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‘. Abstract !

- M .

' Published standard free energy changes and activity data for

A\

_iron and its binary and ternmary alloys have been used to evaluate the

general linear series (Wagner) expansion of the activity coefficient and

these were employed in turn,for the accurate thermodynamic determinations
of the liquidus ‘line aﬁd the field in steels with additions ‘'of Mn, S4i,

Ni, Cr, Mo, Cu; W, V, Nb and Co. _Computer proéramé Lased on several

derived analytic formulaé were used to predict multicomponent constant

composition’ and jsothermal phase diagrams for total alloy additions up - -

to 5 wt%.
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. P . CHAPTER I

INTRODUCTION

X

- . 'For more than a century studies have been undertaken to char-
acterize ;he inportant transformation parvameters for steels. Due to
the large ﬁumbcr of cemponenté(ihat arc added to or are naturally found
in steel, this is a very complex task.

In this chapter the.old empirical methods for determiﬁiﬂé the

®

.transformation temperatures are reviewed. 'The chapter also contains
. ¢ q

&

a brief review of the eariy approximate thermodynamic formulae.
3 i *

7.1 Reviov of Foaniric:]l *rhods

—— .

4

'Since most of the metallurgically important transformations in

steehgcch austenitising tempenafures and below, the bulk of the

work undertaken on the phaéq;diégrams and transformation temperatures

in the Fe-C-X and Fe-X svstems is feund in this range. .

The important quantities that one finds discusscd in the "literature

are: , the Aes temperature or the temperature under equilibrium conditions

at which austenite (f.c.c. iron) begins to decompose to ferrite (b.c.c.

iron); the Ac3 temperature or the temperatiire at which .the apparent

transformation occurs on heating; the Ar; temperature oOr the temperature

)
)

R ke heppirrihom ¢ B A
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.

' of the apparent transformation on c¢doling. "The latter two transition
& -

temperatures aré normally, dilatometrically determined and can vary
widely with ﬁeaéing'and-co ing rates. The'Aes temperature is very
difficult to measure acéﬂziiely because of the slow heatipg rates and
long times involved to .ensure equilibrium. .
The majority of. efforts at predicting these temperatu;es have
taken the form of empirical relations derived via‘rcgression analysis of
_the steel compositions‘vefsus the determined temperature. All of these

fornmulae assung linear terms:

Aes(Acs) = constant + %Aiwi

.\J;'

with constant coefficients to be sufficient.. Baganis (1) has shown by
thermodynamic analysis that this constancy assumption is inadequate in the

ranges over wiich these rejctions are c¢mployed. ,)/»AQ

7

o .
The best known and nost widely used enpirit™l formaulee ave:

) Andrews® (2) Formula:

Ac3(°C) =910 - 230YC - 15.2 Ni + 44.7 Si + 104 V + 31.5 Mo +
131 - 30 Ma - 11 Cr - 20 Cu + 700 P

s

This wvas derived from 155 stecls over the ceonposition range up

to 0.6% C, 5% Cr, 5% Ni, 5.4% Mo and 4% V.

T

o

e

———
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(2)

(3)

)

._l <

L]

.Grange's (1) Formula: <;J\

“

-
%

Kunitake and Ohtani'g (3) Formula:

Acg(°C) = 881 - 206 C + 53.1 Si - i5 Mo - 20.1 Ni - 0.7 Cr

- 26.5 Cu + 41.1 Mo

This Qagfderived from 85'§teé1§ and assumed valid up to 1.70% Cr,
1.05% Mo, 0.98% Cu, 3.09% Ni and in the ranges 0.10 to 0.55% C,

0.30 to 1.67% Mn and 0.13 to 1.68% Si.

AeS(OC) = 854 - 179 C - 14 iz + 22 Si - 15 Ni - 23.Cr

Y]

derived from careful determinations of 19 steels in the compbsition
range 0.35 to 0.63% C, 0.37 t0-1.85% Mn, 0.15 to 0.30% Si, and

up to 3.41%Ni, 0.93% Cr and 0.23% Mo.

&

LY

. peg . .
Andrews! (7) Fornula: : oo

Aeg€°C) = 013 - 4T - 25 M1 5 11.Cr - 20 Cu ¢ 60 Sis 60 M0

+ 40 W + 100 V +2700 P

derivéd from the results of Grange (4) in COnjﬁnction-with the -

I
13

. ’(( * . . .
binary Fe~X phase diacrans, AT cccounts {er the undercool ng «

>

1o C and Ni where: . ) -

=z
=

Ceffective =C

G m—
~n

ot
[e]

.
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1.2 Approximate Thermodynamic Formulae.’

ey
v

"Since the available empirical linear regression formulae give
i -

varying results for the same steel composition and have limited ranges
of application it was evident that some of the alloy effects could not
be treated using a linear formula and that more fundamental thermodynamic

data should be used for an adequate quantitative treatment.

The necessary form'pf the the}modynamic analysis began with

Wever (5,6,7) who classified the binary Fe-X phasé diagrams by type. This

2

work was built upon by Zener (8) who expressed the thermodynamic quantitieé

»

(such as free energy) in a form similar to that in use tdday. Zener's
arialysis was modified by Andrews (2) to try to predicﬁlfhe effect of

alloying elements on the-AeZ temperature.

L3

The lack of good thermodynamic data and the cumbersome calculations

involved in these early methods resulted in poor acceptance and inadéquat

£
quantitative results.



CHAPTER 1I

X

THE Fe-C-Xi'SYSTEM

QEPII.I Introduction

THERMODYNAMIC ANALYSIS FOR PHASE BOUNDARIES IN

If the thermodypamic data.weve available, it was thought vhat .

it would be possible to predict the dffect of adding alloying cleménts

to steel by describing their effect. on- the Fe-C binary phasé_diagram.

I

This chapter outlines such an analysis which is applicable to all the .

phases which are present in the binary Fe-C.system. .

» 11.2- The 17fect of Alleving ©

POPURER _.a“-...—._‘m.-_,.._---..—_._—-._—--—.. o b 0 1n n  snonn an—— i

1H91&~p S\tfu

P

‘/

“

nts ¢n the 1’3 o Bounderies of

In this section is described a rigorous precedure for predicting

dilute two phase regions similar to that of éagénis aﬁd Kirkaldy (9) for-’

the devi

-

ation of the Aej temperature of steels from Fe-C binary values.

1{ 4ny tivo phases arc

2

moeguilivriag at any temperature, 7T,

¢

then the partial molar free energies or chemical potentianls of the

. N 2
alloyving ®lements and the solvent are equal in the two phases.

%

we have:

A

'5 N a

Analyticglly

ey

.
.
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. -
s ’
"'6_"Y ,
4 676 (11-1)

’ G =8
3 1 21
ol = g
1 1

»  kor the various equilibria in steel where ﬁi is the partial molar free

energy of element i in the phase ¢ and ¢ is delta iron (b.c.c.), gamma
. § ’

iron (f.c.c.), alpha iron (b.c.c.) or the liquid staté. This'latter

quantity ‘can be rewritten:

-

&® = °%6% + RTIna® C L (11-2)
1- 1 1 )

where G¢ is the stanaard free ' energy and a, is the act1v1ty of component

°

i in phase ¢ or dltetrnatively:

- o T .
& = °? f_RT(1nx§ + nyd) - ‘ ~ (13

where xf is the mole fractlon and Y¢ the act1v1ty coe flcxent. This
relatlon can also be expressed in terms of an ideal solution contr1but10n

. and an excess free energy term to account for the observpd departure

)

" fronm ideality:

< a?zo

» 1

¢ . . ) ' :
G RTln?ci + BG] | - (r-4) -

; . - .Wagner (10) recognized that the excess free energy can be des-
cribed-by a Taylor expansion in the solute concentratiens about X, =1

(pure solvent, infinitely dilute solutes), viz.,



/ o
o Binyi B :alnyi
Iny; = Iny, + [xi(-s——-a, +.xj( =) + ...
: i all x, =0 j all x,=0 -
, K k
(I1-5) .

1 ’ . ) ' . ®
It is usual to define the standard states of all solutes at infinite

dilution and to introduce the coefficients:

alhyi . R
.. 7 ( ) . . - (11-6)
13 %X; “all x, =0
. k !
? . . , .
alnYi . : )
€,. = () . ' ' T(11-7) -
1 axj all xk=0‘ - J .
y . ' ) <Lk

+

evaluated at infinite dilution. These are often called Wagner inter-

" action coefficients. The magnitude and sign of these quantities expresses

Y

the attractive or repulsive forces between atoms of element i or j_in

solvent iron. Further simplification is allowed by the syﬁmetry prop-

erties of .the interaction paraﬁeter,(lO):

el = €l . . " (II-8)
N ‘.’*r’ , .‘ -

. Kifkaldyland'Purdy (94) and De Brion (95) have applied-the
Gibﬁs-Duhem to this expénsion at infinite dilution to obtain the cor-
responding relation for the,ﬁolvent:.'
¢

lnYO = 2 3

[ =
(]
-

o - ' 9
15 ijxixj ) . . (;I 9)




v

It is now possible to evaLuate the equality of chemical potentials
(equatlon (I1-1)) to yleld the expr6551ons (rlgorous up to llnear terms
in the solute concentratlons) for any two phases, 1 and 2:

OGI 1- 1 OGQ)

~ 2 .2 o
it RT(lnxi‘+ lnyi) = Gy o+ R'I‘(lnxi + lnYi) (11-10)

0.l 0.2 1 1 . )
Gy - G = 1n Xi e In zé_ (11-11) :
RT 2 2 N
xi "v Yi ©
" or finally:
o 2+1 ' 1 . !
b G Tt Xs n iy 1 n o2 2 ‘ T
C —— e = In—+'Te..x. -Le, .x (11-12) .
RT 2 b IS 5 R SR TR & e ’
X . ) .
i .
and:c C . . o | ‘?
0241 1 : | <
A°G X noon 1 m n 2
© em2.L ozl kL g e- x%x?
RT -Xg 2 j=1 4211 1 J 2 j21 421 137177
' (11-13)

AOGi+1 is the shorthand notation of the standard free energy change for
: ‘. . ~ :

. ﬁhe transformation from phase 1 to phase 2 at equilibrium, viz.,
) ) 4 . ’ .
a9c27t _ ogl | og2 . (FI+14)

0 1 i i

-

y Neglectlng ﬁhe cross inter ctloe/terms be tween alloylng elements other

4 ~ - -t

than carbd? since these ultlmatelﬁuappear 1n a hlgher order one obtalns

for the traqsformatlon from y to L:

.
¢
J
7
7
J
/



~ n
Y.L L Ly .v2
%% 5 f15% T £ D
2 K
(11-15)
For carbon (n=1) ~ (I1-16)
o y-L Y - L ' ‘ ~ .
A G, X . . 2 K
i _ o rdy . vy L L : o %!
R ln[xL] + %) €15%)- For ‘component i, 1-2,112%j
- i . o 3
: - . | (11-17)

. . M <& '
Utilizing, in the linearization of this set of eleven equations, the

partition coefficient of compenent i in any two phases:

0.Y>L

AG.
§ Y ! L
R plpr — * 5% (I1-18)
i L T A%cYL Hahee
*i Yy L Rl '

> 1
1+ eyy%) expl—p—]

'it is possible to arrive at an analytic formula for the temperature

‘change from the- binary iron—cafbon phase diagram with the addition of

alloying elements that is rigorous up to the linear terms in the solute

>

concentrations:

R 3 S . o ,
AT = RT B AjX . o - (11-19)



where y

¥ A co (\( )
[A {1+x (1- Xl)(e el A Al)} exp f—<- (ell 1M )}] )
‘A, = — o7
i . o+ A6 L 2
L, ,0,. " o (T L 02
XlA “1 1 + (1-X]) &7H  exp {———RTO >— (&)~ uAl )

L

- The full derivation is givé% in Appendix (1).

11.3 TThe Effect of Allovire on the Carbide Fquilibrium in the

Fe-C sttcm-

Althouch studies of the -1, y~L, v»8 and w»y transfernations in
ithe binary and ternary systems provide sufficient eaperimental informaticn
.on the ;espective free energies to support evaluation in the agove manner,
the carbide phuse éau;iibria do not. "As a conséquénce, it becamg
necessary to derive another form of the above equation so as to utilize
the experimental partition coefficient “information available.
- .Starting Lith'thﬁ G{bbs-buhcw éqqgtinn f¢r any two phascs, 1

tad 2,5, et copstont terperature and precsus o, whore phase 1 is the rotel

and phase 2 the carbide one obtdins: . v
xldu + ;ldp +”g xldu. =0 (11-20)
o O 171 2 i1 . !
.2’ .2 : n 2:]‘ - ':(
v R xldul + % xjuﬁi =0 . ' (11-24)

-
!

S

From these xelations one obtains, using the Wagner expansion .and expanding
about the empirical binary iron-carbon phase diagram, the expression for
the change in carbon content’ of the metal-carbide phase boundary at any

temporature, T:

I LK nms WAy W e 7

v bl eas G s

R

Py




n
‘2 C
- z - : -x
. X g xi{ki 1+ (1+€li)(x1 xl)}
Ax, = (11-22)
1 x2 v x¥ {(xz-xc)(l+c )-1} ' ’
IS TR 11777, . ‘<
| > . |
, . X '
where the partition doefficient, k = —%-and xi is* the camposition of
' X .
i

carbon, in mole fract%bn of the binary Fe-C metal/carbide phase boundary.
The full derivation ii)giveu in Appendix (I1).

\ - TN .

1T.4 Dependenge of T_ Temper:ture on Alloving

The method used to determine %hq anal}tic expiession for the
temperature deviation of the phase boundary can be extended for use in
determining the cbangé in thé T, témperarure with alloy additions. This
temperature is definég.in Figure (1) according to the requirement that
{he integfal free energy curves of the two phases present at equilibrium‘

. @
intersect. This corrcesponds to the condstions:

1 TT

Gi = Gi o , (11-10)
1 I1
xp =X (11-24)

NEEY
>

where T ad IT refer to phases 1 and phasc-II respactively.
cquality of free energies and eapanding about the I'e-C binagy y o ¢
diagram oie obtains the following expression for the 16 temperature of

an iron-carbon dlloy with dilute additions of other elements:

—

. " 1,0 I+11
. n x.A G, T
CR(T,” ) xIA;Hl +—(1-x1)AAH0

g



e

©
The full derivation of this formula is to be found in Appendix (II1). .

.
e tap e b et fc e

»

«

v
. s cn L A B 4

LT



L Ny

Figure 1 Schematic

of T, temperature.
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CHAPTER 111

4
THE THERMODYNAMIC DATA SET y

A

I11.1 lgtfodurtion

Although it is a relatively simple matter to derive thermodynanic

equations to describe phase diagrams, it is much more difficult to obtain

~

the-thermodynamic quantities necessary to use them. o

i
LI ) . .

In this chapter, the free cenergy and interaction parameter data
. * 2

s : s
necessary for the utilization of our formulae are summarized and reviewed:

~

Since it was not always possible to find information in the exact form

-

required, it was sometimes nccessary to obtain a méthod of conversicn. ° L.

The major conversion methods and theii tharmodynanic backgroundN\ers 21,0

included in order to give g coprehensive idea of the, problens cagounter <

(and their solutions) when this type of search for data is attempiyed.

. ‘

7

I17.2 Tree Encreica:  Them odvynanic Mnclvsis

.

Since {reé’ energy data referred to-a standaid state at 'infiniic

dilytion 'was not available for all of the transformations in ali, of the

binary Fe-X §ystems encompassed by this study, it was necessary to éonvert

some free energy information,in the literature from the pure component

'
~ "

2
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or one weight percent standard states to the infinite dilution or Henrian

=

standard state. In other cases it was necessary to estimate the free \’///

enérgy from the experimental iron binary phase diagrams.

+

' As in Chapter II the Wagner inqeraéfion parameter formalism

in conjunctibn with the equality of chemical potentials.was used as a

basis for the thermodynamic analysis of binary phase diagrams, viz.,

>
o

’ AoGl+2 x1 1 :
e ST SRS (111-1)
RT 2" :
i Y '
which by Taylor expansion of 1ﬁyi yields:
°6;-°6; 1 2 -
-—-R—,IT——" = 111 X_z‘ + E:iiXi - Giixi. . . (III—Z)

*

: o - 0 : -
where component j 1s the solute and Iny > 0 as vy - { in the 1imit of

infinite dilution.

‘The decision, as to whether or not this form or the Penrian appre-
imation to it (eii'= 0) would be used depended upon the reliability of

the phase diagram and the size of the interaction parameters in each

phase at tomﬁcratuaf. This procedure oi.fitting cxperimental phase

. . . 12 . - . :
boundary(301nts to the equation ond solving for AOGi as a function of
temperature was employed for the a-y transformation jin Fe-Co and the

o>l transformations in the Fe-S5i, Fe-Nb and Fe-V systems:
- . M,

Often. the free energies available were expressed in terms of
w ) \ . .
a pure component standard state, e.g., all that data compiled for use

B '

[

o o

B R e IREY "
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with the thermodynamic model developed by Hillert (10) and coworkers.

In' the Hiller& model the molar free energy is expressed in the form:

)

o ' E :
= ) -
Gy i(xi G;) + RT(ixilnxi).+ GM _ (111-3)

where OGi is for the pure componeﬁt;~ By applying the equality of

chemical potentials and employing the rufe (11):

aAG\( a/.\(;\! ' ’
— ] ' (111-4)

AG, £.46 2 Ix, [(=—) . +
i M i3] ij Xy ‘8xi Xy

a

where X indicates that the ratios between other components are kept
- ~: . .
constant and AGi is the free energy of component i at infinite dilution,

AGblbeing the free energy for. the pure component, substitution yields:

-

. . o .12 .t ¢l .oon.
(anf.dily) = 2 G, "vae sy - Wy - Ty,

8 1 . ' ” hi i
r" . .

3 . * ' (II]"E’)

A”G?”2

The temperature, T, is in degrees Kelvin and the free energies are
expressed in cal/mole.
11, the excess frece energy torm in cquetion (J1u-0) s espres. d

as a polynomial of the form (11):

) S © L (I11:6)

for the binary i-j system in phase 1, this can be transformed,.using

o . o
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/

7

equation (III-4) to v

cl o= Al
ln

1,2 ' : :
ij (I=x3) | . -, arr-7)

for solvent i. This excess free energy, referenced to the pure component

‘ . : s L3 .
can now be compared with that for the infinite dilution standard state:

E=1 - 1 . ’ . ’

Gl = RTIny; . (111-8)
Eg! = rriny?! + Rrel.xt : (111-9)
, 1 1 11 1

From the comparison of equations (ILI-7) and (II11-9) as X, > 0 it can be
seen that:

ol -‘ ij . ’ . : .
Inv, =& . (I11-10)

Substitution back into equation (III-5) gives the transformation
nécessary’ to change standard states as a function of the. regular sol-

ution parameters defined for this ﬁodel, viz.,
'y : :
(pure comp.) - AL, + A2 (I11-11)

o}

» ci*z (inf.di1) = 8°GH>2

1

- where Aij and Azj are the regular solution parameters in phase 1 and 2

respectively.
This type of analysis was used for the a-L transformations of
the Fe-Mo, Fe-Mn and Fe-W.as well as the a~y transformations for the .

Py

Fe-W, Fe-Ma, Fe-Cr and Fe-Mn sSystems.



t .
The information from the data set of Eiliott et al, (12) whlch

was used for comparison purposes ‘had to be transformed from common

logarlthms and the one weight percen; (1 wt.pct.) standard state.

For this purpose, the traosformotion-formola given by\Gaskell (13) was

used. 'This is: ‘

M.

; -
A6 100 W\ o)

- : 2
) ) © 1 (inf.dil/»> 1 wt.pct.) = RTIn(s=
‘where j is the solvent, i is Lxc splute and \m is thc mo]ccu1a1 weight |

of component-i or j.

I3

II11.3 Free Lnergies: Particulat Systems . t
I11.3.2, Fe-C

The free energy change for the a-»y transition in iron carbon was

criricolly analysed by Haryig (]%) using ‘the nodel-ol Hillert and
Staffarsson (11) and the {free cnergy daticreace qu w e and y-T'0 deter-
mined by Orr and'Chipﬁ;;ﬁEIS) and confirmed by Wada ot al. (16). The
' transformed values' of A G “Yare shown in Table (1); from 900 to 1820 K

Fhe values. from 1800 K t8 1820 K were determlned by Jnterpolatlon. The

free CHCTRY fon the y»3 transition Mu% cktznned by assuning:

“

2% - 4 o6 (I11-13)

since the a and § phases both have a body centred cubic structure.

Y

The free energy‘for the a+L ‘transformation was _.derived from the

tabulated values of Aoég*yand the experimental value for AOGE*L of Orr

-

..,

18,

' b )
(111-12) *
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and Chipman (15}). Béth are tabulated from 1600 to 1800 K in Table (1 ).
Utilizing the carbon free energy for a+y from Harvig (14), ref-
erenced to graphite:

-~ : ’ ¢

C

o °Gz-°c§ = 11030 - 4.594T cal/mole . © (III-14)
/ .
' °G3-°cy = 15670 - 5.692 cal/mole C 0 (117-15).

fﬂgmi;ee energy change at infinite dilution duo_%o Sharma and Kirkaldy (17):
°G2-G! = -15323 + 7.686T cal/mole .« (I1I-16)

and the.values for the dissolution of graphite in liquid iron due to

Sigworth and Elliott (18) and J. Chipman (19), (C(gr.)~ C(inf.dil. in

Fe)):
't
e n o
A?cj & 2 5400 - 4.0T ¢ 1/ i . ) (117-37)
- oite obtains by rearvangement: »
A°G?*L = -21300 + 6.3T cal/mole S (ITI-18)
' "3 ‘ \ ’ ®
e ’
#0267 = 156304, D.6T caliole - . (I11-2%)

-
-

which are. consistent with the: Fe-C liquidus of Benz,and Liliott (20).
The enthalpy values, when unrecorded, were obtained by different-

iating thcﬁanaiytic'free energy functions:
6, _ .0 2% : ' \ Con
AH = A6 - T( BT’) : - P . (II11-20) -
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All of the enthalpies concerning carbon were obtained in this fashion,

AOGQ’Vwas fitted in the temperature'range 1000-K to 1184 K by Baganis

and Kirkaldy (9) and the A HG*V determlned by this method is:

A‘?Hﬁ” = Aocg"“Y + T(0.79 = 0.00461[T-1000]°-%% &
[ [
0.058 cos(0.034[T-10001)) , (111-21) -
Fis;herret al. (21) report:
8°HS™Y = -0.81T + 1183 cal/mole .- | : “(II1-22)

:iﬁ.phe range 1184 K to 1165 K and this énreei‘favourably with the
preceeding,fgrmula at 1184 K. For temperatures of 900 K to 1000 K

the enthalpy was assumed to be 1ndependent of temperature, the value
1d0’ ted being 1h t at 1000 X flom the gw;znls and Ki- *aldy forrwi.
J " 7 The ean~rimental A0H146 shc;s 4 wide scattcl. - Ponciv anc’
Kubéschcwski (32)'fouﬂﬁ 260 éél/mplc. errier and Olettc (23) reporied .
'263 cal/mole and this.was\cqyreéted by Orr énd éhipman (15) to 192 cal/
.mole. The'value adopted here was Zbo.cal/ﬁole,'independent of temperatdre. .
. j Values for Aodé > trive been 10h01t0d by Fenrlez and Olettc (I3)
. who found 3292 1 0 cal/molo, Mqrr:s et al. (24) who found 3208 * lOb
cal/mole and Vollmer et,él. (25) who report 3435 t 50 cal/mole;.all at

a

1809 K. The value chosen was 3300 cal/mole, independent of température.

{YL

The value of Al obtéined‘by subtraction isjabout 3500 cal/molé at

1809 K. The enthalpy values for iron and ‘carbon\are llsted in rable ().

)

R TRy P YR

b yem R



Table Thermodynamic Fur.tctlons of Iron and Carbon ( cai
q | ‘ ,
T(K) AGY T(K) AG*™Y st
. \

900 191.1 1500 © -13.95

1000 80.80 1600 . -7.20 " 387.8
1100 22.22 ' 1700 4.08, ,‘§>3 195.4
1200 -2.40 - 1800 19. gs,f 16.0,
1300 -12.87 18207 23.32 -7.34
1400 -16.10 ' h

j
"“' Iron ‘ Carbon* - 7(5 References

a%c*™Y , .Tabulated' o : o 14 v

oY _ -0.81T + 692 . '; ~15323 - 21

068" Tabulated - 14

A%HY™Y 200 ‘ - -15323 15
1-A°GG+L -2646+39.1693T-5"27TInT+0. 0017 14,15
A% 3600, ' ' 5630 s

IO 8267 106%™ |

%L 3300 . -21300. .15

' aa%, ' . < -

*%H, = 2° G, -Tl—7= 1] .

21



111.3.8 Fe-Mn

Viitually all the work done on.the usy transformation in this

éystém was based on the binary phase diagram of Troiano and McGuire (26)

’

which contained no experimental points on the phase boundaries or in
the two’'phase region. The only true~equi1ibrium'innt in this system
@s that of Kirchner et al. (27)-on the a/a+y phase boundary at 0-.015

mole fraction manganese afid 1075 K. Utilizing this'poiht and the AQ:AY

-

temperature dependence of Kirchner et al., the free énergy of Baganis

and Kirkaldy was corrected in an attempt to produce a Aoggﬁythat would
-behave -correctly out to 2 w/o Mn. - '

PIOtS of predicted Ae3 temperature versus the experimentally
\ < . : 9 . .

" determined values for selected steels (from feference {28)), Figﬁré@ 2

Py .

and 3, show.a marked systematic deviation from expected behaviour ak

s
- -

lower carben and highe} manganese contents. . This was traced back to

t

the uncertainty in the binary phase diggrah.
=  From the experimental phase diagram of Hellawell and Hume -

Rothery (29), Kirchner.ét al. and Hillert and Staffansson (30) demonstrated

3

temperature range up into the y-+6. transformation because of the non-linear

that it was not ﬁossﬂble to extend the 13‘)(f,(;l-"Y obtained for the Ae

‘nature’of the regular solution.parameters over this range of temperature.
AOGg+L and AQ'GW‘6 were taken from reference (30) and converted:
o - . o Ce s
to the infinite dilution standard :state using-the regular solution

parameters suitable to the temperature ranges from references (27) and

(30). The values obtained" are similar to those repdrtedjby Sigworth and
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Elliott (18). 'AOGY+L was deduced by subtraction.

. o ) “\\\
I1I.3.C Fe-Si o B ~ .

? . « f "
~

The free energy and regular solution parameters determined by

0 0y
Cs

infinite dilution khlch reproduces the gamma loop of thé\{e 51 phase ‘

diagram ‘of Ubelacker (31) up to 1.8 w/o Si.
Since there was 1n<uff1c1@nt lellablc data-on Ai\ at 1nf1n1tc

dilution thi. value was dcdaded by thermodynamic analysis 01 ‘the phase

Fridberg and Hérvig (32) allowed the calculation of a 4 wvalue at

diagram of Ubelacker in the range 0 to 4 w/o Si. - The sollfus and liquidu

>

' >
are essentially linear out to this pgint and assumptions of \both ideal

. . s . s o 0,.y"]
solution and 1egular solution behaviour produced similar results. & b} ‘

.was obtained by subtraction.

%

1717.3.D  Fe-Ni
The ey transfor o wen cratied by Th o and Kiall tdy (00
whose results were adopted and exteaded up to 1800 K. For the y»$

. > Co . ’ . .
transformation AOGZ L was a combination of Sigworth and Elliott's

results and those of Kaufman and Nesor (33). Since Kaufman and Nesor

reporied a valec For the I, - f.c.:. tronsfos  vicy i opure mislal ix

o\ ' ;
. wds possible to obtain ird ne dcdt Tesults fur the el und y oL transitos
- By . " .

I11.3.E Fe-Cr

The fTee energy'fof the a-y tzzjsformation was first suggested.by

Kayfman (34) and used by Kirchner et al. (27) who reported the necessary

)

\ \\;\\
1

25
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‘formation but the value from Signorta and Lltiott, cale:

regular solution parameters for conversion t6 the.infinite dilution
standard state. Since the value of the quantity (AY—A“) decreased

linearly with temperature in the range 1100 K to 1700° K, the AOG§¢Y

was extrapolated for use in the y-»8 region (cf. equation (1I1-4)).

Information on the a-L transformation was obtained from Reese

ct al.h(35) who reported AoGg+L as a functioﬂ of x

~

Fe (ch = } at infinite

dilution}, Kaufmﬁn and Nesor (33), Belton and Freuhan (36) and Sigworfh'

and Elliott (18). The adopted valuce was frem Kaufman and Nesor and

s Y

. . . . . . . . [¢
Sigworth and Elliott, assuming an idecal solution in the liquid. A7(,
N

'was obtained from AOG(;'VY and 2°6

a=l, .
S

I11.3.F Fe-Mo

.

The a+y free energy was suggested by Kaufman (34) and converted
£
to the infinite dilution standard statg using the regulur solutiop nar-

: . - ~ . tL et . ' [» X} .
@ dters of Kivdhner et «i. (37). " Sipce thoy jrooreter. uose weltwh ‘

with respect to temperatury, the valucs obtaiqet sire ot pulante.

+

. -3
use in the y-+§ transformation as well. With this Aoﬁz Y

to reproduce the gamma loop of Sinha et al, (38) up to 2 w/o molybdenum,

it was possible

i
Little data was available for the free exergy o the asl trane- «

'

Loa

N

at>xt a.s oo

an ideal solution produces a good fit between the computed liguidiss eud

y-L

that reported by Gibson et al. (39). AOG6

was obtained from the above

result;. y;
——

.26
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111.3.G Fe-Cu

The 'value, of AOG(.;JVY was reported By Bagaﬂis and Kirkaldy (9)

»

who fitted the data of Weiss and Tauer {40). By means of a method

similar to that used for manganese, Hérvig et .al, (41), using the phase
) \

. diagram of Hellawell and Hume-Rothery (29),'demonstrated that the temp-

Lo

eraturc dependence of the regular solution parameters were such that
0.0y . ' )
A G7 would not be valid if extrapolated out of the range of this trans-
. 0,y : . -
formation. A G7 was determined by usjing the free energy of the pure
componcnt sugxested by haufman (43) f£¢r the asy transition and converting
it to the infinite dilution stZﬁdar t;}e using the regular sqQlution
. . .
parameters of Harvig et al. evaluated in the region of 1800 K.
Activity measurements through’ the temperature range of the a-L
transformation were performed by Morrié.and Zeldars (43) and Wooley

and Llliott (44). “The AOGf ok obtained, when ii::irtbd to the correct

?

.
S ‘'

H g \ ~
standasd state woald ot repicd o the ren-raCheget on of the P

Cdicerar of Helle 211 and Ho re-Retiory (208) as well as the value of Godsea
. .

f

et al. (45). 1hls latter Aocg L, al though 1ndependent of temperature

OGY+F was obtained from it and the y=+8 values chosen.

was chosen and A 7

1.3 Te-w N »
« : :‘\ -
When the oy frec cncrvy of Kaufwru (34) vas converted to the’
1nf1n1te dilution standard state by utilizing the regular solution para-

meters of Kirchner et al. (37) it was found that the resultlng expre551on:

A°G§"’Y = 3710 - 0.3T (111-23).
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~ . ‘\//" /

L4

. was a poorer fit to the gamma loop of the Fe-W phase diagram of Sinha

and Hume-Rothery (46) than, could be obtained by assuming that tHe‘self—

-interac parameters, e ., are equal in ferrite and austenite. It

was assumed, because of insufficient inférmation, that the A°G§+Y 50
derived was also applicable to the y~»¢ transformation.

The frec encrgy for the u»> L-transformation.was reported by
Kaufman (57) and Sigworth and Elliott:.(18). The, latter value will

reproduce the phase diagram of Sinlia and Humeinothéfy to 3 w/o tungsten.
2067

8 was derived with the udse-of the zbove ;3}665.4

I11.3.1 Fe-V

’ 0 .a¥»y
A G9

binary phase diagrams of Kirchner and Gemmel (47), Lucas and FisHelt -

was derived from a.thermodynamic analysis of the Fe-V

(48) and Fischer et ai. (21),iusing the self interaction coefficjent, va;

deduced by wada.ct al. (49) and assuming the selx iﬂteraction in ferrite
to:bc neéligibleﬂ, Since no othetr informutipn was ayaildblf, the wry '
free ehergx was extrapo}ated for use in-describing the y»86 transform-
ation. : . “ .

The a=L transformatjoﬁ was gtudied by Myles and Aldred (50)

over the entire range 0 to 1 mele fraction vanadium and by Frueiion (51)

who was.able' to estimite the ‘activity coefficient of 1iq7(ﬁ vanadijum

at infinite dildtion. | This information.was sufficient to attempt a

a=L

thérmodynamic analysis of the‘liquidus,'whiqh yielded 4°Gg

up to
; ; 0.y . : " .
2 w/o V. A Gg was obtained from the above information.

¥ N .

t

®

o

L



111.3.J Fe-Nb

The oy transformation in this binary system differs from those

sd far mentioned because of the addition of an intermediate phase field
v .. N

into the gamma loop. In this analysis it was assumed that this extra

. phase field does not exist and the gamma loop is treated as a normal

N

one. The AOG;"O}'Y adopted is reported by Hudd ét al. (52) and is not

to be used over 0.2 w/o Nb. Due to lack of data, this free energy was

extrapolated for use in the y=§ transforimation up to 0.2 w/o Nb.

The phase diagram of Ferrier et al. (55) utitized to ghe the

free energy for the a+L transition derived by assuming an ideal solution
seemed’ anomolous because of the narrow width of the sblidus-liquidus

region. For an ideal solution of an element i in iron it can be shown

‘that:
1“.\1 . 450G3,22 ’
ln(—.- ..i} = _-_--l-i.i:_-.- (I]I":’. ‘]
lfxi .

for .the transformation from phase 1 to phase 2. If xi and xi are suf- .-
ficiently. dilute this expression may be approximated (29 ) by performing

a Taylox serics expansion o 1n{l~xi):

21 A%
KiTXG T TRT ' S

3
In this case of the a~L: transformation, this means that for small additions
of alloying element, the width of the o+L phase field is independent
of the element added at any given ﬁ%mperature, . .

>
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. v
Comparison with the phase diagrams of Fe-Mo, Fe-Cr, Fe-Si
and Fe-Mn demonstrated that since these phase flelds had almost constant
widths, the Fe-Nb phase diagram was probably wrong. As a result, the

' >
thermodynamic analysis for AOGZOL was carried out on a phase diagram

constructed with the width of the solidus-liquidus region of the Fe-Mo

'systom which straddled (i.e. containedj the measured ﬁe-Vb pnase

" region. The. adopted free energy lies between that of an ideal solutlon*

and that necessary to reproduce this partlcular phase diagram using
the self.interaction parancter of Sigworth and Elliott.

It must be emphasised that this free energy, while_similar'to
that of Sigworth and Elliott is not st}ictly based on.the experimental

s

information.

i11.3.K TFe-Co

Analysis bY Harvice et al. (41) choncd that: A Gl1 rangeed foon
-90 cal/molc at 1688 K to O cul/moie at 1184 XK. fThe valuc of the freo

energy for the a-y transformation was taken to be O cal/mole, independent

of temperature- because it would reproduce the phaée diagram of Fischer

et al. (21) up to .02 atom {fraction cobzlt. Since -90 cal/role is of
the smme order or smaller than the error normally encounterdd on free

energy measureménts at higher temperatures, the value of zeyo was aiso

adopted for the y-8 transformation.
A°G§;L nd A GIl ' were reported by Kaufman and Nesor (33) and
. )

adopfed assuming an -ideal solution behaviour. These free energy values ‘

30



reproduced the -phase diagram of Harris and Hume-Rothery (54) out to
.06 atom fraction cobalt.

All of this themrodynamic frée energy data is summarized in

Tables I to IV, - . ~
4

TII.4 Interaction Coefficients

As previously mentioned it has been common practice to express’
the interaction parameters in terms of common logarithms and the one
N ¢ .

weight percent standard state or as mole fractions at infinite dilution

and natural logarithms:

! .

dlog f ) ]
es5 = oo T /oy = 070 (111-26)
alny1 ., o
€.: = (—--—"_‘) v = A ) (111-27) -
1) ‘ axj xi-xj—o ) . |

Since both form¢$ occur in the literature, the conversion from the weight .
percent form to the mole fractlon form requlred here was'accomplished

.u51ng the method glven by Lupis and Elliott (58): -

' m, moJm. . . )
€., =230 e, +—L © (111-28)
N 5 B m, ij m el

-

where m is ‘the respect1ve molecular welghts of the elements of a ternary

system with X; 0 and xJ + 0 in solvent "O" (iron).

R}

-
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Table IT. AG(;H‘Y as Functions of Temperature*

éggﬁY'(cal/mele) Reference;
c - : ~15323, + 7.686T 14,17
Mn** 26650 1+ 42.69T - 0.1712" ‘ '9,27,29,30,55
Si #5964 +. 38.7997T C 4.7244TInT | 32
Ni : -4545 + 3.233T : ' ) 17
cr -367 ~ 4.656T + 0.6568T1nT 27,34
Mo . 565 + 0.15T . 34,37
- Cu** _25500 + 41.183T - 0.17T° 9,41 _' :
I . 2500 + 0.15T, . - 37 i
. Voo _6357 + 13.8T - 0.0071T" | derived from 47,50
l N o 14.34 - 0.00151T . 52
Co. 7 , 0 ‘ . 41 '
waGI? = _a™ Co . o
i i . . . . \
**AGQES « 650 « 0.305T, o | | . . S
TBecause of a systematic deviation botween observatioms and predictions
\\\km—“~//i§35 we haver taken this as 0.687 times the value given in reference 27.
eeepcl™® - 1450 - 0.8 - . . 21,24 A
Cu : ‘ . . . ) . ]

o



Cr
Mo
Cu
W
Vv

Nb

Co_

Table III.

o

a-+L

AGi as Functions of Temperature

a

.AEZ+L (cal/mole)

-21300 + 6,37
3100 - 2.308T

3.97 - 8200

-2120 .- 0.38T

2.19T - 4600
2.29T - 6600
-1200
3.65T - 7503
—szoo.+ 2,57
2.3 - 5500
3550 - 2.19T

i

4
LN}

. 18, ideal solugion

“4
References -

14,19,56°

30

31, ideal solution

18,33

45, ideal solutio:n
18,5/
18,51,. 1danl f'-'(‘)j“LiU' f

18, ideal solution

18,33



Table IV. AGYL as Functions of Temperature

~

oL -5

A

_é_G_\i’-*L (cal/nolce)

. -5360 * 0.6T
Ma 2860 - 2.03T
si ~2236 - 34.9T + 4.7244T1nT
Ni | -790 - 0.64T
Cr | 4233 + 6.89T - 0.6565TInT,
Moo » 2.14T ~ 7165
1.397 - 3150
W 3.50T - 10000
v : T 3257 - 11.5T  0.00519°
Nb © 2,37 - 5500 :
Co 3950 - 2.19T ~

.References

14,29

30

P st

e
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S
Dealy and Pehlke (59) iﬁvestigated the temperature dependence

of the interaction parameter:

3e. . ‘ ' B .
a':""J. = - 12 (axa?:c ) ;x =0 - - o (111-29)
: RT” iy '

v

vhere the derivative of the molar enthé}py can in principle be deduced
!

from tabulaped heat of solution data. Provided that the derivative of
the enthalpy as written dbove for the two ;olﬁtes at infinite dilution
is not a strong function of temperature, it is possible eo write ’
equation (II11-29) as: ‘

R

o, . ‘ 2. . '
43l 3H - ' (I111-30)
éf%ﬂ R axiaxj all xk=9¢' R " v
which indicatesSthat a relationship of the form:
= _A_ . » . ‘ ‘ e _ .
€33 =T ¥ B : ’ (I11-31)

¢
’

would be valid for the interaction coefficients. Where data from more

,than one source or at more than one temperature was used, the values

.

were averaged or a least squares method was used for evaluatlon, flttlhg
- a curve of the above\tyée. Slnce the greater portlon of the data wds

. A
available at only one temperature, the integration constant was assumed
" zero and a rec1proca1 temperature relatlonshlp used for determlnlng the

value at a different temperature. Where data came from a regular solution

model or was used in thé form necessary to be used in such a model,

.
it

A

o e ama



the conversion formula of Nishizéwa (60) was utilized: Coe

‘ ¢t = +Rre . : ‘ . (111-32)
cj .

where C1 is the regular solution ternary '‘correction' for. the inter-

action between-céfbon and solute j in solveﬁt iron in phase-l.
The majority of the liyuid a 110) c1o«s interaction parwrcters
I sere reported by Sigworth and Elliott (18), with newer or differerit

information being referenced in Table V,

There is much mbre: informatidg ayeilable for the cross inter-

¥

¢ action between carbon and transition metals.in austenite than in ferrite

or the liquid state, Where mofe'than one reference is listeéd for €4

[ N

in Table VI, the value adopted was an average over all the reported

i

ones. A case-in p01nt is molybdenum, where dlfferent researchers (49

was wich that any one deterynznation could ot be u:Jq for the y--3 trans- T~

O

60-66) arrived at similar CZm va]ucs'for'the,;cmpbrature_'avgc 1000 X
o . : ’ . E .
to 1273 K bat the large var‘uthn'with temperati ¢ oout

L]
pte

de thi

]

. formation. . - : . ) oo

. Little information exists on the cross.interaction parameters

‘. for the & and o phases. The & phase inteéaction'pnrametér was assemcd
e ) eoual to the austenlté interaction parapeter Extrapulatcd tb the temncr-
o ature of 1nteleat All high temperﬂtare e\trupolatlons were checked for ™'
. j(‘ con51stency of sxgn with the 11qu1d interaction valués at 1800 K and °

to ensurg that, the adopted values were of the same ord?f_of magnltude,

“e.g.i - N r . - .




.

Lo N

“CMo = -4.2 at 1800 K e - (1I1-33)
Y o " ' -
€ oo 6.1‘at.1800 K ‘ (I111-34)
- (
For ferrité, the mole fraction of carbon, Xy is sufficiently small
that assuming a} = ¢% leads-to negligible error.
III.5 Partition Cocfficients ° ) v,

Becausc interaciion cocefficients end frec enerpices have nos
been reliably evaluated for the carbide phase,.it became necessary

to adopt the partition coefficients between austenite and ‘cementite.

xSem . -
K, = 2 . : (I11-35)

- -

> N L9
. ‘

. v cem . .
as the experimental inputs, where N is the mole fraction of clement

i in the FesC carbide phase at any temperatute.

2

The only temperatura dependent pavtition cosfficients vl Lle

.

were those of Uhrenius (78). These are expressed in terms of weight

percent .of solute i,;3f temperatiure T, viz:

WLoooweept. doin cementite . o . ’(]“ )
i wt.pet. 1 In ausicjute T

+
.

The transformation from k' to k is.possible knowing XI and wt.pct. i

in austenite, if -equation (III-36) is expressed.as
X 3

[w/oi in-cementite] = k‘[w/oi in austenite] (I11-37)

[ ]
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. Cr*
o ' Mo*

. Cu*
W*
V*

Nb*

Co*

*Asswmed inversec

38

Table V. eLi as Functions of Temperature

Niv

o

L
[
= -1

0.389 + 7810/T
5660/ _
~0.428 + 18740/T

5340/T ‘
-9500/T
-7490/T

7586/T.
-12230/T
-35100/T .
-46615/T

3550/T

¥

teaporeture relationship

References

12,19,20,65
18,30,606
18,65
18,67
18
18
18

16

18

18,66,67
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Table VI. ch as Functions of Temperature* {’Vﬁ\>ﬂ
N E

§

Ezi References E
Crx ' 8910/T ' | L e " 68 . i
M * | -5070/T " 16,30,01,68 !
si 4,84 - 7370/T : 3 16,65,‘69 §
Ni , ' | -2.2 +:7600/T 70,71,72,73
o S 24.4 - 38400/T 49,61,62,71,74
Mo 2 . 3.855 - 17870/T ] 49,60,61,62, ‘ -
s L 4001 L T 0 . \/
y a 23.4 - 30214/7 .62
Vi S ~24660/1 o 49,56
Nb** _-28770/T ' o 62
Co** , ".+2800/T ; ’ 78,76,77 ’ , 1
*Assﬁnéd'eY= e and ¢ ='66 - : N ' : ‘ ,

**Agsumed. invense tepperaturce relation

e e

- - —_— b
-
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Now, when the weight percent of element i in cementite is converted
to mole fraction, it can be put into equation (III-35) which can

then be solved for the necessary partition coefficient. ‘The values
obtained by this method of‘anérysis for the chromium partition data

<

of Uhrenius were found to be in good agreement with the experimental

chromium partition coefficients calculated from the data of Sharma (79).
The zero partition coefficient of silicon is reported by Uhrenius (80)
and is used here as independent of temperature. This data is listed

in Table V]I,

ITI-6" Empirital Fe-C Phase Diagram

Thé iron-carbon phase diagram in the range 1000 to 1809 K has

been reviewed ‘and revised by Benz and Elliott (20) and more recently
’ q
by Ban-Ya et o). (82). Poth pap.rs have (xten:ively scurched and

] -

corarented upen the liteorure, eveattolly papdichine o100 1don 0 )

!

phase diagrams. The cmpirical cquations ol 'Table 1A describe the plia.e

diagram of Fig. (4) and are based on the experimental determinations
and the cofrected experimental values of previous investigators from

Benrz and Eiliott. Tor temperatuyes below 1006 X the extvepolatie : o
- : A

the Ae3 line was taken from Kauf.an et al. (31) and th~ carbide 1+ o \

. . ka2

are simply linearly extended according to the‘cquation in Table (V1il).

P T
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Table VII.

Mn

Ni

Cr

Mo

Si

(

Partition Coefficients as Functions of Temperature

k =

-~

wt%C in Fe.C/wt%C in y»fe-

——

-0.00284T + 5.44
0.0004T - 0.249 .
163.4 - 22.781nT
21 bomt

0

References

78
78
78,79

78
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' Yry+o

L+L+y

L+L+6 .
Yy +8

yry+be

Al

.

C

T = 1083

T ="1809

A

42

Table VIII. Analytic Formula for Fe-C Phase Diagram

T = 11156~

108.46 w5

T.= 1804.3 - 61.3.Wt3C - 4.6(wt%C)°

T = 1666 + 981 wt%C -

T = 671.3 + 530 wt%C -

150.3 wt%C + 210[0. 765-wesc ]

29.56 Wt%C - 86(Wt%C) >

1790 (wt%C) 2

- Al
75.40.1.05

-

26

References

9 1000123184 X

81 ~ T$999 K

» -20- .

20

20 !

N
<
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CHAPTER IV B

- CALCULATIONS, DISCUSSION AND RESULTS

[N

IV.1 Introduition ‘ .

b , :
Jn this chapter we review the mijor sources of verification for

our predictive %Ormdiqeixfrom the-early Ae3 determinations to &attgr
day éxperimental~equilibria:. Although we are f&rced to centre on the
at+y transformation information to demonstraté‘the validity of the.
method, due to lack of reliable expcr}mental and therﬁodynamic déta
“for the othé; regions, the formulae are not limited to this range.

+ Also included, is a Symmary of’thc éorpwtational motﬁéds and.pnoblems v
overcome to exterd the simple prufict%:a Torralae to the prz&%atfgn c.

phase diagrans., . -

IV.2 Computer Calfulations

Y

-IVnZ.A Constant Co position-Se&tiOné of, the Fe-C Phase Diagram
-~ . * /._
/

. . -
» .

. Constant, compesition sections ware calculated and plntteg by

computer for the temperature range 950 K to 1850 K and the composition
range 0 to 2.5 wt.pct, carbon. " As shown in Figure (5) for carbon

compositions X, and x,, both the stable pﬁase boundaries and metastable

1

exténsions had to be calculated indiscrimingtely. Since Boph the stable

L]

44
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Figure 5 Schematic of an Fe-C-X Liquidus and Solidus.-

*

“s




. S8 .
phase temperature and the temperetu:e of the metastable phase at

L

any temperature was known, it was possible to determine which phase
uould bé plotted in the followimx manner.

As shown in.Flgure (5) 0r carbon contént X, the §/6+L line
(i.e. 6 liquidus) is the stable phase boundary at a temperature Tp-
. The metastable phase boundar), the Y-liquidus is denoted by .temperature.
Te- As Xy approaches Xy the two phase boundaries Cross over end the
stable phase is now the y- 11qu1dus at TL and the metastable phase
boundary is the 6 11qu1dus at temperature TG " Thus the calculatlon of
all phase temperafures results in a form of "memory" of the phase boundary
plotted to that pglnt o

This method‘was used to determine'which phas uld he plotteq
for the 6+Y/6+L and 6+Y/§+L CTOSS overs as well, Once it mas.determlned
vhich was the stable phasc at any temperature thekpartitlon:¢oeffitﬁent
(cf. equation (II~18))‘was used to.calculate the carbon'compositiom
on the other‘side of the two phase region. :For.ihstance, withlreferohcer
to Figure (5), when the 6+L/§ phase boundary at x; rs'st;ble, the com-
positioh of carbon of the 6/8+L phase boundary is giveu by point c,
and when Lhe {/Y+L phase ooundary is stable, at Tk’ the carbon cov posltlon :
of the vy/y+L boundaf?’ls grven by the carbon content at p01nt H. | lhns'
method was used for determznlng the carbon CompOSIthD of one side of a

two phase reglon when that of the other side is known for the aty, 6+Y,

6+L ‘and v+L reglons

The actual plots, as shown in Figures {6 to 9) are iomiju;ﬁ/efi:g\/ddﬁ
- "\ . *
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DV

the Fe-C binary phase diagram;; each .contour representiﬁg a different
amount of thé specifiéd alloy. For example, in Figure (6) the contours
represent the following con§t;nt composition contou;sz
‘ Fe-C-0 wt.pct, Cr
Fe-C-1.0 wt.pet. Cr |

Fe~C-2.,5 wt.pct. Cr
e

Iv.2,B Isothermal Ternary and_Ternéry Constant Composition Sections

L4

There ére many isothermal te}nafy systems documented in the
literatufe, especiallyffo} the tempérafﬁre range 9?0 to 1350 K “where
the stable phases areiéu§t¢nite, ferrite and ceﬁentite. " Since thé best
thermodynamic data also existslin‘tpis temperature reégme, this was
the one .chosef to test the formulae. | |

Two methods were useé‘for predicting this'type_of phase diagram.
fhe firsf consigts:of setting up a ‘grid of values, say for carbon Betweén
0 and Zf@oye’percent and ailoying element i betweenfoiadd 4 mole percent,

holding the composition of the other elements constant. For each.point,

the temperature at which it exists is calculated and compared with the

" temperature of interest. This.method is expensive.in computer time but

_allows one to gduge thé effect of uncertainties in temperatyre o

e

fhermoéhemical data (see Figure (105).

1, P
. X

, The seécond, ‘and preferable method of prediction was to. transform

‘equations (II-19) and (11—22) to a form whereby the &eyiation in the

carbon content rather than the change in tehper?tdre from the binary iron

®

51
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carbon phase diagram is calculated: ~

~

alloy _ _Fe-T . AT
S DR T
\f . g °

(Iv-1)

for the Ae, temperature, where mg i$ the slope of the binary Fe-C-

[ 4

3
, | .

a/a+y phase boundary at this temperature, evaluated from the first
. .

derivative of its empirical equation.. The shift i e carbide line

needed no further transformation.since it already existed in the required

. , _
form. - : : \
; L. . o ,

In order .to determine if a three phase region existed, it was

necessary to evaluate the existence of a ternary eutectic in the plotted

equation. An exéct.equation was derived for this by‘Kirkaldy‘et al., (93):

g
»

. .
.
N - » o

o . Yoo -

m A Y
- TEEI'Eg)'+ AT + moAXy

-

~alloy ey
. reutect_;ic - om ; ‘ (1v-2)
‘ N ! : -
v . m *
c

2
*

and carbide lines and
\

where mg and‘mc are the slopes'of the binafy Ae,

»

'I‘E is the biﬁary eutectic\témperapure.\

In the program,’ the -a+y/y and carbide lines-were fitted Ly gitadra:ic

equations. and these were -solved to find tie ternary eutectic, rather

. ‘ Lol e .
than ‘introduce this linear expression, ’

)

As in the constant cbm@osition sections, Ehe(q/aiy phase, boundary

'is calculated using the partition coefficient evaluated within the program.
. PR ’ ( .
)

In an analogous manner, the corners of the three phase region ar determined

S

and lines computed and plotted between them. = ‘

.

‘. ‘ ‘ . J
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Equations IV-1 A/: Iv-2 dke derived in Appendix (IV). Examples
of this type of plot, are found ‘in Flgures (11) to (13) for the system
Fe-Ni-C at 973 K, 1073 ¥ ‘and 1173 X. Following each Figure, is a table
(Table IX-XI) containing the coordinates of the plbtted points in

: .
wt. percent. ‘

A
;

IV.3 * Results and Comparison with Experiment

It was decided the most effective manner for demonstrating the
generality of our predictive formulae vas 1o calculate and plot complcte
constant comp051t10n sections of the iron-carbon binary phase dxagxam as

in Figures (6) to (9) These phqse diagrams encompass the entire range

of temperatures and phases {except higher carbides) of hardenability “; v

steels. Although'a diagram of.this sc;Le,may become more than qualitat-
tom
ively useful, at pre;ent there arc insufficien? experimental Tesults <
available fo verify the entire rungs of this stady. ‘
By far thc ROSt exiensive uaia sei was availabiy. for the Ae5
pemperature o{ low alloy steels Gomparlson-b?tween expérimental and
predicted Ae "temperatures provide a check on one. carbon value‘of th?
corncspﬂndln" consta#t composition section ip this limited tcmpo?\'xz:
range. The exhaustive work on this single touperaturs by Bagani: . &
kirkaldy (9) made thg pér%ec; proving-grSupd for the accuracy of th-.
formulae and programming téﬁﬂniquegs

A Shown in-ﬁigure (2) were those steels which were thought to

apﬁrqach closest to equilibrium. For the mest part, these were chosen

'

NH rntpmimay ol Mafrifin. | et wagni A4 a

—— A e
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from ternary Fe-C-X ‘experiments. The Ac3 temperatures of those steels
. X *

of Aaronson and Domion (83) and Hall et.al. (84) were determined by

'

heating the steels to 1300°c; quenching to martensite, then reheating
and holding at a'femperaturc thought to be near the Ae3. The Ae,'7> temp-

erature was taken as that intermediate between the highest holding

v

temperatdre at which ferritc remained in the microstructure and the

"lowest at which it did not (measured in Soq_incfempnts). Gilmour (85)

and Kirchner ahd'Uhrenius (86). were studying isothermal Fe-C-X sections

)

and subjecting their samples to long periods at carefully controlled
. /s
R .

temperatures (a method %imilar to that used‘by Grange (4)). The results
“of Swmden and %oodhead (87) were determined dilatometrically hlth a

heatang rate of 22%/hr. It is 1nterest1ng to' note~that-the predicted

2,

results 11e below the exper1mental results, even for the leaner steels
(low carbon, hlgh Ae temperature)

Flguye (3) showed the result% for the steels f;om the u.s.S.

tias of Isothermal TranS\ormntiuns (88). 1t was argucd.that these .o
'.not-a true Aeg températu}e (25) since the prediéfor,'wﬁile quite good :
on experlmental steels, was pred;ctlng con51stently 1ow on these con-

mercial stgels. Tlgure (14) shows the Ac~ and Ar tempe13ture< for 15

“stecls fromthe A. S.M L ‘a Sheets (bﬂ) as cowpuved With the p1001chd

RN

“Keé tempcfapufJ.. As kOhlﬁ be expected, the Acs is below and the Arg above

"the predicted value. However, as the carbon content decreases (temperature

-

increases) the Ary crosses the predicted value diagonal.

The above 1rregu1ar1t1es neCe951tated a further check of the C

data and closer scrutinv of sources to be made‘ It was observed that

o
.
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lire for constant composition ‘sections, there exists no imilar data

- phase diagrams. All data tabulated were checked and the program do. s

manganese was present in most of the steels that deviated strongly at

low carbon contents, along w1th lesser amounts of chromlum and n1cke1
It was also discovered that the AG o>y being used would not adequately

reproduce the Fe-bm phase diagram; the main redason being the availability

of true experimental equilibrium data. AGEY - was acéordingly adjdstéd

Mn

- to the value in Table II It is possible that the Cr and ﬁi equilibrium

‘.data are also 1nsuff1c1ent1y precise.

Although it is p0551b]e to verify at least one point on the Aeg
. . . * * » K o
set for the §/L, 6/7, y/L or carbide transfo1mat10n9 However, it is
our view that since the formulae and the program axe performlng
adequately on the Ae3 portion of the diagram and’sincc the other input

data are presumably correct, the other calculated .portions should have

fair reliability., The only check we have on the validity of the input

data is the program's ability  to'reproduce the respective binary Fe;¥

indeed reproduce all required binary pﬁgse diagrams. -
Once the binary limits were established, the Program and .predictive -

forMulad‘for constant composition-isétharmal “quasi—te;ﬁdry” phase diagrams.

were .verified by accuratel) acvxodu01ng, Uxxng ‘identical data, thé iron-

'~r1ch portions: of the tcrna1y Fe-C- \ phase dlabrams (vhele x is one. o;,

»

Mn, Si, Ni, .Mo, W,"V or Cu) published by Uhrenlus (80) for temperatures

above and’ below the binary-eutect01d.- His diagrams are ‘the best' self-
consistent fit betweén regular solution'theoiy and the dataf The method

of comparison used is illustrated in Figure {15). This is an 1sotnermal

|l
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section of the %eLCU—é system at 1€23,K plotted by our program with
poinfs froo Uhrenius' phase diagram superimposed. The eqoilibrium tie
lines (broken) calculated by ﬁhren;us and those chlculated by.oor'program
(full 1ioes) a%e‘draon in for comparison purpo;es. This was the me;;oo
of comparison used for every ‘phase diagram plotted éFigures (10) to

"(13) and (15) to (30)) and good agreement was obtalned for Cu, Mn Ni and

Si and for the a-y equ111br1um, for all other elements treated by Uhrenius. -

Some deviation- was' found for the y-carbide equilibrium in the Cr and Mo
N .

o

X . . e
casds, and th1s is not vheapected because of the erireme brnall’Vl*y of

(A

‘fthe results to" the precise values of k and €ei used in these cases.
The co-ordinates of the-plotted points, in ‘wt.pct. for Figures (17) to

* (29). are in the tab1e§ immediately following the respective phase diagram;,

.

i.e.: Tables XII to XXIV.

‘ Figure (16) and Ql?) contain the comparison between our calculated

° . .
-

phase diagrams and the experimental point$'of Sharm« (TOI for the re- Cr=(
system. It was found that Lhere~wos ood agrccn»nt at 1023 X gnd 1043 K,
the temperatu%&s at whlch this work was undertaken. Sharma also reported
partltlon coeff1c1ent data for the- iron-rich .region of this system Table
(kXVl shows the agreement between our calculapcd «/y partition coefficients
aho tﬁp experirental "onts: The a/y partgticn coefficients for the othrer '
" cleméhts are tabulated in Tablev(XXVI).
Since ail points of the igothermol phase diagraos were calculated,

we automatically obtained the eutectoid témpe}ature ard composition and

the effects of alloying elements on them. The experimental verification

. 3
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- Table XIII.. Fe-Cr-C at 107
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Table XXV. Comparison of Partition Coefficients (mole

fraction basis) for a/y in Fe-C-Cr Systems (79)

Y Y
o X X

T K Cr Cr

—= (expt.) . ~——(pred.)

xCr \ xCr

e

1043 1.66 1.74
1043 1.73 1.74
1023 . 1.78 1.81

(\
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of this calculation was initially based on the data of Sharma (79) and
of Razik et al. (90) for the Fe-C-Cr system as shown in Figure (31).
This information was used initially to check the eutectoid intersections

%

predicted between the Ae, and carbide lines for the constant composition

3

-

sections, fhen to verify equations'(lv-l) and (JV-2) for the eutectoid g
temperature and cérbon composition upon the addition of chromium, with

salutory results, After the formula was shown to work adequ;tely for -
additions of chromium, it was used to predict the eutectoid composition

and temperature for Si, Cr, Mn and Ni and compared with the data of

Bain and Paxtonl(Ql) as shown in Figure (32). It is not Kmown if Bain

and Paxton restricted Eheir analysis to only Fesc-type carbides, so

this diagram was limited to 2 wt.pc¢t. alloying‘element. It is ipteresting
to note that Uhrenius (80) published a similar”comparison that showed a \
deviation comparable to our formulae prediction for Si.

’

Discussion -

As more information on metallic systems becomes a\}ailable, there ?
is a trend towards developing more complex and comprehensive models (10)
in oxrder to expltin the findings and to better predict results which are
difficult to achieve experimentally. As a result, the calculations can
be expensive, demanding long computation times and larger, faster computers.
It was our contention, when embarking on this work, that for
most commercially important alloys (i.e.: hardenability steels) it was
not necessary and not practical to resort to complex thermodynamic modelling
* hY
| \
\ -
. et \
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\

in order to characterize multicomponent dilute alloy phase diagrams. 4
ﬁynchoosing the Wagnér Taylor series expansioﬁ as the starting point,

we were able to derive equations that are rigorous up to linear terms,

that are accurate for small alloy additiéné and are able to handle
efficiently, large numbers of solute additions. Comparison with exper-

imental phase diagrams and phase diagrams computed using more complex

models (80) have shown that our formulae give adequate representation

s

of results for quite rich alloys; indeed, to the limits of: 3 wt.pct. Mn,

dri it

2.0 wt.pct, Si, 4 .wt.pct. Ni, 4 wt.pct. Cr, 1.5 wt.pct. Mo and £ 1 wt.pct.
W, V, Nb and Co. Since for Nb, V, W, Si and Mo, the binary iron phase
diagrams contain gamma loops, we assume that the binary loop extents
set some kind of limit on the maximum addition which can be aécepted in
the binary formgla.
The above limits apply only to the a+y range which is- the only
N~

region where quantitative verification is possible. j The §/y , 8/L,

y/L and y/carbide fields are also assumed to be qualitatively correct

to the same alloy limits although there are unknown inaccuracies due to
poorly established thermodynamic data, binary iron phase diagrams and
lack of experimental multicomponent obse{{:fions in. these regions. Since

the reliability of the information in thes& areas was questionable, no

K
multi-component quasi-ternary phase diagrsz were attempted.

-

Application of the Wagner Formalism for linearization purposes
in our formula required that all variables and standard states be defined a
g [
at infinite dilution. Although the carbon-carbon and carbon cross inter-

actions are rigorously defined for small solute additions, the values
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reported in the literaturef are actually averages over a wide range of
carbon compositions, andfusually measured as functions of temperature.
The free energy data is referenced at the standard state of infinite

dilution but is also an average over a range of composition. These \\\ ‘)
’ ”)

averaging pr&cesses in obtaining the thermodynamic parameters could N
facilitate the extension of the formulae to richer alloys.

~ It was previously mentioned that the predicted values for. the
Ae3 temperatures tended to fall below these experimental ones. Judging
by the agreement of our ternary phgse diagrams with those predicted
and carefully verified by Uhreniug and tﬁe experimental ternary phase
diagrams of Gilmour (85) and Sharma (79) it is thoughtlthat perhaps the
experimental results, particularly U.S. Steel contain a systematic error.
The experimentald’-\e3 temﬁeratures could be affected by segregation,

insufficient austenitising temperktures or inadequate holding times.

Since the binary and ternary phase\diagram determinations were made by

holding samples at carefully contrglled temperatures for long pericds
of time, they are probably betterjthan the Ae3 measurements. The latter
fault, too short a holding timef would certainly account for the exper-
imental results being consigtently higher than predicted. It is none-
éheless thought, because of\the bechaviour of the Ae3 and ternary re ilts
at low carbon contents, that oWr manganese and perhaps nickel and chromium
free energy data for this regiod 1s in error, or that there exists a
o

higher order cross effect which we are unable to accofint for in our

treatments



Application to Steels

* Baganis and Kirkaldy (9) demonstrated that predictive formulae
of this type could be used as a bouridary condition for the TTT curve
as applied in a hardenability predictor. Although this is an indirect
use\of this type of work, the potential uses in the future are much
greater.

At the moment, it is possible for us to predict the solution
temperatures of various Fe C-type carbides and their solubility limits
at any temperature. Given more partition coefficient data and empirical
analogues of the Fe-C carbide line, it would be possible to predict the
lowest temperature a steel could be held at for the complete dissolution
of carbides.

A much more important and promising use of our constgg;\igmposition

sections of the Fe-C binary lies in its applicability to the develo

and implementation of stcels containing a duplex microstructure (92).
Thesc steels are manufactured by austenitising then quenching to nert-
ensite, followed by cycles of hgating %n the a+y region' then quenching

to form a structure of ferrite and dislocated martensite. Since the
grucial step is the holding step in the two phase regigp‘(during which

the alloy segregates into ferrite and austenite aloné thc equilibriun
tig-line), we hope our formulae will be instrumental in cutting development
time and cost by allowing the prediction of a reasonable carbon composition
or temperature starting point. Examples of the types of phase diagrams
possible are shown in Figures (33) to (37) for a Fe-1.0 wt.pct. Cr -

-

1.0 wt.pct. Mo-C alloy.
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CHAPTER V

CONCLUSION

This thesis describes the derivation of a rigorous formula for

the prediction of multicomponent phase diagrams with the following

»

limits: %C < 2 wt%, %Mn < 3 wt%, %Si < 1 wt%, %Ni < 3%) %Cr < 2.5%,
%Mo < 2%, %Cu < 3% and W, V, Nb and Co < 1 wt%.

Because the formula is linear in all elements with the exception
of carbon, it ig capable of describing phase diagrams with any number
of components.

The predictive formulae are simple enough to be programmed on
a desk calculator.

They can be used to predict constant compositioa scctions of the
iron carbon phase diagrams with the compos;{ion of the alloying clo.en.cs
held constant énd the deviation from the Fe-C binary plétted with respect
to different'carbon contents. Quasiternary isotherms of any order can
be plotted, with any number of elements at constant composition and
carbon and another alloying element changing at constant temperatu:c.

) We alsQyoffer subsidiary formula for the prediction of the multi-

component eutectoid composition and temperature and for the deviation

of the T, line with addition of alloy solutes.
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APPENDIX 1

we start with

se boundary correction formula
For Fe(n=0) we

To derive the first pha
lity of chemical potentials.

the expressions for the equa

have
o,Y-L y .Y
"G 1-x,- & X
0 17 2 Tiq Y n Y Yy L% L L _ Yy . ¥Y.2 L
RT 1“[1 ——1 - % 5 f13%t Leyxy - e ) +€11(x1) > )
-Xo- % X
1 g 1 7 2
For C(n=1) we have
L o.Y-L Y
h ﬁ—El——-= ln[fll fel xl - ekl (2)
RT L 1151~ F11
3\ x
\ 1
J
~ —aid for corponent i we have
Y-
IN(H L x¥ _
= InE;E] + e %) - €y5%) (3)
, i
Now rearranging eq. (2)
8°G, I
xl exp(e 1 1) 1 expl T ell 1] Q)
o“_//

Ixpanding the exponential and disrcgarding higher order terms aives
A°G ‘
Y Yy v, __L 1
x) (1ve %)) = x) explgg ehyxy) >)

. g . . L
To a first approxination, for Xy, x{ snall

Y L AOG
§1 = X, ezp[————ﬂ . (6)

Substituting for x{ in eq. (5) and rearranging we obtain the next higher
order approximation
[A°G '
X 16%P el x2]
RT 1151
(7)

X -
! a° G

Y L
(1+e) x; Xp [ = ]

"




R A
X (l+c X)) = x] exp[—ﬁf— + 11 1]

Substituting for x} from (6) and rearranging we obtain
o
<L ox Eﬁ.ﬁi <]
Y o i OPURT IiM
e i

oy

.. 1% A

1

y L
(1 +elixl exp[ RT

Now from (1) we write

L L y By
- = -X.=- L
1 X3 g X{ (1 Xy. 5 xi)
o
A°G n n
~ Yoy, Ly L L_ Y L.2
explo—gr - x) Deyxyxy §oepyxge & e l_ﬁ P
2 2
d let 4
an C )
IN(e
n L _L
expl—— + e %]
Ay = L L A%
Lveynxy explgz]
5
S0 that
Y — 11
Xy = xlAl
Y _. L
Next, substituting for x} and xz in (10) wve obtain
<
n n
I TN S I
1-X S X5 = {1- AIA 5 1Al]
o
A°G n
o L, " Y v L L. L v ., L, .2
- - z . L -
- expl- g = XAy Loy ixiAex B eqpxgeg, (pAy) Tee

™)

Now carrying out a first order expansion about the iron carbon line, T =

A0 G
of the quantities exp[:

/

obtain

| (14) (all other temperature-dependent t6éIms appear in higher orfers) we
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(%)

(10)

(11}

1z

(13)

Tos

—————AJ in the leading term on the right-hand side of
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IN(e

o/ O (o] (o]
S 4 HA A™G
exp ] = expl-A8) exp—8H g o (L AHAT) o8 Gy
RT (1+) RT o
(o]

. o
Fol&owing these substitutions we can set all the remaining Ay (T) = K1,i(Ty)
= Al,i- As a subsidiary relation we can evaluate equation (95 at the

limit of the Fe-C phase diagram (xi=0; T=To), viz.,

L L,o 8%, el L2 5%1 L.2
" 1-xy = {1-x/A[} exp[- ﬁf;—'- 7 (AT + 5 (x)) ] (16)

Next, discarding higher order terms of the type xiAT, xixj, (14) becones

o] [o]
ATH, AT A“H AT
n n
1-x1- £ x, = (1-Q1- — <% 1 <l s —2
2 RT 2 RT
o o
1
a°G n
o Lol ¥ o L L vy  ,Lo2 L ,6 L2
- - z -
exp [~ —= XpAL 5 e X A ex) Loy yxg ellﬁxlAl) +cllfxl) ]
.2 2
- o~

P4

(17)

Lol Y o LI
z !
1M 5 S5

on the right can be expanded to yield

Now since the quantity |-x ixi] << 1 the exponential

-

A°H. AT o

L 1 1 L,o
l-xl- 5 X5 {1-(1- RTZ )xlAl- % xiA.}
)
A°H AT - )
o Lo® v o L} L L ,
S+ = -x)A) L e1aXiAx] 5 €113} .
RT
o
t 4
)
~AG
. expl- © _ Y (xLAO)2 + € (xL)z] (18)
2 117171 1171
, RT 21 LY
. o 2 2
L]
o
A H AT n <7 n .
. , . (" L.o oN._..L L L
Aga: - ) % I
ain since the quantity l RT2 xlAl 5 e}i&iAi + Xl 5 elixi' << 1, we can
o

rearrange between the left and right hand sides using the binomial theorem
to obtain



N A H AT n n A'H AT n
0 0 Y o Lg L L L L o L , L2 L _L
{1- 7 * xlA1 g 11X1Ai xl 5 €151%1 %%y > X x1+(xl) B €555
RT RT
(o] . [o]
n OG )
_x2p0 By Y o boy2 Lo L2
[0 Ay Beysxg A} explrmz> + ) (AD) "6y % 1%
. 2 ¢ 2
A H, AT
{1-x§ % ;9———3——-- z xLAo} (19)
: RT2 2 .
o]
But from (16)
. o
L, . _ L o . ¥ L, .2 L L2
(l—xlAl) - (l_xl) exP[ R—To + el]__-(xlAl) ~€_:_1_l._(xl) ] (20)
2 2

Substituting in (19) and rearranging gives

E x Loy .Y Lo L L L % L L2 ? L L Y 4O
2 % +{ lAl 2 11 1A1 12 €1i%1 2 xi+(xl) 2 11k1 (xl) 1 2 11A1X1}

2%

L,0.2 L , L2
. expl Z (xlA ) ete sy ]
7 - z

. o )

ATHL AT A“H AT ATG
=xbPa—2 b b)) —2 - expl—2 4 Y 1A% - e Y ey

11 2 2 2 11 Y171 11 1
RT RT RT -
o] o o 2 2

Solving for AT and rearranging to obtain the x?'s as common factors yields
finally

#

2 3
AT = RT_ .k, Ax/
where L2
’ . 2% x)" 7
o L L L Y (o} o 1 L
[A;-{1x) (1-x7) (e ;- llAlA )} expl— T F==le 5 11 1 °2y3]
Ay = P 2 N (22)
LAo Q A Go (xl) } L
x)0°H 1A +(1 xl)A H, exp{ RTo (e 11A )
* Other than theYWagﬁer expansigpns we have made no approximations in the
carbon variables, x yL If we assume, as is likely, that the empirical
determinations of the linear coefficients in the Wagner expansions are

actually averages over linear and. quadratic effects then we are justified in
retaining the quadratic carbon .terms in (22y. These are marginally
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significant for carbon concentrations above the eutectoid. -

APPENDIX 2

To derive the metal(I)-carbide(II) correction formula we proceed
from the Gibbs-Duhem equation. At constant T and P we have

X + xlay, + 1 Xldw. =0 | (1)
o0 1771 2 71771 ‘ . . |
and ‘ < - \’/j
11 11 noI1 _ ,
X, du, + Xy du, + g X;7duy =0 (2)

]

n
Since I Xi = 1 we can subtract and reaxrrange to obtain
o

©

IT .1 no11 I
04 X)) (g ) + & (X5 -Xg) (dug-du) = 0 (3)

Now using t er expansions with reference states at infinite dilution

we have
duo
— = . L -
R iszdxi d)(1 4)
dul Xm n
Py =3 ———— Pl
RT Xl * e1ldxl * i§2 elldxl ()
and
s Efi»+ e..dX. + T el q (6)
RT S ERS T S

Substituting into (3), dropping the superscript I and letting all Xi + 0
yields . .

11
X

{

LIX . no IT o ]
- - 1+(l1 -Xl)(l*ell)} dx1 + i52{k1—1+(1+eil)(xl ~X1)}dki =0, (7).

)

Noting that we are secking a limiting solution wherein AXj is linear in the
Xi we can integrate (7) in the limiting approximation that
IT X. = xII xS . | (8)

X 1= X 1

Pod

©.c .
where Xj is the plain carbon limit of the integral. Thus

X ) / S
II 1 I1 .c cy II ¢
. X In ;E‘* {(xl -xl)(1+;11)-1} (X;-X) = - ingki"1+(1+ei1)(x1 ~x1)}xi

1 \
_ \ (9

- L
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\
-Letting )(1 = X(1:+(X1-X§) and expanding the logarithm ¥e obtain

c B 11 ¢
_ ¢ Xy 3Ep XUk Qve; ) (X7 -X1))
8X) = Xy-Xy = - IT oo, i1 -c
X, X500 X (1ve 1) -1)
(-,

(10)
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APPENDIX III

1 2

6, = G (1)
I 11 "

X = X5 2

which for the binary gives:

I I _JIT 11 IT II
XpHp ¥ XgHy S XM F X (3)
. I _ _IT1,
but since x1 =Xyt

I, 1 1I 1, 1 11, _ N
x Giy=u )+ x (u-e %) = 0 (4
Therefore:
L AOG§+JI . Aocé»ll
R Xm0 > (%)
{
Similarly, for a multicomponent system:
1 4%6, ; 860 n 6%,
) * Xoﬁj?rﬂ + % (55 =0 (6)
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At T = To’ for the binary Fe-C system:

AG° (T ) G2 (T )
1771 1 &
Xy ( RT —_——) + X, (—57) =0 . )
262
Expanding _ﬁ% about T = To:
(o] v *
o A"G(T o
2%y . 2 STe) % o -
RT RT 2
o RT

-xi 8%, 8T 8%H AT n xt 4%, xI aTan® -
+ X S —§T£ -1 _J_il y 9
RT ° R'rf) 2 o RT

Since, in the dilute limit terms of order xiAT are negligable:

n .
A ( A %, + xI 2% ) = —=— 1 x.a%, (10)
1 o 0 RT o271 1 .
RTo )

. n
Thus, in the binary limit, X X; * o, X, = 1-x, and

2 1
5 1 n . xiAoG;-[_-}II,
AT, = L (1)
- RT. 2 1o )
i ) xlA ﬂl+(1-xl)A Hy .

where T, is for the binary Fe-C phase diagram. It can be seen, that
‘upon the addition of alloying elements, for dilute alloys that

$
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Talloy -

T {1+

" RT

on

2

x:4%G; T
i® i

x

I

1

(o} I..0
A H1+(1-x1)A H0

e X

}

(12)
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APPENDIX 1V

~

—
1f aﬁi%lloying element i, is added to an Fe-C binary alloy,

the result is to shift the Ae:5 line.

Now at any amount of i added:

XX = x_ + Ax where X, is for the Fe-C binary at T

c 1
e

T + AT where TC is for the Fe-C binary at X,

-~

1f Mg is the slope of- the Ae3 (a+y/y) line, it is obvious from the

diagram (Fig. L) that ¢
g

/‘

"This means that at any temperature T and amount of alloy addition i,

that it is possible to calculate the corresponding shift in X - Thus,
the coordinates of the o+y/y phase boundary at temperature T and any

amount xi will be in the form:




-

{
!

1
{

: ™~ Aes

l |

| !

i | -

| : ~N'tefnary Aes

i e

! }

¥*

Xy Xe

X| —_— <

s

"ternary ¥/Fe;C" /
/AXr : J

Y+FexsC

P e e e e e e e e e

‘W,

Figure 38

Schematic of deviation of Ae3_and carbide lines

with addition of alloying elements ,

e
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\
Similarly, for the carbide line &
x* = x} + Ax
c 1 ~

~

vhere xi is the Y/y+Fe3C phaée limit in the binary Fe-C system. The

coordinates of any point on the isothermal diagram (Fig.J) is thus )

P = P(xi + Axl, xi)

In the same manner it is possible to solve for the intersection
of these two points, to calculate the temperature and composition of
the eutectic. -

Let

GAMMA

a+y/y phase boundary

1

CARBIDE y/y+Fe3C phase boundary

Now, at x; = constant, the ecutectic point.fies on the intersection of
the two planes, LM at P.

Now, if m_  is the slope of the Ae

5 line (FG) and m . _is the slope

g

of the carbide line (RS) both at the binary eutectic, the transformation’
' 1
“to move L' to P is:

P =1L + AT + AX
axis:

1

* . . >
T TE

*
xl xE * mc +Ax1

Now, projecting back to .the T-x

. .
and T* TE + (xl—xE) . mg + AT
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Figure 39  Schematic of multicomponent eutectoid intersection




Hence, at the eutectic, generalizing over all i:

Mg
AT
xE(l = ) o+ —t ATx1
x¥* = <
1 m
1.-%
m
c

1
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APPENDIX V

Program for Calculating Isothermal Quasi-ternary

Variable List

Variables

I,K,KL,M,N

CSTORE ,DEN, REP1,S,
TEST,VIN, VVK, XD, XP,
YD,YP,ZA,2ZB,Z2C,SLOPE
ZLS,ZRS

J1,J2,J3,34,J5,
NOB, IIM, XNUM

A,B,O

CARK

DT

nIc
DTE

D1

GFE

HC
Height
HFE

1ER, IERR

NUMPLT

-
Multicomponent phase diagrams

\A s

indices

dummary variables

*
counters

coefficients of quadratic to be solved

holds y/cementite partition coefficients of
all elements

temperature change from Fe-C binary
carbide line toorercture of alley

Ae3 temperature of alloy

sldpe of Ae3 line at temperature
8°62™Y
0

0, 0-+y
A H1

height of characters to be plotted

20 ne
AR
[0

error messages that equal zero if subroutines

operate proyﬁrly

number of separate phase diagrams te be plotted

Py




SA

SIGSQ

TDGM
THETA
TO

YCNEW
XSOL, XS01X

XWCAR

yARS

ZLC

Arrays

BX,BZ,C,DXC,WA,WC
XWT,Y b

D,E,F,P,U
Wi, W2, 03

EA
EB

G

numbet of the ternary alloying clement
to be plotted

gas constant
partition coefficient in calculations

sum of squares of deviations from fitted
quadratic

temperature of isotherm
angle of characters to be plotted
temperature from empirical Fe-C phase diagram

composition of carbon of carbide line in
alloy in mole fraction

carbon composition in mole fraction of
a/a+y boundary

carbon comMposition of carbide line in wt.pct.

complex, larger root of quadratic containing
eutectodd carbon composition in mole fraction

. 2 . .
complex, smaller root of quadratic Containing
eutectoid carbon composition

dummy or working arrays
dummary arrays holding calculated points
for curve fitting

dummy arrays holding calculated points n
wt.pct. ’

gamma phase interaction pagameters
alpha phase interaction parameters —

A°G§*7 data
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POLY
SARRAY
VALP
WT

X

Xw

T,V

Results:

Fe-5i-C

Fe-Mn-C

Fe-Ni-C

Fe-Cr-C

Fe-Cu-C

at

at

atg

at

at

122

coefficients of quadratic for Ae3 line
coefficients of quadratic for carbide line
a/y partition coefficients for all elements
composition of elemepts in wt.pct.
composition of elements in mole fraction
molecular weights of alloying clements

Tabulated AoGg»7 data; T(I) holds the temperature

and V(1) the AOGZQY valuc at that temperature

This program, as written was used to calculate and plot the
following isothermal phase diagrams:

973 and 1073 K

973, 1035, 1073 and 1173 K
973, 1073 and 1173 K

1023, 1043, 1073 and 1173 X

1023, 1073 and 1173 K
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QOO

COG

(21l

vlele]
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REP1=0.01
M=34
HO3=75 o
R=1,987
XW CONTAINS THE MOLECULAR WEIGHTS OF THE ELZMENTS
XW(1)=12, C11
XW(2) =54y C38
XH(3)=28.086
XW(L)=55.71
XH(S)=51.0G6
XW(6) =95, 54
XH(7)=53,54
XW(3)=1%3,25
XW{3)=50.942
XW(10)=92,%:6
X\M(11)=5&,9%3
READ IN THE GELTA G CATA , THE CLEMINT AHC TEMPERATURE s CULPED
D0 1J1 K=1,M
FEAD (5,115) T(X) ,V(K)
CONT IMUE
READ (5,116) NUMPLT .
00 114 PIH=1,KUrPLT
TSUH=J00
Ji=J2=J2=0
READ (5,117) Q,TOGM ,
REAQ IN THE CONSTANT COMPOSITIONS IN WT. PCT.
READ (5,118) (WT(I),I=1,11)
WEITE (5,119)
WRITE (€5123)
CoAR THE GRIC OUTLINE
CALL GRID (Q)
WT(Q)=0.0 .
START TO CALCULATE THE FOILTS TO BE PLOTTED
00 106 XL=1,40
HTLG) =HT () +6.10
Wi {KL)=NT(0)
%gﬂ6§;103
l‘uz‘} .
XRT (1) 2609 ”‘\\*;
CARLIN CALCULATES TYS CARBIDE LINE
CALL CASLIN (XHyPyWT,XHT;GTC,XCNEH) "
XWEARZXhT (1) .
H3(KL) =XHCAR :
TAG GALCULATES TWE IRCN DATA MEEDED FCR THE TEMPERATUFE CHANGE
CALCULATIGNS
CALL TAG (XWyHT4XTO,GFEyHC,HFE)

8 2l M N N v R | R
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XC= X (1)

eC=EA( L)
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Program for Calcplating Constant Composition

Sections to the Fe-C Binary Phase Diagram

Variable List
- Variables

1,JJ,K,KL,M, .+ indices and counters

NOB .

A, DEN, DTS, DTT, . dummy vaniables

THELP, XD, XP, YD, YP

DT ¢ dummy variable returned from CALCT containing

. the temperature difference

DTA " i1 .Predicted ﬁelta/liquid temszséiﬁre

DTC | t” Predicted carbide température
~DIE L »} Predicted Ae temperature

DG ‘;// ' : Predicted gamma/liquid temperature . _:
. GFE T ¢ Dummy variable containing AOGO

HC . : Dummy variable coﬁiaining A°H1
" HFE | J &_} ?\\ : Démmy variable containing AOHO

NCOUNT ~ o :  Number of constant cbﬁposition.secfions to be

A " plotted

R ' ' " : gas constant

SA ) '. ; 'Duﬁmy variable containing the partition‘éoefficient

TO " - i Dummy variable containing eﬁpirical temperatdre

value from the binary Fe-C phase diagram

-



XCNEW
XSOL
XSOLA
XSOLD
XSOLG
XSOLX

XWCAR

L)
-

Arrazs

BX,BZ,DXC,WC,WK,
XNUM, XWT,Y, 2

EA
EB
G

T,V

wTr
X
Xw

142

Carbide line carbon content in mole fraction

dummy variable.confaining carbon composifions
Delta solidus carbon composition

Delta/delta + gamma carbon‘compositioﬂ

Gamma solidus carbon composition

Alpha/alpha + gamma carbon composition

Carbide line carbon composition in wt.pct.

Dummy arrays

Dummy array holding interaction parameters: eii
Dummy array holding interaction parameters: ‘

Dummy array containing Aoci*l

€1i

‘Tabulated A°G>”Y values; T(1) holds the temperature

and V(I) the AOG(OWY value at that temperaturc
Composition of element i in alloy in wt.pet.
Composition of element i in alloy in mole fraction

Moleculdar weights of the alloying elements

Results: This is a copy of the program utilized to calculate the «ilicon

sections shown in Fig:(8).
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PPOGRAM TST(INFUT,0UTPUT, TAPES

ouUTPUT)
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CALCULATE THE SOLIODJS

XSOL=X(1)+SA

975=0T

XSOLG=XSOL

DETEXIMINE AND PLOT THE CORIECT LIOJIDUS

DT~ =)TA .

071S=9376

IF (JTALGZ,CTG) DTG=2TA

IF. AT (1) «GTe245) 3) TO 129

XP=WT (1)

Y0=3TG

CALL UnITTO (XD,YC,XP,YF)

CO ITIUE )
CALCULATE THE f*PI«I AL FE-C E%P RATURE , IRCH AYD CARAD. DATA
DEL TA=GAMMA . . .

IF (HTL2)eGTele2) G) 7O 1L

IF (THELP 5Te 180340« THELP . Ta 1353) GO TO tiv

CALL TIG (WTyXyT0,06F2,HE,HFZ) .

CALCULATE DELTA G AYD INTZIRACTION PARAMLTER DATA FOR
GEL TA=GAMMA T
GALL DAGY (TO)

A

ALCULATE TEMPEFATURE SKIFT
#‘% CALCT (TO,X HC,HFc,DT)
HEL

cAL
ODT=T0+D" X
THELP=)T : . ?
CALL PLOTPT (”T,X(ﬁ),&) - .
CALCULATzZ THE DELTA/GANMA+TZL PHASE BOUNDARY
XSOL=X(1)+S4A
0TI=0T ’
XSILI=XSOL : N
CONTIHUE - j N
PLOT THE COSREZCT SOLICUS OR CiﬂTA PHASE SXTENT
F (XCHEWGTeXSCLGeANC CTC, G7.D76G) 50 .TO 111
BLL THALGT (¥STLCGyXHy Xy XHT)
F (Xf’(i).G:.Z.ﬁ) 590 T 212
SaXAT(1)
D=2TC .
ALL YNITTO (XO,YL,XP,YC)
ALL ORAF (XF,YF,.J&S";)
0“T;~|Ui ‘ 5 ‘
F (3T64LT.CT0) GC TO 113/
F (CTZ.67¢2T2) G0 70O 112
D=yi(1) .
0=3T)

L
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. A2=A2+3,5

i CONTINUE

, A1=Jog
?'=1vgao€ XSCAL .
HO=E Jo U *XSC <
BN TES
0@. 2 i=1,9 .
CALL FLTLW (A1,E1,A2,22)
81=31+100, l s
.B2=82+1{%.,9

2 COoN I LHlE
WHC(L)EU,0 '
DC 3 1I=2,4 ¢
HO(L)=WC(3=1) +0.5

3 CONT INUE, -
K='LOU§ . .
. S=3 %5443
THETA=] .0 [
HETGHT =T, 25 N\
6 4 I=1,¢ \
ME(2)=)a5 .
A M=HO (D) .
CRELL NUMBER (RySyHEIGHTJANUMPTHETA,BH(F3, 1))
P+ 45¢

L COITINnUE e
2CI=1200e
Q0 A I=249 o

5 yA 1%§%é;~1)+iho.0 ’ .

'4 “ t-_ v “
; R=E="5e20 - , \%

S=18J%6 3
D0 6 I=1,9 . ! _
INIF=IFTXCT(I)) . ’ .
CALL INTAUM (RySyHZIGHT,INUM ,,THETA,&H(I4))
5=S 114042 . .

6 w GCCivIwUZ e - .
Chll PLTLET (15,0,325,33¢%,=2e5, 128045 318HT E4PECATUZE (X))
CLLL PLTLIEIT (15400325 uelgf03y090edy 160WT, 23T, JANLI0H)
§5§U?N .

c&¥4¥4¢noa46¢cb0¢nhQQ‘45+4+%4d&&&%4¢Ac&4¢p4*44¢044¢4#00‘40#0'&444*0}464#

SU3SROUTINE NUMBER (R, S,KETIGHT,RAUM,THET&,FYT)

C ‘ )
€ . ENCCOING ROUTINE FOR RZAL NUFIESS
© DINExSIOn 3CT (1) ,
EMS(DE (L2vr™T45%37) AUy . .
ChLL PLTLIT (1d,9.25,THETA,%,S5,8Q70)
ETURN e — . i
£
-

SUBROUTINE INTNUM. (RySyHEIGHT, INUM,THETA,FNT)
ENCCOING SOUTINE FOR INTEGERS

..

DIMENSION BCC(1) - . - //\

[9lely]
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ENGCIE (1(,S+T,360) Inum '
CALL SUTL:t (18,0.25,T42TA,R,S, 2C0)
Rz TR , , ‘

e )
SN

Cresss A E R SR RS R E YR RY PR LYY FY PR WYY PP YY PP EY ¥ ¥ ¥ U S U i g A rg e g a
A Y

SUBROUTINE CHANGE (X30LX,XHy Xy XWT)

QOO0

CHANGES ALL VALUZS F2CM 4CLE FRACTION TO WT, PCT, .
DIMINSTIGH XW(11), X(11), XWT(11) .
OEl=(1-XSOLX~X(2‘-x(5)~X(u)fX(5)-X(5Y$*(7)-X(c)-x(9)-X(10)-X(11))

155, 347+ XSOLX®XH (L) #X () *XH{2) ¢X {31+ d (SI4X( L) S XA(U) +X (5)*XH{5) +£ (

IS XA(A) EX(PIPXW(T) X (3)*XWE ) +X(Q) N W () +X(13) *XW (L1u) ¢X (1) * XA (13

XP=1)4XSCLX*XW(1) /) . . -

XWT (1) =XP ot :

DO 1 I=2y11

XATLI) =12u* X (1) *XHW(I) /Dl .
4 CO 1IHUE

52T LR ,

END
CQ#Q‘;&J‘&QQ!OS&J;:&##.l06‘1A0?)ol60¢4000640‘44‘#0&4.¢4a¢4&4;b¢45‘;&$4¢p
. SUBROUTINE TAG (HT,X,7CyGF2y FCyHFE)
C : P
g CALGULATES THE CELTA G FGR IROM , THAEZ NELTA H FOR IR0N AND
c CARBON ANTC THZ EMFIRICAL ToMFoBATURI FROM THE FE=O- PHASE OIAGEAW
c » FOR ALPHA/GAMMA : , _
¢ : :

< DIMENSICH _WT(11), X(11) )
coqdon 7ssas Tk, vitem (
. RI4L _HC,HFE . .

c caccuLhtes 1o

C=HT (1) L

TO=1115,=1533%C+21hH¢* ((347H5~C) #+4, 25)
C CALCULATES CELTA CeJ FQOR FX
' IKITINT((TC=G22)/710+1) - ;

GFE =y (K} + (VK1) =V (X)) > (T(K+1)= 0)/10 . _

HC==-15323 s _ . )

HFS=GFE4T0* (2,85=1,)046%(T0=1550, %29, 96) - ) -

HEZ=HF S+, 558%COS( 3,345 (T -LUJU.O))°T

FETURN

gh?

C“!““ild:“b#litil&l.QLJ-44-&4&.-&41':&“&&“0;‘&“ BLAPBLALYI Gl caP A Gor s s

o Al

bUBROUTIN: GAG (TC)

A

‘bbb B

-

ézsa THé 0z LTA & Ahu IhTE’ACTTOh GAQA?LTcR JATA Fox

L
A/ A

(olelriolele]

ON /DELG/ G(11),EA(11),EBL11) ,6FE
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