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State of the Art Delphi SOFC Joint Schematic
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A. J. DeRose et. al. US 7855030 B2, Inhibitor for prevention of braze migration in
solid oxide fuel cells

Project Objectives

Design and test new, SOFC-compatible, silver-free
brazes forming durable, oxygen and hydrogen
Impermeable protective surface scales.
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Accomplishments

o Systematic computational evaluation of all ternary combinations of
acceptable elements in the periodic table identified some surprising
alloys that melt between 900 and 1000°C , such as those containing
refractory metals such as Nb and Ta (Tm for Nb = 2469°C, Tm for Ta
=3020°C)

* A new, computationally identified Ta-Ni-Si alloy was shown to have
oxidation resistance superior to that BNi2 (one of the most oxidation
resistant commercially available Ni superalloys).

* The Ellingham diagrams proved to be a reliable guide for identifying
surface-forming oxides.
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Delphi 97.5%Ag-2.5%Cu Braze Degradation

S

a)

Type I Pore i Ag-CuO Braze
~4 mm Top View
b) - ' Ferritic Stainless Steel Picture Frame
Type II Pores
Yttria Stabilized Zirconia
200 pm m— Z Side View

C) Ferritic Stainless Steel Picture Frame

Type III Pores

200 L m— Yttria Stabilized Zirconia ; ey
* Type | Pores: Form During Manufacturing

e Type Il Pores: Form at Braze Interface due to CuO Reduction
o Type Ill Pores: Form in Braze due to Water Pocket Formation 7
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Oxygen (Solid) & Hydrogen (Dashed)
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Project Approach Summary

Phase Diagram
Calculations

I: Computationally Guided Alloy Composition Search/Design
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Results and Discussions

« Computationally, rational design of alloy
compositions

e Experimentally, forming and testing the promising
alloy compositions

— Focus so far
e Liquidus temperature

 Solidus temperature
 Oxidation resistance --- Passivation property
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Brazing Element Selection Criteria

v Elements tend to form solid solutions or solid phase compounds.
= Noble gases are dropped
v" Should not be radioactive.
= Polonium onwards (atomic number > 83) elements are dropped
v Elements should not react to form undesired phases, like brittle phase, liquid or vapor
phase.
= Alkali meatals, Halogens and Chalcogens are dropped.
v Should not be a good conductor of oxygen or hydrogen ions.
=  Polarizable Lanthanide group is dropped along with Bi.
v Elements should not have high vapor pressure (> 0.1 Torr) at 750°C
= Alkaline earth metals and semiconducting elements are not considered except
Mg as it can form passivating oxide layer with Al and O.
v" Should not be banned element due to toxicity (by REACH-ECHA or US-EPA)

= Cd,Pb, Tl
v Should not be in vapor or liquid state at braze operating condition
= Ga

v" Should not be of high cost (> ~$50/gm w.r.t Ag ~ $3/gm)*
= Re, Pd, Ru, Pt, Au, Os, Ir, Sc, Rh are dropped
Elements List | (13): Ni, Al, Co, Cr, In, Mn, Mo, NDb, Si, Sn, Ta, W, Zn

Elements List Il (25): B, C, Mg, Al, Si, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Ga, Nb,
Mo, In, Sn, Ta, W, Ti, Y, Zr, Hf, Ag
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Criteria Used for Braze Alloy Base Composition From

CALPHAD Calculations

« CALPHAD (Computer Coupling of Phase Diagrams and Thermochemistry)
approach implemented in Thermocalc® was used.

TCNI7 Ni based alloys and superalloy solutions database

TCOX5 Thermo-Calc Software Metal Oxide solutions database
TCSLD2 TCS solder alloy solutions database

TTTI3 Titanium based database (didn’t purchase)

PURES Scientific Group Thermodata Europe Pure Elements database
PSUB TCS public substances database

PBIN TCS public binary alloys database

PKP Kaufman binary alloys database

* Binary and ternary phase diagram was computed to identify alloy compositions with
a) the liquidus temperature of the braze below1000°C (maximum 1050°C)
b) the solidus temperature of the braze above 900°C (minimum 850°C)

13
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Alloy Manufacturing and Characterization

Dilatometry Testing

TGA-DSC Testing
# Wetting Studies, XPS, etc.

14
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Thermo-Calc (TCNI7) Computed
Ni-Mn-Mo Ternary Phase Diagram

MnNiMo_1&2&3:
100 48.5Mn-36.9Ni-14.6Mo (Wt%)
6 % weight loss after melt for
NiMnMo_3 (best quality so far)

MnNiMo_2 ' ' ' ' 100
Mass percent Mo Mass percent Mo

1000°C 900°C

() shows the liquid phase. 15
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List of Possible Binary Alloys from Selected Elements

Elements selected (13): Ni, Al, Co, Cr, In, Mn, Mo, Nb, Si, Sn, Ta, W, Zn

Possible binary alloys from above list: **C, = 78

Ni Al Co Cr In Mn Mo Nb Si Sn Ta W Zn

All phases are selected from database for Binary alloy

"~ calculations.
T~

Liquid phase or coexists with solid below 900 C at 1 atm

NO liquid phase below 1000C

- Not available in database

Liquid to solid phase transition between 1000 and 900C
Ni-In, Ni-Si, Ni-Zn and Co-Zn have eutectic reaction in binary phase diagram

16
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List of Possible Ni-containing Ternary Alloys from

Selected Elements
Elements selected (13): Ni, Al, Co, Cr, In, Mn, Mo, Nb, Si, Sn, Ta, W, Zn

Possible ternary alloys from above list with Ni base: **C, = 66

Ni Al | co | o [ im | Mn | Mo | N | si | sn | Ta | w Zn
Al
Co
Cr |~
In | Ni-Crein |~
Mn | Ni-n-Mn| —~__
Mo
Nb | Ni-In-Nb |
Si
Sn [
Ta | Ni-Sn-Ta [~
W |~
Zn Ni-Mn-Zn [Ni-Mo-Zn | Ni-Nb-Zn Ni-Ta-Zn | Ni-W-Zn
Liquid phase or coexists with solid below 900 C at 1 atm
NO liquid phase below 1000C
- Not available in database
Liquid to solid phase transition between 1015 and 900C

The 7 alloys systems can be further categorized into two systems:
NiSi(Cr,Sn,Ta,Mn) & NiMn(Mo,Nb,Ta,Si)

17
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		We have made an exhaustive search of periodic table to find suitable braze candidate

		High vapour pressure						Alkali metals and alkaline earth metals (column I and II in periodic table)														P		S

								As		Se		Sb		Te

		Highly reactive with metals						Halogens		(column XVII)

		Inert gases						column XVIII

		Toxic		Cd		Pb		Tl		Hg		As		Se

		As		http://www.epa.gov/airtoxics/hlthef/arsenic.html										http://echa.europa.eu/documents/10162/2bbe3f6b-4ef6-4586-b4bc-66f9a6c7a894

		Cd		http://echa.europa.eu/documents/10162/b54352de-0f2f-454c-bc83-04f191c560b7

		Pb		http://echa.europa.eu/documents/10162/4ba9cac4-c00b-4e90-8d51-d8efdd1e0aef

		Tl		http://water.epa.gov/drink/contaminants/basicinformation/thallium.cfm

		Se		http://water.epa.gov/scitech/swguidance/standards/criteria/aqlife/selenium/index.cfm

		http://water.epa.gov/drink/contaminants/upload/mcl-2.pdf

		http://echa.europa.eu/candidate-list-table?p_p_id=viewsubstances_WAR_echarevsubstanceportlet&p_p_lifecycle=0&p_p_state=normal&p_p_mode=view&p_p_col_id=column-1&p_p_col_pos=3&p_p_col_count=4&_viewsubstances_WAR_echarevsubstanceportlet_keywords=&_viewsubstances_WAR_echarevsubstanceportlet_advancedSearch=false&_viewsubstances_WAR_echarevsubstanceportlet_andOperator=true&_viewsubstances_WAR_echarevsubstanceportlet_orderByCol=synonymDynamicField_538&_viewsubstances_WAR_echarevsubstanceportlet_orderByType=desc&_viewsubstances_WAR_echarevsubstanceportlet_delta=200



















		Liquid at room Temperature						Ga		Hg

		brittle and highly reactive						Ge		Y

		Good conductor of oxide ion						Lathanides (easily got polarized)								Bi

		Easily gets oxidised and coducts oxygen ion										Ti		V		Fe		Cu

		Costly		Tc		Ru		Rh		Pd		Ag

				Re		Os		Ir		Pt		Au

		Zn		boiling point at 907 C

		Possible		Al		Si		Sc		Cr		Mn		Co		Ni		Zn

				Mg		Nb		Mo		In		Sn				Ta		W

		Rest are radioactive

		If required other elements (other than Possible list) in small amout can be used later for fine tuning of property
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Binary_updt

		49C2		Default 		5		6		7		8		12		13		14		15		16		20		22		23		24		25		26		27		28		29		30		31		32		33		34		38		39		40		41		42		47		49		50		51		52		53		56		57		58		59		60		62		64		66		67		68		70		72		73		74		83

		1176		TCBIN		B		C		N		O		Mg		Al		Si		P		S		Ca		Ti		V		Cr		Mn		Fe		Co		Ni		Cu		Zn		Ga		Ge		As		Se		Sr		Y		Zr		Nb		Mo		Ag		In		Sn		Sb		Te		I		Ba		La		Ce		Pr		Nd		Sm		Gd		Dy		Ho		Er		Yb		Hf		Ta		W		Bi

		5		B

		6		C		B-C

		7		N		B-N		C-N

Author: Author:
TCNI7

		8		O		B-O		C-O		N-O

		12		Mg		B-Mg

Author: Author:
All phase selection fails		C-Mg		N-Mg		O-Mg

		13		Al		B-Al		C-Al		N-Al		O-Al		Mg-Al

		14		Si		B-Si		C-Si		N-Si

Author: Author:
TCNI7		O-Si

Author: Author:
TCNI7		Mg-Si		Al-Si

		15		P		B-P		C-P		N-P		O-P		Mg-P		Al-P		Si-P

		16		S		B-S		C-S		N-S		O-S		Mg-S		Al-S		Si-S		P-S

		20		Ca		B-Ca		C-Ca		N-Ca		O-Ca

Author: Author:
TCOX5		Mg-Ca		Al-Ca		Si-Ca		P-Ca		S-Ca

		22		Ti		B-Ti		C-Ti		N-Ti		O-Ti		Mg-Ti		Al-Ti		Si-Ti		P-Ti		S-Ti		Ca-Ti

		23		V		B-V		C-V		N-V		O-V

Author: Author:
TCNI7		Mg-V		Al-V		Si-V		P-V		S-V		Ca-V		Ti-V

		24		Cr		B-Cr		C-Cr		N-Cr		O-Cr

Author: Author:
TCNI7		Mg-Cr		Al-Cr		Si-Cr		P-Cr		S-Cr		Ca-Cr		Ti-Cr		V-Cr

		25		Mn		B-Mn

Author: Author:
TCNI7						

Author: Author:
TCNI7		

Author: Author:
TCNI7		C-Mn		N-Mn		O-Mn		Mg-Mn		Al-Mn		Si-Mn		P-Mn		S-Mn		Ca-Mn		Ti-Mn		V-Mn		Cr-Mn

		26		Fe		B-Fe		C-Fe		N-Fe		O-Fe		Mg-Fe		Al-Fe		Si-Fe		P-Fe		S-Fe		Ca-Fe		Ti-Fe		V-Fe		Cr-Fe		Mn-Fe

		27		Co		B-Co		C-Co		N-Co		O-Co

Author: Author:
TCNI7		Mg-Co		Al-Co		Si-Co		P-Co		S-Co		Ca-Co		Ti-Co		V-Co		Cr-Co		Mn-Co		Fe-Co

		28		Ni		B-Ni

Author: Author:
TCNI7		C-Ni		N-Ni		O-Ni

Author: Author:
TCNI7		Mg-Ni		Al-Ni		Si-Ni		P-Ni		S-Ni		Ca-Ni		Ti-Ni		V-Ni		Cr-Ni		Mn-Ni		Fe-Ni		Co-Ni

		29		Cu		B-Cu

Author: Author:
PKP						

Author: Author:
TCNI7		

Author: Author:
TCNI7		C-Cu		N-Cu		O-Cu		Mg-Cu		Al-Cu		Si-Cu		P-Cu		S-Cu		Ca-Cu		Ti-Cu		V-Cu		Cr-Cu		Mn-Cu		Fe-Cu		Co-Cu		Ni-Cu

		30		Zn		B-Zn		C-Zn		N-Zn		O-Zn		Mg-Zn		Al-Zn		Si-Zn		P-Zn		S-Zn		Ca-Zn		Ti-Zn		V-Zn		Cr-Zn		Mn-Zn		Fe-Zn		Co-Zn

Author: Author:
TCSLD2		Ni-Zn

Author: Author:
TCSLD2		Cu-Zn

		31		Ga		B-Ga		C-Ga		N-Ga		O-Ga		Mg-Ga		Al-Ga		Si-Ga		P-Ga		S-Ga		Ca-Ga		Ti-Ga		V-Ga		Cr-Ga		Mn-Ga		Fe-Ga		Co-Ga		Ni-Ga		Cu-Ga		Zn-Ga

		32		Ge		B-Ge		C-Ge		N-Ge		O-Ge		Mg-Ge		Al-Ge		Si-Ge		P-Ge		S-Ge		Ca-Ge		Ti-Ge		V-Ge		Cr-Ge		Mn-Ge		Fe-Ge		Co-Ge

Author: Author:
TCSLD2		Ni-Ge

Author: Author:
TCSLD2		Cu-Ge		Zn-Ge		Ga-Ge

		33		As		B-As		C-As		N-As		O-As		Mg-As		Al-As		Si-As		P-As		S-As		Ca-As		Ti-As		V-As		Cr-As		Mn-As		Fe-As		Co-As		Ni-As		Cu-As		Zn-As		Ga-As		Ge-As

		34		Se		B-Se		C-Se		N-Se		O-Se		Mg-Se		Al-Se		Si-Se		P-Se		S-Se		Ca-Se		Ti-Se		V-Se		Cr-Se		Mn-Se		Fe-Se		Co-Se		Ni-Se		Cu-Se		Zn-Se		Ga-Se		Ge-Se		As-Se

		38		Sr		B-Sr		C-Sr		N-Sr		O-Sr		Mg-Sr		Al-Sr		Si-Sr		P-Sr		S-Sr		Ca-Sr		Ti-Sr		V-Sr		Cr-Sr		Mn-Sr		Fe-Sr		Co-Sr		Ni-Sr		Cu-Sr		Zn-Sr		Ga-Sr		Ge-Sr		As-Sr		Se-Sr

		39		Y		B-Y

Author: Author:
TCNI7		C-Y		N-Y		O-Y		Mg-Y		Al-Y		Si-Y		P-Y		S-Y		Ca-Y		Ti-Y

Author: Author:
TCNI7		V-Y

Author: Author:
TCNI7		Cr-Y

Author: Author:
TCNI7		Mn-Y		Fe-Y

Author: Author:
TCNI7		Co-Y

Author: Author:
TCNI7		Ni-Y		Cu-Y		Zn-Y		Ga-Y		Ge-Y		As-Y		Se-Y		Sr-Y

		40		Zr		B-Zr

Author: Author:
TCNI7		C-Zr		N-Zr

Author: Author:
TCNI7		O-Zr		Mg-Zr		Al-Zr		Si-Zr		P-Zr		S-Zr		Ca-Zr		Ti-Zr		V-Zr		Cr-Zr		Mn-Zr		Fe-Zr		Co-Zr

Author: Author:
TCNI7		Ni-Zr		Cu-Zr		Zn-Zr		Ga-Zr		Ge-Zr		As-Zr		Se-Zr		Sr-Zr		Y-Zr

		41		Nb		B-Nb

Author: Author:
TCNI7				

Author: Author:
TCNI7		C-Nb		N-Nb		O-Nb		Mg-Nb		Al-Nb		Si-Nb		P-Nb		S-Nb		Ca-Nb		Ti-Nb		V-Nb		Cr-Nb		Mn-Nb

Author: Author:
TCNI7		Fe-Nb		Co-Nb		Ni-Nb		Cu-Nb		Zn-Nb		Ga-Nb		Ge-Nb		As-Nb		Se-Nb		Sr-Nb		Y-Nb

Author: Author:
TCNI7		Zr-Nb

		42		Mo		B-Mo		C-Mo		N-Mo		O-Mo

Author: Author:
TCNI7																								

Author: Author:
TCSLD2		

Author: Author:
TCSLD2		

Author: Author:
TCNI7										

Author: Author:
TCSLD2		

Author: Author:
TCNI7										

Author: Author:
TCSLD2		

Author: Author:
TCNI7				

Author: Author:
TCNI7		Mg-Mo		Al-Mo		Si-Mo		P-Mo		S-Mo		Ca-Mo		Ti-Mo		V-Mo

Author: Author:
TCNI7								

Author: Author:
TCNI7		

Author: Author:
TCNI7				

Author: Author:
TCNI7		Cr-Mo		Mn-Mo		Fe-Mo		Co-Mo		Ni-Mo		Cu-Mo		Zn-Mo		Ga-Mo		Ge-Mo		As-Mo		Se-Mo		Sr-Mo		Y-Mo

Author: Author:
TCNI7		Zr-Mo

Author: Author:
TCNI7		Nb-Mo

		47		Ag		B-Ag		C-Ag		N-Ag		O-Ag		Mg-Ag		Al-Ag		Si-Ag		P-Ag		S-Ag		Ca-Ag		Ti-Ag		V-Ag		Cr-Ag		Mn-Ag		Fe-Ag		Co-Ag

Author: Author:
TCSLD2		Ni-Ag

Author: Author:
TCSLD2		Cu-Ag		Zn-Ag		Ga-Ag		Ge-Ag		As-Ag		Se-Ag		Sr-Ag		Y-Ag		Zr-Ag		Nb-Ag		Mo-Ag

		49		In		B-In		C-In		N-In		O-In		Mg-In		Al-In		Si-In		P-In		S-In		Ca-In		Ti-In		V-In		Cr-In		Mn-In		Fe-In		Co-In		Ni-In

Author: Author:
TCSLD2		Cu-In		Zn-In		Ga-In		Ge-In		As-In		Se-In		Sr-In		Y-In		Zr-In		Nb-In		Mo-In		Ag-In

		50		Sn		B-Sn		C-Sn		N-Sn		O-Sn		Mg-Sn		Al-Sn		Si-Sn		P-Sn		S-Sn		Ca-Sn		Ti-Sn		V-Sn		Cr-Sn		Mn-Sn		Fe-Sn		Co-Sn

Author: Author:
TCSLD2		Ni-Sn

Author: Author:
TCSLD2		Cu-Sn		Zn-Sn		Ga-Sn		Ge-Sn		As-Sn		Se-Sn		Sr-Sn		Y-Sn		Zr-Sn		Nb-Sn		Mo-Sn		Ag-Sn		In-Sn

		51		Sb		B-Sb		C-Sb		N-Sb		O-Sb		Mg-Sb		Al-Sb		Si-Sb		P-Sb		S-Sb		Ca-Sb		Ti-Sb		V-Sb		Cr-Sb		Mn-Sb		Fe-Sb		Co-Sb

Author: Author:
TCSLD2		Ni-Sb

Author: Author:
TCSLD2		Cu-Sb		Zn-Sb		Ga-Sb		Ge-Sb		As-Sb		Se-Sb		Sr-Sb		Y-Sb		Zr-Sb		Nb-Sb		Mo-Sb		Ag-Sb		In-Sb		Sn-Sb

		52		Te		B-Te		C-Te		N-Te		O-Te		Mg-Te		Al-Te		Si-Te		P-Te		S-Te		Ca-Te		Ti-Te		V-Te		Cr-Te		Mn-Te		Fe-Te		Co-Te		Ni-Te		Cu-Te		Zn-Te		Ga-Te		Ge-Te		As-Te		Se-Te		Sr-Te		Y-Te		Zr-Te		Nb-Te		Mo-Te		Ag-Te		In-Te		Sn-Te		Sb-Te

		53		I		B-I		C-I		N-I		O-I		Mg-I		Al-I		Si-I		P-I		S-I		Ca-I		Ti-I		V-I		Cr-I		Mn-I		Fe-I		Co-I		Ni-I		Cu-I		Zn-I		Ga-I		Ge-I		As-I		Se-I		Sr-I		Y-I		Zr-I		Nb-I		Mo-I		Ag-I		In-I		Sn-I		Sb-I		Te-I

		56		Ba		B-Ba		C-Ba		N-Ba		O-Ba		Mg-Ba		Al-Ba		Si-Ba		P-Ba		S-Ba		Ca-Ba		Ti-Ba		V-Ba		Cr-Ba		Mn-Ba		Fe-Ba		Co-Ba		Ni-Ba		Cu-Ba		Zn-Ba		Ga-Ba		Ge-Ba		As-Ba		Se-Ba		Sr-Ba		Y-Ba		Zr-Ba		Nb-Ba		Mo-Ba		Ag-Ba		In-Ba		Sn-Ba		Sb-Ba		Te-Ba		I-Ba

		57		La		B-La		C-La		N-La		O-La		Mg-La		Al-La		Si-La		P-La		S-La		Ca-La		Ti-La		V-La		Cr-La		Mn-La		Fe-La		Co-La		Ni-La		Cu-La		Zn-La		Ga-La		Ge-La		As-La		Se-La		Sr-La		Y-La		Zr-La		Nb-La		Mo-La		Ag-La		In-La		Sn-La		Sb-La		Te-La		I-La		Ba-La

		58		Ce		B-Ce		C-Ce		N-Ce		O-Ce		Mg-Ce		Al-Ce		Si-Ce		P-Ce		S-Ce		Ca-Ce		Ti-Ce		V-Ce		Cr-Ce		Mn-Ce		Fe-Ce		Co-Ce		Ni-Ce		Cu-Ce		Zn-Ce		Ga-Ce		Ge-Ce		As-Ce		Se-Ce		Sr-Ce		Y-Ce		Zr-Ce		Nb-Ce		Mo-Ce		Ag-Ce		In-Ce		Sn-Ce		Sb-Ce		Te-Ce		I-Ce		Ba-Ce		La-Ce

		59		Pr		B-Pr		C-Pr		N-Pr		O-Pr		Mg-Pr		Al-Pr		Si-Pr		P-Pr		S-Pr		Ca-Pr		Ti-Pr		V-Pr		Cr-Pr		Mn-Pr		Fe-Pr		Co-Pr		Ni-Pr		Cu-Pr		Zn-Pr		Ga-Pr		Ge-Pr		As-Pr		Se-Pr		Sr-Pr		Y-Pr		Zr-Pr		Nb-Pr		Mo-Pr		Ag-Pr		In-Pr		Sn-Pr		Sb-Pr		Te-Pr		I-Pr		Ba-Pr		La-Pr		Ce-Pr

		60		Nd		B-Nd		C-Nd		N-Nd		O-Nd		Mg-Nd		Al-Nd		Si-Nd		P-Nd		S-Nd		Ca-Nd		Ti-Nd		V-Nd		Cr-Nd		Mn-Nd		Fe-Nd		Co-Nd		Ni-Nd		Cu-Nd		Zn-Nd		Ga-Nd		Ge-Nd		As-Nd		Se-Nd		Sr-Nd		Y-Nd		Zr-Nd		Nb-Nd		Mo-Nd		Ag-Nd		In-Nd		Sn-Nd		Sb-Nd		Te-Nd		I-Nd		Ba-Nd		La-Nd		Ce-Nd		Pr-Nd

		62		Sm		B-Sm		C-Sm		N-Sm		O-Sm		Mg-Sm		Al-Sm		Si-Sm		P-Sm		S-Sm		Ca-Sm		Ti-Sm		V-Sm		Cr-Sm		Mn-Sm		Fe-Sm		Co-Sm		Ni-Sm		Cu-Sm		Zn-Sm		Ga-Sm		Ge-Sm		As-Sm		Se-Sm		Sr-Sm		Y-Sm		Zr-Sm		Nb-Sm		Mo-Sm		Ag-Sm		In-Sm		Sn-Sm		Sb-Sm		Te-Sm		I-Sm		Ba-Sm		La-Sm		Ce-Sm		Pr-Sm		Nd-Sm

		64		Gd		B-Gd		C-Gd		N-Gd		O-Gd		Mg-Gd		Al-Gd		Si-Gd		P-Gd		S-Gd		Ca-Gd		Ti-Gd		V-Gd		Cr-Gd		Mn-Gd		Fe-Gd		Co-Gd		Ni-Gd		Cu-Gd		Zn-Gd		Ga-Gd		Ge-Gd		As-Gd		Se-Gd		Sr-Gd		Y-Gd		Zr-Gd		Nb-Gd		Mo-Gd		Ag-Gd		In-Gd		Sn-Gd		Sb-Gd		Te-Gd		I-Gd		Ba-Gd		La-Gd		Ce-Gd		Pr-Gd		Nd-Gd		Sm-Gd

		66		Dy		B-Dy		C-Dy		N-Dy		O-Dy		Mg-Dy		Al-Dy		Si-Dy		P-Dy		S-Dy		Ca-Dy		Ti-Dy		V-Dy		Cr-Dy		Mn-Dy		Fe-Dy		Co-Dy		Ni-Dy		Cu-Dy		Zn-Dy		Ga-Dy		Ge-Dy		As-Dy		Se-Dy		Sr-Dy		Y-Dy		Zr-Dy		Nb-Dy		Mo-Dy		Ag-Dy		In-Dy		Sn-Dy		Sb-Dy		Te-Dy		I-Dy		Ba-Dy		La-Dy		Ce-Dy		Pr-Dy		Nd-Dy		Sm-Dy		Gd-Dy

		67		Ho		B-Ho		C-Ho		N-Ho		O-Ho		Mg-Ho		Al-Ho		Si-Ho		P-Ho		S-Ho		Ca-Ho		Ti-Ho		V-Ho		Cr-Ho		Mn-Ho		Fe-Ho		Co-Ho		Ni-Ho		Cu-Ho		Zn-Ho		Ga-Ho		Ge-Ho		As-Ho		Se-Ho		Sr-Ho		Y-Ho		Zr-Ho		Nb-Ho		Mo-Ho		Ag-Ho		In-Ho		Sn-Ho		Sb-Ho		Te-Ho		I-Ho		Ba-Ho		La-Ho		Ce-Ho		Pr-Ho		Nd-Ho		Sm-Ho		Gd-Ho		Dy-Ho

		68		Er		B-Er		C-Er		N-Er		O-Er		Mg-Er		Al-Er		Si-Er		P-Er		S-Er		Ca-Er		Ti-Er		V-Er		Cr-Er		Mn-Er		Fe-Er		Co-Er		Ni-Er		Cu-Er		Zn-Er		Ga-Er		Ge-Er		As-Er		Se-Er		Sr-Er		Y-Er		Zr-Er		Nb-Er		Mo-Er		Ag-Er		In-Er		Sn-Er		Sb-Er		Te-Er		I-Er		Ba-Er		La-Er		Ce-Er		Pr-Er		Nd-Er		Sm-Er		Gd-Er		Dy-Er		Ho-Er

		70		Yb		B-Yb		C-Yb		N-Yb		O-Yb		Mg-Yb		Al-Yb		Si-Yb		P-Yb		S-Yb		Ca-Yb		Ti-Yb		V-Yb		Cr-Yb		Mn-Yb		Fe-Yb		Co-Yb		Ni-Yb		Cu-Yb		Zn-Yb		Ga-Yb		Ge-Yb		As-Yb		Se-Yb		Sr-Yb		Y-Yb		Zr-Yb		Nb-Yb		Mo-Yb		Ag-Yb		In-Yb		Sn-Yb		Sb-Yb		Te-Yb		I-Yb		Ba-Yb		La-Yb		Ce-Yb		Pr-Yb		Nd-Yb		Sm-Yb		Gd-Yb		Dy-Yb		Ho-Yb		Er-Yb

		72		Hf		B-Hf

Author: Author:
TCNI7																																

Author: Author:
TCSLD2		

Author: Author:
TCSLD2		C-Hf		N-Hf		O-Hf

Author: Author:
TCNI7		Mg-Hf		Al-Hf		Si-Hf		P-Hf		S-Hf		Ca-Hf		Ti-Hf		V-Hf

Author: Author:
TCNI7		Cr-Hf

Author: Author:
TCNI7		Mn-Hf

Author: Author:
TCNI7		Fe-Hf

Author: Author:
TCNI7		Co-Hf

Author: Author:
TCNI7		Ni-Hf

Author: Author:
TCNI7		Cu-Hf		Zn-Hf		Ga-Hf		Ge-Hf		As-Hf		Se-Hf		Sr-Hf		Y-Hf

Author: Author:
TCNI7		Zr-Hf

Author: Author:
TCNI7		Nb-Hf

Author: Author:
TCNI7		Mo-Hf		Ag-Hf		In-Hf		Sn-Hf		Sb-Hf		Te-Hf		I-Hf		Ba-Hf		La-Hf		Ce-Hf		Pr-Hf		Nd-Hf		Sm-Hf		Gd-Hf		Dy-Hf		Ho-Hf		Er-Hf		Yb-Hf

		73		Ta		B-Ta

Author: Author:
TCNI7																																

Author: Author:
TCSLD2		C-Ta		N-Ta		O-Ta

Author: Author:
TCNI7		Mg-Ta		Al-Ta		Si-Ta		P-Ta		S-Ta		Ca-Ta		Ti-Ta		V-Ta		Cr-Ta		Mn-Ta

Author: Author:
TCNI7		Fe-Ta

Author: Author:
TCNI7		Co-Ta		Ni-Ta		Cu-Ta		Zn-Ta		Ga-Ta		Ge-Ta		As-Ta		Se-Ta		Sr-Ta		Y-Ta

Author: Author:
TCNI7		Zr-Ta		Nb-Ta

Author: Author:
TCNI7		Mo-Ta		Ag-Ta		In-Ta		Sn-Ta		Sb-Ta		Te-Ta		I-Ta		Ba-Ta		La-Ta		Ce-Ta		Pr-Ta		Nd-Ta		Sm-Ta		Gd-Ta		Dy-Ta		Ho-Ta		Er-Ta		Yb-Ta		Hf-Ta

		74		W		B-W

Author: Author:
TCNI7						

Author: Author:
TCNI7		

Author: Author:
TCNI7																																										

Author: Author:
TCNI7		C-W		N-W		O-W

Author: Author:
TCNI7																																										

Author: Author:
TCNI7		

Author: Author:
TCNI7		

Author: Author:
TCNI7		

Author: Author:
TCNI7		

Author: Author:
TCNI7		Mg-W		Al-W		Si-W		P-W		S-W		Ca-W		Ti-W		V-W

Author: Author:
TCNI7						

Author: Author:
TCNI7		

Author: Author:
TCNI7				

Author: Author:
TCNI7		

Author: Author:
TCNI7		Cr-W		Mn-W

Author: Author:
TCNI7						

Author: Author:
TCNI7		Fe-W

Author: Author:
TCNI7		Co-W		Ni-W		Cu-W		Zn-W		Ga-W		Ge-W		As-W		Se-W		Sr-W		Y-W

Author: Author:
TCNI7		Zr-W

Author: Author:
TCNI7		Nb-W		Mo-W		Ag-W		In-W		Sn-W		Sb-W		Te-W		I-W		Ba-W		La-W		Ce-W		Pr-W		Nd-W		Sm-W		Gd-W		Dy-W		Ho-W		Er-W		Yb-W		Hf-W

Author: Author:
TCNI7		Ta-W

		83		Bi		B-Bi		C-Bi		N-Bi		O-Bi		Mg-Bi		Al-Bi		Si-Bi		P-Bi		S-Bi		Ca-Bi		Ti-Bi		V-Bi		Cr-Bi		Mn-Bi		Fe-Bi		Co-Bi

Author: Author:
TCSLD2		Ni-Bi

Author: Author:
TCSLD2																

Author: Author:
TCNI7		

Author: Author:
TCNI7		

Author: Author:
TCNI7				

Author: Author:
TCNI7		

Author: Author:
TCNI7				

Author: Author:
TCNI7		

Author: Author:
TCNI7																																								

Author: Author:
TCNI7		Cu-Bi		Zn-Bi		Ga-Bi		Ge-Bi		As-Bi		Se-Bi		Sr-Bi		Y-Bi		Zr-Bi		Nb-Bi		Mo-Bi		Ag-Bi		In-Bi		Sn-Bi		Sb-Bi		Te-Bi		I-Bi		Ba-Bi		La-Bi		Ce-Bi		Pr-Bi		Nd-Bi		Sm-Bi		Gd-Bi		Dy-Bi		Ho-Bi		Er-Bi		Yb-Bi		Hf-Bi		Ta-Bi		W-Bi

				Only Liquid/gas phase or coexists with solid below 900 C at 1 atm

				NO liquid phase below 1015C (all the composition below 1015C at 1 atm is solid)

				Not available in database

				Liquid to solid phase transition between 1015 and 900C





Binary

				Ni		Al		Co		Cr		In		Mn		Mo		Nb		Si		Sn		Ta		W		Zn

		Ni

		Al		Ni-Al

		Co		Ni-Co		Al-Co

		Cr		Ni-Cr		Al-Cr		Co-Cr

		In		Ni-In

Author: Author:
TCSLD2		Al-In		Co-In		Cr-In

		Mn		Ni-Mn		Al-Mn		Co-Mn		Cr-Mn		In-Mn

		Mo		Ni-Mo		Al-Mo		Co-Mo		Cr-Mo		In-Mo		Mn-Mo

		Nb		Ni-Nb		Al-Nb		Co-Nb		Cr-Nb		In-Nb		Mn-Nb		Mo-Nb

		Si		Ni-Si		Al-Si		Co-Si		Cr-Si		In-Si		Mn-Si		Mo-Si		Nb-Si

Author: Author:
TCNI7

		Sn		Ni-Sn

Author: Author:
TCSLD2		Al-Sn		Co-Sn

Author: Author:
TCSLD2		Cr-Sn		In-Sn		Mn-Sn		Mo-Sn		Nb-Sn		Si-Sn

		Ta		Ni-Ta		Al-Ta		Co-Ta		Cr-Ta		In-Ta		Mn-Ta

Author: TCNI7		Mo-Ta		Nb-Ta

Author: Author:
TCNI7		Si-Ta		Sn-Ta

		W		Ni-W		Al-W		Co-W		Cr-W		In-W		Mn-W

Author: Author:
TCNI7		Mo-W		Nb-W

Author: Author:
TCNI7		Si-W		Sn-W		Ta-W

		Zn		Ni-Zn

Author: Author:
TCSLD2		Al-Zn		Co-Zn

Author: Author:
TCSLD2										

Author: Author:
TCNI7		

Author: TCNI7		

Author: Author:
TCNI7				

Author: Author:
TCNI7		

Author: Author:
TCNI7		

Author: Author:
TCSLD2		

Author: Author:
TCSLD2				

Author: Author:
TCSLD2		

Author: Author:
TCSLD2						Cr-Zn		In-Zn		Mn-Zn		Mo-Zn		Nb-Zn		Si-Zn		Sn-Zn		Ta-Zn		W-Zn

				 Liquid phase or coexists with solid below 900 C at 1 atm

				 NO liquid phase below 1000C

				 Not available in database

				 Liquid to solid phase transition between 1000 and 900C
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		703		TCNI7		B		C		N		O		Mg		Al		Si		P		S		Ca		Ti		V		Cr		Mn		Fe		Co		Cu		Zn		Ga		Ge		As		Se		Sr		Y		Zr		Nb		Mo		Ag		In		Sn		Sb		Te		I		Ba		Hf		Ta		W		Bi

		5		B

		6		C		Ni-B-C

		7		N		Ni-B-N		Ni-C-N

		8		O		Ni-B-O		Ni-C-O		Ni-N-O

		12		Mg		Ni-B-Mg		Ni-C-Mg		Ni-N-Mg		Ni-O-Mg

		13		Al		Ni-B-Al		Ni-C-Al		Ni-N-Al		Ni-O-Al		Ni-Mg-Al

		14		Si		Ni-B-Si		Ni-C-Si		Ni-N-Si		Ni-O-Si		Ni-Mg-Si		Ni-Al-Si

		15		P		Ni-B-P		Ni-C-P		Ni-N-P		Ni-O-P		Ni-Mg-P		Ni-Al-P		Ni-Si-P

		16		S		Ni-B-S		Ni-C-S		Ni-N-S		Ni-O-S		Ni-Mg-S		Ni-Al-S		Ni-Si-S		Ni-P-S

		20		Ca		Ni-B-Ca		Ni-C-Ca		Ni-N-Ca		Ni-O-Ca		Ni-Mg-Ca		Ni-Al-Ca		Ni-Si-Ca		Ni-P-Ca		Ni-S-Ca

		22		Ti		Ni-B-Ti		Ni-C-Ti		Ni-N-Ti		Ni-O-Ti		Ni-Mg-Ti		Ni-Al-Ti		Ni-Si-Ti		Ni-P-Ti		Ni-S-Ti		Ni-Ca-Ti

		23		V		Ni-B-V		Ni-C-V		Ni-N-V		Ni-O-V		Ni-Mg-V		Ni-Al-V		Ni-Si-V		Ni-P-V		Ni-S-V		Ni-Ca-V		Ni-Ti-V

		24		Cr		Ni-B-Cr		Ni-C-Cr		Ni-N-Cr		Ni-O-Cr		Ni-Mg-Cr		Ni-Al-Cr		Ni-Si-Cr		Ni-P-Cr		Ni-S-Cr		Ni-Ca-Cr		Ni-Ti-Cr		Ni-V-Cr

		25		Mn		Ni-B-Mn		Ni-C-Mn		Ni-N-Mn		Ni-O-Mn		Ni-Mg-Mn		Ni-Al-Mn		Ni-Si-Mn		Ni-P-Mn		Ni-S-Mn		Ni-Ca-Mn		Ni-Ti-Mn		Ni-V-Mn		Ni-Cr-Mn

		26		Fe		Ni-B-Fe		Ni-C-Fe		Ni-N-Fe		Ni-O-Fe		Ni-Mg-Fe		Ni-Al-Fe		Ni-Si-Fe		Ni-P-Fe		Ni-S-Fe		Ni-Ca-Fe		Ni-Ti-Fe		Ni-V-Fe		Ni-Cr-Fe		Ni-Mn-Fe

		27		Co		Ni-B-Co		Ni-C-Co		Ni-N-Co		Ni-O-Co		Ni-Mg-Co		Ni-Al-Co		Ni-Si-Co		Ni-P-Co		Ni-S-Co		Ni-Ca-Co		Ni-Ti-Co		Ni-V-Co		Ni-Cr-Co		Ni-Mn-Co		Ni-Fe-Co

		29		Cu		Ni-B-Cu		Ni-C-Cu		Ni-N-Cu		Ni-O-Cu		Ni-Mg-Cu		Ni-Al-Cu		Ni-Si-Cu		Ni-P-Cu		Ni-S-Cu		Ni-Ca-Cu		Ni-Ti-Cu		Ni-V-Cu		Ni-Cr-Cu		Ni-Mn-Cu		Ni-Fe-Cu		Ni-Co-Cu

		30		Zn		Ni-B-Zn		Ni-C-Zn		Ni-N-Zn		Ni-O-Zn		Ni-Mg-Zn		Ni-Al-Zn		Ni-Si-Zn		Ni-P-Zn		Ni-S-Zn		Ni-Ca-Zn		Ni-Ti-Zn		Ni-V-Zn		Ni-Cr-Zn		Ni-Mn-Zn		Ni-Fe-Zn		Ni-Co-Zn		Ni-Cu-Zn

		31		Ga		Ni-B-Ga		Ni-C-Ga		Ni-N-Ga		Ni-O-Ga		Ni-Mg-Ga		Ni-Al-Ga		Ni-Si-Ga		Ni-P-Ga		Ni-S-Ga		Ni-Ca-Ga		Ni-Ti-Ga		Ni-V-Ga		Ni-Cr-Ga		Ni-Mn-Ga		Ni-Fe-Ga		Ni-Co-Ga		Ni-Cu-Ga		Ni-Zn-Ga

		32		Ge		Ni-B-Ge		Ni-C-Ge		Ni-N-Ge		Ni-O-Ge		Ni-Mg-Ge		Ni-Al-Ge		Ni-Si-Ge		Ni-P-Ge		Ni-S-Ge		Ni-Ca-Ge		Ni-Ti-Ge		Ni-V-Ge		Ni-Cr-Ge		Ni-Mn-Ge		Ni-Fe-Ge		Ni-Co-Ge		Ni-Cu-Ge		Ni-Zn-Ge		Ni-Ga-Ge

		33		As		Ni-B-As		Ni-C-As		Ni-N-As		Ni-O-As		Ni-Mg-As		Ni-Al-As		Ni-Si-As		Ni-P-As		Ni-S-As		Ni-Ca-As		Ni-Ti-As		Ni-V-As		Ni-Cr-As		Ni-Mn-As		Ni-Fe-As		Ni-Co-As		Ni-Cu-As		Ni-Zn-As		Ni-Ga-As		Ni-Ge-As

		34		Se		Ni-B-Se		Ni-C-Se		Ni-N-Se		Ni-O-Se		Ni-Mg-Se		Ni-Al-Se		Ni-Si-Se		Ni-P-Se		Ni-S-Se		Ni-Ca-Se		Ni-Ti-Se		Ni-V-Se		Ni-Cr-Se		Ni-Mn-Se		Ni-Fe-Se		Ni-Co-Se		Ni-Cu-Se		Ni-Zn-Se		Ni-Ga-Se		Ni-Ge-Se		Ni-As-Se

		38		Sr		Ni-B-Sr		Ni-C-Sr		Ni-N-Sr		Ni-O-Sr		Ni-Mg-Sr		Ni-Al-Sr		Ni-Si-Sr		Ni-P-Sr		Ni-S-Sr		Ni-Ca-Sr		Ni-Ti-Sr		Ni-V-Sr		Ni-Cr-Sr		Ni-Mn-Sr		Ni-Fe-Sr		Ni-Co-Sr		Ni-Cu-Sr		Ni-Zn-Sr		Ni-Ga-Sr		Ni-Ge-Sr		Ni-As-Sr		Ni-Se-Sr

		39		Y		Ni-B-Y		Ni-C-Y		Ni-N-Y		Ni-O-Y		Ni-Mg-Y		Ni-Al-Y		Ni-Si-Y		Ni-P-Y		Ni-S-Y		Ni-Ca-Y		Ni-Ti-Y		Ni-V-Y		Ni-Cr-Y		Ni-Mn-Y		Ni-Fe-Y		Ni-Co-Y		Ni-Cu-Y		Ni-Zn-Y		Ni-Ga-Y		Ni-Ge-Y		Ni-As-Y		Ni-Se-Y		Ni-Sr-Y

		40		Zr		Ni-B-Zr		Ni-C-Zr		Ni-N-Zr		Ni-O-Zr		Ni-Mg-Zr		Ni-Al-Zr		Ni-Si-Zr		Ni-P-Zr		Ni-S-Zr		Ni-Ca-Zr		Ni-Ti-Zr		Ni-V-Zr		Ni-Cr-Zr		Ni-Mn-Zr		Ni-Fe-Zr		Ni-Co-Zr		Ni-Cu-Zr		Ni-Zn-Zr		Ni-Ga-Zr		Ni-Ge-Zr		Ni-As-Zr		Ni-Se-Zr		Ni-Sr-Zr		Ni-Y-Zr

		41		Nb		Ni-B-Nb		Ni-C-Nb		Ni-N-Nb		Ni-O-Nb		Ni-Mg-Nb		Ni-Al-Nb		Ni-Si-Nb		Ni-P-Nb		Ni-S-Nb		Ni-Ca-Nb		Ni-Ti-Nb		Ni-V-Nb		Ni-Cr-Nb		Ni-Mn-Nb		Ni-Fe-Nb		Ni-Co-Nb		Ni-Cu-Nb		Ni-Zn-Nb		Ni-Ga-Nb		Ni-Ge-Nb		Ni-As-Nb		Ni-Se-Nb		Ni-Sr-Nb		Ni-Y-Nb		Ni-Zr-Nb

		42		Mo		Ni-B-Mo		Ni-C-Mo		Ni-N-Mo		Ni-O-Mo		Ni-Mg-Mo		Ni-Al-Mo		Ni-Si-Mo		Ni-P-Mo		Ni-S-Mo		Ni-Ca-Mo		Ni-Ti-Mo		Ni-V-Mo		Ni-Cr-Mo		Ni-Mn-Mo		Ni-Fe-Mo		Ni-Co-Mo		Ni-Cu-Mo		Ni-Zn-Mo		Ni-Ga-Mo		Ni-Ge-Mo		Ni-As-Mo		Ni-Se-Mo		Ni-Sr-Mo		Ni-Y-Mo		Ni-Zr-Mo		Ni-Nb-Mo

		47		Ag		Ni-B-Ag		Ni-C-Ag		Ni-N-Ag		Ni-O-Ag		Ni-Mg-Ag		Ni-Al-Ag		Ni-Si-Ag		Ni-P-Ag		Ni-S-Ag		Ni-Ca-Ag		Ni-Ti-Ag		Ni-V-Ag		Ni-Cr-Ag		Ni-Mn-Ag		Ni-Fe-Ag		Ni-Co-Ag		Ni-Cu-Ag		Ni-Zn-Ag		Ni-Ga-Ag		Ni-Ge-Ag		Ni-As-Ag		Ni-Se-Ag		Ni-Sr-Ag		Ni-Y-Ag		Ni-Zr-Ag		Ni-Nb-Ag		Ni-Mo-Ag

		49		In		Ni-B-In		Ni-C-In		Ni-N-In		Ni-O-In		Ni-Mg-In		Ni-Al-In		Ni-Si-In		Ni-P-In		Ni-S-In		Ni-Ca-In		Ni-Ti-In		Ni-V-In		Ni-Cr-In		Ni-Mn-In		Ni-Fe-In		Ni-Co-In		Ni-Cu-In		Ni-Zn-In		Ni-Ga-In		Ni-Ge-In		Ni-As-In		Ni-Se-In		Ni-Sr-In		Ni-Y-In		Ni-Zr-In		Ni-Nb-In		Ni-Mo-In		Ni-Ag-In

		50		Sn		Ni-B-Sn		Ni-C-Sn		Ni-N-Sn		Ni-O-Sn		Ni-Mg-Sn		Ni-Al-Sn		Ni-Si-Sn		Ni-P-Sn		Ni-S-Sn		Ni-Ca-Sn		Ni-Ti-Sn		Ni-V-Sn		Ni-Cr-Sn		Ni-Mn-Sn		Ni-Fe-Sn		Ni-Co-Sn		Ni-Cu-Sn		Ni-Zn-Sn		Ni-Ga-Sn		Ni-Ge-Sn		Ni-As-Sn		Ni-Se-Sn		Ni-Sr-Sn		Ni-Y-Sn		Ni-Zr-Sn		Ni-Nb-Sn		Ni-Mo-Sn		Ni-Ag-Sn		Ni-In-Sn

		51		Sb		Ni-B-Sb		Ni-C-Sb		Ni-N-Sb		Ni-O-Sb		Ni-Mg-Sb		Ni-Al-Sb		Ni-Si-Sb		Ni-P-Sb		Ni-S-Sb		Ni-Ca-Sb		Ni-Ti-Sb		Ni-V-Sb		Ni-Cr-Sb		Ni-Mn-Sb		Ni-Fe-Sb		Ni-Co-Sb		Ni-Cu-Sb		Ni-Zn-Sb		Ni-Ga-Sb		Ni-Ge-Sb		Ni-As-Sb		Ni-Se-Sb		Ni-Sr-Sb		Ni-Y-Sb		Ni-Zr-Sb		Ni-Nb-Sb		Ni-Mo-Sb		Ni-Ag-Sb		Ni-In-Sb		Ni-Sn-Sb

		52		Te		Ni-B-Te		Ni-C-Te		Ni-N-Te		Ni-O-Te		Ni-Mg-Te		Ni-Al-Te		Ni-Si-Te		Ni-P-Te		Ni-S-Te		Ni-Ca-Te		Ni-Ti-Te		Ni-V-Te		Ni-Cr-Te		Ni-Mn-Te		Ni-Fe-Te		Ni-Co-Te		Ni-Cu-Te		Ni-Zn-Te		Ni-Ga-Te		Ni-Ge-Te		Ni-As-Te		Ni-Se-Te		Ni-Sr-Te		Ni-Y-Te		Ni-Zr-Te		Ni-Nb-Te		Ni-Mo-Te		Ni-Ag-Te		Ni-In-Te		Ni-Sn-Te		Ni-Sb-Te

		53		I		Ni-B-I		Ni-C-I		Ni-N-I		Ni-O-I		Ni-Mg-I		Ni-Al-I		Ni-Si-I		Ni-P-I		Ni-S-I		Ni-Ca-I		Ni-Ti-I		Ni-V-I		Ni-Cr-I		Ni-Mn-I		Ni-Fe-I		Ni-Co-I		Ni-Cu-I		Ni-Zn-I		Ni-Ga-I		Ni-Ge-I		Ni-As-I		Ni-Se-I		Ni-Sr-I		Ni-Y-I		Ni-Zr-I		Ni-Nb-I		Ni-Mo-I		Ni-Ag-I		Ni-In-I		Ni-Sn-I		Ni-Sb-I		Ni-Te-I

		56		Ba		Ni-B-Ba		Ni-C-Ba		Ni-N-Ba		Ni-O-Ba		Ni-Mg-Ba		Ni-Al-Ba		Ni-Si-Ba		Ni-P-Ba		Ni-S-Ba		Ni-Ca-Ba		Ni-Ti-Ba		Ni-V-Ba		Ni-Cr-Ba		Ni-Mn-Ba		Ni-Fe-Ba		Ni-Co-Ba		Ni-Cu-Ba		Ni-Zn-Ba		Ni-Ga-Ba		Ni-Ge-Ba		Ni-As-Ba		Ni-Se-Ba		Ni-Sr-Ba		Ni-Y-Ba		Ni-Zr-Ba		Ni-Nb-Ba		Ni-Mo-Ba		Ni-Ag-Ba		Ni-In-Ba		Ni-Sn-Ba		Ni-Sb-Ba		Ni-Te-Ba		Ni-I-Ba

		72		Hf		Ni-B-Hf		Ni-C-Hf		Ni-N-Hf		Ni-O-Hf		Ni-Mg-Hf		Ni-Al-Hf		Ni-Si-Hf		Ni-P-Hf		Ni-S-Hf		Ni-Ca-Hf		Ni-Ti-Hf		Ni-V-Hf		Ni-Cr-Hf		Ni-Mn-Hf		Ni-Fe-Hf		Ni-Co-Hf		Ni-Cu-Hf		Ni-Zn-Hf		Ni-Ga-Hf		Ni-Ge-Hf		Ni-As-Hf		Ni-Se-Hf		Ni-Sr-Hf		Ni-Y-Hf		Ni-Zr-Hf		Ni-Nb-Hf		Ni-Mo-Hf		Ni-Ag-Hf		Ni-In-Hf		Ni-Sn-Hf		Ni-Sb-Hf		Ni-Te-Hf		Ni-I-Hf		Ni-Ba-Hf

		73		Ta		Ni-B-Ta		Ni-C-Ta		Ni-N-Ta		Ni-O-Ta		Ni-Mg-Ta		Ni-Al-Ta		Ni-Si-Ta		Ni-P-Ta		Ni-S-Ta		Ni-Ca-Ta		Ni-Ti-Ta		Ni-V-Ta		Ni-Cr-Ta		Ni-Mn-Ta		Ni-Fe-Ta		Ni-Co-Ta		Ni-Cu-Ta		Ni-Zn-Ta		Ni-Ga-Ta		Ni-Ge-Ta		Ni-As-Ta		Ni-Se-Ta		Ni-Sr-Ta		Ni-Y-Ta		Ni-Zr-Ta		Ni-Nb-Ta		Ni-Mo-Ta		Ni-Ag-Ta		Ni-In-Ta		Ni-Sn-Ta		Ni-Sb-Ta		Ni-Te-Ta		Ni-I-Ta		Ni-Ba-Ta		Ni-Hf-Ta

		74		W		Ni-B-W		Ni-C-W		Ni-N-W		Ni-O-W		Ni-Mg-W		Ni-Al-W		Ni-Si-W		Ni-P-W		Ni-S-W		Ni-Ca-W		Ni-Ti-W		Ni-V-W		Ni-Cr-W		Ni-Mn-W		Ni-Fe-W		Ni-Co-W		Ni-Cu-W		Ni-Zn-W		Ni-Ga-W		Ni-Ge-W		Ni-As-W		Ni-Se-W		Ni-Sr-W		Ni-Y-W		Ni-Zr-W		Ni-Nb-W		Ni-Mo-W		Ni-Ag-W		Ni-In-W		Ni-Sn-W		Ni-Sb-W		Ni-Te-W		Ni-I-W		Ni-Ba-W		Ni-Hf-W		Ni-Ta-W

		83		Bi		Ni-B-Bi		Ni-C-Bi		Ni-N-Bi		Ni-O-Bi		Ni-Mg-Bi		Ni-Al-Bi		Ni-Si-Bi		Ni-P-Bi		Ni-S-Bi		Ni-Ca-Bi		Ni-Ti-Bi		Ni-V-Bi		Ni-Cr-Bi		Ni-Mn-Bi		Ni-Fe-Bi		Ni-Co-Bi		Ni-Cu-Bi		Ni-Zn-Bi		Ni-Ga-Bi		Ni-Ge-Bi		Ni-As-Bi		Ni-Se-Bi		Ni-Sr-Bi		Ni-Y-Bi		Ni-Zr-Bi		Ni-Nb-Bi		Ni-Mo-Bi		Ni-Ag-Bi		Ni-In-Bi		Ni-Sn-Bi		Ni-Sb-Bi		Ni-Te-Bi		Ni-I-Bi		Ni-Ba-Bi		Ni-Hf-Bi		Ni-Ta-Bi		Ni-W-Bi





Ternary



		Ni		Al		Co		Cr		In		Mn		Mo		Nb		Si		Sn		Ta		W		Zn

		Al

		Co		Ni-Al-Co

		Cr		Ni-Al-Cr		Ni-Co-Cr

		In		Ni-Al-In		Ni-Co-In		Ni-Cr-In

		Mn		Ni-Al-Mn		Ni-Co-Mn		Ni-Cr-Mn		Ni-In-Mn

		Mo		Ni-Al-Mo		Ni-Co-Mo		Ni-Cr-Mo		Ni-In-Mo		Ni-Mn-Mo

		Nb		Ni-Al-Nb		Ni-Co-Nb		Ni-Cr-Nb		Ni-In-Nb		Ni-Mn-Nb		Ni-Mo-Nb

		Si		Ni-Al-Si		Ni-Co-Si		Ni-Cr-Si		Ni-In-Si		Ni-Mn-Si		Ni-Mo-Si		Ni-Nb-Si

		Sn		Ni-Al-Sn		Ni-Co-Sn		Ni-Cr-Sn		Ni-In-Sn		Ni-Mn-Sn		Ni-Mo-Sn		Ni-Nb-Sn		Ni-Si-Sn

Author: Author:
TCSLD2

		Ta		Ni-Al-Ta		Ni-Co-Ta		Ni-Cr-Ta		Ni-In-Ta		Ni-Mn-Ta		Ni-Mo-Ta		Ni-Nb-Ta		Ni-Si-Ta		Ni-Sn-Ta

		W		Ni-Al-W		Ni-Co-W		Ni-Cr-W		Ni-In-W		Ni-Mn-W		Ni-Mo-W		Ni-Nb-W		Ni-Si-W		Ni-Sn-W		Ni-Ta-W

		Zn		Ni-Al-Zn		Ni-Co-Zn

Author: Author:
TCSLD2		Ni-Cr-Zn		Ni-In-Zn

Author: Author:
TCSLD2								

Author: Author:
TCSLD2		

Author: Author:
TCSLD2						Ni-Mn-Zn		Ni-Mo-Zn		Ni-Nb-Zn		Ni-Si-Zn		Ni-Sn-Zn		Ni-Ta-Zn		Ni-W-Zn

				 Liquid phase or coexists with solid below 900 C at 1 atm

				 NO liquid phase below 1000C

				 Not available in database

				 Liquid to solid phase transition between 1015 and 900C





Cost

				Prices are mainly from Sigma Aldrich								as of 01/28/2015						The purity chosen > 99.9% as we can add only 0.1% of some element to change the alloy property

		Atom #		Element		Purity		availability and price				price/gm		path

		13		Al		99.90%		1kg		$143.50		$0.14		http://www.sigmaaldrich.com/catalog/product/sial/266523?lang=en&region=US

		12		Mg		99.98%		1kg		$154.00		$0.15		http://www.sigmaaldrich.com/catalog/product/aldrich/254118?lang=en&region=US

		26		Fe		99.90%		1kg		$173.00		$0.17		http://www.sigmaaldrich.com/catalog/product/aldrich/267953?lang=en&region=US

		30		Zn		99.90%		1kg		$185.00		$0.19		http://www.sigmaaldrich.com/catalog/product/sial/31653?lang=en&region=US

		53		I		99.80%		12kg		$2,835.00		$0.24		http://www.sigmaaldrich.com/catalog/product/sial/207772?lang=en&region=US

		50		Sn		99.80%		500g		$138.00		$0.28		http://www.sigmaaldrich.com/catalog/product/aldrich/265632?lang=en&region=US

		74		W		99.90%		500g		$173.50		$0.35		http://www.sigmaaldrich.com/catalog/product/aldrich/267511?lang=en&region=US

		28		Ni		99.99%		500g		$218.50		$0.44		http://www.sigmaaldrich.com/catalog/product/aldrich/203904?lang=en&region=US

		83		Bi		99.99%		100g		$52.60		$0.53		http://www.sigmaaldrich.com/catalog/product/aldrich/95372?lang=en&region=US

		42		Mo		99.90%		100g		$57.70		$0.58		http://www.sigmaaldrich.com/catalog/product/aldrich/266892?lang=en&region=US

		27		Co		99.90%		250g		$159.00		$0.64		http://www.sigmaaldrich.com/catalog/product/aldrich/266647?lang=en&region=US

		16		S		99.98%		250g		$213.50		$0.85		http://www.sigmaaldrich.com/catalog/product/aldrich/414980?lang=en&region=US

		14		Si		99.95%		500g		$556.00		$1.11		http://www.sigmaaldrich.com/catalog/product/aldrich/343250?lang=en&region=US

		24		Cr		100.00%		250g		$332.50		$1.33		http://www.sigmaaldrich.com/catalog/product/aldrich/374849?lang=en&region=US

		29		Cu		100.00%		250g		$332.50		$1.33		http://www.sigmaaldrich.com/catalog/product/aldrich/374849?lang=en&region=US

		3		Li		99.90%		250g		$406.00		$1.62		http://www.sigmaaldrich.com/catalog/product/aldrich/265969?lang=en&region=US

		25		Mn		99.90%		100g		$203.00		$2.03		http://www.sigmaaldrich.com/catalog/product/aldrich/463728?lang=en&region=US

		22		Ti		99.99%		100g		$379.50		$3.80		http://www.sigmaaldrich.com/catalog/product/aldrich/305812?lang=en&region=US

		72		Hf		99.70%		100g		$397.00		$3.97		http://www.sigmaaldrich.com/catalog/product/aldrich/266809?lang=en&region=US

		73		Ta		99.90%		100g		$397.00		$3.97		http://www.sigmaaldrich.com/catalog/product/aldrich/262846?lang=en&region=US

		47		Ag		99.90%		50g		$199.00		$3.98		http://www.sigmaaldrich.com/catalog/product/aldrich/327085?lang=en&region=US

		49		In		99.90%		50g		$205.50		$4.11		http://www.sigmaaldrich.com/catalog/product/aldrich/326607?lang=en&region=US

		52		Te		100.00%		25g		$104.00		$4.16		http://www.sigmaaldrich.com/catalog/product/aldrich/264865?lang=en&region=US

		41		Nb		99.90%		200g		$838.00		$4.19		http://www.sigmaaldrich.com/catalog/product/aldrich/gf49338120?lang=en&region=US

		34		Se		99.99%		100g		$527.00		$5.27		http://www.sigmaaldrich.com/catalog/product/aldrich/229865?lang=en&region=US

		59		Pr 		99.90%		10g		$61.30		$6.13		http://www.sigmaaldrich.com/catalog/product/aldrich/261173?lang=en&region=US

		23		V		99.90%		25g		$156.00		$6.24		http://www.sigmaaldrich.com/catalog/product/aldrich/774073?lang=en&region=US

		31		Ga		99.99%		50g		$361.00		$7.22		http://www.sigmaaldrich.com/catalog/product/aldrich/263265?lang=en&region=US

		57		La		99.90%		25g		$185.50		$7.42		http://www.sigmaaldrich.com/catalog/product/aldrich/261130?lang=en&region=US

		60		Nd		99.90%		25g		$190.50		$7.62		http://www.sigmaaldrich.com/catalog/product/aldrich/261157?lang=en&region=US

		51		Sb		100.00%		50g		$400.00		$8.00		http://www.sigmaaldrich.com/catalog/product/aldrich/452343?lang=en&region=US

		62		Sm		99.90%		10g		$80.00		$8.00		http://www.sigmaaldrich.com/catalog/product/aldrich/263184?lang=en&region=US

		58		Ce		99.90%		50g		$420.50		$8.41		http://www.sigmaaldrich.com/catalog/product/aldrich/461210?lang=en&region=US

		40		Zr		99.50%		5g		$45.30		$9.06		http://www.sigmaaldrich.com/catalog/product/aldrich/756385?lang=en&region=US

		64		Gd		99.90%		10g		$98.40		$9.84		http://www.sigmaaldrich.com/catalog/product/aldrich/261114?lang=en&region=US

		66		Dy		99.90%		10g		$98.40		$9.84		http://www.sigmaaldrich.com/catalog/product/aldrich/261076?lang=en&region=US

		68		Er		99.90%		10g		$98.70		$9.87		http://www.sigmaaldrich.com/catalog/product/aldrich/261084?lang=en&region=US

		39		Y		99.90%		50g		$625.00		$12.50		http://www.sigmaaldrich.com/catalog/product/aldrich/261319?lang=en&region=US

		32		Ge		100.00%		50g		$690.00		$13.80		http://www.sigmaaldrich.com/catalog/product/aldrich/263230?lang=en&region=US

		5		B		99.70%		25g		$383.00		$15.32		http://www.sigmaaldrich.com/catalog/product/aldrich/266620?lang=en&region=US

		70		Yb		99.90%		5g		$109.00		$21.80		http://www.sigmaaldrich.com/catalog/product/aldrich/261300?lang=en&region=US

		67		Ho		99.90%		5g		$111.50		$22.30		http://www.sigmaaldrich.com/catalog/product/aldrich/457957?lang=en&region=US

		15		P		99.99%		5g		$121.00		$24.20		http://www.sigmaaldrich.com/catalog/product/aldrich/343242?lang=en&region=US

		56		Ba		99.90%		25g		$756.00		$30.24		http://www.sigmaaldrich.com/catalog/product/aldrich/441880?lang=en&region=US

		20		Ca		99.90%		5g		$164.50		$32.90		http://www.sigmaaldrich.com/catalog/product/aldrich/596566?lang=en&region=US

		75		Re		99.90%		25g		$1,220.00		$48.80		http://www.sigmaaldrich.com/catalog/product/aldrich/267279?lang=en&region=US

		65		Tb		99.90%		5g		$307.50		$61.50		http://www.sigmaaldrich.com/catalog/product/aldrich/263206?lang=en&region=US

		38		Sr		99.90%		25g		$2,205.00		$88.20		http://www.sigmaaldrich.com/catalog/product/aldrich/460346?lang=en&region=US

		46		Pd		99.90%		5g		$511.00		$102.20		http://www.sigmaaldrich.com/catalog/product/aldrich/464651?lang=en&region=US

		44		Ru		99.90%		5g		$515.00		$103.00		http://www.sigmaaldrich.com/catalog/product/aldrich/209694?lang=en&region=US

		78		Pt		99.90%		5g		$810.00		$162.00		http://www.sigmaaldrich.com/catalog/product/aldrich/327476?lang=en&region=US

		79		Au		99.90%		5g		$815.00		$163.00		http://www.sigmaaldrich.com/catalog/product/aldrich/326585?lang=en&region=US

		69		Tm		99.90%		1g		$191.50		$191.50		http://www.sigmaaldrich.com/catalog/product/aldrich/262978?lang=en&region=US

		76		Os		99.90%		1g		$203.00		$203.00		http://www.sigmaaldrich.com/catalog/product/aldrich/263257?lang=en&region=US

		71		Lu		99.90%		1g		$216.00		$216.00		http://www.sigmaaldrich.com/catalog/product/aldrich/261149?lang=en&region=US

		63		Eu		99.90%		1g		$253.50		$253.50		http://www.sigmaaldrich.com/catalog/product/aldrich/261092?lang=en&region=US

		77		Ir		99.90%		500mg		$132.00		$264.00		http://www.sigmaaldrich.com/catalog/product/aldrich/209686?lang=en&region=US

		21		Sc		99.90%		1g		$282.50		$282.50		http://www.sigmaaldrich.com/catalog/product/aldrich/261246?lang=en&region=US

		45		Rh		99.95%		1g		$491.50		$491.50		http://www.sigmaaldrich.com/catalog/product/aldrich/204218?lang=en&region=US

		4		Be		toxic						$9,999.00		http://www.nature.com/nchem/journal/v3/n5/full/nchem.1033.html														http://www.ncbi.nlm.nih.gov/pmc/articles/PMC1569745/

		33		As		100.00%		5g		$82.50		$9,999.00		http://www.sigmaaldrich.com/catalog/product/aldrich/202657?lang=en&region=US																http://cfpub.epa.gov/ncea/iris/index.cfm?fuseaction=iris.showQuickView&substance_nmbr=0278

		43		Tc		artificial metal						$9,999.00

		48		Cd		toxic						$9,999.00		http://cfpub.epa.gov/ncea/iris/index.cfm?fuseaction=iris.showQuickView&substance_nmbr=0141

		61		Pm		radioactive						$9,999.00

		80		Hg		toxic						$9,999.00		http://www.epa.gov/mercury/regs.htm#toxics

		81		Tl		99.99%		100g		$698.00		$9,999.00		http://www.sigmaaldrich.com/catalog/product/aldrich/277932?lang=en&region=US																http://www.epa.gov/safewater/pdfs/factsheets/ioc/thallium.pdf

		82		Pb		toxic						$9,999.00		http://www2.epa.gov/lead/learn-about-lead#exposed

		List of toxic chemicals

		http://cfpub.epa.gov/ncea/iris/index.cfm?fuseaction=iris.showSubstanceList&list_type=alpha&view=T



Price below $4/gm



Al	Mg	Fe	Zn	I	Sn	W	Ni	Bi	Mo	Co	S	Si	Cr	Cu	Li	Mn	Ti	Hf	Ta	Ag	0.14349999999999999	0.154	0.17299999999999999	0.185	0.23624999999999999	0.27600000000000002	0.34699999999999998	0.437	0.52600000000000002	0.57700000000000007	0.63600000000000001	0.85399999999999998	1.1120000000000001	1.33	1.33	1.6240000000000001	2.0299999999999998	3.7949999999999999	3.97	3.97	3.98	





Price $4/gm to $35/gm



Ag	In	Te	Nb	Se	Pr 	V	Ga	La	Nd	Sb	Sm	Ce	Zr	Gd	Dy	Er	Y	Ge	B	Yb	Ho	P	Ba	Ca	3.98	4.1100000000000003	4.16	4.1900000000000004	5.27	6.13	6.24	7.22	7.42	7.62	8	8	8.41	9.0599999999999987	9.84	9.84	9.870000000000001	12.5	13.8	15.32	21.8	22.3	24.2	30.24	32.9	





$35/gm to $500/gm



Ca	Re	Tb	Sr	Pd	Ru	Pt	Au	Tm	Os	Lu	Eu	Ir	Sc	Rh	32.9	48.8	61.5	88.2	102.2	103	162	163	191.5	203	216	253.5	264	282.5	491.5	







Sheet2

		LUGSCHEIDER et. al., WELDING RESEARCH SUPPLEMENT I 319-s, 1978

		WJ_1978_10_s319 + Ni-Cr-Si-P

				Temperature deg C				Suggested

		Nominal composition wt %		Solidus		Liquidus		Brazing Temp

		21.5 Cr, 11.6 Si, bal Ni		1062		1085		1095

		20.3Cr, 11.5Si, 0.5P, bal. Ni		1044		1060		1095

		19Cr, 10.2Si, bal. Ni		1080		1135		1190

		14Cr, 3B, 4.5Si, 4.5Fe, 0.7C, bal. Ni		977		1038		1175



































Crustal abundance

		http://en.wikipedia.org/wiki/Abundance_of_elements_in_Earth%27s_crust																as of 9th Feb 2015

		http://en.wikipedia.org/wiki/Abundances_of_the_elements_(data_page)

		Sl #		Z		Element		Symbol		Lithosphere abundance[1]		Relative proportion (ppm)[2]		Crustal abundance (ppm)[3]		Crustal abundance (ppm)[4]		Crustal abundance (ppm)[5]		Production (2012, tonnes)[6]

		1		8		oxygen		O		460,000		474,000		460,000		467,100		461,000

		2		14		silicon [A]		Si		277,200		277,100		270,000		276,900		282,000		7,600,000

		3		13		aluminium		Al		81,300		82,000		82,000		80,700		82,300		44,900,000

		4		26		iron		Fe		50,000		41,000		63,000		50,500		56,300		1,100,000,000

		5		20		calcium		Ca		36,300		41,000		50,000		36,500		41,500

		6		11		sodium		Na		28,300		23,000		23,000		27,500		23,600		280,000,000

		7		19		potassium		K		25,900		21,000		15,000		25,800		20,900		34,000

		8		12		magnesium		Mg		20,900		23,000		29,000		20,800		23,300		750,000

		9		22		titanium		Ti		4,400		5,600		6,600		6,200		5,600		6,500,000

		10		1		hydrogen		H		1,400				1,500		1,400		1,400

		11		15		phosphorus		P		1,200		1,000		1,000		1,300		1,050

		12		25		manganese		Mn		1,000		950		1,100		900		950		16,000,000

		13		9		fluorine		F		800		950		540		290		585

		14		56		barium		Ba		500		340				500		425

		15		6		carbon		C		300		480		1,800		940		200

		16		38		strontium		Sr				370		360				370		380,000

		17		16		sulfur		S		500		260		420		520		350		70,000,000

		18		40		zirconium		Zr				190		130		250		165		1,420,000

		19		74		tungsten		W				160.6		1.1				1.25		73,000

		20		23		vanadium		V		100		160		190				120		63,000

		21		17		chlorine		Cl		500		130		170		450		145		280,000,000

		22		24		chromium		Cr		100		100		140		350		102		7,890,000

		23		37		rubidium		Rb		300		90		60				90

		24		28		nickel		Ni				80		90		190		84		2,100,000

		25		30		zinc		Zn				75		79				70		13,000,000

		26		29		copper		Cu		100		50		68				60		17,000,000

		27		58		cerium		Ce				68		60				66.5

		28		60		neodymium		Nd				38		33				41.5

		29		57		lanthanum		La				32		34				39

		30		39		yttrium		Y				30		29				33		8,900

		31		7		nitrogen		N		50		25		20				19		137,000,000

		32		27		cobalt		Co				20		30				25		110,000

		33		3		lithium		Li				20		17				20		37,000

		34		41		niobium		Nb				20		17				20		69,000

		35		31		gallium		Ga				18		19				19

		36		21		scandium		Sc				16		26				22

		37		82		lead		Pb				14		10				14		5,200,000

		38		62		samarium		Sm				7.9		6				7.05

		39		90		thorium		Th				12		6				9.6

		40		59		praseodymium		Pr				9.5		8.7				9.2

		41		5		boron		B				950		8.7				10		4,600,000

		42		64		gadolinium		Gd				7.7		5.2				6.2

		43		66		dysprosium		Dy				6		6.2				5.2

		44		72		hafnium		Hf				5.3		3.3				3

		45		68		erbium		Er				3.8		3				3.5

		46		70		ytterbium		Yb				3.3		2.8				3.2

		47		55		caesium		Cs				3		1.9				3

		48		4		beryllium		Be				2.6		1.9				2.8		230

		49		50		tin		Sn		0		2.2		2.2				2.3		230,000

		50		63		europium		Eu				2.1		1.8				2

		51		92		uranium		U				0		1.8				2.7		66,512

		52		73		tantalum		Ta				2		1.7				2		765

		53		32		germanium		Ge				1.8		1.4				1.5		128

		54		42		molybdenum		Mo				1.5		1.1				1.2		250,000

		55		33		arsenic		As				1.5		2.1				1.8		44,000

		56		67		holmium		Ho				1.4		1.2				1.3

		57		65		terbium		Tb				1.1		0.94				1.2

		58		69		thulium		Tm				0.48		0.45				0.52

		59		35		bromine		Br				0.37		3				2.4		580,000

		60		81		thallium		Tl				0.6		0.53				0.85		10

		61		71		lutetium[7]		Lu										0.5

		62		51		antimony		Sb				0.2		0.2				0.2		180,000

		63		53		iodine		I				0.14		0.49				0.45		28,000

		64		48		cadmium		Cd				0.11		0.15				0.15		23,000

		65		47		silver		Ag				0.07		0.08				0.075		24,000

		66		80		mercury		Hg				0.05		0.067				0.085		1,600

		67		34		selenium		Se				0.05		0.05				0.05		2,000

		68		49		indium		In				0.049		0.16				0.25		670

		69		83		bismuth		Bi				0.048		0.025				0.0085		7,400

		70		52		tellurium		Te				0.005		0.001				0.001

		71		78		platinum		Pt				0.003		0.0037				0.005		179

		72		79		gold		Au				0.0011		0.0031				0.004		2,700

		73		44		ruthenium		Ru				0.001		0.001				0.001

		74		46		palladium		Pd				0.0006		0.0063				0.015		200

		75		75		rhenium		Re				0.0004		0.0026				0.0007		52

		76		77		iridium		Ir				0.0003		0.0004				0.001

		77		45		rhodium		Rh				0.0002		0.0007				0.001

		78		76		osmium		Os				0.0001		0.0018				0.0015





Elements

		http://en.wikipedia.org/wiki/List_of_elements

																								Paulin g

														amu		g/cc		K		K		J/kg-K		Scale		abundance

		Z		Symbol		Element		Origin of name		Group		Period		At wt		Density		Melt		Boil		Heat		Negativity		mg/kg

		1		H		Hydrogen		composed of the Greek elements hydro- and -gen meaning 'water-forming'		1		1		1.0082 3 4 9		0.00008988		14.01		20.28		14.304		2.2		1400

		2		He		Helium		the Greek helios, 'sun'		18		1		4.002602(2)2 4		0.0001785		0.956		4.22		5.193		–		0.008

		3		Li		Lithium		the Greek lithos, 'stone'		1		2		6.942 3 4 5 9		0.534		453.69		1560		3.582		0.98		20

		4		Be		Beryllium		beryl, a mineral		2		2		9.012182(3)		1.85		1560		2742		1.825		1.57		2.8

		5		B		Boron		borax, a mineral		13		2		10.812 3 4 9		2.34		2349		4200		1.026		2.04		10

		6		C		Carbon		the Latin carbo, 'charcoal'		14		2		12.0112 4 9		2.267		3800		4300		0.709		2.55		200

		7		N		Nitrogen		the Greek nitron and '-gen' meaning 'niter-forming'		15		2		14.0072 4 9		0.0012506		63.15		77.36		1.04		3.04		19

		8		O		Oxygen		from the Greek oxy-, 'sharp', and -gen, meaning 'acid-forming'		16		2		15.9992 4 9		0.001429		54.36		90.2		0.918		3.44		461000

		9		F		Fluorine		the Latin fluere, 'to flow'		17		2		18.9984032(5)		0.001696		53.53		85.03		0.824		3.98		585

		10		Ne		Neon		the Greek neos, meaning 'new'		18		2		20.1797(6)2 3		0.0008999		24.56		27.07		1.03		–		0.005

		11		Na		Sodium		the English word soda (natrium in Latin)[3]		1		3		22.98976928(2)		0.971		370.87		1156		1.228		0.93		23600

		12		Mg		Magnesium		Magnesia, a district of Eastern Thessaly in Greece		2		3		24.3059		1.738		923		1363		1.023		1.31		23300

		13		Al		Aluminium		from alumina, a compound (originally aluminum)		13		3		26.9815386(8)		2.698		933.47[4]		2792		0.897		1.61		82300

		14		Si		Silicon		from the Latin silex, 'flint' (originally silicium)		14		3		28.0854 9		2.3296		1687		3538		0.705		1.9		282000

		15		P		Phosphorus		the Greek phoosphoros, 'carrying light'		15		3		30.973762(2)		1.82		317.3		550		0.769		2.19		1050

		16		S		Sulfur		Latin sulphur, 'sulfur'		16		3		32.062 4 9		2.067		388.36		717.87		0.71		2.58		350

		17		Cl		Chlorine		the Greek chloros, 'greenish yellow'		17		3		35.452 3 4 9		0.003214		171.6		239.11		0.479		3.16		145

		18		Ar		Argon		the Greek argos, 'idle'		18		3		39.948(1)2 4		0.0017837		83.8		87.3		0.52		–		3.5

		19		K		Potassium		New Latin potassa, 'potash' (kalium in Latin)[3]		1		4		39.0983(1)		0.862		336.53		1032		0.757		0.82		20900

		20		Ca		Calcium		the Latin calx, 'lime'		2		4		40.078(4)2		1.54		1115		1757		0.647		1		41500

		21		Sc		Scandium		Scandia, the Latin name for Scandinavia		3		4		44.955912(6)		2.989		1814		3109		0.568		1.36		22

		22		Ti		Titanium		Titans, the sons of the Earth goddess of Greek mythology		4		4		47.867(1)		4.54		1941		3560		0.523		1.54		5650

		23		V		Vanadium		Vanadis, an old Norse name for the Scandinavian goddess Freyja		5		4		50.9415(1)		6.11		2183		3680		0.489		1.63		120

		24		Cr		Chromium		the Greek chroma, 'color'		6		4		51.9961(6)		7.15		2180		2944		0.449		1.66		102

		25		Mn		Manganese		corrupted from magnesia negra, see Magnesium		7		4		54.938045(5)		7.44		1519		2334		0.479		1.55		950

		26		Fe		Iron		English word (ferrum in Latin)		8		4		55.845(2)		7.874		1811		3134		0.449		1.83		56300

		27		Co		Cobalt		the German word Kobold, 'goblin'		9		4		58.933195(5)		8.86		1768		3200		0.421		1.88		25

		28		Ni		Nickel		from Swedish kopparnickel, containing the German word Nickel, 'goblin'		10		4		58.6934(4)		8.912		1728		3186		0.444		1.91		84

		29		Cu		Copper		English word (Latin cuprum)		11		4		63.546(3)4		8.96		1357.77[4]		2835		0.385		1.9		60

		30		Zn		Zinc		the German Zink		12		4		65.38(2)		7.134		692.88		1180		0.388		1.65		70

		31		Ga		Gallium		Gallia, the Latin name for France		13		4		69.723(1)		5.907		302.9146		2477		0.371		1.81		19

		32		Ge		Germanium		Germania, the Latin name for Germany		14		4		72.630(8)		5.323		1211.4		3106		0.32		2.01		1.5

		33		As		Arsenic		English word (Latin arsenicum)		15		4		74.92160(2)		5.776		1090 7		887		0.329		2.18		1.8

		34		Se		Selenium		the Greek selene, 'moon'		16		4		78.96(3)4		4.809		453		958		0.321		2.55		0.05

		35		Br		Bromine		the Greek bromos, 'stench'		17		4		79.9049		3.122		265.8		332		0.474		2.96		2.4

		36		Kr		Krypton		the Greek kryptos, 'hidden'		18		4		83.798(2)2 3		0.003733		115.79		119.93		0.248		3		1×10−4

		37		Rb		Rubidium		the Latin rubidus, 'deep red'		1		5		85.4678(3)2		1.532		312.46		961		0.363		0.82		90

		38		Sr		Strontium		Strontian, a small town in Scotland		2		5		87.62(1)2 4		2.64		1050		1655		0.301		0.95		370

		39		Y		Yttrium		Ytterby, Sweden		3		5		88.90585(2)		4.469		1799		3609		0.298		1.22		33

		40		Zr		Zirconium		German Zirkoon, 'jargoon'		4		5		91.224(2)2		6.506		2128		4682		0.278		1.33		165

		41		Nb		Niobium		Niobe, daughter of king Tantalus from Greek mythology		5		5		92.90638(2)		8.57		2750		5017		0.265		1.6		20

		42		Mo		Molybdenum		the Greek molybdos meaning 'lead'		6		5		95.96(2)2		10.22		2896		4912		0.251		2.16		1.2

		43		Tc		Technetium		the Greek tekhnètos meaning 'artificial'		7		5		[98]1		11.5		2430		4538		–		1.9		~ 3×10−9

		44		Ru		Ruthenium		Ruthenia, the New Latin name for Russia		8		5		101.07(2)2		12.37		2607		4423		0.238		2.2		0.001

		45		Rh		Rhodium		the Greek rhodos, meaning 'rose coloured'		9		5		102.90550(2)		12.41		2237		3968		0.243		2.28		0.001

		46		Pd		Palladium		the then recently discovered asteroid Pallas, considered a planet at the time		10		5		106.42(1)2		12.02		1828.05		3236		0.244		2.2		0.015

		47		Ag		Silver		English word (argentum in Latin)[3]		11		5		107.8682(2)2		10.501		1234.93[4]		2435		0.235		1.93		0.075

		48		Cd		Cadmium		the New Latin cadmia, from King Kadmos		12		5		112.411(8)2		8.69		594.22		1040		0.232		1.69		0.159

		49		In		Indium		indigo		13		5		114.818(1)		7.31		429.75		2345		0.233		1.78		0.25

		50		Sn		Tin		English word (stannum in Latin)		14		5		118.710(7)2		7.287		505.08		2875		0.228		1.96		2.3

		51		Sb		Antimony		composed from the Greek anti, 'against', and monos, 'alone' (stibium in Latin)		15		5		121.760(1)2		6.685		903.78		1860		0.207		2.05		0.2

		52		Te		Tellurium		Latin tellus, 'earth'		16		5		127.60(3)2		6.232		722.66		1261		0.202		2.1		0.001

		53		I		Iodine		French iode (after the Greek ioeides, 'violet')		17		5		126.90447(3)		4.93		386.85		457.4		0.214		2.66		0.45

		54		Xe		Xenon		the Greek xenos, 'strange'		18		5		131.293(6)2 3		0.005887		161.4		165.03		0.158		2.6		3×10−5

		55		Cs		Caesium		the Latin caesius, 'sky blue'		1		6		132.9054519(2)		1.873		301.59		944		0.242		0.79		3

		56		Ba		Barium		the Greek barys, 'heavy'		2		6		137.327(7)		3.594		1000		2170		0.204		0.89		425

		57		La		Lanthanum		the Greek lanthanein, 'to lie hidden'				6		138.90547(7)2		6.145		1193		3737		0.195		1.1		39

		58		Ce		Cerium		the then recently discovered asteroid Ceres, considered a planet at the time				6		140.116(1)2		6.77		1068		3716		0.192		1.12		66.5

		59		Pr		Praseodymium		the Greek praseios didymos meaning 'green twin'				6		140.90765(2)		6.773		1208		3793		0.193		1.13		9.2

		60		Nd		Neodymium		the Greek neos didymos meaning 'new twin'				6		144.242(3)2		7.007		1297		3347		0.19		1.14		41.5

		61		Pm		Promethium		Prometheus of Greek mythology who stole fire from the Gods and gave it to humans				6		[145]1		7.26		1315		3273		–		1.13		2×10−19

		62		Sm		Samarium		Samarskite, the name of the mineral from which it was first isolated				6		150.36(2)2		7.52		1345		2067		0.197		1.17		7.05

		63		Eu		Europium		Europe				6		151.964(1)2		5.243		1099		1802		0.182		1.2		2

		64		Gd		Gadolinium		Johan Gadolin, chemist, physicist and mineralogist				6		157.25(3)2		7.895		1585		3546		0.236		1.2		6.2

		65		Tb		Terbium		Ytterby, Sweden				6		158.92535(2)		8.229		1629		3503		0.182		1.2		1.2

		66		Dy		Dysprosium		the Greek dysprositos, 'hard to get'				6		162.500(1)2		8.55		1680		2840		0.17		1.22		5.2

		67		Ho		Holmium		Holmia, the New Latin name for Stockholm				6		164.93032(2)		8.795		1734		2993		0.165		1.23		1.3

		68		Er		Erbium		Ytterby, Sweden				6		167.259(3)2		9.066		1802		3141		0.168		1.24		3.5

		69		Tm		Thulium		Thule, the ancient name for Scandinavia				6		168.93421(2)		9.321		1818		2223		0.16		1.25		0.52

		70		Yb		Ytterbium		Ytterby, Sweden				6		173.054(5)2		6.965		1097		1469		0.155		1.1		3.2

		71		Lu		Lutetium		Lutetia, the Latin name for Paris		3		6		174.9668(1)2		9.84		1925		3675		0.154		1.27		0.8

		72		Hf		Hafnium		Hafnia, the New Latin name for Copenhagen		4		6		178.49(2)		13.31		2506		4876		0.144		1.3		3

		73		Ta		Tantalum		King Tantalus, father of Niobe from Greek mythology		5		6		180.94788(2)		16.654		3290		5731		0.14		1.5		2

		74		W		Tungsten		the Swedish tung sten, 'heavy stone' (W is wolfram, the old name of the tungsten mineral wolframite)[3]		6		6		183.84(1)		19.25		3695		5828		0.132		2.36		1.3

		75		Re		Rhenium		Rhenus, the Latin name for the river Rhine		7		6		186.207(1)		21.02		3459		5869		0.137		1.9		7×10−4

		76		Os		Osmium		the Greek osmè, meaning 'smell'		8		6		190.23(3)2		22.61		3306		5285		0.13		2.2		0.002

		77		Ir		Iridium		Iris, the Greek goddess of the rainbow		9		6		192.217(3)		22.56		2719		4701		0.131		2.2		0.001

		78		Pt		Platinum		the Spanish platina, meaning 'little silver'		10		6		195.084(9)		21.46		2041.4[4]		4098		0.133		2.28		0.005

		79		Au		Gold		English word (aurum in Latin)		11		6		196.966569(4)		19.282		1337.33[4]		3129		0.129		2.54		0.004

		80		Hg		Mercury		the New Latin name mercurius, named after the Roman god (Hg from former name hydrargyrum, from Greek hydr-, 'water', and argyros, 'silver')		12		6		200.592(3)		13.5336		234.43		629.88		0.14		2		0.085

		81		Tl		Thallium		the Greek thallos, 'green twig'		13		6		204.389		11.85		577		1746		0.129		1.62		0.85

		82		Pb		Lead		English word (plumbum in Latin)[3]		14		6		207.2(1)2 4		11.342		600.61		2022		0.129		1.87		14

		83		Bi		Bismuth		German word, now obsolete		15		6		208.98040(1)1		9.807		544.7		1837		0.122		2.02		0.009

		84		Po		Polonium		Polonia, the New Latin name for Poland		16		6		[209]1		9.32		527		1235		–		2		2×10−10

		85		At		Astatine		the Greek astatos, 'unstable'		17		6		[210]1		7		575		610		–		2.2		3×10−20

		86		Rn		Radon		From radium, as it was first detected as an emission from radium during radioactive decay		18		6		[222]1		0.00973		202		211.3		0.094		2.2		4×10−13

		87		Fr		Francium		Francia, the New Latin name for France		1		7		[223]1		1.87		300		950		–		0.7		~ 1×10−18

		88		Ra		Radium		the Latin radius, 'ray'		2		7		[226]1		5.5		973		2010		0.094		0.9		9×10−9

		89		Ac		Actinium		the Greek aktis, 'ray'				7		[227]1		10.07		1323		3471		0.12		1.1		5.5×10−10

		90		Th		Thorium		Thor, the Scandinavian god of thunder				7		232.03806(2)1 2		11.72		2115		5061		0.113		1.3		9.6

		91		Pa		Protactinium		the Greek protos, 'first', and actinium, which is produced through the radioactive decay of protactinium				7		231.03588(2)1		15.37		1841		4300		–		1.5		1.4×10−6

		92		U		Uranium		Uranus, the seventh planet in the Solar System				7		238.02891(3)1		18.95		1405.3		4404		0.116		1.38		2.7

		93		Np		Neptunium		Neptune, the eighth planet in the Solar System				7		[237]1		20.45		917		4273		–		1.36		≤ 3×10−12

		94		Pu		Plutonium		Pluto, a dwarf planet in the Solar System				7		[244]1		19.84		912.5		3501		–		1.28		≤ 3×10−11

		95		Am		Americium		America, as the element was first synthesized in the USA				7		[243]1		13.69		1449		2880		–		1.13		~ 3×10−33

		96		Cm		Curium		Pierre Curie, a physicist, and Marie Curie, a physicist and chemist				7		[247]1		13.51		1613		3383		–		1.28		~ 2×10−32

		97		Bk		Berkelium		Berkeley, California, where the element was first synthesized				7		[247]1		14.79		1259		2900		–		1.3		~ 0

		98		Cf		Californium		California, where the element was first synthesized				7		[251]1		15.1		1173		(1743)11		–		1.3		~ 0

		99		Es		Einsteinium		Albert Einstein, physicist				7		[252]1		8.84		1133		(1269)11		–		1.3		0 8

		100		Fm		Fermium		Enrico Fermi, physicist				7		[257]1		–		(1125)11		–		–		1.3		0 8

		101		Md		Mendelevium		Dmitri Mendeleyev, chemist and inventor				7		[258]1		–		(1100)11		–		–		1.3		0 8

		102		No		Nobelium		Alfred Nobel, chemist, engineer, innovator, and armaments manufacturer				7		[259]1		–		(1100)11		–		–		1.3		0 8

		103		Lr		Lawrencium		Ernest O. Lawrence, physicist		3		7		[266]1		–		(1900)11		–		–		1.3		0 8

		104		Rf		Rutherfordium		Ernest Rutherford, chemist and physicist		4		7		[267]1		(23.2)11		(2400)11		(5800)11		–		–		0 8

		105		Db		Dubnium		Dubna, Russia		5		7		[268]1		(29.3)11		–		–		–		–		0 8

		106		Sg		Seaborgium		Glenn T. Seaborg, scientist		6		7		[269]1		(35.0)11		–		–		–		–		0 8

		107		Bh		Bohrium		Niels Bohr, physicist		7		7		[270]1		(37.1)11		–		–		–		–		0 8

		108		Hs		Hassium		Hesse, Germany, where the element was first synthesized		8		7		[269]1		(40.7)11		–		–		–		–		0 8

		109		Mt		Meitnerium		Lise Meitner, physicist		9		7		[278]1		(37.4)11		–		–		–		–		0 8

		110		Ds		Darmstadtium		Darmstadt, Germany, where the element was first synthesized		10		7		[281]1		(34.8)11		–		–		–		–		0 8

		111		Rg		Roentgenium		Wilhelm Conrad Röntgen, physicist		11		7		[281]1		(28.7)11		–		–		–		–		0 8

		112		Cn		Copernicium		Nicolaus Copernicus, astronomer		12		7		[285]1		(23.7)11		–		357 12		–		–		0 8

		113		Uut		Ununtrium		IUPAC systematic element name		13		7		[286]1		(16)11		(700)11		(1400)11		–		–		0 8

		114		Fl		Flerovium		Georgy Flyorov, physicist		14		7		[289]1		(14)11		(340)11		(420)11		–		–		0 8

		115		Uup		Ununpentium		IUPAC systematic element name		15		7		[289]1		(13.5)11		(700)11		(1400)11		–		–		0 8

		116		Lv		Livermorium		Lawrence Livermore National Laboratory (in Livermore, California) which collaborated with JINR on its synthesis		16		7		[293]1		(12.9)11		(708.5)11		(1085)11		–		–		0 8

		117		Uus		Ununseptium		IUPAC systematic element name		17		7		[294]1		(7.2)11		(673)11		(823)11		–		–		0 8

		118		Uuo		Ununoctium		IUPAC systematic element name		18		7		[294]1		(5.0)11 13		(258)11		(263)11		–		–		0 8
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Promising systems to pursue
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Ta-Ni-Si An Oxidation Resistance Superior to BNi2
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Conclusion and Accomplishments

o Systematic computational evaluation of all ternary combinations of
acceptable elements in the periodic table identified some surprising
alloys that melt between 900 and 1000°C , such as those containing
refractory metals such as Nb and Ta (Tm for Nb = 2469°C, Tm for Ta
=3020°C)

e A new, computationally identified Ta-Ni-Si alloy was shown to have
oxidation resistance superior to that BNi2 (one of the most oxidation
resistant commercially available Ni superalloys).

« The Ellingham diagrams proved to be a reliable guide for identifying
surface-forming oxides.

On going

o 25x25 combinations have been tested, more alloys systems and
compositions will be tested. 29
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Braze Alloy Design Criteria and Evaluation Methods
Design Target . . 97.5A¢g-2.5Cu0O
Parameter Values e Values
Liquidus 900°C So the braze 1s solid during 912°C
Temperature| < T, < SOFC operation & does not
. alter the microstructure of
(T,) 1015°C previously made layers
Linear . K To prevent surface oxide =21 ppm/K [12]
Coefficient of] __PPIVIS | spallation. 25-750°C YSZ o
Th 1 <25-750°C CTE=9 K11 Non-passivating,
crma CTE< - bpm L] spallation-prone
Expansion 16 ppm/K 25-750°C 441 Steel CuO forms on the
(CTE) CTE=12ppm/K [11]. surface in air [13]
So the braze can withstand Sufficient [18]
Ductility >3% YSZ-441 thermal ’
: ) but unknown
expansion mismatch stress
To ensure that ’
Vapor 750°C Vapor volatilization does not Ag 750 C Vap Oi
Pressure Pressure in Air =
Pressure | 14108 torr | degrade the braze or the 1107 torr [19]
protective oxide |
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Braze Interface Design Criteria and Evaluation Methods

Design Target . . 97.5Ag-2.5CuO
Parameter Values caon Values
Wetting 0° To ensure that the braze | 45°/14]. Causes
Anele (8 <6< spreads through the joint | 7ype I pores to
ngle (6) 30° during manufacturing | form in the braze
Metallurgical oo - To promote good, active
Bonding with imterditusion |y azing with the ALOs | CuALO4[15] or
forma%[)i on coating on the ferritic CuAlO; [14]
ALOs stainless steel
Metallurgical | 1 terdiffusion . |Interdiffusion or
Bonding with| or new phase Tg promote good, active a Y-Cu-O phase
Sy formation razing with the YSZ 16, 17)
Braze Joint | o > 120 So the braze can
St h MP accommodate YSZ-441 220 MPa [14]
rength (03) a CTE mismatch stress
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Design

Target

97.5A¢g-2.5Cu0O

Parameter Values e Values
Ag stable above
Alloy 0p,< 1x10°® If no surface oxide forms, | 160°C in air [20]
Oxygen and S/em the braze should have a low »
Hydrogen oxygen conductivity to | 00, ~2x107 S/cm
Conductivities O, < 1x10% | prevent Type Il pores. at 750°C [§]
(UOz’ gHz) S/ecm promoting Type
[l pores [10].
Braze Oxide " ; o
8 a surface oxide forms,
Oxygen and ko, < 1x10 the oxide should have a low| Only g reducible
Hydrogen cm/sec oxygen surface exchange | ~, 9 sl is
Surface coefficient to prevent Type
Exchange | k 1, < 1x10°8 | I pores and to ensure a present ibove
Coefficients em/sec ductile metal_ braze core ~150°C
remains.
(kOZJ kHz)
Stability over| Retention of Does not last
40,000 hours | all design | To ensure reliable SOFC past 10,000
of SOFC parameter operation hours of SOFC
Operation | target values operation [18]

e AT EERATY
Braze Oxide Design Criteria and Evaluation Methods
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P = = = Q Q5] Q6] Q7] Q8| Q9 |QI0]|QI1] Q12

roject Timeline
Els s ofedale ST dals 2 oalE s all SET S als S ool el ST do g

Item Item Description gOUZQEEE%S%E-—E.E»QV‘EU£§§§§%§§32§553§§§%§532§

|Task 1.0 Project Management and Planning 36

Phase | Computationally Guided Alloy Composition Search/Design 30

Objective | Identify new brazes with manufacturing-compatible liquidus temperatures 9 tjulr|e

Task 1.1 Compute nickel alloy phase diagrams to identify new eutectic compositions 9

Task 1.2 Compute nickel alloy-oxygen phase diagrams to identify surface oxide layers 9

Task 1.3 Compute alloy-oxygen phase diagrams in other systems 9

Task 1.4 Produce alloy samples 30

Task 1.5 Measure braze liquidus temperatures 6

Objective 2 Identify those Brazes Forming Chemically-stable, CTE-compatible Surface Oxides 6 efr S|tlalblifl]i]t]y

Task 2.1 Produce braze oxide samples 6 als

Task 2.2 Measure braze and braze oxide CTE in air and hydrogen 6 als

Task 2.3 Confirm braze oxide stability in air, hydrogen, and wet hydrogen [ als

* Milestone 1 * Calculate promising nickel alloy-oxygen phase diagrams 1

* Milestone 2 * Calculate other eutectic phase diagrams 1

Decision Point | GO/NO-GO decision on whether to use Ni or an alternative braze base 1

Phase 11 Braze Interface Engineering 15

Objective 3 Produce Brazes with Appropriate Wetting Angles 12

Task 3.1 Measure and promote alloy interface wetting 12

Objective 4 Produce Brazes with Strong Interfacial Bonds, High Joint Strength, Sufficient Ductility 12 tirle[n|g|t]h

Task 4.1 Characterize and identify any interfacial compounds that form during brazing 12

Task 4.2 Compute interface phase formation 15

Task 4.3 Measure braze interface strengths 12

Task 4.4 Measure braze high-temperature ductility 12

Task 4.5 Compute the effect alloy addition on work of adhesion and interface strength 12

* Milestone 3 * Measu.re th? Phy?ica] properties, microstructures, and interface strengths of promising !

alloys identified in Phase 1

* Milestone 4 * Send promising , high-risk samples to Delphi for manufacturing compatibility testing 1

Decision Point 2 GO/MNO-GO decision on new base alloy system or continue with minor alloy additions 1

Phase 111 Oxide Scale Passivation 12

Objective 5 Produce brazes with Low-Vapor Pressure Protective Scales 12 Slclall]e

Task 5.1 Measure pre-oxidized braze weight gains at elevated temperature 6 als

Task 5.2 Measure oxide scale oxygen and hydrogen conductivities 12

Task 5.3 Compute braze system oxygen and hydrogen conductivities 12

Task 5.4 Model oxide scale growth rates 6 hlo|1]a|s

* Milestone 5 * Measure surface scale passivation ability 1

* Milestone 6 * Send promising , low-risk samples to Delphi for manufacturing compatibility testing 1

Phase 1V Braze Performance under Accelerated SOFC Operating Conditions 15

Objective 6 Produce brazes suitable for 40,000 hours of SOFC Operation at 750C 15

Task 6.1 Perform coupon level rapid thermal cycling tests 12

Task 6.2 Preform stack level SOFC electrochemical tests 6

Task 6.3 Perform Failure Analysis and Final Braze Composition Optimization 9 of |

* Milestone 7 *

Identify the specific braze compositions and processing conditions
necessary to produce a reliable SOFC braze




. MICHIGAN STATE UNIVERSITY

Questions?

Thanks for your Attention!
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