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Back diffusion

- In solidifying steels, in addition to thermodynamics also diffusion and
convection control the phase formation.

- To avoid computationally intensive diffusion calculations, the problems are
often solved using approximate solutions based on some simplifying
assumption such as:

 Full equilibrium (diffusion is assumed to be fast enough that
equilibrium between solid and liquid is always maintained

» Scheil cooling, where once formed solid is assumed to be effectively
inert. Liquid is assumed to be completely mixed and local chemical
equilibrium is assumed on the advancing solidification front.

» The ability in ChemSheet (or ChemApp) calculations to set constraints on
arbitrary constituents, reactions or phase transformations allows also
equglly easy use of more sophisticated assumptions for back diffusion,
such as:

 paraequilibrium, where the small interstitial solutes in solid iron are
assumed to be able to move between solid and liquid, while the larger
metal atoms in solid are assumed immobile.
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Paraequilibrium calculation schema
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Calculation schema (ll)

Applying the outlined calculation procedure directly leads to system with
one new solid layer (which has depending on the composition,
temperature and thermochemistry one or more solid phases) for each
cooling step.

This is initially cumbersome to implement, and becomes impossible after
a while using ChemApp because of the number of components required.
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Calculation schema (lll)

As a simplification, in the calculations it has been assumed that to calculate the
chemical potential for the diffusive species in the solid, the layered structure can
be replaced by one layer where the solid phases have a weighted average
composition of those they have in the individual layers

It is still possible to keep track on the composition of the individual layers
as they are formed
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System structure (viewed by using CSFAP)

Phaze Campaonent Fe Cr [ *Cr_FCC |*Fe FCC [*C_FCC |*Cr_M7CH*Fe _M7LC

* In the example FeLiaus c CEN CHN N CHN N I CH
Fe-LIGUID Cr i 1 i 0 ] 0 ] 0

case we have one Fe-LIGUID Fe 1 In Iu In In In In In I

liquid (‘Fe-liquid’) N N (A O (N I R

. FCC_AT Cr 0 |1 |c| |D |n |D |n |D |

and two solid FCC_AT FelCl 1 0 K 0 0 0 0 0 |
‘ ’ FCC_Al Fe 1 ] i 0 ] 0 ] 0

( FC C—A1 an d FCC_A1_resticted Cric i I 1 I 1 1 I ] I 1 I ] I 0 I

‘M7C3’) phases T o g [ 0 K E 1 0 0 0 0 |

) FCC_A1_restricted Felll 1 |0 1 0 1 1 0 o |

* In the data f||e, FCC_A1_testiicted  |Fe 1 G K 0 o o |

M7C3 CrC i |7 E o 0 o 0 o |

there are tWO M7 Fe:l 7 0 |3 [ n [0 n [0 |
1 1 M7C3_resticted CrC 1] 7 3 1] 1] 1] 7 1]

Coples Of the SOlId M7C3_restricted Fe:C 7 IEI I3 ID IEI ID IEI I? I

P hases, the R_Cr_FCC+ R_Cr_FCC+ O o [0 |0 [0 |

. R_Ci_FCC- R_Ci_FCC- i |0 [ |- ] [ o0 [ |

second one with R_Fe FCC+ R_Fe FCC+ 0 o E 0 K 0 0 0 |
‘ = ’ F_Fe FCC- F_Fe FCC- i ] i 0 1 0 ] 0

th € —reSt Fl Cted R_C_FCC+ R_C_FCC+ i I 0 I 0 I 0 I ] I 1 I ] I 0 I

suffix R_C_FCC- R_C_FCC- 0 o E 0 0 1 0 0 |

R_Cr_M7C3+ B_Cr_M7C3+ 0 | 0 | 0 | 0 | 0 0 | 1 | 0 |

F_Cr_M7C3- F_Cr_M7C3- i |0 |0 o 0 0 -1 0 |

R_Fe M7C3+ B_Fe M7C3+ 0 | 0 | 0 | 0 | 0 | 0 | 0 | 1 |

F_Fe_M7C3 F_Fe_M7C3 i |0 |0 o 0 o 0 [ |
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System structure (viewed by using CSFAP)

........ —
- -
Phaze Campaonent Fe Cr [ *Cr_FCC W°Fe FCCQW*C_FCC R=Cr M7C¥Fe M7C
« The amounts of Fe LD c O
: Fe-LIQUID Cr ] |1 |c| 0 0 ] 0 !
SUbStanceS In the Fe-LIQUID Fe 1 |n |c| 0 0 0 0 fn !
“ restricted’ FCC_AT T L i 0 i i
I FCC_AT Cr 0 |1 |c| 0 0 0 0 fn
phases are FCC A1 FelCl 1 |u |1 0 0 0 0 fn
FCC A1 Fe 1 ] i 0 ] D ] fn
prevented from FCC A1 restricted CriCi ] 1 1 1 ] 1 ] rn
equi“brating Wlth ELE AT IEshinit o 0 ] 0 ] 0 0 0 fﬁ
. . CC_A1_restricted FelC1 1 1] 1 0 1 1 1] 'D _
the ||qU|d by new FCC_fl_resticted | Fe 1 ln a lo 1 0 0 fﬁ
73 CrC 0 |? |3 |n |u |n 0 fn
system B o A N XU AN X N I
ComponentS, ;H M7C3 restricted CrC i 7 3 0 ] 0 7 ] _
L. :"jM?EE_res_lrictid_ S 0 |5 Jo  Jo [0 Jo _[F
Sp@lelC for the BEET R B RE 0 o E K E 0 0 0 |
. R_Cr_FCC- R_Cr_FCC- i | ] | i | 4 | ] | 0 | ] | 0 |
CO nStraI n ed R_Fe FCC+ B_Fe FCC+ 0 | 0 | 0 | 0 | 1 | 0 | 0 | 0 |
p h ases F_Fe FCC- F_Fe FCC- 0 | 0 | 0 | ] | A | ] | 0 | ] |
R_C_FCC+ R_C_FLCC+ 0 | 0 | 0 | 0 | 0 | 1 | 0 | 0 |
R_C_FCC- R_C_FCC- 0 | 0 | 0 | ] | 0 | A | 0 | ] |
R_Cr_M7C3+ B_Cr_M7C3+ 0 | 0 | 0 | 0 | 0 | 0 | 1 | 0 |
R_Cr_M7C3- R_Cr_M7C3- 0 | 0 | 0 | ] | 0 | ] | A | ] |
R_Fe M7C3+ B_Fe M7C3+ 0 | 0 | 0 | 0 | 0 | 0 | 0 | 1 |
F_Fe M7C3- F_Fe M7C3- 0 | 0 | 0 | ] | 0 | ] | 0 | A |
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System structure (viewed by using CSFAP)

. Phaze Campaonent Fe Cr [ *Cr_FCC WFe FCCQ§*C_FCC R=Cr M7CIFe M7
* Auxiliary pseudo phases  [rmm : C
: Fe-LIQUID Cr i 1 i 0 0 0 ] 0
_Car_] t_)e Used to_ Ilﬂ any Fe-LIQUID Fe 1 In Iu 0 ] 0 ] 0 E|
individual restrictions by |Fea CAC] CONN AN T N CHNN CHN O CHN
. . FCC_a1 Cr 0 1 L i 0 0 0 0 i
aIIOW|ng the formation of FCC_A1 FelCil 1 o 1 0 0 0 0 0o |
: FCC_Al Fe 1 ] i 0 ] 0 ] 0 l
the Correspondlng pseUdO FCC_A1_resticted Cric i I1 I1 1 0 1 ] 0 EI
p h ase FCC_A1_restricted Cr 0 | 1 | 0 1 0 0 0 0 :|
FCC_A1_restricted Felll 1 |0 1 0 1 1 0 0 :|
FCC_A1_restricted Fe 1 | 0 | 0 0 1 0 0 0 |
M7C3 CrC i |7 E 0 i 0 0 0 ;|
M7 Fe:l 7 0 |3 0 i] 0 a 0 I|
M7C3_restricted CrC i |7 E 0 i 0 7 0 ;|
M7C3_restricted Fe:C 7 1] 3 1] i il 1] 7 ;|
R_Cr_FCC+ R_Cr_FCC+ i 0 0 1 0 0 ] 0 i|
F_Cr_FCC- F_Cr_FCC- i 1] i -1 0 0 ] 0 (
R_Fe FCC+ R_Fe FCC+ i 0 i 0 1 D ] 0 l
F_Fe FCC- F_Fe FCC- i ] i 0 1 0 ] 0 |
0 R_C_FCC+ R_C_FCC+ ] 0 0 0 0 1 ] 0 1
,U,- = O > F_C_FCC- F_C_FCC- i ] i 0 ] 1 0 0 |
: {R_CoM7C3 R_Cr_M7C3+ i i i 0 i 0 1 0 l
iﬁH_Er_M?ES- F_Cr_M7C3 i 1] i R [ R 0
P IR Fe M7C3+ B_Fe M7C3+ i | 0 | i | 0 0 | 0 i 1
F_Fe_M7C3 F_Fe_M7C3 i |0 |0 |0 § 0 |0 0 1
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System structure (viewed by using CSFAP)

. Phaze Campaonent Fe Cr [ *Cr_FCC WFe FCCQ§*C_FCC R=Cr M7CIFe M7 .
» Auxiliary pseudo phases |mwan : o |

: Fe-LIQUID Cr ] | 1 | ] 0 0 ] 0 ] _|
can be Used tO Ilﬂ any Fe-LIQUID Fe 1 |n |c| 0 0 0 0 0 '
individual restrictions by |Fea CAC] CONN AN T N CHNN CHN O CHN
. . FCC_Ad Cr 0 1 L 0 0 0 0 0 :|
aIIOW|ng the formation of FCC_A1 FelCil 1 o 1 0 0 0 0 0o |
: FCC_AT Fe 1 | 0 | 0 0 0 0 0 0 '|
Correspondlng pseUdO FCC_A1_restricted Cric 0 |1 |1 1 0 1 0 ] E|
p h ase FCC_A1_restricted Cr 0 | 1 | 0 1 0 0 0 0 :|
FCC_A1_restricted FelCl 1 | 0 | 1 ] 1 1 0 ] :|
° When a” Of them are FCC_A1 resticted Fe 1 0 E 0 1 0 0 0 |
. , 73 CrC 0 | 7 | 3 ] 0 ] 0 ] I|
Dormant we have the M7C3 Eot 7 0 E 0 0 0 0 0 i
. : M7C3_restricted CrC 0 | 7 | 3 ] 0 ] 7 ] ;|
SC h e I | COO I I n g M7C3_restricted Fe:C 7 0 3 0 i 0 0 v ;|
be h avi our F_Cr FCC+ R_Cr_FCC+ 0 0 0 1 0 0 0 0 !
R_Cr_FCC- R_Cr_FCC- i 1] i 4 ] 0 ] 0 I|
R_Fe FCC+ R_Fe FCC+ ] i ] 0 1 0 ] 0 l
R_Fe FCC- R_Fe FCC- i ] i 0 o 0 ] 0 |
R_C_FCC+ R_C_FCC+ ] ] ] 0 ] 1 ] 0 1
R_C_FCC- R_C_FCC- i ] i 0 ] 4 ] 0 |
: {R_CoM7C3 R_Cr_M7C3+ i 0 ] 0 ] 0 1 0 l

i.__q R_Cr_M7C3- R_Cr_M7C3- i ] i R [ R 0

P IR Fe M7C3+ B_Fe M7C3+ i | 0 | i | 0 0 | 0 i 1

: IR Fe M7C3 F_Fe M7C3- 0 J_n | 0 J_D | 0 JE | 0 1
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Composition:
10.84% Cir,
0.95% C in Fe
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System structure (viewed by using CSFAP)

. Phaze Campaonent Fe Cr [ *Cr_FCC |*Fe _FCC [*C_FCC 8=Cr_M7C3*Fe M7
« When the formation of FoLIaUD c X O (O O I
‘ ’ Fe-LIGUID Cr i 1 i 0 ] 0 ] 0
R—Cr—M7C3+ and Fe-LIGUID Fe 1 In Iu In In In ] 0 EI
‘R_Fe_M7C3+ are PO A1 Gt CHN A XS O I O O CH
T — FCC_AT Cr 0 |1 |c| |D |n |D 0 0 :|
allowed, free transfer of FCC_A1 FelCil 1 o 1 0 0 0 0 0o |
FCC_Al Fe 1 ] i 0 ] 0 ] 0
matter from the phase FCC_A1_resticted Cric i I1 I1 I1 In I1 ] 0 :I
‘M7CS restricted’ iS T o g [ 0 K E K 0 0 0 0 |
FCC_A1_resticted FelCi 1 ] 1 0 1 1 ] 0
allowed. In respect to FCC [ | 1 In Ia In I1 In o iI
' M7C3 CrC i 7 3 0 ] 0 ] 0
phase, we still have the = o —
Sche” behaviour M7C3_resticted CrC 0 |7 |3 0 0 0 7 0 !
M7C3_restricted Fel 7 | 0 | 3 | 0 | 0 | 0 0 7 I|
F_Cr_FCC+ F_Ci_FCC+ i |0 |0 1 0 o ] 0 I|
R_Cr_FCC- R_Cr_FCC- i |0 [ |- o0 [ ] 0 ||
R_Fe FCC+ B_Fe FCC+ 0 | 0 | 0 | 0 | 1 | 0 0 0 ||
F_Fe_FCC- F_Fe_FCC- i |0 |0 o -1 o 0 0 1
R_C_FCC+ R_C_FLCC+ 0 | 0 | 0 | 0 | 0 | 1 0 0 ||
R_C_FCL- R_C_FCL- 0 0 |0 0 0 1 0 0 1
" R Cr_M7Cas R_Cr_M7Cas R R R i R O S I
|R_Cr_M7C3- F_Cr_M7C3 0 i 0 0 1] 0 1 0 [
R_Fe M7C3+ R_Fe M7C3+ 0 0 0 0 i 0 i 1
T TR_FeMrcH F_Fe_M7C3 0 i |0 i 0 i 0 e
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System structure (viewed by using CSFAP)

« When additionally also the
formation of
‘R_Cr_FCC+/,

‘R Fe FCC+’ and

‘R C _FCC-’ are allowed
we always reach full
equilibrium between the
solids and liquid

“Cr_FCC W*Fe FCC §°C_FCC B*Cr M7C3*Fe M7

Phaze Campaonent Fe Cr [
Fe-LIQUID C __
Fe-LIQUID Cr i 1 |0 0 i 0 0 0 |
Fe-LIQUID Fe 1 |0 o 0 i] 0 ] 0 :|
FCC_A1 Cric i 1 1 0 i 0 0 0 :|
FCC_AT Cr 0 | 1 | 0 0 0 0 0 0 :|
FCC_A1 Felll 1 |0 1 0 i 0 0 0 :|
FCC_AT Fe 1 | 0 | 0 0 0 0 0 0 I|
FCC_A1_restricted Cric i 1 1 1 i 1 0 0 :|
FCC_A1_restricted Cr 0 | 1 | 0 1 0 0 0 0 I|
FCC_A1_restricted Felll 1 |0 1 0 1 1 0 0 ;|
FCC_A1_restricted Fe 1 | 0 | 0 0 1 0 0 0 I|
M7C3 CrC i |7 E 0 i 0 0 0 ;|
M7 Fe:l 7 0 |3 0 i] 0 a 0 N
M7C3_restricted CrC i |7 E 0 i 0 7 0 (
M7C3_restricted Fe:C 7 1] 3 1] i il 1] 7 ||
F_Cr_FCC+ F_Cr_FCC+ i 0 0 1 0 0 0 0 I|
R_Ci_FCC- R_Ci_FCC- 0 0 0 K i 0 0 0 ||
F_Fe_FCC+ F_Fe_FCC+ i 0 i 0 1 0 0 0 l
F_Fe_FCC- F_Fe_FCC- 0 0 0 0 g 0 0 0 1
R_LC_FCC+ R_LC_FCC+ i ] i 0 ] 1 0 0 1l
F_C_FCC- F_C_FCC- i i i i i - 0 0 I
{R_Cr_M7C3+ R_Cr_M7C3+ i i i 0 0 i 1 0 1
|R_Ci_M7C3- F_Cr_M7C3- 0 i 0 0 0 i 1 0 [
F_Fe_M7C3+ F_Fe_M7C3+ ] ] i 0 i 0 i 1
F_Fe_M7C3- F_Fe_M7C3 0 i 0 i 0 i 0 1
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System structure (viewed by using CSFAP)

. Phaze Campaonent Fe Cr [ *Cr_FCC |*Fe FCC §*C_FCC J|*Cr_M7CH*Fe_M7C

* Finally, when the E TR RN O R O -

H ‘ ' [Fe-LlQUID Cr 0 |1 |c| |n |u 0 0 |n |

Tormatlon Of I,:{—Cr—FCC-l_ T FeLl@uiD Fe 1 |n |c| |D |n ID ] |D |

R Fe FCC+’ are not FCC_AT T 0 I1 I1 |n |u In 0 In I
. FCC_Ad Cr i 1 i 0 ] 0 ] 0

allowed but the formation FCC_A1 FelC] 1 o £ o 0 Io 0 o |

‘ R FCC A1 Fe 1 |0 o 0 o0 0 i o |

Of R—C—F C C IS ) t h € FCC_&1_restricted CriC1 i | 1 | 1 | 1 | 0 1 0 | 0 |

amounts Of metamc T o g [ 0 I1 Iu I1 In 0 0 In I
. FCC_A1_restricted Fell1 1 ] 1 0 1 1 ] 0

Components 1] formed FCC_A1_restricted Fe 1 |n |E| |n |1 |n 0 |n |

‘ ’ M7C3 CrC i |? |3 |n |u |n 0 |n |

FCC phase are frozen M7C3 Fe:l 7 |n |3 |n |n |n 0 |n |

but the transfer Of M7C3_reshicted CrC 0 I? Ia In Iu In 7 In I
.. M 7C3_resticted Fe:C 7 1] 3 1] 1] ] 1] 7

additional carbon to the B BB RO 0 0 E K 0 Io 0 0 |

g . . F_Ci_FCC- F_Ci_FCC- i | ] | i | 1 | ] |n ] | 0 |

solid is allowed resulting in = - S R A N S TN RSN CH

the paraequilibrium state. [-fefc PL_Fe_FCC CINN O RN CHNN N NN O CHENN

) R_C_FCC+ R_C_FLCC+ 0 0 0 0 0 1 0 | 0 |

R_C_FCC- R_C_FCC- i i i 0 i -1 0 | 0 |

R_Cr_M7C3+ B_Cr_M7C3+ 0 0 0 0 0 0 1 | 0 |

R_Cr_M7C3- R_Cr_M7C3- i | 0 | i | 0 | 0 | 0 | 1 | 0 |

R_Fe M7C3+ B_Fe M7C3+ 0 | 0 | 0 | 0 | 0 | 0 | 0 | 1 |

F_Fe_M7C3- F_Fe_M7C3- i | 0 | i | 0 | 0 | 0 | 0 | 1 |
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Flow sheet schema

Initial data
for step 1:
Amounts of Fe,
Cr, C, etc..

Output from step n-1

A 4

Liquid amounts

Input for step n

A 4

Unrestricted FCC amounts

A 4

Restricted FCC amounts

A 4

Liquid amounts

Unrestricted FCC amounts

A 4

Unrestricted M7C3 amounts

A 4

Restricted M7C3 amounts

A 4

Restricted FCC amounts

Unrestricted M7C3 amounts

Solve restricted

A 4

Restricted M7C3 amounts

equilibrium
for step n

Temperature

l

N\

Start of
next step
(n=n+1)

\
/

No

end of calculation

Has the

een reached?

( Exit )
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Result comparison

T/C

1450

Temperature vs amount of solid formed

1400 |

1350 +

1300

Cr fraction in the forming solid

0.15
0.14
0.13
0.12
Paraequilibrium
....... Equilibrium 0.11
_____ Scheil

1250

1200

20 40 60

% solid

80

100

0.1

0.09

0.08 1

Cr weight fraction in the main solid (FCC) phase

0.07 T

paraequilibrium

....... equilibrium
— - — Scheil
A Experimental

40 60 80 100
% solid

Composition: 10.84% Cr, 0.95% C. Cooling rate in experiment 0.167K/s
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T/C

Temperature vs amount of solid formed
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1200

Paraequilibrium

1150
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Cr weight fraction in the main solid (FCC) phase

Cr fraction in the forming solid

paraequilibrium
A Experimental

....... equilibrium

— — — Scheil

0.1
0.09 4
0.08 -
A
0.07 A
A
0.06
%
0.05 A \“,
FEEREA \‘
/ \‘
0.04 ‘ ‘ ‘ ‘ 1
0 20 40 60 80 100

% solid

Composition: 5.34% Cr, 0.93% C. Cooling rate in experiment 0.167K/s
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