the fifth remelt cycle.

Mass-spectrometrically determined partial pressures [mbar]
of the residual gas components at T = 2700 K

Piot Po2 Piao Pco Py P

3*10+4 1.4*10% 9*10-° 8*10¢ 9*106 2*104

The degassing behaviour of niobium at high temperatures has been thoroughly investigated.
The final contents that can be achieved are largely determined by the residual gas partial
pressures during the last melting cycle. In the temperature ranges quoted, thermodynamic
equilibria are established for the gases Hp, N2, CO and stationary states for O, H20. The
corresponding P-T-C relationships for solid solutions (in the o - solid solution } are known.
For the thermodynamic equilibria, the following systems are valid for the temperature ranges
shown:

logCy =  1/2 log Py, +0.03+1620/T (2600 to 2800 °C)
logCN = 1/2 log PN, + 0.02+ 9300/ T (1500 to 2200 °C)
logCc+logCo =  log Peo- 14.55 + 14700/ T (1900 to 2400 °C)

At a carbon : oxygen ratio of 1, the following systems are valid for the temperature range
1800 to 2500 °C:

log Co log PQ, - 3.8 + 26265/ T (1900 to 2500 °C)

tog Co log PH,0 - 4.55 + 25113/ T (1900 to 2500 °C)

The units for the concentrations C are [ng/g] , the temperature is in Kelvins and the
pressure P is measured in [mbar]. i

The next table shows the gas contents of niobium calculated from the partial pressures with
the aid of these equations. The gas impurity contents determined in this way correspond as
a first approximation to the values determined by gas analysis, in particular for oxygen and
nitrogen. Thus with the aid of continuous mass-spectrometric measurements during the
melting process, a qualitative control of the achievable final contents is possible.

Carbon, oxygen, hydrogen and nitrogen contents [ug/g] calculated from
the P-T-C relationships:

Nb-O, Nb-H,O Nb-CO Nb-N, Nb-H,
Co Co Co CN CH
1.2 45 1.3 87 0.006
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In the contrast of nitrogen, oxygen forms oxides of various compositions with the metal
atoms of the melt surface during degassing at temperatures above 1600 °C. these oxides
evaporate, condense on the cold walls of the vessel, and are thus removed from the reaction
system. the oxygen concentration decreases at first and then adjusts itself to the value given
by the stationary state. Therefor, marked metal losses result from the evaporation of oxides
with very long melting times.

A comparison of the oxygen contents shown in the tables befor, shows that the oxygen
content after the sixth melt has approached the stationary state of approximately 6 [ug/g). A
significant reduction of the dissolved oxygen content is not to be expected for more than six
melting cycles at the given furnace pressures and the resulting partial pressure ratios (see
also PHp0 in the table before).

The nitrogen degassing of niobium also occurs via the recombination of nitrogen atoms to
nitrogen molecules at the surface of the melt. The degassing rate obeys the relationship Vn
o CN2 and therefore decreases strongly with degreasing concentration. For this reason,
the thermodynamic final content (CN = 8.7 [ng/g]) cannot be achieved with the finite melting
times used. Furthermore, for a given nitrogen partial pressure which is dependent on the
equipment, the solubility CN,liquit > CN,solid -

As well as the C-O-H-N contents, the RRR and the thermai conductivity A(4.2K) and A{10K)
were measured for selected samples from the final ingot. The results are summarized in the
foliowing table. Additionally, the measured values for RRR and the corresponding values for
Cp and Cyp are shown in a diagram.

COHN contents, RRR and A(4.2 K) values of a 620 kg niobium ingot
after sixfold electron-beam melting

Co CNHc RRR A [W/mK]
measured measured calculated measured calculated
[ug/g]
Top (K} 10 25 119 117 25.0 29
Middle (M) 11 30 110 97 235 24
Bottom (B) 15 45 -- - - -
Slice 1 10 25 118 117 28.0 29
2 10 30 112 110 - -
3 15 35 110 80 24.0 20
4 10 30 - - - -
5 10 35 108 117 - -

If one considers the error limits which arise in gas analysis techniques as a result of
sampling procedures and the standard deviations of the chosen analytical methods, the
agreement with the physical determinations can be regarded, to a first approximation, as
very good. The experimentally determined values for RRR and Cq lie within the desired
“identification area”, which is enclosed by the curves CyHqc = 20 and 30 [ug/g]. The
measured values for CNHC vary between 25 and 30 [ug/g]. This demonstrates that RRR
values greater than 100 and thermal conductivities  4(4.2K) > 25 W/mK] were
achieved by electron-beam melting on a technical scale in the year 1987. A horizontal slice,
taken from the ingot to investigate homogeneity, illustrates the low scatter of the values
measured and the good homogeneity over the cross-section and the length of the ingot.
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Sheets were produced from ingots with the COHN contents and RRR values shown in the
following table. The sheets had the property values which are also presented. A comparison
of the values shows that the gas contents achieved by melting could be maintained during
the subsequent manufacture of semifinished products, i.e. no contamination occurred during
the deformation and anneaiing process.

Summary of RRR, A(4.2 K) and COHN content values
of the niobium samples produced

Ingot l Sheet
Heat COHN RRR COHN RRR A(4.2 K)
No. [ng/g] {ng/g] [WimK]
3042 140 38 150 33 8.5 a)
906 60 112 65 105 250
873/ 50 114 52 137 29.5
87312 40 145 42 179 44.0
3074 20 350 25 300 70

8} Commercial grade Nb

The mechanical properties of these high purity niobium samples are of interest with regard to
deep drawability for producing cavities. Typical values for tensile strength, yieid point and
elongation are summarized together with the ASTM grain size:

RRR Tensile strength  Yield strength Elongation Grain size
R,, IN'mm2] Rpo.2 [N/mm?2] Al 30 [%] ASTM

137 183 83 59 6-7

300

The following figures illustrate the relationship between the change in hardness (HV10) and
the degree of deformation for niobium of different qualities. The individual curves show
almost the same characteristic shape but are displaced parallel to each other. The initial
hardness is very low (HV10 = 50 and 60) and does not increase above HV10 = 100 even
with high degrees of deformation (85% to 95%). The low degree of final work hardening
represents a further advantage for the deep drawability of this material.

44



TESLA 1995-09

Hardness increase as a function of degree of deformation:
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As already mentioned, microscopic surface defects, such as scratches, inclusions
and rolling defects ore local impurities have a negative effect on the quality of
cavities, because they represent sensitive areas of disturbance for the highfrequency
superconductivity leading to local overheating. These effects could be showen in so
called temperature maps. Therefor the thermoconductivity is registrated along the
surface of a niobium sheet or the complete cavity.

Since 1987 the equipment of the electron beam melting furnace had been optimized
by using special diffusion pump oils, reducing the leak rate and improving the
pumping capacity. So RRR values better than 400 and A{4.2K)>100 [W/mK]
corresponding to acceptable mechanical parameters could be reached. As a result of
the use of these pure niobium qualities, an increase in the high frequency field
strength is often no longer limited by the materials but by electron field-emmission
phenomena. ,

An essential influence becomes also some production parameters like heat
treatement and pickling. To get a maximum in fine-grained structure and a maximum
in healing up the lattice defects you have to make a compromise between
temperature range and the length of time of annealing. If there are some defects in
the lattice, the thermoconductivity will decrease. If the annealing temperatur is too
high and the time is too long, the thermoconductivity aiso will decrease, because the
niobium will getter gases out of the restgasatmosphere. Also a too high temperature
during the pickling process let the oxygen and hydrogen content increase.
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Manufacturing process for Nb semifinished products

Rough
Sheet

Heat Treatment

Rolling

Heat Treatment

Nb
Sheet

Disk

EB-Melting

Nb
ingot

Warm Forging

Rectangular
Slab / Bar

Milling
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Warm Rolling
@ \Cold Rolling
Heat Treatment Heat Treatment
Drawing Swaging
Heat Treatment Drawing
©
Rod
Heat Treatment
Drawing
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Manufacturing process for Nb sheet

EB-Melting

Forging

Maschining

Grinding

Etching

Rolling

Grinding

Etching

Anealing

Rolling

Grinding

Etching

Anealing

Grinding

..... 6X Ingot g 275 mm

hot,cab0x200x L

ca. 25

Qualifikation

Etching

5%

TESLA 1995-09



TESLA 1995-09

Aueig butustut 4

~O-[3-_17
-0-10 2|

BUTTTOJ UMOpP-Yea.g

S1INA0¥d-IW3S QN 0L 9NISSI0¥d SNIMOHS WYy9vIa MOTd

d9JBUIN] SIUR3ISTSaL
Ul JusWiesdl-1eaH

bUTTTTW

BUTTT0S YSTUT S

BUT5104

lusunesli-leay

000000000000 OQUO

8A112Npu]
_o
o

4 o
o

[

o

o

o

[+]

¢]

[*]

\\\\ °

()

o

o

—

53



TESLA 1995-09

uoTleatjiieng

but3row
T1BTJ3)BW Josindald
J0 UDT123[98 X

SuTYSTUTS
uotlesijiieny
lUswieaudl-leay wnniep

SuTWI0) pToOY
GUTWJO) Wiey

o]

Gutwaoy pjoy X

—

' —— —— —— 5 ——
¢ — ———f e——

SUOTIRI] [dde
10310NpU0II3ANS-JH J0J TRTJI9IEW

00t 700Z 00T WNI®OIN

Hi



TESLA 1995-09

Heraeus

*Grain stze (cs) - KG

AN

________ - —“KG —_—-—— 1~ specimen

@/ COHN
N

tonglitudlinal

Rm
Rp 0,2
A

COHN KG sy

_\—

P

S a— |

—{/

N

Transverse specimen

( DIN

/

Rm
50125 ) Rp 0,2
A

Qualification of Niobilum Semi~Products

5§



TESLA 1995-09

Electron Beam Melting Furnace
450 kW Leybold-Heraeus EPS 100/450

B

f
1
i d
RS e B . .
; B )
M e o 1
—— £
b )
282
Wan
e - " - £
¥

56



TESLA 1995-09

Electron Beam Melting Furnace

Videao controll unit

Electron Beam Focus

Control Desk with TV-unit
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Iingot charging module at bottom of the fumace

Loading unit for ATR-Niobium

Finished Ingot

Ingot surface
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Gasanalytik laboratory for the measurement of the H,,N,,0,,C and S content
in niobium
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/M;?fﬂr"n normal condition

Forming resistance

Forming velocity

Ordinary metals show little dependance
of flow stress from forming rate.

Under certain conditions particular alloys
show “superplastic* behaviour:

Very little force is sufficient to achieve extremely high elongations
as long as the forming velocity is low enough.

Superplasticity in Metals
ot
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A schematic representation of the grain-—switching mechanism
of Ashby and Verrall. The directions of stress and relative
movements between grains arrowed (Ashby and Verrall (62))

+9



TESLA 1995-09

@e(crwa Qeu, UA&CCG.M;.SW_( c'u. -.._(Pl:

Frow. dee deborwalac week@ue's tu
L RN */ oL d& ri./ -f/.'-.’lga".-_f

s ; i fre.
Cytia LN e A -’f.’--'ﬂfv. -'{‘./ ¢4 '([’--!'r'f‘":

// {Jz\/ -- (*'f".,’ /

lhe bollovring i ero bedeliral reqilre uents

cesa L

/:

SR AV G Y |

5“,",‘. .r-'.'/‘_- L,"

., - la
Cofopn>mt s 7 =0

7 LA . H ~ % -
-"-.i"-.- f,.{'. (‘-_/ p.’;q'.".-f/ 7 Tt .,("ﬁ"'!’. \
! ' ) . 7.
l’. bl F-',,-‘ {. ’,,?j,‘.r. J-‘.l.',.,;c/. /' ’:{’o-:f',"" ‘i,‘,{ - /.,i*"/;/‘f‘:(.f-".’{l (f-'- l/.

EU



TESLA 1995-09

CORMING CONDITIONS FOR (PF

FRON THE JEFORMATION (ECHANISH,

CRAIN LouttdARYY (LQAING WITH
GCRAIY SHAPE ACCOMODAT IO/
ALY DY MEFULICN,

THE FOLLOWING GCEMNMERAL FORMMNCE
Cold(TioMS RELULT:

~HIEH TEMPERATURE (> 0.8+T, )
~ 100 (TRAIN RATES (<« 0= 1)

—lnty Frow (TRESSELS (4 10APa)

81



TESLA 1995-09

'f/'. e

o el le Al

brnde olwe. L o« 101
v

f 1 .y
lisny 2 “q Lf'-'!_ WikA f"'f.;f-’,- ¥,
- [

i f -7k /.-.“,rfn.-n :.r/,‘cf‘r

LI )

- . -4 e
!/ v E f rr. , -"*’ i, Y f_r,r,!f o /f R A “{f / f RE st
J6

Typled Hews FFreocer s 2. L 100 AP

£)

N ' L. B -
SN R A TINE Ne DAL IS A T S S



TESLA 1995-09

-y

_\ N igr‘i’h“l.lli‘?,

h\h\h‘\‘\!\i\~t\h-~\t&.\

u\QS\ \n\.\% A ‘o\\ﬁ\.

- gy

Sl N TR AT R |
O BN

. o oy ™

= S N Ly
\FArS s Lol s ISP rrras Ll idl 228

TR R SRRV L
ZXrry

il 2T P FTENT Py, \\I\E

N\Q&\ .\U.A\\\G U.ﬂﬁv\&\m.sm\vuﬁ v %\Q:!..Nzo\\(\mw



TESLA 1995-09

o =

\_Nb+ 1% Zr

AAU/N YIOUSRS aysue L

BWU/N v yeyBseBing

1600

14,00

1200

1000

800

< Températuce en *C

Temparature,

Temperatw in °C

biumn et de faliage NbiZ¢ an fonction
de ia température

Fig. 1: Résistances & la traction de nio-

Fig. 1: Tenaile strengths of pure niobium

#nd of the niobium atioy Nb1Zr versus

lemperature

Niob und der Nioblegienng NbiZr in
Abhdngigkeit von der Temperatur

Fig. 1: Die Zuglestigkeilen von reinem

s



TESLA 1995-09

€661 Ylep g AN HYH YOIH Jo “doig Yoy [sieuwsegusukpy) swib Aljioe 10jB161820Y WBEG L04)20[F SNORURUCD 8y}

14SIaNX 'd
pue
OVvd 'O N
G661 “8-9 yotey

AS3d
doys)iop senbjuyoa] uonesuqeq Ajaen

AN Hdd HOIH 40 S31L.43d0Yd TVIINVHOAN

g5



TESLA 1995-09

t661 Youpn e

AN YUY YbiH jo "doid Yooy [sieupuegueuliy] swb

232 wodor
ueljizeig

poyoliyvonwy 29 o) M
ueluen|n

ueissny

asauyn

Aueuwan snaela

i loqed
VSN { suhpajay

. [99isue4

Alil1o8 4 10}810/020Y WBEG U0I6]F SNONUNLOD) &Yy

SaIHad0id [eId] ¥ [eolueIajy

aseq ejeg qN HYY UbiH 4vg3n

g6



TESLA 1995-09

€661 YUBW £

AN HYY YSIH Jo "doid Yoo [sieupuesueuApy] swh Aliiror Jojeietesay wweg uoqj2e/3 snonupuoy ey

vVaad

fAewwng o
elep alnjeladwa) mo|
sSjuswainsesw ainuadwia) WOOL o
8Seq ejep 4vd30 8yl Jo uoliejuasald
1S} - MOJS 8jel UIRL)S JO UOISSNISI] o
syibualys sjisua) ajewnn ‘yibusis piaif Jo uoniuye(q o
S8AIND Ulelis-ssalls [eoldA) jo uoissnosiq o
snjeledde ay} jo uonduossq

SjuswiaInNsesw a|Isus) [eIXeIUn 8y} O} UCHONPOIIU| o

MIIAJBNQ



TESLA 1995-09

TEST MACHINE

] ] , ﬂ
! \- ADJUSTABLE
§ CROSSHEAD
#15 THREADED ~—_ LOAD CELL
ROD (4) —~_
i)
!
: i
$2.0 GUIDE ; ®14 DEWAR
cooumn 22— H| 1 [ LT
: 4
N / :
3150 , | E
. i | ~SToP LMITS
| : TEST
] SPECIMEN
i —
1 [ =
LOADING . . : 0
CROSSHEAD ) L
[ - \ T I—"1 ; 8;
.' -}l <A
] ; % 1 H mo
A "
1
TENSILE TEST
DRIVE SCHEMATIC
SCREW
BASE

9



TESLA 1995-09

F31NY 4

= WChUL WO Yy = iy o\ broboriousii: sug g = bueo\

.r.:.:.n dawuginee gy = CRUL IO ¢ = (oEauy WO () 1)
ALY Caae foi awwy #LBjUZ naiLayul aaciom woqal: gy =
LB ) (a) CEPELIYLIC [0ICe: RX{CUMUY CLAG: (p) ecpemsuqic rcen-

(P
O 26y e

zzoue

(5)

0OX E4icuzion

s

8



TESLA 1995-09

5 0)J |
GZ'H X¥
- 39VO NIVYLS
! L
G/ | MOHL szv =
1 4 N\

00y

e e

90



TESLA 1995-09

= une | aranuad senbs 1ad aulp suo = uafausp
By AU = fuifuog | apawnu srenbs sl CEFRTRUTHEINTE ETTT)

Ao asenbs sl uoymauvisg auo

1.0 1% B[] "u) T6°67 = 'D,0 1w Bjj wwgyy =) AUNSOWNE IRPUEIS 300
21 WHNIN ) IYaudr 3auabs aad 310
= unufay g fyouy saenbs aad 20y pun) aue = g s sl g R

| £’ O X101 tio'o 0 0hxEus'y i X0l « 01208 ki une |
6986°0 l 01 1°0 -0 X8L8°9 -0 X02°0) ¢ O X608 ¥ iuq
»-0]1 X6986°0 3- 01 i 3-01X1°0 - 0IXSLp'9 ¢ 01 X02°01 ¢ 01X08°p1 sy
698°6 0l 01 X0 I -0 XSL'p9 0I01°0 0s¥1°0 tWINI
FIs FFS1 01 Xy kS yrsl | §L5°1 W'y IR ALU
18°96 L0°86 Wi XL0°86 LOB 6 6kE9°0 | ¥4 2 gy |
089 5689 W01 X$6°89 §68°9 POkK 0 IE0L7°0 i (8 1) 1sd o
W § ieq | wnulp Wy : w (5% 1)
H tMUNKW Wjuor ) /ey 1sd (0}

+IANSSL] 20 $$20)G MAnSEI [y
0} pas() Kjuowio)) Jsop spupy ap oy AU, N0ISIDAN0?)

I1 xipuaddy

M



TESLA 1995-09

0100

80

UinAS
00 90070 70070 ¢00'0

0000

,Il_rl'—

_ . i 1 _ i ] | _ I I | _ i

SINOY { JoJ 1] YIm M G/91® paylnd—3sod
PaAIS0as SD

WINIGOIU  UDIUDIMN

0

G

0l
=
(D
W\

gL @
EN
)

0z =

GZ

0%

AL



TESLA 1995-09

uolypbuole Jo sbpjusoisy

Q¢ Sl

Ol S

| | | I

_ I I I I _ I | i

SINOY ¥ 104 3 G/91 ® !L yum peyund—isod o
paAleoas sp O

winiqolu ubIuDJIYN

0

00<¢
—
O
O

00t <
\.mu:/
=

009 >
Q
N

008

0001

B



TESLA 1995-09

£66) Yoy £ AN HYY UBIH jo “dosd yoep (sieuuegueuipn] swb Alifioe Jojeseiedoy weeg uodjosig snonujuop ey

Ut 10] 3
T4 L 91 1! S291 ® payland 1504
4! 87T Iz POAIIAI SY
ISA ISA [erralew
uonesuo[y Jo 9% 18U 2ISUI |, 13uan§ prarx 3 Jo smulg

dN ueruienin jo Aewuwing

.
LT



TESLA 1995-09

P PS +*8'9 +S91 14
T4 T4 4 0’8 1T P8ET 91Z £
143 Zs "4 0'L SL xS°S VLET 91 «£°S1 l
payrnd perjund payrnd
1sod PoAIRDaI Se -1sod P3AIRDAI se -1sod PaAIddaI se
- [zwrua /3] #
f96) uonesduorg [7ww/8%] niduang praix yi8uang apisua - ardures

(Ausieniun Bupjad ye suop sjuswainsesy,)

WNIqOIN asaulyy jo sajpadold feaiueyosapy

95



TESLA 1995-09

€661 Yauepy ¢ GN Yy YBiH jo "doid "yoep [sieupegAusuip]} swb Apor 4 Jojeisieday weeg Uosoe(3 snonuyuo ey

T'+S L'€C 1T €
€€ 8°9¢ 6l T4
¥°9C €°6C 8¢ I
ISA
uoneduog jo 9 NIB3uang aqIsua . 8uans paIx # oldweg

(AN 10qe9) ) 562 18 sentadoiy
OlISUS] gN sweiq mopulp\ 44 PI0) 4¥Yg3)

%W



TESLA 1995-09

E6GL Yoiepy £

AN HuY YBIH jo ‘dosd ‘yoep [sieupegueuip) swh

Allijoe J0)8181820Y WEEG UCL8IT SHONUYLOD ey

AN 4 66 61 ¢
9°6¢ 6°0¢ £°0¢ 4
9°6¢ L0¢€ 9°0¢ I
ISA
Uonesguolq Jo u I8UDIIS S[ISUI ], yidua:ngs praty # ardwreg

(AN 10qeQ) ) 562 1e sapuadoad
Slisua] qN sabuelq Auae) 44sS 4vg3n

(_'.‘};



TESLA 1995-09

UIDJ)S
0L0°0

00

T | _ T I T I — T

G% - N AT A A
R RS o e a4

w
qqqﬁﬂqﬂqq«qﬁq«%ﬂ%

asn e (1
O 0000000000000 00000 0000 000000 000000 Olslo 00

-
=

—

L 1 L | I I I | [ _ : L _ |

8000 9000 %000  z0

A GLYI
A GLCL
A G/01

_

!

1

0000

i

..... 0
S
- )
| =
(D
- o)
| =
- )
161
0c

'sdwie)} jususyyip 10 paiyund gN euiApaja]|

"9



Teledyne Nb purified at different te'mps.

TESLA 1995-09

T

I

T

300

1

50

30
Percentage of elongation

20

10



TESLA 1995-09

€661 YIep £

AlifoB 1018161620V WiBEG LUOLHOB]T SNONUHRUOD 6y}

AN HYY Y6 jo “doig "yoaepy [sieuwesusuip] swh

€8¢ 8¢l 0°S SL¥1

0'6¥ €LT ¢S _ SLZI
0'0b 0T SR GLOT
ISA ISA N aanjesadwd ]
uonesuoly Jo % I8UD.1IS J[ISU L, M3uaas pRIX uonedijing

Uz 10} sainjeradwa] Jualayiq
1e paljling-1sod qN aufpaja] jo Alewwng

100



TESLA 1995-09

€661 Yo e QN bUH 4BIH Jo doid Yooy [sieuiwegusudp] swb Alif1o8 o 10)8161030Y WESE L0I}26]F SNONUNUOD) 8y ]

9¢ 8¢l 0’9 S6ZT 9

9¢ O'+1 09 0901 14

8¢ 81 g'S 0L9 4

8¢ 871 9v 00L I
uonesuolq Jo % Em:whmvw:m:w& Em:m_,_mw PIOIA NN DU :o_wmua::ﬁ_

| A G/91] 1e sawll] JuaJdajiqg
10} paljlind-1sod N suAps9ja] jo Atewwng

01



TESLA 1995-09

UIDA}S

el

_ A [esaenessacss sty
8@@..,3885&8%%@

1 ]

" I I I _ I I

R

3
,, A
, g

o AL AAAN
,, I RIRREIN Vo

vV rF v v v T AT TR I

o
) Sl

VAR LRCLAL AT B a0 (e

_ + o P T 4 “HHiHH

padog—psassaid—padog
passaud

padoq

buisseooud Jsyjuny ou

Od +<

t 1 | _ | | ] _ | | ] — ! | ] _ ] |

0LO0'0 8000. 9000 7000 ¢00°0 0000

A G/9L ©® Psylnd—isod gqN sukps|s]

©
(1S¥) ssauS

(@)

0¢

N0



TESLA 1995-09

uoinobuols jo obbjusdUsd
v 0% 0l Ol

I I | _ ] I 1 1 _ I i I 1 I

padog—pessaid—padoq O
pessaid 4

padoq v

Butssaooud Jsypny ou o

] | ] _ | 1 1 ] _ ] | i | _ | ] l | _ 1 1 |

M G911 ® psiylund—3isod gN aukpojo]

00c

O
O
AN

009

008

(spunod) ppoT

103



TESLA 1995-09

E661 Yyae g

IN B YOI Jo *doid Yoo [sieumegjusuiyy] swb

Alijio8 4 10)818]000Y WEEG U0426(T SNONUNUCD BY 1

paddq

14! S'T1 S'TT - possaud - padog

€C ST Al passaltd

LE 9°¢T S padog

A4 891 9 3uissadoad Jayinj oN
IS ISA [eLIvlew

uonesuolq Jo %

(Y

18U SISUI

y3iusns proix oY) JO smivlg

dN auApaja

b 104 ) G291) payling-1sod jo Alewwng

4104



TESLA 1995-09

€661 ‘61 129010 Y'ISILL Jo sapuadosg siisua) sjquy [9ouspuodsauiopsuadpyfswd

PI9IK 195)30 95 7°0 Suiyonas o105aq pauers UoNneLIS«
Aijsaaatun) fowo)) £q apracid osam sajdwug |

Y p

105 D ,00b1 10

LL Yim paneas)

6L 1Y 39 PIPIOM

Y 30

L00P1 18 IL Yim
701 parean weoy

$91 PaAadas SV

9'9 L08 * 9'se | ST1
Ay 6LL T 70¢ 8zl
I< €06 968 A% 981
ed
uopeduog SL SA uoneduojg SL
% NTP W . % 6L W

(ww ¢g'1 = SSAUNIIY L)

SX wniqoIN

{AN V7ISHL dHL 4O SALLYAdONd ATISNAL 40 AAVINIANS

[ACHLINAP

A0S



Distribution -5- Septen{ﬁﬁ'i‘“ﬁ?i%l

AT-1:91-383
TABLE 1
TENSILE TESTS OF NIOBIUM
0.2% ULTIMATE
YIELD PROPOR TENSILE
STRESS LIMIT % STRENGTH

SAMPLE #/in2 #in2 ELONGATION #/in2
1 6310 3000 - 22410
2 6550 2500 50 23310
3 6300 2000 50 23410
4H 6450 4000 45 18330

SH -- -- - ---
6H 6440 4400 -- 15450
7HC 5970 2300 26 14720
8HC 5890 3000 47 19450
9HC 5780 1800 38 14960
10C 5790 2100 50 21880
11C 5780 2000 45 21710
12C 5500 2000 50 21230
21 5630 41 22100
22 5420 ' 39 21390
23 5410 38 22370
24H 5370 35 14240
25H 6230 29 15590
26H 5580 32 16150
27HC 5000 28 14880
28HC 6230 . 29 15040

29HC - -—- ---
30C 4850 43 21130
31C 5080 44 21650

32C -- --- ---
33 1 7980 33 23440
34 1 5910 43 22900
35 1 6210 27 24010
36HL 6560 28 15640
37THL 6710 19 16560
38HL 6030 19 - 16790

AVERAGES

as-delivered 6000 2270 43 22350
heat-treated 5950 3100 31 | 15980
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A.Matheisen
march 95

l o Electrical Data of Niobium - |

typical data to qualify a s.c. resonator made from
Niobium

R

Eacc (MV/m)

Qo = Quality factor
Eacc = acceleration voltage in MV/ m acceleration structure

RRR =residual resistance ratio
Tc = critical temperature of the superconductor

T bath = temperature of the cooling liquide
( working temperature of the structure)

But what do this data mean for manufacturing of a structure?

A.Matheisen MRZ 95
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Po= power dissipated on the cavity wall
Po « surface resistance of the cavity wall

# This losses are measured after the removal

of the ,Demage layer,, ( with state of the art
of technology 100 ym}

W = stored energy in a accelerator cavity (resonator)

# The storred energy is depending on the
geometry of the cavity and is calculated by
computer codes.

o This geometry is fixed in technical drawings.

# Deviation from this will lead to misleading
data and to wrong interpretation of data
taken during the measurements of the cavity!

=> follow the drawings !

A.Matheisen MRZ 85
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with some additional mathematics you wil find

G
Qo=

R (»,T)

G = geometrical factor defined by the frequency
and the integration of the magnetical field over
the resonator volume

R (0, T)= losses of the resonator wall depending on the
frequency, the temperature and the integration
of the magnetic field over the cavity surface

R(m,T)=R(BCS)+R(r¢s)

R(BCS)= patural surface resistance of a superconduc-
tor in electromagnetic fields, depending on
the frequency and temperature

R(res) = all residue resistances that are not due to the
pure superconductor. This R (res) is depen-

ding on remains of fabrication and
preparation technology of Niobium and cavity

A.Matheisen MZR 95
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Typical Data published

QorRversusTe/T

* high losses
"\ [ lots of normal

conducting areas

temperature
depending losses

. l/\ not temperature

depending low

—— R(BCS) losses

iog
scale

Q/E curve
/— defect free case
W quench by Hc
—— heating by
i .c.defect
e- loading n.c
limited by Quech by Tc
available
power
Eacclin scale "
A Matheisen MRZ 95
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R(res)= residue impurities can origin from

R(res)= R(n.c)* R(impurities)+R(grid)+R(.....)

n.c. lamination
or inclusion

inside
the s.c bulk :

M n.c surface
normal material i ] layer cold
conducting : welded to

the s.c

1 impiantation

-
-

Dispalcement
in the grid - - .
configuration

crossseection of a Nb sheet

# fabrication=>
o inclusion of material by pressing
= cleanliness of tools
o lamination of Niobium
= spinning,deep drawing
o chemical reactions of the Niobium
= heat / cleanser/grease
o mechanical deformation
= deformation of grid
o residual n.c.material in grain bounderies
= chemical reaction / implantation
during heat up of material
o cold welded acide resistant material
= plastic coverages for storrage

# preparation and treatment
o Chemistry and rinsing of the surface

o heattreatment on cavity

A_Matheisen MRZ 95
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Whats behind Eacc (acceleration voltage)

Po=U*I=U*U/R=>

2 R *Qo*P
(Eacc) = —vvr

Q

[ Units MV/m =nominalized voltage per unit length of one meter]

->

E acc = The Voltage a charged particle sees
during it passes the accelerating
structure on the center axis

->

E acc ( He;Tc;e-)=limited by critical magnetic field (Hc)
critical temperature (Tc)
electron loading of the cavity (e-)

The acceleration voltage

o is build up from 3 dimensional electro- magnetic
waves in a cavity which are defined as modes of
the resontor

o Each mode has a well defined current and voltage
distribution on the resonator walls

o is sensitivefor.............

Eacc= 25 MV/m as goal for TESLA

A.Matheisen MRZ 95
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Field distribution in accelerator cavities
- :
E= field parallel to the surface

E field
distribution
inthex
mode

Charged
particle
passing
the

E filed

->
H = magnetic field perpendicutar to the surface

----- current flow
on the cavity

-------- magnetical
v field
.-=--— resulting
E field
.\ iris region
equator

region

A.Matheisen MRZ 95
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Limitations of the E acc in superconduting structures

# E acc ( He) = maximum theoretical acceleration voltage
=> crossing Hc on the wall

ORIGIN of Eacc (Hc):
basic physics law

# E’acc ( Tc) = real limitation up to now
=> local hot spots ( defect ) on the surface

result in local heating and rise of
temperature above Tc

=> The normal conducting areas of the s.c.
surface dissipate additional power from
the cavity and drive more and more areas
normal conducting

RESULT : ..Quench* of a s.c. Resonator

ORIGIN of E'acc (Tc) :
dust,lamination of s.c.material,

clusters of n.c. material
lossy spots of the s.c. wall (oxides)
frozen in magnetic flux (iron bolts)

# E’acc (e-) :
electron loading of a resonator
=> power consumtion from the storred

energy by non resonant electrons

RESULT : power limitation by consumption in field emission

ORIGIN of E'acc (e-):
local surface irregularities; needles,grooves,

oxides
metal particles (dust)
glow discharge (dust)

A_Matheisen MRZ 95
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Powerdisipation in a resonator parallel to the beam

R tot= R (bcs)

R tot=R (bcs) + R (res)

R tot= R (bcs) + R (res) + R (hot spot)

R tot=R (bcs) + R (res) + R (hot spot) + R (e-)

R tot=R (bcs) + R (res) + R (hot spot) + R (e-) + R(n.c.)

ult in heating of H !

Statistics shows:

Losses result appearing from

R(bcs) Q10E1t E=maxtheory nature

R(res) Q10E10 E=reality impurties in the Niobium

R (hot spot) Q10E8 77 n.c. particles infon the
wall

R (e-) QM10E6 7?7 geometrical

deviation;dust
R (n.c) Q10E4 some MV/m lossy region on the wall

drive the s.c. surface
normal conducting

How to fight against the limitations ?

o cleanliness during fabrication
( avoide inclusion of n.c. material)

o ceanliness during handling and treatment
( ovoide dust->,cleanroom*)

o high peak power processing/ high pressure rinse
(disturb particles and emitters)

(cool away the losses and keep the wall below Tc )

A Matheisen MZR 95
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Whats behind RRR?

RRR= C*A

RRR= residual resitivity ratio
C = empirical constant about 4
A = thermal conductivity (W/mK)

R(300 K)

RRR =
R (4,2K)

o RRR depends on impurities inside the niobium bulk o
(Remember: Eacc and Qo depend on irregularities on the
surface or inside the London penetration depth and are
surface effects)

RRR is a bulk effect

ORIGIN:
dislocations
grain bounderies

intertitials
soluble gas most effect on 02
(see table 1)

history of resonators
RRR Eacc limited at
10-60 2- 7MV/m
100-200 5-15 MV/m
200-600 (1000) 12-27 MV/m

AMatheisen MRZ 85
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Effect of improved thermal conductiviy

heattransfer
high thermal /o Defect
conductance
—
— heattransfer
Nicbium low thermal

conductance

To reach and keep high RRR

o manufacturing of ultra pure niobium

o prevent heat during forming and machining
(absobtion of gas starts at 200 C)

o annealing in ultra high vacuum (800-900 C)

o postpurification by getter material in UHV oven

o minimize mechanical stress ?

A Matheisen MRZ 95
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Conclusion:
if you apply new forming and processing techniques
to make cavities

o machine the Niobium like other ductile metall. o

but keep in mind it is different .It is a getter-material
that needs to be kept pure for high RRR and has to be
~ used as a s.c.resonator with 25 MV/m acceleration voltage

some remarks for fabrication of resonators

- avoid impurities penetrate more than 100 pm into the
surface

- avoide laminations of the Niobium

- avoide implantation and cold welding of material

- cross check chemical reactions

- qualify production steps by cold tests

- avoide heat and keep RRR high

- cross check RRR on samples during different maching
steps

- hard working of Nb leads to cracks

-7?77?

A Matheisen MRZ 95
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Ultimate elongation
(simulation of the multistep forming)

Before annealing 400C
After annealing 400C
Before annealing 500C
After annealing 500C
After anneal 500C (1992)
After anneal 500C 35%
After anneal 600C (1992)
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xtérieurs mesurés sor

38 cavités 1.5GHz monocellulaires (1992)

15

Nombre

183.55

=] wy =~ vy

) b ) ©~

-] o oo o)

* pat = %
Diametre exterieur (mm)

146

183.8

183.85

183.9
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entacellulair 1992
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‘nnu&'ﬁ Ayoo'c 4R .

TIME (mn) 0 1 2 3 4 5 6 7
PRESSURE (bar) 0 80 {100] 116 ] 123|125 125] 125
DIES'GAP (mm) | 57 {57.56|59.2{60.6]61.8]|62.7]62.8]63.9 ] RUPTURE
RADIUS _ (mm) 76 |76.5{77.3]78.2|79.3/80.1|805(81.1}1 13.40%

Table 3
Values of pressure, gap and radius during experiment

Figure 4
Photograph of the cracked tube

Figure §
Photograph of the crack
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Publications on Hydroforming

C. Hauviller- Fully Hydroformed RF Cavities - IEEE 1989 Particle
Accelerator Conference (March 1989)

S. Dujardin, J. Genest, C. Hauviller, R. Jaggi, B. Jean-Prost- Hydroforming
monolithic cavities in the 300 MHz range - 1990 European Particle
Accelerator Conference (June 1990)

G. Cavallari et al.- Status report on SC RF cavities at CERN - 5th
Workshop on RF Superconductivity - DESY - (August 1991)

C. Hauviller - Hydroforming of monolithic parts to produce RF cavities
for particle accelerators - Plasticity ‘91: Third International Symposium on
Plasticity and its current Applications (August 1991)

Ph. Bernard et al.- Superconducting Niobium Sputter-Coated Copper
Cavities at 1500 MHz - 1992 European Particle Accelerator Conference

(March 1992)

Ph. Bernard et al.- Superconducting Hydroformed Niobium Sputter
Coated Copper Cavities at 1.5 GHz - 6th Workshop on RF
Superconductivity - CEBAF, Newport News (October 1993)

D. Bloess et al.- Superconducting, Hydroformed, Niobium Sputter Coated
Copper Cavities at 1.5 GHz -1994 European Particle Accelerator Conference

(June 1994)
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o

AN

(b}
Fig. 4.2 Geometria di dislocazioni semplici: (a) lineari (b} elicoidali. Sono in-

dicate pure le linee normalmente usate per rappresentare le dislocazioni ¢ i loro
simboli, | ¢ @.
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STRUTTURA

CFC
Cu, Al, Ni,
Pb, Au, Ag,
yFe, ..

ccc {110} duy 6x2=12
aFe, W, Mo,
ottone f
aFe, Mo, {211} an 12 X1 =12
W, Na ?
aFe, K {321} ¢11) 4x1=2

EC (0001) 1120 I1X3=3

Cd, Zn, Mg, < >
Ti' Bc’ -aa
Ti {1010} {1120> Ix1=3
Ti, Mg {1011} {1120> 6X1=6
NaCl, AgCl {110} {110) 6X1=6
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Caratieristiche meccaniche dei materiali metallici e dinamica reticolare
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ABOE (0 40)
D& [ To{]

. Struttura cubica nella qua-
be sono individuati piani e direzioni.

TESLA 1995-09

(loil
Cio1]

Ny (401) [Oim

_ Sistema  di slittamento
(111) {101] in un cristalio con strut.
tura cubica a facce centrate, La par-
te superiore del cristallo slitta sul
piano (111) nella direzione {101].
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TENSILE PROPERTIES

Effect of Temperature on Tensile Praperties of Auncaled Niobium
(after I, J. HEALY)

Test ! Ultimate | Limit of l Flangation l Young’s
temp. . strength ' /am/.-nmmmlm Folen 1225 in) , modulis
G tonin? ton .2 ©per cent th, m.2x |06
S T
200 0 220 | 18-6 | a2 ] 152
200 . 239 15-5 N 12 ? 4.7

300 20-0 ’ 131 ‘ 13-2 ! 1+5

400 T B R R

500 22:0 12:6 ! 96 14:2

600 | 208 ! 8-0 [ 17-5 --

660 208 71 P24 | -~

B | 201 58 L 207 : —

970 ‘ 12-3 ; h-2 | 37-5 —

1050 l i 14 - +2-5 —

“C. 80 [ ] ) ] I ]
< Brittle(cleavage ) fracture strength
4 | ! |
5 60 h —|Ultimate (tensile) strength — 7 7T -
S ™\ o
401 Yield strength (02% Tffser)
" ~ '
P

§20 = T — ]
7 ol Yield strength (0014 offset )

I 1 !

ducﬂon in area
~ /To!al elonga!m
§ ——-t--——-_r——Umform e!ongatmn i_ Fe-
3

I
0 100 200 300 <00 500 800 700 163

Temperature *°C
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) Niobium |_
OL-_' 7 sirain rate —
e 360%/h(1x103sec™)
fmﬁﬁe“' Gpimate (tensile Figure 9.16.  Effect of {
- Strength 1gure 9.16. Lfject of recrystai-
40|strength |- > Yy - ..g lization temperature on brittle
Yield strength™ | ~ behaviour in niobium. @@ —
(0-01 *4 offset) IT 1  Recrystallized, 2 h at 2000°C:;
C=-0)— rccrystalhzcd 2 h al
1475°C. after E. 'I'. WEsskL. and
Total_elongation | 1 | D. D. Lawmniers12)
F .’. T Y - 1T T
YT :

-250 -150 -50 0 50 150 250

Ternperature C
3 -l Test specimens annealed in g
= 80 Y different vacuum system —-
° (Group A)
A Y
s | ] o
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Figure 9.21. Effect of strain rate and annealing lemifiera-
ture on the ductile-to-brittle transition of  niohium.

3 by
—.-—. Strain  rate 3607,:h (1x 10 5eC

wl —( Strain vale 4000°,, h (1 x 102 lsu ')
(after E. T \WESSEL and D. D. Lawtiiers!2)
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Effect of temperature on |

strength of niobium (after B. L. Mow
and L. M. FITZGERALD8)
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Elastic-buckling formability index vs. temperature for manusl spinning, where £, is the compressive moduius and 5., is the compressive vield
strength of the workpiece material.
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120 _
[ i—-‘ Condition: annecied of 1%0 °C for Ih
°[ ! Tests mode an Hurder 802 Rovating
1o T+ Beom Fotigue Mochune
00 ‘
‘\ |
90 \
\
w =]
- N ~
70 .l - =
lest temperature |
w.F — .o - ) . 0 _J -
60—t ||| L ~— f i
10* 105 108 w0’ 10°

Cycles 1o faiture

Figure 9.29. Fatigu characteristics o/ 0-004 in. diam. tantalum wire (afier
A. BORNEMANN ¢f al.14)

'T‘E' m[ Y T T T T T T
o
o | * 85 % reductron i
£ ' Anneated
S0} -
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v y
“
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-
)
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Figwe 990, Flexure Jatigue SN cupre Jor annealed
and cold worked poteder metallurgy nioiyum (after R. T,
GLEY 20)
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ty 10250} 4

Monodrel e (307

Axiat th-ckncss )
. {0.500)

Rolier IJ

Fig. 7. Setup and dimensional relations tor
one-operation power spinning of a
See text for cppuccmon of sine law m relc-
tion to this illustration.

ty (0425} tz {0.250}

Gray iron
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COEFFICIENT OF FRICTION
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o——HYDRODYNAMIC LUBRICATION ——

e

Friction value versus speed.

&

N

rLow AN
\- S o A

() _;_§_>_L TR

. Lubricant film: (a) entry zone, (b) velocity
profile of lubricant () addv flaw in entrv 7ane and (d)

Vol
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1 i 1 1

.g i Low-carbon steel
S 0.050 in. a
- . {
'§ 3 "‘—Izi—j -
é’ 12 r_ A _
5 700  diom ¢
£2 pieces 1| i 73
o S '
e Spinning | _{ -
®
.a —A_ 4&
=
] |
‘g 14
o Drawing
O 1 1
0 | 2 3 4 S

Thousands of pieces

. Relation o} quantity and cost for
producing a flanged cylindrical part by

manual

spinning vs drawing in a press

Typical Dimensional Tolerances for

Manual Spinning

Diameter of rance ——
blank, in. Comm;ll‘-gi:l h:nri:mm
Upto12 .............. * +0.008
13036 ............... :& ) -.4.-3.3‘1’5
37t0 54 ............... mnt PP *0.020
S5t0968 ............... * *+0.080
9T to 144 .............. % +0.040
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Annexe,lQ

Mﬁt_allographiqwswﬂyﬁ _

Intérieur de
la cavité

x 500

Centre de
la section

x 500

de la cavité

x500




Antgté'8”
Coupe métallographique Secteur C

x 500

Pour éviter les problémes de polissage de la zone proche de la
surface interne, les échantillons ont été nickelés (20 pm de nickel :
partie blanche au-dessus du cuivre).

x 1000
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54 S4 S4 5784
53 56-55 58 59
55Xs9 s9 s9 62
60 65766 67 €9
67 71 T4-T6
” 71 n/n 80”83
/ /
75 78 BO 83 84
reud 82 8e s
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75
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Fig. 3.

Hardness distribution in a Copper workpiece reduced
43% by spinning (After ref.3).
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Characteristics of High-Energy-Rate Forming Processes

TESLA 1995-09

Electrohvdraulic High-Explosive High-Explosive Explosive Propellant
Exploding Bridge Wire Spark Discharge Suandoffl Direct Coatact Closed Dic
Meulworking  Tube bulging. sizing. Tube bulging. drawing. Draw forming. streich  Hardening. welding, Tube bulging. powder
operations drawing. flanging. sizing. expanding. forming. flanging. cutting. periorating. compacting, sizing.
coining. blanking. Nanging. coining. coiming. blanking. cladding. powder periorating. stud
streiching embossing. blanking. embossing, sizing. compacting driving. machining.
strerching ﬂing.. cutting flanging
expanding, powder
Wﬂing_. stretching.,
e
Size imnations  0.25-60" (6-1524 mm) 0.25-60" (6-1524 mm) Limited only by Part size not limiting Limited by equapmont
diam or larger diam or larpet svailable blank size:
presentiy. 144-180°
{3458-4572 mm)
Shapc Compiex surizces and  Complex suriaces and  Small and intricate, Simple shapes Compound suriaces. -
complexiy shapes. espocanliv shapes. especially large and simple non-symmetrical
tablar tubular shapes
Proacepst Covaralisnciuy and _amrouabanty snd Peoser prossure aor Extremely high Boducss numrher
sdvantape repcatinilen repesixhalin emcxgy limited. 1.c.. pressurcs OPETALIONS 10 ProgucT
largr paris compicx parss
Capital Moderate Maderais Low Low Low
investment -
Tooling costs Low Low Low None to low Moaoderate
Labor costs Moderate Moderaie Mcd:ntc Maderaie Low 10 moderate
Produciion 360 parts per &t Up to 360 pants per i 0.5 pans per hr or 0.5-4 parts per e 2-12 pans per hr
e depending oa pan depending on pan jews doponding ou part  depending on part and  depending on pan and
compicxity snd complexity and and facility facility facihty
cqupment equipment
Cycle time Losg Medium Meodivm Medium Medium
Energy costs Low Low High High High
Lead time Moderate 10 long Moderate Shert Shon Shon
required 10
place facility
in operation
Safety con- Equipment interiocks.  Equipment interlocks. Trained persome] Trained personaei Trained persoanel
ssdcrations high-voliage safety high~voliage safety _—_—
practices, trained practices. trained
personnel personnel
Facility in-plant In-plant Ficld or plam Field or plant In-plant or scparate
location facility
Method of Vaporization of wire Vaporization of Chemical detonation Chemical detonation Chemical burning
energy release medium
Pressure-wave 20,000 20.000 4000-25.000 4000-25.000 1000-8000
velocity, 1ps {6096} (6096) (1219-7620) (1219-7620) (305-2438)
(m/s)
Pressurc-wave  Microseconds Microseconds Microscconds Microseconds Milliseconds
duration
Energy range., 20.000-175,000 10.000-110.000 100,000-2,000,000 0.5-8 psf high explosive Low to moderate
fi - Ib (kJ) 21-37 (13.5-150) {136-2712) {detonation wave
per b of expilosive; up in gas)
10 10C Ib (45 kg)
detonator
Work picce- sn-70n 50-700 60-400 Not applicable 56-200
deformation (15-213) (15-213 (18-122) (1>61h
wekocity, ips
(m/s)
Emergy transfer  Water or other suit- Water or other sun- Water, elastomers. Direct contact or Air or water; hagh-
i able hiquid abie liquid sand. molten salts buffer material velocity projectiie ar
ram
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Exhaust outlet Diluent gas inlet

«y ® Ignitor 3, inet
: H2 inlet
Check valve

Universal
mixing head @

YNISZ
‘7/ N
Workpiece  Mix chamber Seal

Die cavity 3 'VG‘;UU"‘
3] sea

%///// ////////////////////// ¥ oo

line

_ Schematic view of typical combustible gas forming operation
employing a spark igniter to initiate uniform shock front.

Types of Gases Used in Combustible Gas Forming

Fuels Oxidizers Diluents
Hydrogen Oxygen Helium
Ethane Air Nitrogen
Methane Ozone 13 Carbon dioxide
Natural gas Ar;g_gn

N




Firing leod (10f 2)—~| -~ Water level

I e ;: 1995-09

. /-Tank
L

R A TR

R A SIS

Forming

_ woveS‘\ ,

‘ L~ -

-1 - -
: "~ Standoff —

1 Blonkhoider ~
. distance .
\ | e -

I e

‘-‘3§-z*&:’&%\‘&*&‘:&f\\‘j:ﬁ\\‘&‘:&&?@}?wx&f

Unconfined system for explosive forming

Preform 1 —Explosive ~Cap
\ d
. Upp_er_.d_ne 4
T
ron Th k.
b Nty
|

Lower die ' A

Die covity—j

Confined system for explosive forn
mensions given in inches

" Components of an electrohydraulic forming system.
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Yelwme 104A. number 4 PHYSICS LETTERS TESLA 19‘9ﬁﬂ?g“ 1984

EFFECT OF PLASTIC DEFORMATION OF V,Nb AND T2
ON THE SUPERCONDUCTING TRANSITION TEMPERATURE ‘
AND THE SPECIFIC HEAT COEFFICIENTS

R.KUENTZLER

Laboreroire de Magnétisme et de Strycture Electronique des Soiides.
LA 306du CN.RS., Institus de Physique. 67084 Strasboury, Frence

- Received 9 April 1984

the increase of T and v suggests gualitatively that the vibrating mobie dislocation contribution is not the only origin of
the increase of « but that a band Rruciure contribution is also to be 1zken into zceount.
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Explosive Forming (1982)

Joe Kirchgessner

Idea: |
In rapid cold working of niobium
%elongation may be stress rate dependent

Explosively form niobium tube into a 7075
Aluminum die.

Tube = 3 mm wall, 25 mm inner diameter
reactor grade niobium
annealed

Spherical cavity about 60 mm
Many explosive tests made

Varied amount of explosive charge
detonation at one end, both ends
full length of charge and charge only in middle

4% diamter expansion successfuly
> 20% expansion, ruptured

Conclusions

%change in tube radius before rupture is
actually much less than change achieved with a
slowly applied force

rapid cold working is worse!
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Explosion Forming
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Multi-Stage Hydroforming (1982)
Joe Kirchgessner/John Walters

Compressive force along axis is needed to
prevent excessive thinning

Hydraulic force: 7000 psi
Ram force : 20,000 psi

extrusion marks or flaws in starting material
are regions of excessive thinning and
fracture start in later stages

30% elongation before annealing necessary
32 mm OD, 2.3 mm thick tubing

3:1 expansion in diamter acheived using 7
forms and two anneals

Total 35% thinning
about a few% at each stage

Conclusions

Successful, but too many stages and too many
anneals

Probably more expensive than forming and

welding
Also tubing is more expensive than sheet.
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Hot Working (1983)
Joe Kirchgessner/Chuck Henderson

Motiviation: Welds used to be full of defects
when done with a focussed beam

Idea
Blow bubbles out of niobium tubing

at high temperature

13 mm OD, 0.5 mm thick tubing, 16 cm long
Reactor grade niobium

Vacuum outside
high pressure argon (3 Kpsi max) inside

20 tests done between 400 C and 1500 C

Below 1200 C

All failed longitudinally before 50% diameter
increase

much orange peeling

Increase in pressure needed as diameter
increased |

Because work hardening was not being
sufficiently annealed out at T< 1200 C

Above 1200 C, tubes expanded continuously
Nb flowed better
but
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problems sustaining temperatures long enough
with simple arrangement

At 1500 C achieved near 100% diameter
expansion
no orange peeling

Conclusion:

3:1 expansion desired may be possible

but need good furnace design

& dies (not even addresed yet)

Temp may be less for high RRR Nb because of

lower yield point
Maybe worth trying again.

Stopped because new defocused beam welding
technique eliminated defects.

Also : Tubing is more expensive than sheet
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FORMING AND WELDING OF NIOBIUM FOR SUPERCONDUCTING CAVITIES®
Joseph L. Klrchgessner

Laboratory of Nuciear Studies
Comell University
Ithaca, New York 14853

Summary

Over the past two decades a variety of superconducting radio frequency structures have been
designed, fabricated and tested, mostly in the pursuit of better and less costly particle accelerators.
Over this period of time there has been an evolution in the {abrication processes as well as
improvements in the test results. As in all technical endeavors, in the beginning fabrication was very
difficult, but over the years developments in fabrication techniques have led to cheaper and improved

structures in spite of the increases in the structures complexity.

This paper, which describes fabrication techniques, includes the description of work performed at
many other laboratories as well as at Comell. The author wishes 10 apologize to other faboratories for
omissions, of which there are surely many. As far as disagreement on technical conclusions this
paper describes those methods which have been found to pe most satisfactory at Cornell as
determined by our facilities and certainly does not claim that these findings would be the same in all
other laboratories.

The author also wishes to thank all the other laboratories for sharing with Cornell the benefit of
their experience over the years.

The types of forming which will be considered are:

Machining
Bending

Spinning

Deep Drawing
Hydro-forming

Hot Forming
Explosive Forming

The types of joining which will be considered are:

Explosive Bonding and Plating
Eleciron Beam Welding (EBW)
Tungsten Inert Gas Welding (MG)
Laser Welding

Machining

i

The first Niobium structures which were fabricated and tested at Corneil were machined from
solid Niobium material. Figure 1 shows an example of such an early structure. Hall of a seven-cell,
S-Band, "mutfin-lin" structure is shown complete with machined filters at both ends which prevent RF

leakage down the beam tube apenure.

(s33)
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The material cost and machining cost of such a structure were very high. However, a structure of
this type was tested in the Cornell Electron Synchrotron and operated very well. [Ret. 1)

The machining of Niobium has been
described by some as having all the combined
undesirable problems of stainless steel and
soft copper. In spite of this, however, most
shops have learned to machine the materia!
with little or no ditficulty. Several points make
this required machining of Niobium possible
and in some cases easier or more predictable
than some other materials. These points are:

1. Ficod cooling with Trichlorethane
1,11

2. Mill and tathe tools must have an
extrerne back rake angle (Aluminum
cutting)

3. Cutting tools of high speed too! steel.

) 4. Cutting speeds of 80 SFM (25

Figure 1. mymin.) maximum. _

5. Feed rates of 0.002 inches (0.05 mm)
or less chip load, per revolution.

Internal tapping [especially blind tapping] remains difficult. External threading gives very nice
results with roller dies. [Ref. 2],[Ref. 3]

There has been some Elecirical Discharge Machining (EDM) done. Some of the Muffin Tin
Shapes had a series of grooves (1.5 mm wide, 1.5 mm deep, and 3 mm spacing) cut in the bottom of
the cups transverse 1o the beam direction. The grooves cut by EDM were used to prevent
multipactoring in the cup bottoms. Ordinary EDM machines were used with highly filtered oil and
copper eiectrodes, Currents of 10 amps average were used and material removal rates of 0.025 cu in
per hour (400 mm? per hour) were experienced.

The need for material saving and 1he introduction of mass production called for advances in
sheet metal techniques. )

Bending

Shearing and bending of Niobium sheet
metal poses no particular problems. A variety
of wave guide shapes as well as wave guide
T's and elbows have been made with these
simple techniques. The use of proper back
gauges on a press brake will yield bends
accurate in position to £ 0.002" (0.05 mm).
Figure 2 shows a transition beam tube and
some wave guide sections made in this
manner.

(534 )
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Spinning

While spinning has been used
extensively at other taboratories, [Ref. 4}, Ret.
5] Cornell has had limited experience with this
technique applied 10 Nicbium. The
disadvantages we have experienced are:

1. Need for intermediate anneals.

2. Lack of reproducibility.

3. Lack of in-house expertise
We realize that other |aboratories do not share
our experience and the technique has been
applied with great success. Figure 3 shows a
4-cell cavity made with the spinning technique.

Deep Drawing

Our first attempts at deep drawing were
made when we were manufacturing S-band,
»muffin-tin” structures. in a very short time we
also applied the technique to X-band and L-
pand cups. Figure 4 shows a series of cups
made during this period. {Ref. 6], [Ret. 7

The dies were made of Copper-Aluminum
Alloy (AMPCQ) and most were drawn in a 2-
stage process without intermediate anneats.

When the effort at Comell switched from
mutfin-tins" to eliptical circular cavities, the
deep drawing was accomplished with single
stage dies made (in house) from 7075-T6
Aluminum alloy. These cups were made in a
variety of frequencies and thicknesses as
shown in Figure 5. [Ret. 8], [Ref. 9]

TESLA 1995-09

Figure 3

Figure 4

Figure 5

Most of the deep drawing was done using clean motor oil as a jubricant in order to avoid foreign
inclusions. A typical L-band die is shown in Figure 6.

o
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Figure 7

The die consists of three parts; a female die, a male die, and a bolted-on material hold down
plate.

A variety of parts have been made by this process, all using aluminum dies with great success.
Figure 7 shows a wave guide shorting dome, an HOM coupler body, and a cavity side port all made

by the deep drawing process.

Several years ago an attempt was made in the laboratory fo manufacture high purity tubing [high
RRR] from flat Niobium sheet. A seven stage die set was made and used but the product showed
excessive thinning and "orange peeling” even with two intermediate anneals. Another attempt was
made with a very simple 16-stage die set and no intermediate anneals. To our surpfise, tHe product
showed no thinning or tendency 1o tear. Figure B shows the 16-stage die set as well as the product

from the 7-stage and the 16-stage die set.

Our conclusion was that the metal deformation that could be achieved was a very strong
‘function of the number of die stages that were used.

-
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One disadvantage in the one stage deep drawing of the circular cavity cups has been a slight
thinning of the material near the beam line nose. This thinning has made outside welding of the nose
very difficult. Recently S-band cups have been made using a two-stage process. Figure 9 shows the
contrast between the new 2-stage process and the old single stage process. Figure 10 is a picture of
the dies used in the 2-stage process. The results of this etfort will be discussed under Electron Beam

Welding.

-
ASEa

Thin
Region

Trim
Trim

1 Stage
Drawing
Figure 10
Uniform
Thickness
Trim
Tfimg\.ﬁj
2 Stage
Drawing
Figure 9

it should be mentioned that the interest in high RRR material in recent years has made more
important the fact that intermediate anneals be eliminated in order to avoid decreases in the RRR. On
the other hand, this high RRR material is much more difficult to produce with a small unitorm grain
size, so important in the deep drawing process. The final anneal must be controlled very closely in
order to avoid excessive or non-uniform grain growth.

The general rules that may be followed for deep drawing are as follows: :

1. Dies must be made of aluminum (7075-T6), AMPCO or Beryllium Copper. 7075 aluminum is
by iar the cheapest and easiest to machine, and has as high a yield strength as'the other
maierials. Hundreds of pieces have made with such dies with no sign of die wear if adequate
jubrication is used. Conventional die materials such as steel or Tungsten Carbide are not
satisfactory as they tend to gall {friction weld) with the Niobium. This does not happen with

the aluminum or copper base materials.

(5371

[ wg



TESLA 1995-09

2. The die clearance which is used is equal to the material thsckness We have observed no
excessive pinching or die wear.

3. Alubricant must be used. "Never Seez" works very well but can easily become
contaminated with debris which will then be pressed inte the Niobium surface. For jhis
reason, clean, new motor oil is preferred.

4. Very simple “hold down™ plates and hydraulic presses may be used. The use of a slow
hydraulic press assures there will be no "stress rate” effects. Automatic hold down and
stripping features would be significant only in very large production runs.

5. The ASTM metal grain size should be 4 or smaller in order to avoid orange peeling. This is
sometimes ditficult to achieve in the high RRR materials.

Hydroforming

The ditferences and distinctions between deep drawing and hydroforming become somewhat
vague. Hydrotorming wilt be defined to be when one side of the worked piece is forced only by a fluid,
whether it be hydraulic fluid, gas, or polyurethane. Some of the earliest Niobium cups were

hydroformed by HEPL at Stanford [Ref 10}.

Several years ago in our development of circular L-band structures, there was a tendency to
experience magnetic breakdown at the equator weid. In order to avoid any weids in the high
magnetic field regions of the resonant structure, we pursued a technique of hydroforming a complete
multicell cavity from a seamless tube. We have formed such shapes with an ID:OD ratic of 1:3. The
essentials of the technique are shown in Figure 11.

STAGE X1

[ e
STAGE ] STAGE II

SINGLE CELL HYDRAULIC FORMING

|

STAGE STAGE 1 .
CELLT cELLT
MULTIPLE CELL HYDRAULIC FORMING

Figure 11
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Multiple stages are required in order 1o avoid the lateral instability of the tube as axial force is applied.
We found six stages 1o be satistactory with an interstage anneal at every other stage. The chosen
technique forms one cell complete al a time and imposes no limitations on the number of multiple cells
which may be formed. While complete computer modeling of the process has not been done,
calculations have been made which allow us 1o predict the thinning and buckling at each stage.
Approximately 3% thinning per stage is our usual design goal. The development of a device 1o
measure hydraulic fluid flow at 10 KPS| was necessary in order to monitor the process. The precision
required on the fluid tlow measurement was such that an analog computer was used 10 account for
the compressability of the hydrautic fluid as a function of pressure. Figure 12 shows several S-band

size structures manufactured in this manner.

Figure 12 Figure 13

Cryogenic test resuits showed the typical cavity performance to be average even though the
technique tended to give a very rough interior surtace {inish.

Cur efforts were discontinued for the following reasons:
1. Improved welding techniques eliminated breakdown at the equator weid.
2 Seamless Niobium tubing of small, uniform grain size is expensive and difficult to acquire.

3. The cost of the dies, the labor of the process and the annealing cost were all much higher
than the deep drawing, machining, and EBW costs of the present method.

Some other items have been made by hydroforming. Figure 13 shows a type of beam tube and
wave guide bellows which have been made along with one of the typical die sets. A band of 0.015"
thick Niobium is welded, then pressed axially as a polyurethane plug expands radially to form the
convolutions. The die also collapses axially as this happens in order to avoid material being forced

axially over the die convolution plates.

Hot Working
Some tests were performed in order to determine the advantage, if any, of trying to blow bubbles
in Niobium tubing at an elevated temperature. This work was done in a vacuum with high pressure (3
KPSI) Argon gas inside the hot Niobium tube. Tests indicated that at 800 deg C the % change in
radius before rupture was the same as at room temperature. At 1200 deg C there was some
improvement, but the gain centainly was not enough to warrant the continuation of the etfort.

(539)
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Hot Isoslatic Pressing (HIP) has been tried as a way to produce parts of Niobium from Nicbium
powder. Photo-micrographs indicate that there are voids in the material. Cryogenic tests bear this
out, as the test results have not been very good.

Explosive Forming

Tesls were also made to investigate any possible advantage in the very rapid cold working of
Niobium due to a stress rate dependence of the % elongation. A small die was machined and primer
cord explosive was used under water inside a 1.5" dia. Niobium tube. [Ref. 11} The resulis indicaled
that the % change in the tube radius before rupture was much less than the change achieved with a
slowly applied force {hydraulic). The conclusion was that in the case of Niobium metal, the stress rate

dependence is disadvantageous.
Bonding

For reason of increased thermal conductivity, considerable work has been done with Niobium
bonded to copper. Vacuum furnace brazing can be used, as well as "melt on” techniques. [Ret. 12]
Some cavities have been made at CERN using this method. At DESY, work is continuing to plate
copper and/or silver on the outside of circular cavities for reason of tube cooling. [Ref. 13},

The explosive bonding of copper to Niobium on one or both surfaces has been used extensively
at Argonne National Lab. [Ref. 14] This method has also been used at Argonne to manutfacture

Niobium-lined copper tubes.

All the copper clad Nicbium structures, however, have the difficulty of requiring that all copper be
removed from the regions where the Niobium must be welded. Very slight traces of copper which
might be present will ruin the material in the welds.

Electron Beam Welding [EBW]

At the present time, most of the electron beam welding being done at Cornell is done in a full
penetration, smooth underbead mode. [Ref. 15] This sort of weld parameter is used by many
laboratories, achieved in a variety of ways. The method we use to “"defocus” the beam is to deflect
the beam in the shape of a rhombus with the beam deflection yoke. [See Figure 14]

This resulting reduction in the energy density gives a smooth underbead, but requires careful
control of materia! thickness in order to achieve full penetration with no blow holes. Figure 15 depicls
what is permissible in the way of material edge preparation tor satisfactory welds. Material thickness
uniformity is much more important than off-sets. This has led us to conclude that a square butt weld
with no stepped edge machining is most desirable insofar as the material thickness remains uniform.

_ Figure 15 also shows the detail of the nose weld using 1-stage and 2-stage deep drawing. In the
first case, we were forced to use an internal weld due to thinning on each side of the weld zone. With
the 2-stage process this was not true, and satisfactory welds could be made from the outside. Figure
16 shows an S-band cavity with all welds made from the oulside.

The only edge preparation after deep drawing was a facing of the cup. This technique should
significantly decrease the cost of welding multicelt structures.

L

The critical nature of material thickness when making the smooth underbead welds is
unfortunate. Tests show the welds to be even more critical as the material thickness is increased.
For this reason, the internal gun welding [as used at CERN] is desirable but cannot be used with the

higher frequency structures.
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Some tests have been made using the “rhombic raster” weld in conjunction with negative weld
currept feedback from a weld temperature sensor placed on the underside of the weld. [Ref. 16]) This
technique shows great promise, but a large development effort would be required for finat utilization.

TIG Welding

While at one time very popular, the use of TIG welding is rarely used because of the difficulty of
excluding all air 1o a very high purity level from the hot weld in a reliable way. TIG welding does have
the one advantage of giving a smooth underbead due to the lower energy density.

Laser Welding

Laser welding of Niobium structures has not been utilized 1o any great exient. This has probably
been due to lack of penetration and difficulty with surface reflection. If these problems were solved
the resuits should be as good as EBW but any advantages are not obvious. The lack of such welding
tacilities at the laboratories will probably also slow the development of this technique.

Conclusion

At the present time the utilization of RF Superconductivity is not limited by our ability to fabricate
and weld the structures that are required. The required lechniques are, however, sufficiently unique
and specialized that it is difficult to find all the required facilities in one place other than at our own
laboratories. Figure 17 shows some lypical miscellaneous wave guide paris fabricated in our
laboratory.

Figure 17

The tfabrication of these parts required:; machining, deep drawing, EBW, TIG welding, hydroforming,
and bending as well as all the required intermediate chemical cleaning processes. This is typical of
the complex structures and indicales the scope of the industrial involvement that will ultimately be
required.

As one considers much larger accelerator projects involving superconducting RF there is no
question but that the present designs must be altered to allow for much less expensive fabrication,
both of the superconducting structures and of the auxiliary cryogenic and RF components. Such
larger projects will require improvements in fabrication technology as much as they will require
improvements in Q and voltage gradient.
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DEVICE FOR FORMING OF THE SUPERCONDUCTIVE
CAVITY FROM THE TUBE

INR (RUSSIA)
DESY (GERMANY)

l.Jelezov, G.Kliatchkov, L.Kravchuk, D.Proch, V.Singer,

A_Stepanov

Presentation of W.Singer
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ANALYZE OF NB PROPERTIES FROM POINT OF VIEW OF
HYDROFORMING TESLA 1995-09

W. Singer, A. Stepanov

Presentation of W.Singer
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1. Materials with work-hardening by the plastic deformation (don’t show
localization of plastic deformation in rather big region)

2. Materials with small work-hardening (localization of deformation)
3. Materials with work-softening (localization of deformation)

Materials of first type are destrable for hydroforming
We need: maximum of &;( reserve of plasticity)
minimum of Gy, (technical reason)

high Ot (grade of work-hardening)

23
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Situation of the samples on the Nb sheet
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Anisotropy of mechanical properties of Nb 300
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Sample Tensile strength  Yield strength Elongation Remarke

Rm, N/mm2 Rp0,2, NN\mm2 %
A2 148 65 63/45° to roll. dir.
B2 170 69 37{80° to roll. dir.
C2 152 58 67{rolling direction
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Materia! Force, KN Deepening, mm Remarke
CARBOTNb 138.00 16.50

CARBOT Nb [38.00 16.90 smooth-rough
CARBOTNb }38.00 16.20 '
RRR 60 49.00 19.00

RRR 60 52.00 18.80 very rough
RRR 60 51.50 18.70

RRR 200 36.00 18.20 rather smooth
RRR 200 36.00 18.30

RRR 300 37.00 19.30 relative smooth
RRR 300 37.00 18.60

A3
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TREATMENT OF THE WELDING CONNECTION ON
NB TUBE FOR HYDROFORMING
DESY

H. Kaiser, D. Proch, W. Singer, A. Stepanov

Presentation of W.Singer

In principle the production of the seamless tube for
hydroforming is possible now. But at the moment we are
not available of the company, which can fabricate seam
less tube from Nb with quality RRR>300 by requested
length and diameter.

Therefore it is reasonable to fabricate a tube from the
Nb sheet with welding connection along the tube. Welding
connection is the area where the material was melied

and heated.

In this case the microstructure and mechanical
properties in the welding connection are different in
comparison with the untreated metal.

We have investigated the possibility of the welding
connection treatment with the aim to bring it
microstructure and properties to the state close to the

initial.

The idea is to distract the big grain in the welding area
with deformation and then reconstruct the initial state

by properly heating.

45
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Nb reference sample
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Annealing program for treated welding connection

. Charge the furnace. Pump up till ca. 10-6 mbar

amd

2. Temperature increasing till 950°C with rate 200°C/h
3. Heating at 950°C, 1h
4. Switch off the furnace.

5. Pick up the samples by the temperature not higher,
then 100-200°C

248
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Position of the microstructure survey

11

Position

Sample preparation
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Hardness of welding connection with deformations
grade 30%
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Hv

Hardness of the welding connection with
deformations grade 20%
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Used shape of the welding connection

1 [ H

Proposing of the shape of the welding connection for hammering
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Annealing time, h (annealing temperature 1000°C)

Hardness of Nb with different deformation grade. Dependence on annealing time.
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Scheme of rolling of the welding connection

260
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Conclusions

1. Preliminary results approve the possibility of bringing the structure
and properties of the welding connection to the state close to the
based Nb. The welding connection’s surface, grain size, hardness after
hammering and heat treatment are closer to the basic Nb, then before

treatment.

2. The procedure of the welding connection’s treatment needs further
improvement.

a) The shape of the welding connection must be -
optimized.

b) Parameters of the deformations grade and of the
annealing must be optimized.

¢) Technique of the plastic deformation of the welding
connection must be optimized. Best results can be expected by the
rolling procedure,
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Statement: T. Schiiller WPl e
Activities from an industrial company

Company
Butting GmbH, Knesebeck

The main job of the cornpany is to produce longitudinal welded pipes, elbows and vessels
out of stainless steel.

‘Other materials, like Al, Ti or Ni-basis - alloys, are used for production too,

The pipes, elbows and vessels are welded with different welding processes, ¢.g. TIG,
PAW, SAW and Laser Beam Welding.

The contact with DESY (Mr. Kaiser) exists for a longer time. Butting works now on a

future project:
They want to develop the 4-cell cavity structure without welding, in a hydroforming

process.
Basis for the idea was tae experience with hydroforming.
Butting uses a calibration press (see photo) to gct‘ good pipe tolerances (ovality, diameter).

Technical detaifs of the press:
- Tools-force: 10 000 KN

- Side cylinder force: 25 000 KN

- Water pressure for hydroforming: 2500 bar

Based on the experience with the press, the idea was born to manufacture the cavuy
structures with a special tool by hydroforming, :

Actual situation;

Butting is in the first stadium of development:

- the inside-tool was built and the first forming-experiments are done

- the forming was done with a copper pipe (diameter between iris and equator)
- the outside shape was done mechanically

The future will show, how succesful this work will be,

Abds
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Figure 2. Fabrication sequence for nicbium HOM elbows.
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Deep Drawing of Niobium-

General Rules;

a).
b).

c).

d).

'A slow hydraulic press gives good results and avoids

Dies made from Al 7075-T6 work well

Generous lubrication ( Motor Qil, "Never Seez")
should be applied

Die clearance is equal to material thickness. For non
uniform thickness the material gets "squeezed”,
leaving marks.

any work-hardening of the material due to "stress-rate
effects.

Appropriate shaping of the "templates" is very
important to avoid tearing.

Appropriate metallurgical conditions of the material
is important ( grain size > 4 ASTM, stress relieved,

homogeneous...)

We
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TESLA 1995-09

Workshop
on Cavity Fabrication Techniques

Closing remarks

TESLLA : 20000 times cavity unit price

 Joint effort:
-supply of Nb material
=—>_metal forming technology
-material characteristics (mechanics)
-recover mechanical fabrication damage

-superconducting cavity performance

e Exchange of ideas, e.g.:
-electro-magnetic hammer
-inner rholling

-tube forming (recover weld area)
- SU"“?.:LCt "me Sl-_‘tau‘v; 29
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(R ]

e Action items

-make tubes for hydroforming / rolling
technique

-make (understand) hydroforming process

-measure spun cavity

* Nb is a good formable metal

don't detour with Cu, Al....(too long)
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