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Application Environments

Inorganic Gaseous Mixtures

Organic Gaseous Mixtures

Non-Aqueous Solutions

o Aqueous Solutions
Liquids 1
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Molten Salts
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Materials in Applications: Corrosion Types

» Aqueous Corrosion; Non-Aqueous Corrosion

» Molten Salt Corrosion

» High-Temperature (Gaseous) Corrosion

» Surface Redox Reactions
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Agueous Solution Models & Databases

Thermodynamic models handle EOS & all kinds of thermodynamic
properties for various materials.

Following models are now available in Thermo-Calc:
Component-Energy Model (interaction on up to ten sublattices):
Redlich-Kister polynomials (Muggianu or Kohler extrapolation)
Stoichiometric constraints
Interstitial solution
Chemical ordering
lonic constituents
lonic Two-Sublattice Liquid Model
Associated Solutions
Quasi-chemical Model
Kapoor-Frohberg Cell Model
Magnetic Ordering
CVM (Cluster Variation Methods) for chemical ordering
Birch-Murnagham Model (pressure dependency)
SUPERFLUID fluid & gaseous mixture Databases:
Aqueous Solution Models (DHLL, SIT, HKF & PITZ)  «----> TCAQ2 & AQS2
Flory-Huggins Model for polymers
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Agueous: Various Applications

MSE R&D:

» Hydro-Metallurgical Processes

» Hydrothermal Formation and Separation Processes
» High-/Low-Temperature Corrosion Processes

» Recycling Processes

Other R&D:

» Agueous Chemistry

» Chemical Engineering

» Food, Medicine & Energy Production

» Geochemical Systems (Natural Resources)

» Environmental Protections of Water Resources

» Environmental Impact of Nuclear Fuel Waste

» Environmental Assessment of Industrial Pollution
» ...and many more
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Properties in Aqueous-Involving Systems

Use Thermo-Calc and Databases to Calculate Heterogeneous Equilibria and
Phase/Property Diagrams Involving Agueous Solutions with following outputs:

T Temperature (°C or K)

P Pressure (Pa)

NP Stable Phase (mole/kg of water)
BP Stable Phase (gram/kg of water)
pH Acidity

Eh Electronic Potential (V)

Ah Electronic Affinity (kJ)

pe Electronic Activity (log10ACRe)
1S lonic Strength

™ Total Concentration (in molality)
Aw Activity of Water

Oc Osmotic Coefficient

MF(AQsp) Mole Fractions of Aqueous Species

ML(AQsp) Molalities of Aqueous Species

Al(AQsp) Activities of Aqueous Species

RC(AQsp) Activity Coefficients of Aqueous Species
... and many more ...
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Agueous Corrosion: Pourbaix Diagrams
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Complete Pourbaix Diagrams !

1E-3m Fe in 1 kg of water at 25°C and 1 bar (Gas phase not included!) 1E-3m Fe in 1 kg of water at 25°C and 1 bar (Gas phase included!)
15 | | | | | | 1.5 \ \ \ \ \ \
_In this upper region (high Eh), the aqueous solution phase (Ads)__ _ _ _
1 2_ becomes very oxidizing; if the gaseous mixture phase (Gas) is included, — 1 2 4 O _dom | nated GaS L
' the O,-dominated Gas forms. ' 2
+Hm

0.9 — 0.9- —

0.6 — 0.6 L
g 0.3+ — S 0.3 -
i @ 0 -

— -0.3-

_03 —In this lower region (low Eh and low
pH), the ajieous sehution_phase (Aqs)
becomes very reducing; T
-0.6_ if the gaseous mixture phase (Gas) is — '0 6 -

included, the H,-dominated Gas forms.
-0.9 — -0.9 - H,-dominated Gas -

Fe (BCC) +Fe (BCC)
-1.2 I I I I I | -1.2 | | | | | |
A 0 2 4 6 8 10 12 14 A 0 2 4 6 8 10 12 14
pH pH
“Pourbaix diagram” of Fe (with 0.001 Pourbaix diagram of Fe (with 0.001
mole Fe in 1 kg of pure water at 25°C mole Fe in 1 kg of pure water at 25°C
and 1 bar; gas excluded in the and 1 bar; gas included in the

calculation). calculation).
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Agueous/Gaseous Phase Boundaries

Pure water at 25°C and 1 bar 3mNaCl-0.001mCO,-0.001m SO, aqueous solution at 150°C and 100 bar
15 | | | | 15 | | | | |
1.29 O,-dominated Gas B 1.2 O,-dominated Gas -
0.9+ — 0.9- -
0.6+ — 0.6 B
0.3 Water (AQs) B S 0.3 —
0] H,0 = 2H* + 02 -@ 0 -
H,0 = 2H* + O
-0.31 - -03- L
-0.6 - -06- L
-0.9- H,-dominated Gas - .09 B
-1.2 I I | | | | -1.2 | | | | |
A 0 2 4 6 8 10 12 14 ﬁ 0 2 4 6 8 10 12
pH pH

The pH-Eh diagrams for pure water at 25°C and 1 bar,

and for an 3mNaCl-0.001mCO,-0.001ImSO, aqueous solution at 150°C
and 100 bar.




Pourbaix Diagrams: Simple Systems (1)
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1.5

Pure Fe: under various initial compositions

1E-3m Fe in 1 kg of water at 25°C and 1 bar
\ \ \ \ \ \

1.5

1.2

O,-dominated Gas

1E-6m Fe in 1 kg of water at 25°C and 1 bar
\ \ \ \ \ \

O,-dominated Gas

0.9~ = 0.9- =
0.6 = 0.6 =
2 0.3+ — g 0.3- -
o 0 - @ 0 -
-0.3- = -0.3 - =
-0.6 - = -0.6 - .M =
-0.9- H,-dominated Gas - -0.9 - H,-dominated Gas =
+ Fe (BCC) + Fe (BCC)
-1.2 \ \ \ \ \ \ \ \ \ \ \ \

-1.2
14 A 0

2 4 6 8 10 12 14
pH

Pourbaix diagram of Fe (with 1E-3
mole Fe in 1 kg of pure water) at 25°C
and 1 bar.

Pourbaix diagram of Fe (with 1E-6
mole Fe in 1 kg of pure water) at 25°C
and 1 bar.
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Pourbaix Diagrams: Simple Systems (Il)

Pure Fe: in different agueous solutions

1E-6m Fe in 1 kg of water (with 3m NaCl and 1E-5m SO,)

1E-6m Fe in 1 kg of water at 25°C and 1 bar at ‘2500 anq 1 bar |

1.5 \ \ \ \ \ \ 1.5 \ \ \

1.2- O,-dominated Gas ~ 1.2 O,-dominated Gas -

+ Hm
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0.6 - - 0.6 - -
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Pourbaix diagram of Fe (with 1E-6 Pourbaix diagram of Fe (with 1E-6
mole Fe in 1 kg of pure water) at 25°C mole Fe in 1 kg of water, 3m NaCl and

and 1 bar. 1E-5m SO,) at 25°C and 1 bar.
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Pourbaix Diagrams: Simple Systems (lIl)

Pure Fe: under different T-P conditions

1E-6m Fe in 1 kg of water (with 3m NaCl and 1E-5m SO,) 1E-6m Fe in 1 kg of water (with 3m NaCl and 1E-5m SO,)
at 25°C and 1 bar at 150°C and 100 bar
1.5 \ \ 1.5 \ \ \
1.2 O,-dominated Gas - 1.2 -

O,-dominated Gas
+Hm

0.6 — 0.6 —
g 0.3+ - g 0.3+ -
g o & of I

-0.3-

<10,
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-0.9 - H,-dominated Gas = -0.9-  H,-dominated Gas N gy |-

+ Fe (BCC) + Fe (BCC)
o 2 4 s 8 1 1 14 0 2 4 6 8 1 1
A " A N
Pourbaix diagram of Fe (with 1E-6 Pourbaix diagram of Fe (with 1E-6
mole Fe in 1 kg of water, 3m NaCl and mole Fe in 1 kg of water, 3m NaCl and

1E-5m SO,) at 25°C and 1 bar. 1E-5m SO,) at 150°C and 100 bar.
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Complex Heterogeneous Interaction Systems

The shape of a Pourbaix diagram of a complex multi-component
alloy and the stability relations of various secondary phases
(oxides, hydroxides, sulfides, sulfates, carbonates, nitrates,
silicates, halides, or other forms) depend upon the following
factors:

» Initial amount and composition of the alloy/solid materials;

» Initial amount and composition of the interacting agueous
solution phase;

» Temperature and pressure conditions;
» Model treatments on various primary phases and secondary
phases: solution or compound
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Complete Pourbaix Diagrams via TC

Thermo-Calc can calculate Pourbaix diagrams and property
diagrams, for various multi-component systems with:

» Complex solution and compound phases (steels/Fe-based alloys,
Ni-/Co-based superalloys, Al-/Mg-/Cu-/Ti-/Zr-based alloys, solder
alloys, hard materials, ceramics, fuel-cell materials,
oxides/hydroxides/sulfides/sulphates/silicates/carbonates/..., etc.),
treated by various thermodynamic models;

» Complex aqueous solutions, treated by SIT, HKF & PITZ models;

» Complex gaseous mixtures, treated by ideal & non-ideal EOS and
mixing models;

» Wide temperature and pressure ranges.



Pourbaix Diagrams: Advantages from TC = ™"

Complex Phases:

Complex Environments:

Multiple Functionality:

Alloy compound/solution phases;
Oxide/Sulfide/Silicate/... solution phases;
Aqueous solution phases;

Gaseous mixture phases.

Very wide P-T ranges;
Concentrated aqueous solutions.

Many types of phase diagrams &
property diagrams



Pourbaix Diagrams: TC vs Others
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Specifications

Thermo-Calc

FACTSage, HSC

Primary phases

Complex alloy solutions (e.g. BCC,
FCC, HCP; Sigma, Cementite)

Pure metals (e.g. Fe, Cr)

Secondary phases

Complex (solution)
oxides/sulfides/silicates!...

Simple (stoichiometric)
oxides/sulfides/silicatesl...

Gaseous mixtures

Ideal/Non-ideal gas mixtures

Ideal gases

Aqueous solutions

Concentrated solutions

Dilute solutions

Applicable P-T

Wide P-T range (up to 5 kbar & 1000°C)

Room P-T conditions

Calculation Tech

Global Minimization + POLY GEM

Normal GEM or EC

Predominance Area | No Y/N
Property Plots Yes No
User’s Database Yes Y/N
Data Assessments | Yes No
API To be implemented (TQ/TCAPI) No
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Simulations on Corrosions of Steels/Alloys

The following types of calculations can be performed by using the
Thermo-Calc software and selective databases, for investigations of
corrosion processes of various steels/alloys.

» Mapping Calculations of Eh-pH diagrams (i.e., the so-called Pourbaix
diagrams), and various property diagrams which are relevant to
different phase boundaries on a corresponding Eh-pH diagrams;

» Mapping or Stepping Calculations of heterogeneous interactions, by
changing one or two (or more) controlling variables (temperature,
pressure, acidity, electronic potential, salinity, aqueous
concentration, alloy composition, etc.)

A lot of interesting diagrams can be easily calculated and
graphically generated, which can be conveniently edited, refined,
printed and saved.
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Case 1: Corrosion of Stainless Steel

Initial composition of a specific stainless steel (austenite):

Element Composition (wt%) Composition (X)
Fe 68.50 0.687523
Cr 17.00 0.183263
Ni 12.00 0.114608
Mo 2.50 0.014606

Initial composition of interacting agueous solution:
H,SO, 5% (0.537 molality)

Initial temperature and pressure of exposure:
85°C and 1 bar
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Case 1: Corrosion of Stainless Steel

Data Resources:

TCFES TCS Steels/Fe-Alloys (Solutions) Database
Steel/Alloy Phases, Oxide/Sulfide Solutions

ION2 TCS Oxides/Sulfides (Solutions) Database
Oxide/Sulfide/Silicate Solutions

SSuUB4 SGTE Substances (Compounds) Database

Gaseous mixture,
Oxides, Hydroxides, Sulfides, Sulphates,
Halides, complex salts

TCAQ2 TCS Aqueous Solution Database
Aqueous solution (using SIT model)
AQS2 TGG Aqueous Solution Database

Aqueous solution (using HKF model)

Calculations: 1: Pourbaix diagram and property diagrams
Mapping in pH and Eh
2. Property diagrams
Stepping in Eh
3. Property diagrams
Stepping in temperature
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Case 1: Corrosion of Stainless Steel

Calculation 1: Pourbaix Diagram Calculation

Bulk composition:
0.1 g stainless steel (i.e., 0.001784 mole austenite)
1 kg H,0, with [SO,2]=0.537 molality

T-P conditions:
85°C and 1 bar

Mapping variables:
pH and Eh




Case 1: CorrOSIOn Of Stalnless Steel AThermo-CalcSoftware

Calculation 1: Pourbaix Diagram

T=358.15 K, P=1 bar, B(H20)=1000 g, N(H2504)=0.537 m
N(Fe)=1.2266E-3, N(Cr)=3.2695E-4, N(M0)=2.6058E-5, N(Ni)=2.0446E-4

I I I I I I
1.2 9

9:*GAS
1:*CR203
2*HEMATITE

4*FECR204
3:*M0OO02

15:*M002_875
16:*M002_889
17:*MO03

7*PYRITE
12:*NI3S2
13:*NIS

8:*NIS2

5:*M0OS2

A specific phase is
stable on the inner
side of a plotted
phase boundary.

(see more details on the next two slides)
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Case 1: Corrosion of Stainless Steel

Calculation 1: Pourbaix Diagram (enlarged for the low pH range)

T=358.15 K, P=1 bar, B(H20)=1000 g, N(H2504)=0.537 m
N(Fe)=1.2266E-3, N(Cr)=3.2695E-4, N(M0)=2.6058E-5, N(Ni)=2.0446E-4

0.2 | | |2 | |
3 2:*HEMATITE
53 1:*CR203
9 3:*M002
1 , 4*FECR204
0.1 8 ~  5:*MOS2
) 7PYRITE
8:*NIS2
8\ 3 .
1
0 . 2 ) |
12:*NI3S2
13:*NIS
’>‘ 9:*GAS
— 0.1+ 13
e
-0.2
-0.3
-0.4 I I
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Case 1: Corrosion of Stainless Steel

Calculation 1: Pourbaix Diagram (enlarged for the high pH range)

T=358.15 K, P=1 bar, B(H20)=1000 g, N(H2S04)=0.537 m
N(Fe)=1.2266E-3, N(Cr)=3.2695E-4, N(M0)=2.6058E-5, N(Ni)=2.0446E-4

.0.30 . | | | |

1:*CR203
5:*M0OS2
-0.357
2*HEMATITE
7*PYRITE
4*FECR204
8:*NIS2
9:*GAS

-0.40

-0.457

-0.501 — 12:*NI3S2

13:*NIS

-0.557

Eh (V)

-0.60

-0.657

-0.707

-0.757

-0.80

ﬁ 6 7 8 9 10 11 12
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Case 1: Corrosion of Stainless Steel

Calculation 2: Property Diagram Calculation

Bulk composition:
0.1 g stainless steel (i.e., 0.001784 mole austenite)
1 kg H,0O, with [H,SO,]=0.537 molality (i.e., 5Swt%)

T-P conditions:
85°C and 1 bar

Stepping variable:
Eh (from -1.5t0 2.0 V)
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Case 1: Corrosion of Stainless Steel

Calculation 2: Stable Phase Compositions varied with Eh condition

T=358.15 K, P=1 bar, B(H20)=1000 g, N(H2S04)=0.537 m
N(Fe)=1.2266E-3, N(Cr)=3.2695E-4, N(M0)=2.6058E-5, N(Ni)=2.0446E-4

10000 | | | | | |
Aqueous Solution
1000
wn
=
® 100
=) J\
8 Gaseous Mixture
2 10 o | (H20-dominant) 2= B
£ gz g5
o S < S <
= £ = £
® 25 23
5 1 o T o —
S o 50 :
Z . = g= Complex oxide and
‘qé) sulfide solution
14 o ~ phases have all
< Nis2 been suspended
s f Cr203\ from this testing
014 S B calculation.
i MoS2 002 Mo002.889
( ‘X\‘MOOZ.YS }
.001 | | | | | |

ﬁ -1.5 -1.0 -0.5 0 0.5 1.0 1.5 2.0
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Case 1: Corrosion of Stainless Steel

Calculation 2: Major Aqueous Speciation varied with Eh condition:

T=358.15 K, P=1 bar, B(H20)=1000 g, N(H2S04)=0.537 m
N(Fe)=1.2266E-3, N(Cr)=3.2695E-4, N(M0)=2.6058E-5, N(Ni)=2.0446E-4

10 I I I I I I

51

18
1- |
OH- H20 / H+ 2:EH,Y(AQUEOUS,CR+3)

7:EH,Y (AQUEOUS,CROH+2)

1- | 18:EH,Y(AQUEOUS,H+1)
. 51 18

22:EH,Y(AQUEOUS,H2S)
32:EH,Y(AQUEOUS,HS-1)
36:EH,Y(AQUEOUS,HS04-1)
54:EH,Y(AQUEOUS,S203-2)
63:EH,Y(AQUEOUS,S5-2)

.01+

8:EH,Y (AQUEOUS,FE+2)
33:EH,Y(AQUEOUS,HS203-1)

65:EH,Y(AQUEOUS,S02)
29:EH,Y(AQUEOUS HM004-1)
17:EH,Y (AQUEOUS,FESO4+1)
9:EH,Y(AQUEOUS,FE+3)
12:EH,Y (AQUEOUS,FEO+1)
16:EH,Y (AQUEOUS, FEOH+2)
49:EH,Y (AQUEOUS,02)
51:EH,Y(AQUEOUS,0H-1)

A -1.5 -1.0 -0.5 . . : Y 59:EH,Y(AQUEOUS,S3-2)
61:EH,Y(AQUEOUS,S4-2)

1:FH VIANIIENIIK EFN2.1)

Aqueous Speciation / mole-fraction
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Case 1: Corrosion of Stainless Steel

Calculation 2: Ph value varied with Eh condition

T=358.15 K, P=1 bar, B(H20)=1000 g, N(H2S04)=0.537 m
N(Fe)=1.2266E-3, N(Cr)=3.2695E-4, N(M0)=2.6058E-5, N(Ni)=2.0446E-4

20tea | | | | | |

. GAS AQUEOUS CR203 MOS2 NIS2 PYRITE
: GAS AQUEOUS MOS2 NIS2 PYRITE

: AQUEOUS MOS2 NIS2 PYRITE

- AQUEOUS MOS2 PYRITE

: AQUEOUS MOS2

a A~ W N P

21

15 —
7: AQUEOUS M0OO?2

8: AQUEOUS MOO2 MOO2_75
9: AQUEOUS M0OO02_75

12: GAS AQUEOUS M0O0O2_889
13: AQUEOUS CR203 MOS2 NIS2 PYRITE

15: AQUEOUS FECR204 MOS2 NIS2 PYRITE

16: AQUEOUS FECR204 MOS2 PYRITE

17: AQUEOUS FECR204 MAGNETITE MOS2 PYRITE
18: AQUEOUS FECR204 MAGNETITE MOS2

19: AQUEOUS FECR204 MAGNETITE

21: GAS AQUEOUS FECR204
22: GAS AQUEOUS AUSTENITE

w12

ﬁ -1.5 -1.0 -0.5 0 0.5 1.0 1.5 2.0
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Case 1: Corrosion of Stainless Steel

Calculation 3: Property Diagram Calculation

Bulk composition:
0.1 g stainless steel (i.e., 0.001784 mole austenite)
1 kg H,0O, with [H,SO,]=0.537 molality (i.e., 5Swt%)

P condition:
1 bar

Eh condition:
Electronically balanced (Eh=0)

Stepping variable:
Temperature (from 25°C to boiling temperature)
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Case 1: Corrosion of Stainless Steel

Calculation 3: Stable Phase Compositions varied with temperature condition

P=1 bar, B(H20)=1000 g, N(H2S04)=0.537 m
N(Fe)=1.2266E-3, N(Cr)=3.2695E-4, N(M0)=2.6058E-5, N(Ni)=2.0446E-4

10006 | | | | | | |
10004 Agueous Solution B
wn
g 100 -
(@)]
o 104 | -
% Gaseous Mixture
e
o
Q 17 —
< Complex oxide and
N Pyrite sulfide solution
17 - phases have all
NiS2 been suspended
Cr203 from this testing
.01 L )
MoS2 calculation.
.001 | | | | | | |

ﬁ 20 30 40 50 60 70 80 90 100

Temperature (C)




Case 1: Corrosion of Stainless Steel
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Calculation 3: Aqueous Speciation varied with temperature condition: Part 1

P=1 bar, B(H20)=1000 g, N(H2S04)=0.537 m
N(Fe)=1.2266E-3, N(Cr)=3.2695E-4, N(M0)=2.6058E-5, N(Ni)=2.0446E-4

Aqueous Speciation / mole-fraction

10

1_

H20
S0O4-2
HSOA4-
36
22 H2S
18
H+
2 Cr+3

HS- 32 54
$203- 7 CrOH+2

=

I I I
50 60 70

Temperature (C)

I I
80 90

100

2:7-273.15,Y (AQUEOUS,CR+3)
7:7-273.15,Y (AQUEOUS,CROH+2)
18:T-273.15,Y (AQUEOUS, H+1)

22:T-273.15,Y (AQUEOUS,H2S)
32:T-273.15,Y (AQUEOUS,HS-1)
36:T-273.15,Y (AQUEOUS,HS04-1)
54:T-273.15,Y (AQUEOUS,S203-2)
63:T-273.15,Y (AQUEOUS, S5-2)
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Case 1: Corrosion of Stainless Steel

Calculation 3: Aqueous Speciation varied with temperature condition: Part 2

P=1 bar, B(H20)=1000 g, N(H2S04)=0.537 m
N(Fe)=1.2266E-3, N(Cr)=3.2695E-4, N(M0)=2.6058E-5, N(Ni)=2.0446E-4

10°

Agueous Speciation / mole-fraction

10 I I

ﬁ 20 30 40

Temperature (C)
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Case 1: Corrosion of Stainless Steel

Calculation 3: Aqueous Speciation varied with temperature condition: Part 3

P=1 bar, B(H20)=1000 g, N(H2S04)=0.537 m
N(Fe)=1.2266E-3, N(Cr)=3.2695E-4, N(M0)=2.6058E-5, N(Ni)=2.0446E-4

10—18

Aqueous Speciation / mole-fraction

Temperature (C)
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Case 1: Corrosion of Stainless Steel

Calculation 3: Ph value varied with temperature condition

P=1 bar, B(H20)=1000 g, N(H2S04)=0.537 m
N(Fe)=1.2266E-3, N(Cr)=3.2695E-4, N(M0)=2.6058E-5, N(Ni)=2.0446E-4

4.2 I I I I I I I

4.1 —

4.0 —

3.97 —

3.8 —

pH

3.7 . -
3.6+ -
3.5+ -
3.4 -

3.3 —

3.2 I I I I I I I

ﬁ 20 30 40 50 60 70 80 90 100

Temperature (C)
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Case 2: Corrosion of Stainless Steel )
1.4 ' '
A 1:*MN102_S
Ga s+, 2:*FE2NI104_S
8 S H, _
1.2—4\ (H,) * [~ 3*HIMN102_S
& 4:*CU2FE204_S
1.0 [ 5:*CR203_S
| | 7CR2FE104_S
0.8 8:*GAS
9:*FCC_Al
0.6 —
=
\>./ 04— | 12*BCC_A2
c ' 13:*H2MN102_S
L Ags+Cr,04
0.2 Aqs+Cr,Fe0, — 15:*B1H102_S
0—~u15 5 —
\ AQs+Hm+Cr,0,
0.2 Sasg, £20aPe:04 Fe,NIO, MO0 )
' 2)"80 ’4%,«} Ags+Hm+CrjO,+Cu,Fe,0,
(Ogy) CCogyy. - +Fe,MO,[+Fe,NiO,
-0.4 C*M Cl'2peo )
Aqs+FCC+Cr,0, {é‘crepeo .
0.6  Ags+FCC+Cr,Fe0, "4'70(0 ”“Peg,vl.o
~,
AQS+FCCHMUCI,FE0, - pgshpCC+Mt+Cr,FeO,  (OF) !
-0.8 I I
0 5 10 15

pH

Pourbaix diagrams for the heterogeneous interaction systems between 0.001 m of steel [Fe-7.676Cr-
5.0Ni-2.1887Mn-1.0Cu mole%] and 1 kg of water (and with 1.2 m H3BO3, 0.022 m Li and 0.001 m NH3), at
250C and 1 bar. This application is particular useful for safety assessments of nuclear rectors and nuclear
waste repositories.



A
A
/A Thermo-Calc Software

Case 3: Corrosion of Steel

THERMO-CALC: POURBAIX Module Calculatior THERMO-CALC: POURBAIX Module Calculation
le-3mFe+5e-5mCo+5e-5mNi in 1 kg of water (with le-6mS le-3mFe+5e-5mCo+5e-5mNi in 1 kg of water (with 1e-6mS)
1.5 1 I 1 ] ] ] -0.20 | ] ] ] 1 |
at 25C and 1 bar at 25C and 1 bar
1.2 GAS
(Oxidized) .0.25 - »
0.9 1
(7 5]
0.6- 2 -0.30 - . .
0 % Troilite “'q%%
= < 0.35- R
= 0+ =
-0.3 4 -0.40 - -
-0.6 (Rﬁﬁgd}
GAS -0.45 - —
0.9 (Reduced)
'1 2 1 1 I I I 1 '0'50 I ! I I

. 1
@ 0o 2 4 6 8 10 12 1@ 4 5 6 7 8 9 10 1
pH pH

Pourbaix diagram and zoomed part of an Fe-Alloy (consisting of 1E-3 m Fe, 5E-5m
Co and 5E-5 m Ni), interacted with 1 kg of water (with 1E-6 m S) at 25°C and 1 bar.
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Case 3: Corrosion of Steel

THERMO-CALC: POURBAIX Module Calculation THERMO-CALC: POURBAIX Module Calculation
le-3mFe+Se-SmCo+5e-5SmNi in 1 kg of water (with 1e-6mS) le-3mFe+5e-5mCo+5e-5mNi in 1 kg of water (with 1e-6mS)
10° ' ' L . L | 1014 1 1 1 1 | !
at 25C and 1 bar ] at 25C and 1 bar
102 - B
GAS
104 - [ _FCC (CoNi 5 1072 - (Oxidized) -
) % GAS
- (Reduced)
e 107" - B uc . .
O 3 —— —
> 1084 B 10 AQUEOUS FCC (Co-Ni) 3
"5' Hematite \ Troill et
> Pyrite ) roilite a
= 10-10 Pyrrhotite’ - 9
% g 1074 - 7/~ Hematite [
= 10712 - B 3
-14 B Troilite
10 10° - GAS \ 3
16 GAS (Reduced) d \J
107"°  (Oxidized) — Magnetite
101 T T T T T T 106 , I . : T I

2 0 2 4 6 8 10 12 14 @ 0 2 4 6 8 10 12 14
pH pH

Fe*? molality vs. pH and lonic strength vs. pH diagrams for the heterogeneous
Interaction between an Fe-Alloy (consisting of 1E-3 m Fe, 5E-5 m Co and 5E-5 m Ni)
and 1 kg of water (with 1E-6 m S) at 25°C and 1 bar.
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Case 3: Corrosion of Steel

THERMO-CALC: Heterogeneous Interaction -0.52 ’ ' ' ' ' '
. Fe-Co-Wi-H-O-58 5§ em at 1 kbar
Aqueous Solution Properties vs Temperature -0.54 Assembalge: MT:tgnetitte B
le-3mFe+5e-5mCo+5e-5mNi in 1 kg of water (with 1e-6mS) -0.56 — Linnacite =
FICC (Mi-Co-Fe)
10° ! L 1 L L I _TesE T B
= -0.60 - =
3 H2 = -0.62 |
107 - - i
-0.64 | —
OH-
10° - oH: | T T -

Covz ] -0.68 —

10-9 _ H Ni+: — Y— 0.7 — -
NiOH+ Fe+2 -0.72 T T T : : .
N L1 ] S0 10D 150 204D 250 300 350
- 1

10 12 ] . L 1 1
Fe-Co-Ni-H-O-S System at 1 kbar

Fe-Co-MNi-H-O-S System at 1 kbar

Molality of Aqueous Species

15 ASSCmbalge: Magﬂetite 8.5 Assembalge: ]'\-[-agn.efile —
10777 - Linnaeite - Linnaeite
. 8.0 — FICC (Ni-Co-Fe)
FCC (Ni-Co-Fe)
FeOH+2
10718 - 7-5
102 LR 70
6.5 —
-24
10 = — 6.0 —
F 3
-27 W 5.5
10 1 | | i |

T

A 0 50 100 150 200 250 300 350 s.0 r

o & o Slﬂ IIZIH]I léﬂl Z(IKI 230 300 350
Temperature (C) Temperature (°C)

Dependencies of aqueous concentration, Eh and pH on temperature for the equilibrium
assemblage Magnetite-Linnaeite-FCC(Ni-Co-Fe) in the heterogeneous interaction between
an Fe-Alloy (consisting of 1E-3 m Fe, 5E-5 m Co and 5E-5 m Ni) and 1 kg of water (with 1E-6
m S) at 1 kbar.
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Case 3: Corrosion of Steel

THERMO-CALC: Heterogeneous Interaction | THERMO-CALC: Heterogeneous Interaction
Aqueous Solution Properties vs Temperature Aqueous Solution Properties vs Temperature
le-3mFe+5e-5mCo-+5e-5mNi in 1 kg of water (open to S) le-3mFe+5e-5mCo+5e-5mNi in 1 kg of water (open to S)
10° I I ! ! ! ! ! ! 120 L L 1 1 ! ! ! !
3 Fe-Co-Ni-H-O-S System at 1 kbar
107 - Fe+2 ) ]
B — 115 Assembalge: Magnetite + Hematite |~
" FeOH+ H+ i ] — + Pyrite + Linnaeite + Millerite
S 10 e - 3
g — e | g 110
@ 107? - M -
S 107 4 - 3
= S 100 A
< 10715 . R °
Comd 7] =
> g 95
h —
= 107 - E
= Fe-Co-Ni-H-O-S System at 1 kbar|
E 10'21 - Assembalge: Magnetite + Hematite [~ g‘ U
+ Pyrite + Linnaeite + Millerite =
24 Jy
1077 = 85 -
27 Fe2(OH)2+4 E-6
10 T T T T T T T T 80 I I T T I T | |
A 20 40 60 80 100 120 140 160 180 200 20 40 60 80 100 120 140 160 180 200
Temperature (C) Temperature (C)

Variations of aqueous concentration, and of input amount of sulfur, with temperature for the
equilibrium assemblage Magnetite-Hematite-Pyrite-Linnaeite-Millerite in the heterogeneous
interaction between an Fe-Alloy (consisting of 1E-3 m Fe, 5E-5 m Co and 5E-5 m Ni) and 1 kg
of water (open to S) at 1 kbar.
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-170

-175

-180
-185
-190
-195

Eh (V)

-200
-205
-210
-215
-220

E-3

-225

A

THERMO-CALC: Heterogeneous Interaction
Aqueous Solution Properties vs Temperature
le-3mFe+5e-5mCo+5e-5mNi in 1 kg of water (open to S)

| ] ] ] ] 1 ] ]

Fe-Co-Ni-H-O-S System at 1 kbar
Assembalge: Magnetite + Hematite

+ Pyrite + Linnaeite + Millerite -

1 1 |

T T T T T
20 40 60 80 100 120 140 160 180 20(

Temperature (')

THERMO-CALC: Heterogeneous Interaction
Aqueous Solution Properties vs Temperature
le-3mFe+5¢-5mCo+5e-5mNi in 1 kg of water (open to S)

6.0 I l 1 l l 1 1 l
Fe-Co-Ni-H-O-S System at 1 kbar
Assembalge: Magnetite + Hematite
5.5 — + Pyrite + Linnaeite + Millerite —
5.0 - -
4.5 - -
4.0 -
3.5 ~
3.0 T T T T T T T T
20 40 60 80 100 120 140 160 180 200

Temperature (‘C)

Variations of Eh and pH with temperature for the equilibrium assemblage Magnetite-
Hematite-Pyrite-Linnaeite-Millerite in the heterogeneous interaction between an Fe-Alloy
(consisting of 1E-3 m Fe, 5E-5 m Co and 5E-5 m Ni) and 1 kg of water (open to S) at 1 kbar.
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Case 3b Corrosion of Steel

THERMO-CALC: POURBAIX Module Calculation THERMO-CALC: POURBAIX Module Calculation
8.5e-4mFe+1e-4mCr+5e-5mNi in 1 kg of water (with 3mNaCl 8.5e-4dmFe+1e-4mCr+5e-5mNi in 1 kg of water (with 3mNaCl)
1.5 1 ] | ] 1 I 1 1 1 10 0 ] I ] ! ] 1 I ] i
300 C and 1 kbar 300 C and 1 kbar
102 - -
L0 - Halite i
-4
NiO 10~ B

GAS
(Oxidized)

1
Molality of FE+2
[
=
=]
]

0.5

v
@ GAS B
{Reduced)

Eh (V)
o
]
AQUEOUS

FCC

10-10
1012
(Ni-Fe)
-1.0 - 2
14 GAS N
(Re(:’jﬁid) 1% 1 (Oxidizeq)
-1.5 T T T T 1 I 10716 T I 1 R | T | |
@ 0 1 2 3 4 5 6 7 8 9 10 @ 0 1 2 3 4 5 6 7 8 9 10
pH pH

Pourbaix diagram, and Fe*? molality vs. pH diagram, for the heterogeneous
interaction between an Fe-Alloy (consisting of 8.5E-4 m Fe, 1E-4 m Cr and 5E-5 m
Ni) and 1 kg of water (with 3 m NaCl) at 300°C and 1 kbar.
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Case 4: Corrosion of C22 Superalloys

Fe2NiO4= F2NO Ni(OH)2=NOH WO2(OH)=WOH

NiO=NO SP=Spinel FWO=FeWO04 Cr2Fe04=CFO
MO2=MoO2 MO3=MoO3 (Cr203=C203 Fe203=F203

15 ' ' : ' ' '
Mo3 | MO3 F203+ C203+MO3+FWO 25C  Gas(02)G

iy ¥
woH LWoH  /MO3 F203

Calculated Pourbaix

F203+ SP+ WOH + F2NO . :
WOH o diagram for 58.1Ni-
SP+FWO +F2NO | F2nO 21.3Cr-13.6Mo-4.0Fe-
F203~ | / /WO i
S e /pe 30w (Lgm totahin 1
il W°" S5~ WOH SP + kg of water at 25°C.
< AN “ Fari?\lor{ ey
+WOH
8 MO2 'i\ SP " \;(—sp,, Larry Kaufman, 2002:
O AN #NOH T~ F2N0  DOE-UCRL-JC-150606
< C203 + S SP—~FWO| = M0
I -0.5- A MO2 \E‘“‘:- §P+G
. C203 + SP + SP+ A
025?82+ ZoNO - &482 fﬁ%ﬂ ‘\+NO
+F203 FWO +CFO +MO2 Ni+| SP+G
1.0~ c203 + o SP+G|- +NOH
&182 IS=2PI\TO +NOH| +CFO
+CFO ¥ G +CFO
Gas(H2)G

-1.5 I I I I I T
@ 0 2 4 6 8 10 12 14

FUNCTION PH
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Case 4: Corrosion of C22 Superalloys ’

Fe2NiO4= F2NO Ni(OH)2=NOH WO2(OH)=WOH

NiO=NO SP=Spinel FWO=FeW04 Cr2FeO4=CFO
MO2=MoO2 MO3=MoO3 (Cr203=C203 Fe203=F203

1.5 MO3 I C2C;3+MO3-|I-FWO l I I
wer |won F203+ | R0 Hp Gas(02)G Calculated Pourbaix
MO3+ . .
o WOH | o rano w8 i diagram for 58.1Ni-
Won| | F2034, > - AT 21.3Cr-13.6Mo-4.0Fe-
02| R20% e 3.0W (100 gm total)
T 0.5%% \ F2NO - in 1 kg of water at
+ 25°C.
P G WOH +
O _c203 + .. A N
= 0 MO2 Fano
O sp. Larry Kaufman, 2002:
< . ~JFNo+  DOE-UCRL-JC-150606
L -0.5- C203 + -FWO +
icro IR e spa NN, R
+CPO F2NO+ F2NO ~ F2NO*
-1.0- Fwo+ NOH i+ |LNOC
1.0 No Moz it
G INOH
Gas(H2)G *CFO
-1'5 | | I 1 | 1
6 8 10 12 14

A 0 2 4

FUNCTION PH
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Case 4: Corrosion of C22 Superalloys

Fe2NiO4= F2NO Ni(OH)2=NOH WO2(OH)=WOH

NiO=NO SP=Spinel FWO=FeWO4 Cr2Fe04=CFO
MO2=Mo0O2 MO3=MoO3 Cr203=C203 Fe203=F203

2‘5 I l | | | |
Calculated Pourbaix
NOH diagram for 58.1Ni-
2.0- NO 21.3Cr-13.6Mo-4.0Fe-
3.0W (100 gm total)
- A iIn 1 kg of water at
- L I 25°C.
g |
£ § g l Larry Kaufman, 2002:
' § DOE-UCRL-JC-150606
MO3 \
\ N
05- wmo2 e2no| | \ L
F203 & ‘Wm F2ZNO
FWEJ ] WOH
0 = L N l T l

A © 5 470 g 10 12 14
FUNCTION PH
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Case 4: Corrosion of C22 Superalloys

Fe2NiO4= F2NO Ni(OH)2=NOH WO2(OH)=WOH

NiO=NO SP=Spinel FWO=FeWO4 Cr2Fe04=CFO
MO2=Mo0O2 MO3=MoO3 Cr203=C203 Fe203=F203

08 | | | l
WOH F2NO \o |
—r Calculated Pourbaix
0.6 - - diagram for 58.1Ni-
| 21.3Cr-13.6Mo-4.0Fe-
0.4 [ JWoH NO i 3.0W (100 gm total)
i F2NO in 1 kg of water at
= 25°C.
Q 0.2-4+HmH .
- F2NO
cz) EWO NO SP Larry Kaufman, 2002:
=2 04 _ DOE-UCRL-JC-150606
| MO2
NOH
-0.2|° T——F2NO B
CFO i |SP
"0.4 ¢ / WN T T T

& 0 Moz o5 1.0 1.5 2.0 2.5
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FUNCTION EH

Fe2NiO4= F2NO Ni(OH)2=NOH WO2(OH)=WOH

NiO=NO SP=Spinel FWO=FeWO4 Cr2Fe04=CFO
MO2=MoO2 MO3=MoO3 Cr203=C203 Fe203=F203

1.5 ! 1 L l 1 1
MO3 | MO3 F208+ 3\%83 60C Gas(02)G
woH | /won /MO3 JFwo
+C203 WOH *F203  SP+WOH+F2NO
1.0 SP+FWO + F2NO u
WOH
+C203
+MO2\ .
-0'5: F2NO B
MO3+ — Ovo
+CFZ\%% , F2NO +WOH
\ +NO
0- MO Sp—wo [
* F2NO, 5
<N +FWO
- SP
_ | FwoY Fwor T A
-0.5 qc203 + Cc203 + Ny Fzri%o 3 n
MO2  MO2 P+ _ PG
*F203  coos+ W2 sPu \ +CFO
MO2 +ceo F2NO ~<_+NO
-1.0 - *G TG SPY N+ sP+G [SP+G
OB sEss M |l
+MO2 * +CFO
Gas(H2)G +Gg *CFO  +C203
0 2 4 6 8 10 12 14

FUNCTION PH

Calculated Pourbaix
diagram for 58.1Ni-
21.3Cr-13.6Mo-4.0Fe-
3.0W (1l gmtotal)inl
kg of water at 60°C.

Larry Kaufman, 2002:
DOE-UCRL-JC-150606
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Case 4: Corrosion of C22 Superalloys

Fe2NiO4= F2NO Ni(OH)2=NOH WO2(OH)=WOH

NiO=NO SP=Spinel FWO=FeWO04 Cr2Fe04=CFO
MO2=MoO2 MO3=Mo0O3 (Cr203=C203 Fe203=F203

]
o [R5 0283 FNO 90C Calculated Pourbaix
104 en w%ga,woszNo i diagram for 58.1Ni-
P FWO  FINO 21.3Cr-13.6Mo-4.0Fe-
0.5 \ (7 3.0W (1 gm total) in 1
TR NG NI kg of water at 90°C.
pa G + +F2NO, (SN WOH
8 045202 AN SP"WOH - Larry Kaufman, 2002:
Q A NN DOE-UCRL-JC-150606
) \ SP2 +FWO
i -0.5- | F2NO -
Wo: XN *G “spiG
Mgz ' +NOH
C203 + +CFO BHNO +CFO
-1.0 W2 +G Ni + ~-
+CFO woz LG
Gas(H2)G +CFO *CFO
-1.5 1 1 I ! I T

@ 0 2 4 6 8 10 12 14
FUNCTION PH
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Case 4: Corrosion of C22 Superalloys

FeS2=FS NiS=NS NiS2=NS2 M0oS2=MS2 KNO=KNO3

Fe2NiO4= F2NO Ni(OH)2=NOH WO2(OH)=WOH NI=Ni Calculated Pourbaix
NiO=NO SP=Spinel FWO=FeWO4 Cr2FeQ4=CFO diagram for 58.1Ni-21.3Cr-
MO2=MoO2 MO3=MoO3 Cr203=C203 Fe203=F203 13.6Mo-4.0Fe-3.0W (1 gm
30C LT
| | | l
1.5 4 S MO ITC203+FINO 205 l total) in Basic Simulated
WOH Gas(02)G Water (BSW) at 30°C.

104 \ F203+WOH © FZNO The BSW contains 1000 gms of
NMO3 =& ~ H,0, 141.7 gms of NO;%, 186.6
-:Cvgglt_’:l“* T~ = gms of Na*l, 166.0 gms of CI?

and 70.1 gms of K. The
following components of BSW
were not included: 6.1 gms of
SiO,, 1.51 gms of F1, 64.2 gms of
CO;? and 15.8 gms of SO,. The

X
\
FWO .

FUNCTION EH
o

:énz%zs CF%E’ entire stable Aqueous Solution
-0.5 4 +MO2 Range also contains N, GAS
*NI except for the small sliver near
the O, GAS Dboundary that
-1.0 - ot 4o contains solid KNO, .
P NG +F203 CFO
15 Gas(H2)G mz(;slzo :l\cnlcz)cz’z W Larry Kaufman, 2002: DOE-
' ! ' ! ! ’ l UCRL-JC-150606

0 2 4 6 8 10 12 14
FUNCTION PH
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1.5

FeS2=FS NiS=NS NiS2=NS2 MoS2=MS KNO=KNO3
Fe2NiO4= F2NO Ni(OH)2=NOH WO2(OH)=WOH NI=Ni

NiO=NO SP=Spinel

FWO=FeWO4 Cr2Fe04=CFO

MO2=MoO2 MO3=MoO3 (Cr203=C203 Fe203=F203

Calculated Pourbaix
diagram for 58.1Ni-21.3Cr-
13.6Mo-4.0Fe-3.0W (1 gm

total) in Basic  Acidic

Water (BAW) at 90°C.

The BAW contains 1000 gms of
H,O, 23.0 gms of NO;%, 1,37.6
gms of Na*l, 24.25 gms of CIt
and 38.6 gms of SO,2. The
following components of SAW
were not included: 1.0 gms. of
Ca*, 3.4 gms of K*1, 0.058 gms
of Si0,, and 1.0 gms of Mg* .
The entire space is covered by
/§No an aqueous solution and a gas
+CFO phase whose composition varies
T3 NG except for the regions noted with
+ cFo asterisks(*) in which there is no

gas phase.

F203+ MO3+C203+FWO Gas(02)G
203 \
G+C203| |MO33
el S5
+WOH T~ +
ons
0.5+ \\
+C203 4
=z +MS2
@) _
= 0
)
5
L -0.5-
NS2 |
1.0 +c203+ms2 P
+G(CO2+H20) + NS NI
+C203
Gas(H2)G + Gas(WOH) iyt
-1 5 I I [ | [ |
0 2 4 6 8 10 12 14

FUNCTION PH

Larry Kaufman, 2002: DOE-
UCRL-JC-150606
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THERMO-CALC (2004.03.23): Pourbaix Diagram
Databases: TCAQ2 + SSUB3 + SSOL?2

0.001 m Cu-40wt%zZn alloy in 1 kg of water (with 0.1 m NaCl) at 25 C and 1 bar

15

1.2 Gas (02-dominant) + CuO
0.9
0.6

0.3

Eh (V)

Ags + FCC
-0.3
-0.6

Gas (H2-dominant) + FCC
-0.9

-1.2 I I I I I

@ 0 10

N
N
o
oo

pH

Calculated Pourbaix Diagram and related
variation of m(Cu*?) property for 0.001 mole
Cu-40wt%Zn Alloy in 1 kg of Water (with 0.1 ™

m NaCl) at 25°C and 1 bar.

12

14

1:*GAS AQUEOUS
2:*FCC_A1 AQUEOUS
4:*CU20 AQUEOUS FCC_A1
5:*CU20 AQUEOUS

7:*CUO AQUEOUS CU20

8:*CUO AQUEOUS
9:*CUO GAS AQUEOUS

.001 :

Molality of Cu+2
[E=Y
o

6 Ags

Gas (0O2-dominant)

Gas (O2-dominant) + CuO

-8
10 —
10° - -
1 Ags + FCC
1070 -
84

: \As 4

10 11 | / uo L
47
Gas (H2-ddminant) + ACC I I I I

4 6 8 10 12 14

A 0 2
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Case 5: Corrosion of Cu-40Zn Alloy

THERMO-CALC (2004.03.23): Pourbaix Diagram THERMO-CALC (2004.03.23): Pourbaix Diagram
Databases: TCAQ2 + SSUB3 + SSOL2 Databases: TCAQ2 + SSUB3 + SSOL2
0.001 m Cu-40wt%2Zn alloy in 1 kg of water (with 0.1 m NaCl) at 200 C & 500 bar 1 mole Cu-40wt%Zn alloy in 1kg of water (with 0.1 m NaCl) at 25 C and 1 bar
| | | | | | | | | | |
0.6 Gag 1*FCC_AL L5 L*GAS
%z, 2:*CU20 _ 2:*CUO
00;,}7 3-+CUO Gas (02-dominant) + CuO 3-+CUCL
0.3 ", | avcas 4:*CU20
' Cq 5:*FCC_A1
Aqgs
0 L
=
=
Y ol0.3- -
G
a&”’ay Ags + FCC
-0.6— 0’77/}7 —
C?/;Ox
A‘CO
-0.9 —
T T T T I 1.0 T T T T I I
ﬁ 0 2 4 6 8 10 A 0 2 4 6 8 10 12 14
pH pH
Calculated Pourbaix Diagram for Calculated Pourbaix Diagram for
- 0 I )
0.001 mole Cu-40wt%Zn Alloy in 1 kg 1 mole Cu-40wt%zZn Alloy in 1 kg

of Water (with 0.1 m NaCl) at 200°C of Water (with 0.1 m NaCl) at 25°C
and 100 bar. and 1 bar.




Case 5: Corrosion of Cu-40Zn Alloy
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Calculated Property Diagrams for 0.001 mole Cu-40wt%Zn

THERMO-CALC (2004.03.23): Property Diagram

Databases: TCAQ2 + SSUB3 + SSOL2

0.001 m Cu-40wt%Zn alloy in 1 kg of water (with 0.1 m NacCl) at 1 bar
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Ags

FCC (Cu-Zn)

Stable Phase (grams)

.01

.001—

10

P>

30 40 50 60 70 80

Temneratiire (C)
| | | | | | | |

Alloy in 1 kg of Water (with 0.1 m NaCl) at 1 bar and varied

temperatures.

p

10

T T T T T T T T
20 30 40 50 60 70 80 90 100

Temperature (C)

THERMO-CALC (2004.03.23): Property Diagram
Databases: TCAQ2 + SSUB3 + SSOL2

0.001 m Cu-40wt%Zn alloy in 1 kg of water (with 0.1 m NaCl) at 1 bar

100 | | | | | | |
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.01

Zn(OH)2,aqs

Zn(OH)ZJ

H2,aqs

Aqueous Solution Speciation (molality)

é 0 10 20 30 40 5 60 70

Temperature (C)

_0.28 | | | Il Il Il Il

80 90 100

-0.30
-0.32
-0.34
§ -0-367
-0.38
-0.407 FCC + Ags

-0.42

Rb#—,q# Qe

-0.44 T T T T T T T

@ o 1o 20 30 40 50 60 70

Temperature (C)

80 90 100



A Thermo-Calc Software

Case 5: Corrosion of Cu-40Zn Alloy

THERMO-CALC (2004.03.23): Property Diagram
Databases: TCAQ2 + SSUB3 + SSOL2

0.001 m Cu-40wt%Zn alloy in 1 kg of water (with 0.1 m NaCl) at 1 bar & zero Eh

THERMO-CALC (2004.03.23): Property Diagram
Databases: TCAQ2 + SSUB3 + SSOL?2

0.001 m Cu-40wt%Zn alloy in 1 kg of water (with 0.1 m NaCl) at 1 bar & zero Eh

10000 100
=
1000 Ao = L B
° Na+ Cl-
£
7 100 _ - o N o B
E '}_3' Zn(OH)2,aqs
2 10 — 8 10" -
4 (% CuCl2- CuOH+
N c 5
_ B = .
o 1 S 10— -
o 3
g A H2
Z 1 - % 10% o -
' FCC (Cu-Zn) Cu20 Cuo 3 Cu+
(]
>  -10
.01 — < 107 X |
\\ Cu+2
CuCl+
-12
.001 I I I I I I 10 I | | | | |
ﬁ 0 2 4 6 8 10 12 14 é 0 2 4 6 8 10 12 14
pH pH

Calculated Property Diagrams for 0.001 mole Cu-40wt%Zn Alloy in 1 kg of Water
(with 0.1 m NaCl) at 250C, 1 bar, zero Eh and varied acidity.
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Example: Salt Corrosion of Alloy Surface

Using the SALT database (and/or in a combination with other databases), one can calculate various
types of phase diagrams and property diagrams for heterogeneous interaction systems/processes
involving molten salts.

Corrosion of Cr203 in C-H-O-S-N-Na-Cl environment Corrosion of Cr203 in C-H-O-S-N-Na-Cl environment
1- | | | | | i 1 | | | | |
E Gaseous Mixture 2 = Cr203
= ] - =
2 1 i § 0195 Hexagonal lonic_Liquid |
@ MR Hexagonal lonic_Liquid - =
= 3 F <
o ] C S 10% —
5 ] - E
= i i 2
2 014 Cr203 _ o 100 B
g : 5
0 ] C Q.
@ ] C o 3
=3 § i 3 1074 =
QJ _ L
] C O
10_4 T T T T I 10-12 I I I I I
é 200 400 600 800 1000 1200 140C g 200 400 600 800 1000 1200 140cC
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As a typical form in the oxide layer on the surface of stainless steels, Ni-based superalloys, etc, Cr,0,
provides a protection from corrosion attacks by hot or molten salts, h|gh temperature gases, or aqueous
solutions. This calculation illustrates that under certain aggressive conditions, the Cr,O, layer may be
dissolved by the attacking salts, and thus the applied alloy may be exposed to further corr03|on attacks from
oxidizing and sulphidising environments.
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Gaseous Corrosion

Example: High-Temperature (Gaseous) Corrosion of Alloys

Using the TCMP2 or SSUB3 database (and/or in a combination with other alloy databases), one can
calculate various types of phase diagrams and property diagrams for heterogeneous interaction
systems/processes involving gaseous mixtures.

‘ ‘ ‘ - 100 100 g‘of Ivncoloyliiol Steel in inler;c(ion with agas;ous mixture
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Calculated property diagrams of the heterogeneous interaction between 100 g of Incoloy 801 steel (wrought
Fe-based superalloy with a composition of Fe44.5-Ni32-Cr20.5-Ti1.1-Mn0.8-Si0.5-C0.05 wt%) and a gas
mixture (of 1 g H20, 0.001 m HCI, 0.0001 m HF and 0.001 m H,SO,). The calculation shows that the gas
mixture will dissolve the steel components (especially with increasing temperatures), meanwhile LIQUID
phase or SLAG+Ti,04 phases may form during the interaction over certain temperature ranges.
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Surface Redox Reactions (l) ’

Example: Formation of Oxide Layer on Steel Surface: Protection against corrosion

THERMO-CALC (2008.05.22:17.49) : Formation of Oxide Layer on Steel Surface
DATABASE: TCFE6
P=100000, T=1073, B=100, B(Cr)=16., B(V)=1E-1, B(C)=1., B(Mn)=3E-1, B(Si)=3E-1

| | | | | | | | |
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Oxygen Activity in Gaseous Mixture A

Oxygen Activity in Gaseous Mixture

Stable phases and element distribution of remaining austenite during the surface oxidation of the Fe-16Cr-
0.3Mn-0.3Si-.01V-1C (wt%) steel at 800°C, as a function of oxygen activity in the atmosphere.
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Example: Oxidation of Sulfides (CuFeS,)

Using the ION database, one can calculate various types of phase diagrams and property diagrams for
oxidation processes of mu|t|p|e -metal sulfides (e.g., CuFeSZ, FeSi] or mixtures (e.g., CuFeS,-FeS,), to

find optimal temperatures and initial bulk compositions (especially t
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10”—;
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107 5
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1072 5

Fe-rich Liquid

10° ! . . . .
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Stable phases during oxidation of CuFeS,, as a

function of the temperature condition. The calculation is
made for an interaction system of 2 moles CuFeS, and 50
moles of vapour, at 1 bar and various temperatures (200 to

1400°C).

e additional oxygen input).

4.5 I ] ] ] ] ]
40- Additional O, (mole) = N(O,) - 25

CuFeS,

&2425262723293131
N(02)

Stable phases during oxidation of CuFeS,, varied

with the additional oxygen amount. The calculation is

made for an interaction system of 2 moles CuFeS, and 50

moles of vapour, at 550°C, 1 bar and various additional
amounts of O,.
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Example: Oxidation of H13 Hot Work Steel

THERMO-CALC (2008.02.29:16.47) :
DATABASE:SSOL4

P=1E5, T=873.15, B(FE)=90.63, B(CR)=5.14, B(MN)=0.41, B(SI)=1.02, B(C)=0.4,
B(V)=0.93, B(MO)=1.46, B(S)=1E-3, B(P)=9E-3;
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o - L
= . 0 \254 2 2 2 22 7338 133 18 2  24:P02,BP(M7C3)
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Stable phases during oxidation of H13 Hot Work Steel [Fe-5.14Cr-0.41Mn-1.02Si-0.40C-0.93V-1.46Mo-

0.001S-0.009P-0], varied with the oxygen partial pressure. The calculation is made for an interaction system at
temperature of 600°C and a total pressure of 1 bar.
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Surface Redox Reactions (lIl)

Example: Oxidation of H13 Hot Work Steel

THERMO-CALC (2008.02.29:16.16) :
DATABASE:SSOL4
P=1E5, T=873.15, B(FE)=92.3, B(CR)=5, B(MN)=0.3, B(SI)=1, B(C)=0.4, B(V)=1;

100 | | | | | | | | =
8 ] r
8 g - THERMO-CALC (2008.02.29:16.16) :
7 ) i DATABASE:SSOL4
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c k to th_e system S|gn|f|can_tly,_ especially o
= e at high P(02) where oxidations become 5
=2 very strong and the majority of the H13 X
8 A3 steel surface will be oxidized. IS 1 -
o ] Consequently, the [surface+oxidation] ‘<’()
2 ] system becomes much bigger (implied by a O
2 g significant amount of added 02). 2
& g F < .01 o
o
8
01 -36 I 1o o Too g LI g L4 o - -
10 10 10 10 10 10 10 10 10 1 - DGM(GAS)=1 means GAS will be stable (if ENTERED);
? .001 DGM(GAS)<1 means GAS may be saturated;
Oxygen Partial Pressure [p(02) in Pa] 2z DGM(GAS)>1 means GAS is super-saturated.
(@)
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Required O2 Input and Driving force of the dormant GAS phase during oxidation of H13 Hot Work Steel

[Fe-5.14Cr-0.41Mn-1.02Si-0.40C-0.93V-1.46M0-0.001S-0.009P-0], varied with the oxygen partial pressure.
The calculation is made for an interaction system at temperature of 600°C and a total pressure of 1 bar.
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Surface Redox Reactions (lIl)

Example: Oxidation of H13 Hot Work Steel

THERMO-CALC (2008.05.22:09.32) : THERMO-CALC (2008.05.22:14.41) :
Databases: SSOL4+SSUB4 Databases: SSOL4+SSUB4
H13 Hot Work Steels: Phase Emergence with respect to Hematite H13 Hot Work Steels: Emergence Condition with respect to Magnetite Phase
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Emergence Conditions with respect to and Fe,O, (Hematite) and Fe,O, (Magnetite) during oxidation of

H13 Hot Work Steel [Fe-5.14Cr-0.41Mn-1.02Si-0.40C-0.93V-1.46M0-0.001S-0.009P-0], at 9 different
temperatures (between 400 and 800°C, with an interval of 50°C) and 1 bar.




A
/A\ Thermo-Calc Software

Surface Redox Reactions (lIl)

Example: Oxidation of H13 Hot Work Steel

THERMO-CALC (2008.05.22:10.52) : THERMO-CALC (2008.05.22:11.07) :
Databases: SSOL4+SSUB4 Databases: SSOL4+SSUB4
H13 Hot Work Steels: Emergence Condition with respect to Cr203 Phase H13 Hot Work Steels: Emergence Condition with respect to FeCr204 Phase
10 ] ] ] ] ] ] ] ] 14 ] ] ] ] ] ] ] ]
o 97 - §
3 £ 127 =
? 87 = %
3 at | | LT BRI
B 7 IR 2 107 B
[s2} -
q T | . N
I IR >
6_ —
§ |8 |8 |8 |E § 8 |§ § |§ § |§ |§ § | | | | B
E 5_ < [Te] [T N | g - o o o g oty
o 8 2118 S = | | | | 8| &l g 89828
e < | 0 | «:l | ® o) _ L
8 4 - NN RN
: L] E
% 3 | | | | — @ 4 | | | | | | | | L
2 S | | ] RN
Q 27 R ‘d
5 g 27 i
1 | | | | B g 2 | | | | | | | |
L HEREE ][]
0 36 I32 I28 I24 I20 I16 I12 ! 8 ! 4 0 36 I32 I28 I24 I20 I16 I12 ! 8 ! 4
@ 10 1077 107 107 107 10 107 10 10 1 @ 10 1077 107 107 107 107 107 10 10 1
Oxygen Partial Pressure [p(02) in Pa] Oxygen Partial Pressure [p(02) in Pa]

Emergence Conditions with respect to Cr,0, and FeCr,0, during oxidation of H13 Hot Work Steel [Fe-
5.14Cr-0.41Mn-1.02Si-0.40C-0.93V-1.46M0-0.001S-0.009P-Q], at 9 different temperatures (between 400 and
800°C, with an interval of 50°C) and 1 bar.
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Surface Redox Reactions (lIl)

Example: Oxidation of H13 Hot Work Steel

THERMO-CALC (2008.05.22:11.50) : THERMO-CALC (2008.05.22:14.15) :
Databases: SSOL4+SSUB4 Databases: SSOL4+SSUB4
H13 Hot Work Steels: Emergence Condition with respect to V203 Phase H13 Hot Work Steels: Emergence Condition with respect to VO2 Phase
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Emergence Conditions with respect to V,0, and VO, during oxidation of H13 Hot Work Steel [Fe-5.14Cr-

0.41Mn-1.02Si-0.40C-0.93V-1.46M0-0.001S-0.009P-0], at 9 different temperatures (between 400 and 800°C,
with an interval of 50°C) and 1 bar.
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Surface Redox Reactions (lII) ’

Example: Oxidation of H13 Hot Work Steel

THERMO-CALC (2008.05.22:11.22) : THERMO-CALC (2008.05.22:15.45) :
Databases: SSOL4+SSUB4 Databases: SSOL4+SSUB4
H13 Hot Work Steels: Emergence Condition with respect to FeV204 Phase H13 Hot Work Steels: Emergence Condition with respect to FeV206 Phase
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Emergence Conditions with respect to FeV,0, and FeV,0, during oxidation of H13 Hot Work Steel [Fe-

5.14Cr-0.41Mn-1.02Si-0.40C-0.93V-1.46M0-0.001S-0.009P-Q], at 9 different temperatures (between 400 and
800°C, with an interval of 50°C) and 1 bar.
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Surface Redox Reactions (lIl)

H13 Hot Work Steels: Emergence Condition with respect to Fayality Phase
Il Il Il Il Il Il

Example: Oxidation of H13 Hot Work Steel 9
e i
THERMO-CALC (2008.05.22:10.46) : % N ,—’—* ]—y—|— 1 m B
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Emergence Conditions with respect to SiO, (av-Quartz), FeSiO, (Fayality) and MnSiO, (Tephroite) during
oxidation of H13 Hot Work Steel [Fe-5.14Cr-0.41Mn-1.02Si-0.40C-0.93V-1.46M0-0.001S-0.009P-Q], at 9
different temperatures (between 400 and 800°C, with an interval of 50°C) and 1 bar.
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Surface Redox Reactions (lI1)

Example: Oxidation of H13 Hot Work Steel

THERMO-CALC (2008.05.22:15.18) : THERMO-CALC (2008.05.22:14.37) :
Databases: SSOL4+SSUB4 Databases: SSOL4+SSUB4
H13 Hot Work Steels: Emergence Condition with respect to FeCO3 Phase H13 Hot Work Steels: Emergence Condition with respect to MnCo3 Phase
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Emergence Conditions with respect to FeCO, (Calcite) and MnCO; during oxidation of H13 Hot Work

Steel [Fe-5.14Cr-0.41Mn-1.02Si-0.40C-0.93V-1.46M0-0.001S-0.009P-0], at 9 different temperatures
(between 400 and 800°C, with an interval of 50°C) and 1 bar.
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