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VI Candidate Material Performance 
R. D. McCright 

Plan of Presentation 

• (A) Background of Degradation Mode Surveys (Purpose and 
Methodology) 

• (B) Highl ights of Degradation Mode Surveys 
- P h a s e  S tab i l i t y  

- O x i d a t i o n  a n d  C o r r o s i o n  

- L o c a l i z e d  C o r r o s i o n  

- S t r e s s  C o r r o s i o n  C r a c k i n g  

- H y d r o g e n  E f f ec t s  

- W e l d a b i l i t y  

• (C) Comparison and Analysis 
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(A) Background of Degradation Mode Surveys (Purpose and 

Methodology) 




10CFR60.135 Design Criteria for the Waste 

Package 


The design shaft include, but not be limited to consideration of the 
following factors: 

• s o l u b i l i t y  	 • r a d i o l y s i s  

• o x i d a t i o n / r e d u c t i o n  

r e a c t i o n s  ° r a d i a t i o n  d a m a g e  


• c o r r o s i o n  = 	r a d i o n u c l i d e  r e t a r d a t i o n  

• h y d r i d i n g  ° 	 l e a c h i n g  

• 	 g a s  g e n e r a t i o n  ° f i r e  a n d  e x p l o s i o n  

h a z a r d s  


• t h e r m a l  e f f e c t s  
• t h e r m a l  l o a d s  

• m e c h a n i c a l  s t r e n g t h  
• s y n e r g i s t i c  i n t e r a c t i o n s  

• m e c h a n i c a l  s t r e s s  
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Background  of Degradat ion Mode Surveys  

• Purpose described in Information Need 1.4.2 (Material 
Properties of the Container) in YMP SCP. 

• Development. 
-	 First literature survey begun in early 1987. 

-	 Volumes on Phase Stability, Hydrogen Effects, Oxidation and General 
Corrosion drafted summer/fall1987. 

-	 Volumes on Localized Corrosion, Stress Corrosion begun in late 1987. 

-	 Because of performance concerns in welded regions, added volumes on 
weldability in spring 1988. 

-	 Draft of volumes completed in June 1988. 

- Overview written in June 1988= 

= 	 Drafts available to Selection Criteria Peer Review Panel for perusal in 
September 1988. 

• Extensive review during rest of 1988 and 1989. 
-	 Formal Project technical review. 

-	 Formal Project policy review. 

-	 Formal Project QA review. 

-	 Project approval of 8-volume set + overview in November 1989. 
I~)M-007 12/~{9 



Next Viewgraphs Illustrate Possible 

Performance Concerns for Container 


• Schematic of vertically emplaced waste package. 

• For purposes of il lustration on the schematic. 

Assumptions made on container fabrication processes (other processes 
under consideration). 

Assumptions made on configurations of shield plugs, borehole liners , etc. 
(other configurations possible). 

Configurations not drawn to scale. 

To the maximum practical extent, proper design of waste 
package and borehole, choice of container materials and 
container fabrication/closure processes will eliminate or 
mitigate some performance concerns. 
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Performance Considerations 
( M e t a l l u r g i c a l / M e c h a n i c a l )o C o n t a i n e r  
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oContainer Performance Considerations 

(Chemical/Environmental) 

\ 
\ 

Condensation of 
Water on Shield 

Plug and Dripping 
on Container 
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 Handling Pintle 
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Corrosion on Heat Closure Weld Transfer Surface with 

Electrolyte Concentration 
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Humid Internal Container Body 
EnvironmentFrom Rolled and 


Welded Plate 

Seam Weld 

Rock Falls Against 
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MethQodology Used in the DegraQdation Mode Literatu re Se~ch 

• 1. Computer searches of applicable data bases (esp. 

METADEX, NTIS, ENERGY, CHEM ABSTRACTS). 

• 2. Study of review art icles for overview information. 

• 3. Obtaining references cited in review articles. 

• 4. Review of conference proceedings, e.g. NACE. 

• 5. Review of books on specific topics, e.g. ASTM STP series. 

• 6. Review of current l i terature for 	data~information not in 
current data bases, especial ly fo l lowing journals:  Corrosion, 
Materia/s Performance, Corrosion Reviews, Corrosion Science, 
British Corrosion Journal, Journal of Materials Science, Journal of 
Nuclear Materials 

• 7. Obtaining references identified in above (especially 
publications before 1960s that are not indexed in data 
bases). Manual search of selected journals. 

• 8. Use appl icable NNWSI-published information. 

DM-008 12/09 




Accomplishments of the Degradation Mode 

Surveys 


• Extensively reviewed the published technical literature 

• Compiled existing data on candidate material degradation 

• Interpreted data according to the situation of a container 
emplaced in Yucca Mountain 

• Completed 8 volumes and an overview, more than 400 
typeset pages and 1200 references 

• Surveys will be used to assist in (1) materials selection, (2) 
performance model development, and (3) experimental 
design for parametric studies 
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Degradation Mode Survey Topics 


Volume I 

Volume 2 

Volume 3 

Volume 4 

Volume 5 

Volume 6 

Volume 7 

Volume 8 

Phase Stability 

Oxidation and Corrosion 

Stress Corrosion Cracking and Localized Corrosion of the 
Austenitic Candidates 

Stress Corrosion of the Copper-Based Candidates 

Localized Corrosion of the Copper Based Candidates 

Hydrogen Effects 

Welding Effects in the Austenitic Candidates 

Welding Effects in the Copper-Based Candidates 
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(B) Highlights of Degradation Mode Surveys 
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Highlights of Degradation Mode Survey 

Volume 1 


Phase Stability 


Copper Base Alloys 

• Austenitic Alloys 



Phase Stability Affects Degradation When 

Brittle or More Corrosion Prone Phases Form 


• Identi fy known phase t ransformat ions in al loy system 

• Effects of phase t ransformat ion 	on mechanical propert ies of 
material 

• Effects of phase t ransformat ion on corros ion behavior of 
material 

[ )M {)~:' I/'~i) 




Copper-based candidates 

CDA 102 
single phase, fcc metal 
internal oxidation could be a problem 
phosphorus-deoxidized alloy could be used 

CDA 613 (aluminum bronze) 
single phase material with small Fe precipitates 
precipitates harden the alloy 
Sn enhances IGSCC resistance in steam 
dealloying may be a concern 

CDA 715 (Cu-30Ni) 
solid solution of Ni in Cu 
low temperature miscibility gap predicted 



C per-nickel equilibrium p ase diagram 

Nickel (at.%) 
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41;opper-aluminum equilibrium 
phase diagram at 3% iron 
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From West, Copper and Its Alloys, John-Wiley, 1982 
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Austenite candidate materials 

• Iron-nickel-chromium alloys 

Types 304L and 316L are metastable al loys 

- transform to ferrite and martensite at low temperatures 

• Alloy 825 is austenite stable 

Carbide formation and subsequent sensit ization are 

potential problems 

- can cause intergranular stress corrosion cracking (IGSCC) 
- thermal history is important 
- low temperature sensit ization 
- low carbon grades are better 

Intermetall ic phases can form in stainless steels 

- degrade mechanical and corrosion properties 



0 

Types 304L and 316L are close to 

two-phase regions and are believed 
O 
to be metastable. Alloy 825 is 
thermodynamically stable. 

0 ,,100 

20 X . / -~ 80 

4o/ / \ ~+~ -~6o 

Iron ~,,.,~ ~+'~t-~ ~ ~(wt%) (wt%)_~hromium 

60 ~ _ ._  ~ \  ~ - - - - - - " ' J ~ 4 0  

7 +a ~ 625 

7 
~ 3 1 6 L  

80 ~ 8 2 5  

2° o100 / / / /  / / / / ! / /
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Nickel (wt%) 

Iron-chromium-nickel equilibrium phase diagram at 650°C. From Bullen and 
Gdowski, UCID-21362, Vol. 1, June 1988. 
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Fe-Cr-Ni system at room temperature 


a m = Ferr i te  fo rmed by massive ) , - - -a  t rans  

M L = Martensite in which units are small laths 

Mp Martensite in which units ore large plates 

M~ = Hexagonal close-packed martensi te 

7u = Unstable austenite (may t ransform if 
cold worked) 

7s = Stable austenite 

Fe 5 10 15 20 25 30 35 40  45 50 
NICKEL, wt % 



Intermetallic Phases in Austenitic Alloys 
• Sigma (o),  Chi (X), and Laves (~1)are thermodynamical ly  

stable in Fe-Ni alloys containing Cr, Mo, and other elements 

• Sigma (~) Phase 
- tetragonal structure (A4B to B4A) A: Fe, Ni and B: Cr, Mo 

- c a n  result in fracture toughness reduction at T < 600 ° C 

- can cause intergranular corrosion 

- promoted by Si, V, Ti, Mo 

- Mo is const i tuent in A l loy 825 (~ 3 %) and 316L SS (~ 2.5%) 

- has been posit ively identif ied in 316L SS 

- presence speculated in some heats of A l loy 825 

• Chi (X) Phase- -  (Fe, Ni)36Cr12Mo10 
- can contr ibute to intergranular embri t t lement 

• Laves (~1) Phase- -  Fe2Mo 
- can contr ibute to intergranular embri t t lement 

DM-035 1/90 



C a r b i d e  F o r m a t i o n  in A u s t e n i t i c  A l l o y s  


• Carbide formed is predominately M23C6 on grain boundaries 

• Carbide formation can cause sensitization 
Sensitization is due to chromium depletion (Cr < 13 wt. %) 

Sensitized areas susceptible to intergranular attack (IGA) and stress 
corrosion cracking (SCC) 

• Sensitization depends on thermal history and composit ion 
- Sensitization primarily occurs in 500 < T < 800 ° C range 

- Lower carbon grades are less susceptible 

- Grades containing other carbide forming elements (e.g. Ti, Ta, Nb) are 
less susceptible 

-	 IGA and SCC susceptibil i ty (with normal processing): 

Alloy 825 < Type 316L SS < Type 304L SS 


• Low temperature sensitization 

- Facilitated by carbide precipitation at higher temperatures 

• Healing can occur at long times 
- Cr diffusion back into depleted regions 

( )M-()~'~4 I / [ )0  



1000 X 


Optical Micrograph of Stabilized Structure of 

Incoloy 825 Showing Cr23C6and TiC precipitates 




Highlights of Degradation Mode Survey 

Volume 2 


Oxidation and Corrosion 

• Copper  Base Al loys 

• Austeni t ic  Al loys 

I'~M L) I I 12 / ' l I t l  



coll~ainer life will not be limile~by uniform atmospheric 
corrosion of the copper-ba~;ed alloys 
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From Gdowski and Bullen, UClD-21362, Vol. 2, September 1988 (Tables 6-9) 
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Gamma irradiation promotes uniform oxidation and corrosion 

of cupronickel alloys such as CDA 715 
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Cot ainer life is not limited by uniform corrosion 
and oxidation of the austenitic alloys 
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Highlights of Degradation Mode Survey 

Volume 3 


Localized Corrosion and Stress Corrosion Cracking 

• A u s t e n i t i c  A l l o ys  
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Molybdenum additions enhance resistance 
to localized corrosion 

I I I I 
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From Asphahani, Marls. Perform. Vol. 19, No.8, August 1980, p.9. 
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Alloy 825 has more resistanceO1 o both crevice arid 
pitting corrosion than Type 316L stair less steel in 
aerated sea water at 20°C 
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Of the candidate austenitic alloys, l~lloy 825 
• 	 has the greatest resistance to pitting in 

SOo-saturated sea water 
L 
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Nickel additions to austenitic alloys O decrease susceptibility to stress 

corrosion cracking 
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The threshold stress for Type 316L is higher than 

that for Type 304L 
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Chloride salts containing magnesium are the most 

aggressive promoters of stress corrosion cracking 
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Alloy 825 is more resistant to stress corrosion 
cracking in strong acids with chloride than 
Types 304 L and 316 L stainless steels 

U-bend specimens after 30 day exposure: 
0.8% NaCI + HCI (pH = 2.2) at 141°C (285°F) 

Alloys 10 Day Exposure 30 Day Exposure 

304 No cracking Cracking 

304 L No cracking Cracking 

316 No cracking Cracking 

316 L No cracking Cracking 

825 No cracking No cracking 

From Asphahani, Marls. Perform., November 1980, p. 9 
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Ti~ chloride and oxygen coq~lfcentrations in the 
ground water near the repository are probably 
sufficient to cause stress corrosion cracking 
in Type 304 stainless steel 
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Spechz~ells exposed to the steam ph~Tse zlbo ve zdk~lil~e-phosphzlte treated boi ler  w a t e r .  
From Will iams, Corrosion, Vol. 13, August  1957, p. 539t. A I I ( ~ 4  li 1131 t3 



Ga ]ma irradiation promotesQ, GSSC 
in sensitized microstructure 
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Effects of gamma Irradiat ion on SCC falhJres of sensit ized Type 304 st,'zlnless steel. From Fujlta et al., 
Corrosion, Vol. 37, No. 6 June 1981, p.335 
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Stress corrosion cracking tests must be conducted 
at relatively low strain rates (<10 -4 min -1 ) 
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From Solomon, Corrosion, Vol. 40, No. 9, September 1984, p. 493 
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Highlights of Degradation Mode Survey 

Volume 4 


Stress Corrosion Cracking 


• Copper Base Alloys 
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Stress corrosion cracking of c'tSpper in moist 
ammonical  environments is known to occur at two 
pH levels, 7.3 and 11.3. The passive film is known 
to be unstable under these conditions. 

CuO ] 
~cuso~-3co(o,)~ 0.1 

2~- ' 0.3 \Cu(NH3)  4 --I CuO 

- L Cu(NH3)24÷ ~ _  
0 


0.2 

:> 
v 

J :  C u 2 0  

Cu(NH3)~ Cu(NH3) + C u  2 0  _- 2 

LU -0.1 
0.1 

-0.2 

0 

Cu cu - " ~  J 
I I

7.0 7.5 pH 11.08.0 10.5 11.5 

From Hoar and Rothwell, Electrochimica Acta, Vol. 15, 1970, p. 1037. 
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Stress corrosion cracking of copper is very sensitive 
to the concentration of sodium nitrite 
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Specimens were maintained at 25~C and 100 mV, SCE. The strain rate was 2.6 x 10 -6 s -I. 
From Benjamin et al., KBS Technical Report No. 83-06, Swedish Nuclear Fuel and Waste 
Management Company, StocklTolm, Sweden, 1983. 



Highlights of Degradation Mode Surveys 

Volume 5 

Localized Corrosion 

• Copper Base Alloys 
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Localized Corrosion Resistance of Copper 

Base Materials 


• Few quantitative data found for comparing materials 

• Most information from exposure performance in sea water 

• General ratings by resistance to type of localized attack: 

Pitting Corrosion 

- C D A  102 = C D A  7 1 5  (best )  • C D A  613  (wors t )  

Local Dealloying 
- CDA 102 (best)  > CDA 715> CDA 613 (wors t )  

Crevice Corrosion 
- CDA 715 = CDA 613 (best)  > CDA 102 (wors t )  

Biofouling 
- CDA 102 (best)  > CDA 715 = CDA 613 (wors t )  
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Highlights of Degradation Mode Surveys 

Volume 6 

Effects of Hydrogen 

• Copper  Base Al loys 

• Austen i t ic  Al loys 
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Hydrogen Effects in Copper Base Materials 


° 	Most severe effect is formation of internal water in high 
purity copper containing as little as 22 ppm atomic oxygen 
("hydrogen sicknesss") 

• Some degradation of mechanical properties in copper and 
bronzes due to absorbed hydrogen 

• Little information 	on detrimental hydrogen effects in 
cupronickel 
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" H Y D R O G E N  SICKNESS" F R A C T U R E  S U R F A C E  
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Annealed in Hydrogen at 500 C for Approximately 25 Hours (From 
Nieh).  



Hydrogen Effects in Austenitic Materials 


° Absorbed  hydrogen lowers mechanical  propert ies 

• Not especia l ly  bad degradat ion in fcc s t ructures 

• However, 304L sta in less steel is more suscept ib le  to 
hydrogen embr i t t lement  than 316L 

• Litt le in format ion on hydrogen effects in a l loy 825 
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Highlights of Degradation Mode Surveys 

Volumes 7 and 8 


Weldability 


• Austeni t ic Al loys 

• Copper  Base Al loys 
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Weldability Concerns Related to 

Material Performance 


Austenitic alloys: 

Principal concerns: 

- R e s i s t a n c e  	 to s e n s i t i z a t i o n  and  S C C ,  

- W e l d  c r a c k i n g .  

- Br i t t le  i n t e r m e t a l l i c  f o r m a t i o n ,  

304L, 316L Stainless Steel- Balance composition to assure small amount of 
delta ferrite in weld. Maintain low carbon and other interstitial 
contents. 

Alloy 825 -	 Choice of matching filler material of higher nickel alloy (Alloy 
625). Alloy 625 filler less prone to weld cracking than matching 
filler is. 



Weldability Concerns Related to 

Material Performance 


• 	 Copper-base alloys: 

- C D A  102 - Prone to hydrogen  s ickness or poros i ty  fo rmat ion  because  of 
reduct ion of en t rapped cuprous  oxide part ic les. 

- As an alternate, use a deoxidized copper, e.g. phosphorous 
deoxidized copper, CDA 122. 

-	 C D A  613 - Grea tes t  di f f iculty in fus ion weld  process.  

- Aluminum oxide particles if inadequate inert gas shielding. 

-	 High aluminum fillers make alloy more subject to de-alloying and 
localized corrosion. 

-	 Loss of ductility in 400 - 600°C range during cooling. 

- C D A  715 - Fewes t  pe r fo rmance  prob lems of copper -base  cand idates .  

Any microsegregation effects can be readily overcome (control of 
impurities, grain size). 
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(C) Comparison and Analysis 
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Comparison of the Austenitic Candidate Materials from 

Information Presented and Analyzed in Degradation Mode 


Surveys 


Phenomenon 

Phase Stability 

Oxidation/General Corrosion 

Hydrogen Effects 

Pitting Corrosion 

Crevice Corrosion 

Stress Corrosion Cracking 

Welding Effects 

Radiation Enhanced Corrosion 

Microbial Enhanced Corrosion 

Most Resistant 

825 

825, 316L 

825, 316L 

825 

825 

825 

825 

825 

825 

Least Resistant 

304L 

304L 

304L 

304L 

304L 

304L 

316L 

304L 

304L 

From Farmer, et al., UClD-21362, Overview, June 1988 
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Comparison of the Copper Base Candidate Materials from 

Information Presented and Analyzed in Degradation Mode 


Surveys 


Phenomenon 

Phase Stability 

Oxidation/General Corrosion 

Hydrogen Effects 

Pitting Corrosion 

Crevice Corrosion 

Local Dealloying 

Stress Corrosion Cracking 

Welding Effects 

Radiation Enhanced Corrosion 

Microbial Enhanced Corrosion 

Most Resistant 

102 


613 


715 


715, 102 


715, 613 


102, 715 


715 


715 


613, 102 


102 


Least Resistant 

613 


102 


102 


613 


102 


613 


613 


102, 613 


715 


715, 613 


From Farmer et al., UClD-21362, Overview, June 1988 
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Based on Analysis in Degradation Surveys 


• Al loy 825 is most corrosion resistant material among the 
three austenit ic alloys. 

• Probably, CDA 715 is the copper-base material that is the 
most corrosion resistant. However, CDA 613 merits some 
considerat ion. 

• Other important factors enter into selection criteria 
(parametric study results, fabrication and closure process 
evaluations, models of degradation behavior, etc.) and 
selection of material for advanced studies must consider 
these. 
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Comparison of Behaviors 

Alloy 825 vs. Copper-Base Materials 


• Few direct comparisons of these materials in published 
literature. 

• Planned parametric study work aimed at making these 
comparisons under repository relevant condit ions. 

• Al loy 825 more sensitive te halide ions; copper-base 
materials more sensitive to nitrogen bearing species in the 
envirornment (localized and stresS corrosion effects). 

• Copper-base materials much 	more sensitive to radiation 
induced corrosion/oxidation. Need to establish if corrosion 
products are protective. 

• CDA 715 is the simplest alloy under consideration; it appears 
to have fewest detrimental welding effects. 

DM-O3G 1700 



b ~ 


