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Abstract

Knowledge of the relevant stable equilibrium phase dia-
gram is a prerequisite for taking account of deviations
from equilibrium when modeling the solidification of sili-
con cast irons. While a linear description is practical for
silicon contents up to 3 wt%, the curvature of the austenite
liquidus at higher silicon contents necessitates the use of
second-order polynomials. This study was carried out with
the aim of obtaining an accurate description up to 4.5 wt%
silicon, representative of today’s emerging high-silicon
cast irons. In addition, alloying with up to 1 wt% copper,
0.5 wt% manganese and 0.25 wt% chromium and

phosphorus was considered. In parallel to a description of
the liquidus of austenite and graphite, the austenite-liquid
partition coefficients of all alloying elements have been
described. This paves the way for future work aimed at
providing an accurate description of microsegregation and
other non-equilibrium phenomena occurring during the
solidification of silicon cast irons.

Keywords: solidification, cast irons, Fe–C–Si phase
diagram, alloying elements, partition coefficients

Introduction

The carbon equivalent liquidus (CEL) of austenite and the

eutectic carbon equivalent (CE) are of common use for

process control of silicon cast irons. For usual cast irons

with nominal silicon content less than 3 wt%, these

quantities have often been expressed as linear relations of

carbon and silicon contents, with sometimes account made

to other elements such as phosphorus, copper, etc. These

linear relationships have been shown to be directly asso-

ciated with a linear description of the austenite and gra-

phite liquidus of the equilibrium Fe–C–Si system1,2 that is

adequate when the silicon content is limited to 3 wt%.

Accounting for the kinetic effects in the nucleation and

growth processes involved in the solidification of cast irons

straightforwardly explains the systematic shift between

equilibrium phase diagram and recorded liquidus and

eutectic temperatures. This has been detailed in successive

works3–6 where a discussion of the relevant literature7–18

can be found.

With the development of high silicon cast irons, there is a

need for a similar polynomial description of the relevant

equilibrium phase diagram up 4.5 wt%. However, the

austenite liquidus curves at silicon contents higher than 3

wt%, cannot be anymore linearly described. This was the

aim of this work to derive as simple as possible appropriate

polynomials valid up to 4.5 wt% silicon, and this was

achieved based on the equilibrium phase diagram calcu-

lated with the TCFE-8 database of ThermoCalc.19 A sim-

ilar procedure limited to low silicon content and a linear

description of CE has already been used by Bazhenov and

Pikunov.20 In the present work, the effect of other ele-

ments, copper up to 1 wt%, manganese up to 0.5 wt%, and

chromium and phosphorus up to 0.25 wt%, was also con-

sidered, and the partition coefficient between austenite and

liquid of all alloying elements including carbon was

described. The following section presents the Fe–C–Si

ternary phase diagram and the next section the effect of the

four additional elements.
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Ternary Fe-C-Si System

Isopleth sections were calculated with TCFE-8 for four

different silicon contents (0, 2, 3 and 4.5 wt%) and are

plotted with dotted lines in Figure 1: the austenite liquidus,

Tc
L, decreases with carbon content, while the graphite liq-

uidus, Tgra
L , raises with it (all temperatures will be

expressed in Celsius). The intersection of the two liquidus

at given silicon content defines the corresponding eutectic

point. At temperature below this point, the liquidus lines

are metastable extensions that are of interest as solidifica-

tion of cast irons proceeds with some undercooling.

Each of the lines calculated with TCFE-8 could be fitted as

a linear relation of the carbon content with a regression

coefficient virtually equal to 1. These relations are defined

as:

Tc
L ¼ Tc

0 þ mc
C � wC Eqn: 1

for austenite, and

Tgra
L ¼ Tgra

0 þ mgra
C � wC Eqn: 2

for graphite.

In the above expressions Tc
0 and Tgra

0 are appropriate con-

stants, mc
C and mgra

C stand for the liquidus slope of austenite

and graphite liquidus, respectively, and wC is the alloy

carbon content (wt%). All four coefficients depend on the

alloy silicon content, wSi (wt%), and could be expressed as

second order polynomials of it:

Tc
0 ¼ 1639:0 � 49:652 � wSi þ 2:7506 � wSið Þ2

Eqn: 3

mc
C ¼ �112:21 þ 6:0457 � wSi � 0:51415 � wSið Þ2

Eqn: 4

Tgra
0 ¼ �503:34 þ 196:46 � wSi � 11:368 � wSið Þ2

Eqn: 5

mgra
C ¼ 382:24 � 19:408 � wSi þ 1:6522 � wSið Þ2

Eqn: 6

Equations (3–6) have been introduced in Eqns. (1) and (2)

and plotted with solid lines in Figure 1. It is considered an

excellent, if not perfect, agreement between these linear

relations and the calculations using TCFE-8 that

demonstrates Eqns. (3–6) are valid up to 4.5 wt% Si. The

adjustment was made to approximate the liquidus of

austenite and graphite around the eutectic point, meaning

that calculations were made from 3 to 4.5 wt% C for 0 wt%

Si, and 2.5 to 4.5 wt% C for 4.5 wt% Si. These intervals

define the compositional range where Eqns. (1) and (2) can

be applied with the parameters listed in Eqns. (3–6).

By equating the austenite and graphite liquidus tempera-

tures expressed with Eqns. (1) and (2), one gets an

expression that relates the carbon and silicon contents

along the eutectic line. The eutectic carbon content, weut
C , is

thus (wt%):

weut
C ¼ 4:333 � 1 � 0:1149 � wSi þ 0:0066 � wSið Þ2

1 � 0:0515 � wSi þ 0:0044 � wSið Þ2
Eqn: 7

In Figure 2a, this relation is compared to the TCFE-8

calculation and shows a perfect agreement. On this figure is

also shown the linear relation valid up to 3 wt% Si that was

given as:1,4

weut
C ¼ 4:34 � 0:28 � wSi Eqn: 8

It is seen that the linear relation previously used (Eqn. 8)

slightly deviates from the present evaluation only for

silicon contents higher than 3.5 wt%. Note also that the

reference value for eutectic carbon equivalent is 4.333 wt%

in Eqn. (7) instead of 4.34 wt% in Eqn. (8), while the value

calculated with TCFE-8 is 4.338 wt%.

By inserting Eqn. (7) in Eqn. (1) (or Eqn. 2) with the

appropriate coefficients (Eqns. 3 and 4 for austenite, or

Eqns. 5 and 6 for graphite), one gets the temperature along

the eutectic line that is depicted in Figure 2b where it is

compared with the temperature evolution calculated

directly with TCFE-8. The difference between these curves

is at most 1.5�C at 4.5 wt% Si. Also, it is seen that this

quadratic description of the phase diagram reproduces very

satisfactorily the experimental eutectic temperatures

determined by differential thermal analysis that had been

used in a previous thermodynamic assessment of the Fe–C–

Si system.21 In contrast, the linear relation that was pre-

viously derived1,4 is also plotted up to 3 wt% Si and is seen

to slightly deviate with increase of the silicon content.

Of further interest in the above analysis is the straight

definition of the CE value that allows positioning of an
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Figure 1. Isopleth diagram of the austenite and graphite
liquidus. The dotted lines have been calculated with
TCFE-8 and the solid lines are obtained from the
polynomial Eqns. (1) and (2) with the appropriate
parameters expressed in Eqns. (3–6). Numbers indicate
the silicon content.
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alloy with respect to the eutectic composition. As for the

previous linear analysis, Eqn. (8) leads immediately to:

CE ¼ wC þ 0:28 � wSi Eqn: 9

As noticed above, the reference value for the

stable equilibrium eutectic is CE = 4.34 wt%. It has

been described previously why this value differs from other

selected values, and in particular the value of 4.26 wt% that

is often used (for literature review and details see

References 3–6 and 22).

To get a simple expression of weut
C , Eqn. (7) could be

extended as a Taylor series but a simpler way of doing was

carried out here consisting in fitting the carbon content

along the eutectic valley calculated with TCFE-8 with a

second order polynomial of the silicon content. This gave:

weut
C � 4:335 � 0:287 � wSi þ 0:0037 � wSið Þ2

Eqn: 10

If the same procedure is applied to the carbon content

calculated with Eqn. (7), one gets:

weut
C � 4:339 � 0:291 � wSi þ 0:0040 � wSið Þ2

Eqn: 11

Equations (10) or (11) converts immediately in the

corresponding expression for CE:

CE � wC þ 0:287 � wSi � 0:0037 � wSið Þ2
Eqn: 12

CE � wC þ 0:291 � wSi � 0:0040 � wSið Þ2
Eqn: 13

The previously derived Eqn. (8) is compared with Eqn.

(10) in Figure 3 where it is seen both expressions give

similar values up to 3 wt% Si. Beyond this value, the

quadratic form should be preferred. The same conclusion

applies to the estimate of CE, with Eqn. (9) that should be

replaced by either of the two Eqns. (12) and (13) at silicon

content higher than 3 wt%.

From the isopleth sections at 2, 3 and 4.5 wt% Si calculated

with TCFE-8, the austenite composition was also obtained

in terms of carbon and silicon contents from which the

partition coefficients ki of alloying element i (i = C, Si)

between austenite and liquid could be calculated. The same

procedure as before was then applied, consisting in finding

an appropriate polynomial for kC and kSi for each silicon

content, and then expressing the constants in these poly-

nomial as function of the silicon content. The partition

coefficients could finally be expressed as:
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Figure 2. (a) Change in carbon and silicon contents along the eutectic line of the stable Fe–
C–Si system. (b) Change of temperature along the eutectic line of the stable equilibrium Fe–
C–Si system.
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kC ¼ 0:4625 � 0:0165 � wSi

þ 1:86 � 10�4 þ 4:08 � 10�5 � wSi

� �
� DT � 6:8 � 10�7

� DT2

Eqn: 14

kSi ¼ 1:0729 � 0:0212 � wSi þ 0:0031 � 4:0 � 10�4 � wSi

� �

� DT
Eqn: 15

in which DT=1225-T has been introduced to give an

appropriate reference value to the constant in each

equation.

Figure 4a compares the partition coefficient of carbon as

calculated with Eqn. (14) (solid lines) to that coming from

TCFE8 (dotted lines), and Figure 4b the same for silicon with

Eqn. (15). It is seen that the agreement is perfect for carbon

and excellent for silicon, allowing accurate prediction of the

evolution of the austenite composition during solidification.

Effect of Additional Elements, Cu, Mn, Cr and P

For each of the selected additional elements, a number of

calculations of the austenite liquidus were successively

performed similarly to the previous section. Copper was

added at a level of 1 wt% and it was soon realized that it

does not show a simple linear effect, with both Tc
0 and the

mc
C terms depending on the silicon content. It was also

necessary to include the Fe–C isopleth at 1 wt% Cu to

properly describe the liquidus behavior at low silicon

contents. It was finally found that the following equations

could describe the effects of silicon and copper:

Tc
0 ¼1639:0 � 49:652 � wSi þ 2:7506 � wSið Þ2

� 26:531 � 11:571 � wSi þ 1:6962 � wSið Þ2
n o

� wCu

Eqn: 16

mc
C ¼� 112:21 þ 6:0457 � wSi � 0:51415 � wSið Þ2

þ 5:4439 � 2:979 � wSi þ 0:59873 � wSið Þ2
n o

� wCu

Eqn: 17

Figure 5a compares the austenite liquidus for 1 wt% Cu

and 0, 2, 3 and 4.5 wt% Si as calculated with TCFE8 and

with Eqn. (1) when the above parameters are used. There is

a slight underestimation with the polynomial approach at 2

wt% Si and an overestimation at 3 wt% Si, while the

agreement is excellent at 0 wt% and 4.5 wt% Si.

The effect of 0.5 wt% Mn added was investigated and

found to decrease the austenite liquidus by less than 3�C
with a small effect of the silicon content on this decrease.

The correction term to Tc
0 could thus be expressed as:

�5:88 þ 0:12 � wSið Þ � wMn. Figure 5b compares the

austenite liquidus as calculated with TCFE-8 and using

Eqn. (16) with this correction included. It is seen a slight

underestimation at 3 wt% Si while the curves are properly

superimposed at 2 and 4.5 wt% Si.

Finally, the effects of 0.25 wt% of Cr and P were evaluated

for 3 wt% Si as illustrated in Figure 6 that shows a simple

shift of the liquidus that is positive for Cr and negative for

P. This could be taken into account by simply adding

? 6�wCr and - 48�wP to the Tc
0 term.
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Considering a simple additive effect of these four addi-

tional elements, the final expression of Tc
0 thus is:

Tc
0 ¼1639:0 � 49:652 � wSi þ 2:7506 � wSið Þ2

þ �5:88 þ 0:12 � wSið Þ � wMn þ 6:0 � wCr

� 48:0 � wP � 26:531 � 11:571 � wSi þ 1:6962 � wSið Þ2
n o

� wCu

Eqn: 18

while that of mc
C is given by Eqn. (17).

For the graphite liquidus, calculations with TCFE-8 have

been performed only at 3 wt% Si and are plotted in Fig-

ure 7 that evidences a simple shift to higher or lower

temperature depending on the addition. Accordingly, Tgra
L

is expressed using Eqn. (2) with mgra
C unchanged and given

by Eqn. (6) while Tgra
0 is now written:

Tgra
0 ¼� 503:34 þ 196:46 � wSi � 11:368 � wSið Þ2

þ 22:3 � wCu � 6:6 � wMn � 26:0 � wCr þ 78:4 � wP

Eqn: 19

Equations 16–19 are valid for silicon contents of 2–4.5

wt%, and carbon contents identical to those in Eqns. 1–6,

i.e. a maximum of 4.5 wt% regardless of silicon content,

and a minimum of 3 wt% for 2 wt% Si and 2.5 wt% for 4.5

wt% Si.

By equating the austenite and graphite liquidus expres-

sions, one gets an updated equation for weut
C :

This equation has been plotted on Figure 8a for the Fe–C–

Si ternary system without and with each of the considered

additions. Copper added at 1 wt% and phosphorus added at

0.25 wt% have nearly the same effect in shifting the

eutectic line towards the Fe corner, while chromium at 0.25

wt% enlarges slightly the austenite domain. Manganese

added at 0.5 wt% has practically no effect and the
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weut
C ¼ 4:333 �

1 � 0:1149 � wSi þ 0:0066 � wSið Þ2 � 0:0228 � 1 � 0:2370 � wSi þ 0:0347 � wSið Þ2
h i

� wCu þ 0:0003 � 1 þ 0:1666 � wSið Þ � wMn þ 0:0149 � wCr � 0:0590 � wP

1 � 0:0515 � wSi þ 0:0044 � wSið Þ2 � 0:0110 � 1 � 0:5472 � wSi þ 0:1100 � wSið Þ2
h i

� wCu

Eqn: 20
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corresponding eutectic trough is superimposed to that in

the ternary Fe-C-Si system.

Analysis of the differences between the composition along

the eutectic trough without addition and with each of the

additions showed it varies little with the silicon content.

Though it would be better to use Eqn. (20) for evaluating

weut
C , an estimate of the alloying effects could be obtained

in the same way as for Eqn. (11). It writes as following:

weut
C � 4:339 � 0:291 � wSi þ 0:0040 � wSið Þ2 � 0:05 � wCu

þ 0:07 � wCr � 0:276 � wP

Eqn: 21

This gives the following approximate expression for CE:

CE � wC þ 0:291 � wSi � 0:0040 � wSið Þ2 þ 0:05 � wCu

� 0:07 � wCr þ 0:276 � wP

Eqn: 22

in which manganese plays no role as expected from above.

The effect of each alloying addition on the eutectic tem-

perature is plotted in Figure 8b that shows contrasted fea-

tures because their effects on the austenite and graphite

liquidus are different. The two so-called carbide promoters,

Mn and Cr, lower the graphite liquidus while manganese

lowers and chromium increases the austenite liquidus. In

turn, manganese decreases the eutectic temperature when

chromium has little effect on it. The two ‘‘graphite form-

ers,’’ copper and phosphorus, have a similar effect on

graphite liquidus, which they increase, and on austenite

liquidus, which they decrease, with phosphorus being far

more effective.

The final step of analysis of individual additions was to

evaluate the partition coefficients, both of the extra addi-

tions but also of carbon and silicon to check for any cross-

effect. Figure 9 shows the effect of 1 wt% Cu on the par-

tition coefficient of carbon and silicon, with dotted and
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solid lines representing TCFE-8 calculations without and

with addition of copper, respectively. It is seen reasonable

to consider that addition of copper has little effect on these

partition coefficients. The graph also shows that silicon and

temperature have a significant effect on the partition

coefficient of copper that could be described by:

kCu ¼ 1:1336 þ 0:12145 � wSi

þ 0:000963 þ 8:7 � 10�4 � wSi

� �
� DT Eqn: 23

Figure 10a shows similarly the effect of 0.5 wt% Mn and

again it is noticed very little effect of this addition to the

partition coefficient of carbon and silicon. The effect of

silicon and temperature on the partition coefficient of

manganese could be described as:

kMn ¼ 0:557 þ 0:047 � wSi

� 0:00026 � 9:0 � 10�6 � wSið Þ2
h i

� DT Eqn: 24

Finally, Figure 10b compares the partition coefficient of all

elements, C, Si, Cu, Mn, Cr and P as function of

temperature for 3 wt% Si. Owing to the low level

considered for Cr and P, it is not expected an effect of

the silicon content on their partition coefficients that were

then described as:

kCr ¼ 0:9146 � 0:0007 � DT Eqn: 25

kP ¼ 0:0982 � 0:00035 � DT Eqn: 26

Discussion

Thermodynamic software such as Thermocalc, used in this

work, calculates the minimum of the Gibbs energy to

determine which phases may be present for a given set of

conditions, namely pressure, temperature and composition.

The description of the phases follows various models

depending on the type of phase, solid, liquid, compound,

etc., that write as polynomials of composition and tem-

perature, and possibly also of pressure, which are stored in

databanks such as TCFE-8. While the Gibbs energy cal-

culations are perfectly achieved, it is clear that the outputs

of the calculations rely on the accuracy of the databanks. It

is here considered that the ternary Fe-C-Si system is

effectively properly described by the TCFE-8 databank. As

a matter of fact, the early assessment21 was intended to

provide a good description of the eutectic valley and the

modifications proposed by Miettinen23 did maintain the

good fit between calculated and experimental eutectic

temperature as shown in Figure 2b. It is not sure that such a

good description of the eutectic valley was achieved in the

more recent reassessment by Wei-sen Zheng et al.24 that
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focused on low carbon steels, and it was found safe to rely

on TCFE-8 for the present work.

A further assumption in the present approach is that the

four alloying elements were added at low enough levels to

ensure a fair description in the eutectic range up to 4.5 wt%

Si in the Fe–C–Si–Cu–Cr–Mn–P system by simply adding

their effects in the polynomial description. To check this,

the predictions made with the polynomials described in the

previous section were compared to TCFE-8 calculations

for alloys containing 1 wt% Cu, 0.5 wt% Mn, 0.25 wt% Cr

and 0.25 wt% P. This comparison is illustrated in Fig-

ures 11, 12, 13 for 2, 3 and 4.5 wt% silicon.

Figure 11 shows that the austenite and graphite liquidus are

properly described, with a difference of at most 5�C for the

eutectic temperature. This discrepancy is mostly due to the

high copper content that was considered, and would be less

than 1.5 �C at the more usual content of 0.25 wt% Cu.

Figure 12 presents the partition coefficient for carbon

(Figure 12a) and copper and silicon (Figure 12b) in the

temperature range of interest and for the three silicon

contents. In Figure 12a, it is seen that the polynomial

description slightly overestimates the carbon partition

coefficient, but that the change with silicon content is

correctly evaluated. Figure 12b demonstrates that the

copper partition coefficient is well reproduced, while the

silicon partition coefficient is slightly underestimated,

though again the effect of silicon content is well accounted

for. Figure 13a presents the partition coefficient for man-

ganese that appears to be slightly underestimated with the

polynomial description, but with an effect of silicon con-

tent that is properly described. In Figure 13b, there is only

one curve for the polynomial description of the chromium

partition coefficient as Eqn. (25) did not include any effect

of silicon. Although the TCFE-8 calculations show a

downwards shift at decreasing silicon content, the

description with Eqn. (25) will certainly be sufficient to

properly predict chromium microsegregation. Finally, the
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phosphorus partition coefficient was found to be perfectly

reproduced with Eqn. (26) for the three silicon contents

that have been considered and was not shown again.

Kagawa and Okamoto25 have calculated the partition

coefficients in several ternary Fe–C–X systems based on

thermodynamic interaction parameters determined at high

temperatures, and they extrapolated their calculations down

to 1150 �C for C, Cr, Mn, Si and Ni. Their values for C,

Mn and Si are quite similar to those reported in the present

work, while for Cr they are lower at about 0.5 at 1150�C.

Also, Kagawa et al. calculated a partition coefficient for Cu

of 1.57 that is lower than the present values, while Fig-

ure 20 of Parameswaran et al.26 suggests a partition coef-

ficient of about 2 for copper in the Fe–C–Cu system at

1155 �C that is more in agreement with the present

description.

Conclusion

Knowledge of the equilibrium stable phase diagram is a

prerequisite for modelling solidification of silicon cast

irons, from which off equilibrium departure can be pre-

dicted. This includes nucleation and growth undercooling

that have been described for austenite14,27,28 as well as for

spheroidal graphite.3 An important feature of the present

work was to consider also the partition coefficients of the

most usual alloying elements found in cast irons (copper,

chromium, manganese and phosphorus), the knowledge of

which will allow to predict build-up of microsegregation.

According to phase field modeling, redistribution of sub-

stitutional solutes such as silicon and the above listed

alloying elements can effectively be described using

Scheil’s model29 as was assumed in previous works.30,31 In

summary, the present paper provides the practical tool

necessary for extending these simulation approaches to

high silicon cast irons.
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