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1. Introduction

As early as 1960-1970, niobium mechanical properties have been measured extensively. Yet the quality of niobium samples was dramatically different from current niobium used for SRF accelerators. The code of standard and relevant data for particle accelerator seemed not well established yet. 

Later, the ASTM (B393-05) included RRR niobium suitable for particle accelerator use, yet the material was limited to RRR 260 niobium and does not include the variations such as RRR (up to 1000), grain size and common processing or manufacturing steps such as forming, chemical etching, e-beam weld and heat treatment.  

This paper consists of a review of the literature up to 2008, with some conclusions regarding the yield and ultimate stresses for pure niobium, heat treated at 800 C for 2 -3 hours.  

2. Mechanical properties

Niobium specification sets the limit of certain physical properties. Vendors often supply the material with some variations of mechanical properties within the specs; and mostly due to variable purity (RRR) and grain size. The cavity manufacturing processes, such as e-beam welding and heat treatment, can change the mechanical properties. 

A. RRR and mechanical properties

Myneni at JLAB reported the room temperature tensile test of reactor grade niobium. The same reactor grade niobium was also post purified to improve their RRR from 70 to 120 and 210 [
,
]. The data wasn’t clear about the grain size, although one expects the grain size will enlarge as a result of high temperature annealing. Table 1 summarizes the mechanical property of reactor grade niobium.

Table 1: Mechanical properties of reactor grade niobium [2]
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Figure 1: Reactor grade niobium with RRR = 70; 1200 C 6 hour with RRR = 120; 1250 C 6 hour with RRR = 210; crystal grain size unknown.

B. Grain size and mechanical properties.

W. Singer reported the room temperature tensile test of RRR niobium (RRR > 300) following different degree of annealing [
]. The mechanical property change was expected due to the grain size as shown in Figure 2 and Figure 3.
Myneni and Kneisel reported the properties of SNS production from two vendors in Figure 1A and 1B [
]
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Figure 1A: Stress - Strain curves with different heat treatments for Wah Chang material
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Figure 1B: Stress - Strain curves with different heat treatments for Tokyo Denkai material
In a separate effort, Agnew and Myneni [
] reported that longer heat treatment (6 hours) resulted similar grain growth even at 800 C. In that report, the Wah Chang Niobium.developed uneven grain size and banding in texture after 800 C 6 hour bake. In general, annealing softens the niobium [
]. In a similar test for Tokuo Denkai material, 6 hour 800 C bake got slightly strong niobium as summarized in Table 2.
Table 2: Mechanical properties of Tokyo Denkai RRR niobium [2]
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Figure 2: Grain size resulted from annealing temperature of Heraeus niobium (RRR ~360)
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Figure 3: Stress strain curve for Heraeus sample (All with four hour annealing time).

C. Manufacturing and mechanical properties

Padamsee cited the collaboration result with Myneni for a RRR niobium underwent BCP process and forming press [
]. The press changed the mechanical properties, yet the following annealing usually recovers. 

[image: image8.emf]0

50

100

150

200

250

300

0.000 0.100 0.200 0.300 0.400 0.500

strain

stress [MPa]

BCP+pressed+1675K Ti heat treated

BCP+pressed

BCP only


Figure 4: RRR niobium elongation measurement.

D. Low temperature, welding and mechanical properties

Low temperature makes niobium brittle, Fries made series of low temperature niobium studies [
].

The quality of ultra-pure for the 1972 studies may still be far below today’s niobium materials, judging by the strain stress curve.
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Figure 5: Low temperature effect of niobium mechanical properties.

Myneni tested RRR niobium around 4 K at CEBAF [
]. The sample had RRR ~ 400, and was heat treated 6 hours at 1675K with Ti. The RRR was not measured directly, but expected to have RRR ~ 800 based on similar niobium studies for thermal conductivity. The welding vacuum and vacuum furnace did not have high enough vacuum. So all the sample tested at CEBAF underwent Ti heat treatment. This particular sample may have micro-yield problem as indicated in earlier days of Wah Chang sheets.
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Figure 6: RRR niobium heated to 1400 (C with Ti for 6 hours (which may have micro-yield issue and not representative for generic niobium).

In a separate publication, Myneni reported [
] a different test result from CEBAF as shown in Figure 7. The samples were welded and heat treated at 1400 (C for 4 hours, which supposed to have RRR > 1000 according to the paper. 
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Figure 7: Tesla (RRR=400) niobium heated to 1400 (C for 4 hours.

The complete tensile curve gave the tensile stress (TS) and yield stress (YS) as in Table 3. [10]

	Table 3: Welded, heat treated niobium samples

　Niobium
	Mpa
	293K
	　
	Mpa
	4.2K
	　

	
	YS
	TS
	%
	YS
	TS
	%

	As received
	165
	186
	42
	896
	903
	>1

	Heat treated with Ti at 1400 for 4 h
	102
	128
	30.2
	_*
	779
	15.2

	Welded & heat treated with Ti at 1400 for 4 h
	79
	115
	25.6
	_*
	807
	6.6


Samples were 1.89 mm thick, provided by Cornell University
*Serration started before reaching 0.2% offset yield
Walsh reported another cold test in 1999 [
]. Niobium samples had RRR 250, weld condition unknown, RRR after weld unknown.
Table 4 Tensile data referenced from [11]
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3. Discussion
Room temperature standard niobium

For a typical cavity after 800 C baking, one would need the mechanical properties for standard and welded part at both room temperature and liquid helium temperature.  Niobium data [3, 4] represents the properties closely related to Fermilab production cavity. Yet, depending on micro structure, the yield strength differs up to 50 %.   

For Fig 7 and Table 3, the tensile ultimate stress “as received” is consistent with that of Fig 3 at 800C -- about 186 MPa and 42% in Table 3 vs. about 170 MPa and 50% in Fig 3. 

The yield stress in Fig 7 and Table 3 “as received” of 165 MPa is much higher than for the RRR210 of Fig 1 (about 55MPa for .002 offset). This suggests that the post purification has substantially softened the reactor grade material and this information should not be used. 

Myneni and Kneisel [4] reported material studies carried out for SNS and is reasonably recent. The material thickness was ~3.6mm vs our material ~2.6mm. Two sets of WC material and one TD material were tested “as received”, these had ~75 & 93 MPa YS and ~153 & 162 MPa TS. After 800C bake for 1-3 hours the values were ~43 & 50 MPa YS and 158 & 150 MPa TS. The elongation remained in the range of 46-60%. 

These can be compared with Ref 3 values of ~170MPa TS and 50% elongation. 

The 600C data as compared with the 800 gave ~68 MPa YS, ~162 MPa TS, ~57% elongation. It was the difference in YS which convinced JLab to change their bake temp to 600. (Others like DESY still do not think this is necessary.) 

It is worth to note that the reason for SNS prototype material being 43 MPa is likely to be high RRR and one hour longer baking compared to 3.9GHz cavities.

Weld information (melting point 2477C)

Fig 7/ Tab3 and Tab4 give some information on the effects of welding. 

Tab 3 gives 165MPa YS, 186MPa TS, 42% elong as received, and YS of 79MP, TS of 115MPa and 25% elong, after both welding and 1400C-4hr and could be considered a worst case. 

Tab4 for RRR250 gives 67MPa YS, 172 MPa TS, 57% elong without weld, and 70MPa YS, 151 MPa TS, 28% elong for welded material.   

For Tab 4 the YS of the material before weld is low as it was in Fig 1. One might question just how the RRR250 was obtained. 
Cold temperature

Mechanical properties at low temperature are in Fig 7/Tab3, Fig 6, [
]. Ref 12 gives material properties as function of temperature between 293K and 4.2 K with emphasis on the 100-200K regions. WC material is measured “as received “and after 1400C for 6 hr. Data shows “serrated” yielding “not due to twinning”. Also YS of heat treated material not given at low temp because strain region is limited. The heat treated material started to plastically deform (at room temp) at very low stress. (Serrated and twinning probably refer slippage of crystal planes and relaxing of stress.)

The modulus dStress/dStrain is rather consistent at 725-1060MPa/0.01 elongation when all data of excel sheet compared. The lowest value goes with the welded sample. The allowable strain before failure can be as low as 0.003 elongation.  

At 4.2 K the strength of niobium increases about a factor of 6 or greater, however the material is very brittle and can stand very little strain [11, 12]. There seems to be inconsistency between the fracture point and the quoted TS.


~320 MPa and greater YS


~ 600 MPa and greater TS


~0.003 to 0.15 (15%) elongation


~ 725-1060 MPa/.01 elongation tensile modulus 
The result is a 4.5 Kelvin (or 2 Kelvin) allowable stress based on tensile strength of 600/3.5 x 0.8 = 137 MPa, over six times the room-temperature value [11, 12].  

4. Summary & Conclusions

An estimate for the situation at RT after 800C bake as seen in SNS production data would lead us to:


~50 MPa YS


~150 MPa TS


~ 50% elongation

After weld the information is limited. The YS data is actually higher. One can also look at the 1400 data. Based on the lowest of both these and the 800C data would lead to:


~45 MPa YS


~115 MPa TS


~25% elong 

The worst-case (softest) room temperature results for yield strength after an 800 C bake are the Jefferson Lab data in reference [4].  Below is a summary of the niobium material data for an 800 C bake of three hours from reference [4], JLAB-TN-02-01, “High RRR Niobium Material Studies,” by Ganapati Myneni and Peter Kneisel, Jefferson Lab.  This paper has an extensive tabulation of yield and ultimate strength numbers for niobium of various heat treatments, including several at 800 C.

 Table 5.  Niobium mechanical properties from JLAB-TN-02-01 [4]
	
	
	
	
	
	
	ASME Sec VIII, Div 1
	Fermilab 

FESHM

	Mat’l
	YS
	TS
	%

elong
	approx RRR
	heat
	allowable stress
	allowable stress

	
	
	
	
	
	
	Take the smaller of:
	ASME x 0.8

	
	
	
	
	
	
	2/3 x
 YS
	TS/
3.5
	

	
	MPa
	MPa
	
	
	
	MPa
	MPa
	Mpa

	WCL SNS prototype 

sample 10
	40.7
	163
	50
	400
	800 C 3 hr
	29
	45
	23

	WCL SNS prototype 

sample 11
	41.3
	154
	60
	400
	800 C 3 hr
	29
	45
	23

	WC SNS production

sample 19
	44.8
	147
	59
	400
	800 C 3 hr
	33
	43
	27

	WC SNS production

sample 20
	48.9
	148
	--
	400
	800 C 3 hr
	33
	43
	27

	TD SNS production

sample 28
	37.9
	157
	41
	300
	800 C 3 hr
	25.2
	49
	20

	TD SNS production 

sample 29
	37.9
	151
	40
	300
	800 C 3 hr
	25.2
	43
	20

	3.9 GHz cavity 5
	38 

est
	140

est
	--
	300
	825 C

2.4 hr
	25
	40
	20


The last line in this table is our conclusion from this JLab paper [4].  Combining the  information summarized above, we have for room temperature niobium, following an 800 C bake of 2-3 hours:  


Yield Stress, YS = 38 MPa (From Table 5.) 


Ultimate Tensile Stress, TS = 115 MPa (This is the 1400 C bake result shown in Table 3, but the YS following the 800 C bake still determines the allowable, below.)  

Allowable stress for Section VIII, Division 1 

(Table 1.100 in mandatory appendix 1, Section II, Part D): 

(Lowest of either TS/3.5 or 2/3 x YS.  (Our Nb cavities do not have a longitudinal weld, so we will not take the 0.85 factor for welded pipe or tube.)  So TS/3.5 = 115/3.5 = 33 MPa.  YS x 2/3 = 38 x 2/3 = 25.)  

Allowable stress for Section VIII, Division 2 

(Tab 10.100.mandatory appendix 10, Section II, Part D): 

S=25 MPa

The most conservative Allowable Stress S has been selected, and this is then multiplied by a factor 0.8 per Fermilab pressure vessel rules, obtaining the new allowable that will be used during the analysis and pressure vessel documentation. 

S = 0.8 ∙ 25 = 20 MPa
The 4.5 Kelvin (or 2 Kelvin) allowable stress is based on the tensile strength due to the brittle nature of the low temperature material.  The result is 600 MPa/3.5 x 0.8 = 137 MPa, over six times the room-temperature value [11, 12].  

5. Appendices

Appendix A: Typical stress strain curve
Following figure illustrates the possible niobium stress strain curves [
].
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Appendix B: Unit conversion

1 Pa = 1 N/m2
1 GPa = 1 KN/mm2

1 psi = 6.89 KPa

1 KSI = 6.89 MPa

1 MPa = 145 psi 

Appendix C:  3.9 GHz cavity manufacturing and processing steps

a) RRR300 nominal obtained from Wah Chang. They have done recrystalization which is at 600-800C?

b) Half cells are formed

c) Cavity e beam welded

d) Cavity external etch BCP 20 minutes

d) Internal bulk etch BCP 80 minutes
e) 800C for 2 hr

f) Internal light etch BCP 20 minutes

g) Test in vertical position

h) Helium vessel weld

i) Light etch

j) Horizontal test

Appendix D: Niobium material specifications

DESY material SPEC from Dec 2001.
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XFEL niobium specification

	Concentration of impurities in ppm (weight) 
	Mechanical properties

	Ta 
	≤ 500
	 H
	 ≤ 2 
	RRR
	≥ 300

	W 
	≤ 70 
	N 
	≤ 10 
	Grain size
	 ≈ 50 μm

	Ti
	≤ 50 
	O 
	≤ 10
	Yield strength Rp0,2
	 50<σ0,2<100

 N/mm2 (Mpa)

	Fe
	≤ 30 
	C 
	≤ 10
	Tensile strength  Rm
	> 100 N/mm2
(Mpa)

	Mo
	 ≤ 50 
	
	
	Elongation at break AL30
	 30 %

	Ni 
	≤ 30 
	
	
	Vickers hardness HV 10
	 ≤ 60


The difference in mechanical properties (Rm, Rp0,2, AL30) orthogonal and parallel to main rolling direction < 20% (cross rolling).
Fermilab material specification (5500-ES-371037 Rev A)
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Myneni JLAB Specification [1]:  
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Myneni JLAB Specifications [
]
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6.    REFERENCES

Stress vs. Strain curve typical of RRR niobium


1. Ultimate Strength


2. Yield strength


3. Proportional Limit Stress


4. Tensile strength


5. Offset Strain (typically 0.002).





1. Ultimate Strength


2. Yield Strength


3. Tensile strength


4. Strain hardening region


5. Necking region.





Lab-Note 1/96


(Version E)


Technical Specification for Niobium Applied for the Fabrication of 1.3 GHz Superconducting Cavities


RRR 300 


W. Singer, D. Proch


3. Mechanical Properties





	3.1 Sheet material in deep drawing quality





Deep draw quality and avoidance of orange skin has to be demonstrated on samples (for example by bending with r = 10 mm, small radius at iris).





	3.2 Grain size





The material exhibits a completely recristallized structure. 


The following grain size is expected:





- Grain size ASTM # 6 or finer


- Local grain sizes ASTM 4-5





	3.3 Mechanical properties at room temperature 		(DIN50145/50125/50133)





tensile strength, Rm				            > 140 N/mm2 *





0.2 % nonproportional elongation, Rp0,2            		 50<Rp0,2<100 N/mm2 *





percentage elongation after fracture


using min 30 mm gauge length, AL30	           		 ( 30 % *





hardness, HV 10				            ( 60 





*measured both orthogonal and parallel to main rolling direction using a strain rate ca. 10-3 sec-1. The difference in mechanical properties (Rm, Rp0,2, AL30) measured orthogonal and parallel to main rolling direction should not exceed 20%.











4.3 Metallurgical Requirements The final product shall be at least 95% recrystallized and exhibit uniform size and equi-axed grains that are predominantly ASTM #6 (0.045 mm) with no grains larger than ASTM #5 (0.064 mm) locally. The method of measurement shall be according to Section 5.3. 





4.4 Mechanical Properties 


The final product shall conform to the following mechanical properties at room temperature as per ASTM E-8: 





• Yield Strength (0.2% offset) 	7000 psi (48.2 N/mm2) minimum 


10200 psi (70.2 N/mm2) maximum 


• Tensile strength 			14000 psi (96.4 N/mm2) minimum 


• Elongation 40 % minimum longitudinal 


(1 inch gauge length) 35 % minimum transverse 


• Hardness, HV 10 60 maximum 


• Strain hardening coefficient 0.3 minimum 





The yield strength, strain hardening coefficient and elongation in the longitudinal and transverse directions shall not differ by more than 15% of the respective value. For the tensile measurement, the rate-of-strain shall not exceed 0.010 inch/inch-minute through the 0.2% offset yield strength. The rate-of-strain may be increased to 0.05 inch/inch-minute thereafter. 


The method of measurement shall be according to Section 5.3. 
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