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DENSITY OF EUTECTIC CELLS IN CASTINGS OF GRAY CAST
IRON — A THEORETICAL MODEL AND EXPERIMENTAL VERIFICATION

GESTOSC ZIAREN EUTEKTYCZNYCH W ODLEWACH Z ZELIWA
SZAREGO — MODEL TEORETYCZNY I WERYFIKACJA
DOSWIADCZALNA

It has been worked out analytical model of solidification, which enables to calculate
cells density in casting based only on knowledge of material parameters of metal and
mould. Model takes into account process of heterogeneous nucleation of cells on so-called
substrates (nucleation sites), which size is of the Weibull distribution as well as heat flux
in metal-mould (with small intensity of cooling) system. Mathematical expression were
derived which describe the density of eutectic cells in casting as a function of material
parameters of metal and mould. Experimental verifications of the presented model were
carried out on grey cast iron as an example with flake graphite and with different nucleation
tendency, castings with different plates thickness as well as thermal analyses were used.
Cells density (N) was calculated based on measured cross-section planar cells density by
means of stereological method. From experiment results that process of creation of eutectic
cells during solidification of cast iron proceeds according to worked out model.

Opracowano analityczny model krystalizacji, ktéry pozwala obliczy¢ ggsto$¢ ziaren
eutektycznych w oparciu wylacznie o znajomo$¢ parametréw materialowych zeliwa i formy
odlewniczej. Model uwzglgdnia wymiang ciepta w ukiadzie metal — forma jak réwniez pro-
ces heterogenicznego zarodkowania ziaren na podkladkach, ktérych wymiar spetnia rozktad
Weibulla. Zdefiniowano i opisano matematycznie pojecie skionno$ci metalu do zarodko-
wania oraz wplyw tej sktonnosci na ggsto$é ziaren eutektycznych w odlewach. W celu
zweryfikowania opracowanej teorii wykonano badania do§wiadczalne z wykorzystaniem Ze-
liwa z grafitem platkowym o zréznicowanej sktonnosci do zarodkowania stosujgc formy
odlewnicze o zmiennej grubosci §cianek w celu zmiany szybkosci stygnigcia metalu oraz
analize termiczng zeliwa. Gestosé ziaren (N) obliczano na podstawie pomiar6éw liczby zia-
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ren na szlifach metalograficznych z wykorzystaniem metod stereologicznych. Z por6wnania
wynikéw do$wiadczalnych i teoretycznych wynika, ze opracowany model! krystalizacji do§é
dobrze opisuje fakty do§wiadczalne.

1. Introduction

Nucleation is the predominant process at the beginning of solidification of metal
and affects significantly its microstructure. The nuclei density (average number of
nuclei per unit volume of metal) is a fundamental quantitative characteristic of the
nucleation, because every nuclei gives origin to one single cell.

It is well known that cells density in casting is affected significantly by the casting
cooling rate [1-3], chemical composition [1, 2, 4, 5] temperature and time of bath
superheating [1], and furnace atmosphere [3] as well. In industrial practice, however,
radical increase in cells density is usually obtained by application of the inoculation
process [1-6]. In this case, the cells density depend on the type of inoculant [1, 2, 3,
5, 6}, its quantity [1, 2] and granulation [1, 2}, temperature of base metal superheating
[1, 2], inoculation temperature [1, 2] and time after inoculation [1, 2, 5]. The cells
density also affects in a significant way the microsegregation of alloying constituents
[7, 8], the utilisation properties of casting [1, 5], and in the case of cast iron, also the
technological properties such as the tendency to chill formation [9] and pre-shrinkage
expansion [10].

With the development of computer techniques modelling of solidification has re-
ceived increased attention [11-14]. The predictive capabilities and the accuracy of
computer modelling have been greatly enhanced when combined micro-macroscopic
simulation was introduced [11, 14]. This new approach has then generated the need for
evaluation of parameters associated with nucleation. The aim of the present study is to
give a simple analytical model, which enable to define graphite eutectic cells density
in castings and its experimental verifications.

2. Theoretical analysis

Symbols used in this paper

Symbol Meaning Definition Units
a  Material mould ability to absorb heat a= vVkpcn J/(m?K +/fs)
A Parameter Equation (7a) \s/m
A; Parameter Equation (15a) \/s/m
b Parameter Equation (9) °C
B  Temperature parameter Equation (10a) —
B; Temperature parameter Equation (19a) —

c  Specific heat of metal = J/(m3- C)



Cm

Cef
d

dRy, /dt

dT/dt
dv, /dt

a
Qm

Qm,d

Specific heat of mould

Effective specific heat of metal

Wall thickness of castings

Eutectic cells growth rate under maximum
undercooling

Metal cooling rate

Volumetric rate of solidification of a given
cell at maximum undercooling

Austenite volume fraction

Surface area of the casting

Heat conductivity of the mould material
Mean size of substrates (sites) for nucleation
Latent heat of graphite eutectic

Latent heat of austenite

Casting modulus

Volumetric density of graphite eutectic cells

Planar cells density

Average density of substrates for heterogeneous
nucleation

Accumulated heat flux in casting

Heat flux extracted from casting into mould
casting

Heat flux density extracted from casting into
mould casting

Heat flux generated during solidification
Graphite eutectic cells radius at maximum
undercooling

Cooling rate of cast iron at the beginning of
eutectic solidification

Time

Dimensionless time

Time counted from the instant of introducing
inoculant into metal bath

Time of fading of the inoculation effect
Time at the onset of austenite solidification
Time at maximum undercooling

Time at onset of graphite eutectic solidification
Temperature

Ambient temperature

Initial temperature of metal in mould cavity
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— J/(m3- C)
Equation (3) J/(m3- C)
— m
Equation (29a) m/s
Equation (6), °C/s
Equation (28a) m>/s
See table 3 ——
. m?
— J/(s m °C)
— m
— J/m?
— J/m3
Equation (2) m
Equations
1), (8), (13)  Um®
Equation (14)  1/m?
— 1/m3
Equation (4a) J/s
Equation (3a) I/s
Equation (2a) Is
Equation (5a) Iis
Equation (31a) m
Equation (6) °C/s
— ]
Equation (16) —
— ]
— s
Equation (9a), s
Equation (26a) s
Equation (16a), s
— °C
- °C
— °C
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T;  Liquidus temperature at the onset of austenite

solidification Table (3) °C
T, Liquidus temperature of austenite when melt

composition is equal of the maximum compo-

sition of carbon in austenite Table (3) °C
Tm  Temperature at maximum undercooling of grap-
hite eutectic — °C
Ty  Graphite eutectic equilibrium temperature Table (3) °C
u Growth rate of eutectic cells Equation (29a) m/s
v Volume of eutectic cells — m3
Ve  Volume of casting — m?
AT  Degree of undercooling — °C
AT,, Degree of maximum undercooling Equations (5) °C
J7 Growth coefficient of graphite eutectic Table 3 m/(s °C?)
@ Coefficient which characterize physicochemical
state of metal Equation (12) ((m°C)/s)¥®
¢ Thermo-chemical coefficient Equation (4) J/m3 °C
w Frequency Equation (22a) 1/s
o Interfacial energy between the nucleus and melt, — J/m?
6 Angle between nucleus and substrate — °C

The austenite-graphite eutectic solidifies [15] with the formation of eutectic cells
(colonies) that are more or less spherical in shape (Fig.1). It is generally thought that

a)

b)

Fig. 1. Schematic of solidification of eutectic graphite- austenite cell (a) and eutectic cell in cast
iron (b) [15]
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each eutectic cell is the product of a nucleation event of graphite. The eutectic cell is
made of interconnected graphite plates surrounded by austenite. The degree of ramifi-
cation of graphite within the cell depends on undercooling, with higher undercooling.
resulting in more graphite branching. Graphite is the leading phase during the eutectic
growth.

It can be proved that cells density in castings is described by following equation
(see appendix):

3 6
N = 32T a ’ 1)
8L, (1 - £,) ¢, w3$>MOAT
where v
F.
L)’
Cef c le = Ts
T; T
=cln= +c.rln = C))
¢=cln T, CerIn T,
AT, =TT, &)

Taking into account equation for cooling rate of cast iron at the start of eutectic
solidification (equation (17a), see appendix)

2
-d—T" = = —_'2 Ts a ’ (6)
dt T ¢ cop M?
equation (1) can be rewritten as follow
3
N=——l C )

" wL(1-f,) PATE

From investigations [16] it follows that eutectic cells density can be described by
the following expression:

b
N = N;exp (—m) , ®)
where
_4T,osiné )
Le (D)

Based on equations (7) and (8) it is received

b
AL O 3 T (LN (10)
AT 8ProductLog(y)
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where
_ o[ N\ i
8 \4c,s 03 (
¢ — physicochemical parameter of metal
¢=b [L (1 -f)] . (12)

The ProductLog[y] = x is the Lambert function®, also is called the omega function
and it is graphically shown in Fig.2. This function can be easily calculated by means
of the instruction ProductLog[y] in the Mathematica™ programme.

ProductLog [v]

Fig. 2. Plot of ProductLog(y) function

After combining equations (8) and (10) it can be written
N = N;exp [-8ProductLog (y)] . (13)

From equations (11-13) follows that eutectic cells density in casting depends on:
e Susceptibility of cast iron to nucleation of graphite (eutectic cells), which is
characterized by density of substrates (sites) for nucleation (N;) and the nu-
cleation coefficient (b) in the global parameter (¢). Fig.3 shows the plot of
equation (13) for constant cooling rate Q = 2 °C/s. From this figure and equa-
tions (11), (12) and (13) results that density of eutectic cells increases with
substrate density increasing (N;) and with decreasing parameter ¢ (that is when
b is decreases). In particular, the substrates of different size are in permanent
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movement in the bath and mutually interact, due to processes, like: coagulation,
coalescence, flotation, etc. Substrate density (N;) is decreasing while b param-
eter increases with time [16]. Thus, as holding time of the bath is reduces
cells density increases. Inoculation treatment means that substrate density for
nucleation N; increases while b decreases and in consequence cells density in
casting increases.

A
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Fig. 3. Influence of N, and ¢ coefficients on eutectic cells density N

e Growth rate of eutectic cells which for given undercooling is characterized by
growth coefficient (u)of graphite-austenite eutectic in the global parameter (p.
Thus the density of eutectic cells increases as growth coefficient (i) decreases.

e Austenite volume fraction (f;) (also in the global parameter (y)). From Fig
3 and equation (12) results that increasing (f;) the density of eutectic cells
increases.

e The effects of L. and ce are rather small and can be neglected. All above these
parameters depend on chemical composition of cast iron.

e According to equation (6) the cooling rate Q = dT/dt at the moment of begin-
ning of eutectic solidification depends on casting modulus (M), material mould
ability to absorb heat (a), thermo-chemical coefficient (¢) and effective specific
heat of iron (ce) . From equations (11) and (13) it follows that increasing in
cooling rate increases cells density in castings.

Summing up it can be concluded that equation (13) enables to define graphite
eutectic cells density in castings based only on knowledge of material parameters of
mould and cast iron. Figure 4 shows schematic representation influence of technological
factors on cells density.
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Cells density
N

Cooling rate Thermo-chemical Eutectic growth Fraction of Susceptibilities
Cocfficient Cocfficient precutectic of cast iron to
austenite nucleation of grephite
Q(T.. 2, 6. M) T T, Te. Ty m f, N, b
Mould Casting Initial Chemical Inoculation Holding Furnace slag
ability to modulus temperature composition practice time and and
absorb heat of metal in of bath temperature atmospherc
mould ofbath

L | ! | l l |

Technologlcal factors

Fig. 4. Schematic representation influence of technological factors on the eutectic cells density
in cast iron

3. Experimental procedure

The experimental verification of the model was done on the cast iron. The test
melts were made in an electric induction furnace of medium frequency and 15 kg
crucible capacity. Charge materials for the furnace consisted of pig iron, steel scrap,
commercially pure silicon, sulphur and ferro-phosphorus in amounts of 12 kg, 3 kg,
0.190 kg, 0.01 kg and 0.03 kg, respectively. After melting of the charge and pre-
heating to the temperature of 1420°C, the liquid iron was inoculated by means of
FOUNDRYSIL inoculant (73-75% Si, 0.75% Al., 0.75-1.25% Ca, 0.75-1.25% Ba) of
granulation 0.2 — 0.5 cm added in an amount of 0.5% in respect of the charge weight.
The inoculant was batched onto a clean metal bath. After the time lapse of successively
1.5; 5; 10; 15; 20 and 25 minutes from the instant of inoculation, the cast iron was
poured into a foundry mould and plates of the thickness amounting to 0.6; 1.0; 1.6; 2.2
and 3.0 cm were produced. The length and height was 10 cm in the case of 0.6 cm, 1.0
cm and 1.6 cm thick plates; in the remaining cases, it was 14 cm. All plates had one
common gating system. The foundry mould was prepared from the traditional green
moulding sand and was provided with Pt/PtRh10 thermocouples in quartz sleeves of
0.16 cm diameter for plates of the thickness 0.6 and 1 cm, and 0.3 cm for plates of
other thickness values. The terminals of the thermocouples (Pt-PtRh10) were placed in
the geometrical centre of each mould cavity, perpendicular to the heat transfer direction
to improve the reliability of measurements. Additionally, samples were cast for analysis
of the chemical composition. Data on time after inoculation and chemical composition
of cast iron are given in Table 1.

The numerical recording of temperature was done on electronic Hewlett Packard
34970A module. Some examples of the cooling curves after 25 minutes elapsing from
the inoculation are shown on Figure 5. The maximum degree of cast iron undercooling



Data on time after inoculation and the chemical composition of cast iron

Time after inoculation,
s

Chemical composition, % wt.

C Si Mn P S
base cast iron 3.15 | 1.17 | 0.13 | 0.085 | 0.047
90 3.14 | 198 | 0.13 | 0.091 | 0.067
300 3.18 | 2.05 | 0.11 | 0.093 | 0.071
Symbols used in this paper 600 | 3.16 | 2.04 | 0.13 | 0.095 0.065
900 321 | 2.01 | 0.14 | 0.095 | 0.053
1200 320 | 2.08 | 0.13 | 0.098 | 0.050
1500 3.06 | 208 { 0.13 | 0.091 | 0.032
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TABLE 1

(see Fig.2a) in the individual plates was determined from cooling curves using equation
(5) taken into account equation for T, ( see Table 3).

1300

1250

Temperature, C
E ]
3 8

8

1050

Wall thickness

1-0.6cm
2-lcm

3-16cm
4-22c¢cm
5-3cm

Fig. 5. Cooling curves of cast iron

After cooling of castings, from their geometrical centres the specimens for met-
allographic examinations were taken. The metallographic examinations consisted in
polishing of the specimens and etching with Stead reagent to reveal the cells boundaries
of graphite eutectic. Some examples of the graphite eutectic cells boundaries observed
in cast iron after 25 minutes elapsing from the inoculation are shown on Figure 6.
This figure shows typical planar microstructure (on the specimen cross-section) with
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S—
Fig. 6. Cells boundaries of graphite eutectic in plates in the thickness 0.6 cm (a), 1.0 cm (b), 1.6 cm (c),
2.2 cm (d), 3.0 cm (c) after 1500 s elapsing from the instant of inoculation. Etching with Stead reagent

distinct cells of graphite eutectic. Planar microstructure is characterised by the cells
density (N,), which gives the average number of cells per unit area. The N4 parameter
has been determined by means of the, so-called variant II of the Jeffries method, which
after applying the Saltykov formula can be written as [17, 18]:

_N;+05N, +1

Na 2

, (14)

where:

N; is the number of cells inside of the measurement rectangle (W),

N, is the number of cells that intersect the side of the measurement rectangle

(W) but not its corners,
A is the surface area of the measurement rectangle (W).

The graphite eutectic has a granular like microstructure (Figure 6). In a first ap-

proximation it may be assumed that the spatial cells configurations follow the so-called
Poisson-Voronoi model. Then, a stereological formula [19] for the cells density (N) is:
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~3/2
N = _154_‘/3,,—5/2 [r(f;.)] (N4)Y2 = 0.5680(N )2, . (15)

where I is Euler function.

4. Results and discussion

The results of the experiments and measurements of parameters (Ns) and (N)
made by means of equations (14) and (15) are compiled in Table 2. From the table
it follows that the inoculation effect expressed by the cells density depends on the
maximum degree of undercoling (ATy) and that it is a function of time t; counted
from the instant of introducing the inoculant into metal bath. After the lapse of 25 m
the observed changes in cells density are insignificant and this time t; can be considered
a reference point. Hence changes in the cells density can be expressed as a function
of the dimensionless time: ;

1

. (16)

Ig =

where:
t; is the time counted from the instant of introducing inoculant into metal bath,
t¢ is the time when total fading of the inoculation effect is observed.

9 8 8
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7 $N=6.1 106 ¢'1044Ta 6 1 N=6.§ 106 ¢1194Tm 6§ N=4.410%e-l50Tn
» 6 ” 5 L] 5
B s 8 g
% 4l T4 L4
- - 3 P‘. 3
3
=3 z, 73
1 1 1
0 ' + 0 . 0 OBt v
0 10 20 30 0 10 20 30 0 10 20 30 40
AT, °C AT, °C ATy, ,oC
6 4 2
5 | 14=0.60 D 1y =0.80 ty=1.00
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Fig. 7. Relationship between the volumetric density of eutectic cells and the instant of inoculation.
Etching with Stead reagent

The empirical relations between the eutectic cells density (N) and the maximum
undercooling (ATy,) at a given time (ty) are show on Figure 7. From analysis of this
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Results of the experiments and calculations

TABLE 2

e Modu] e voiman | e | Volumasi el
inoculation temperature undercooding, density, i
of eutectic
gl el o M SOlldlﬁ:atIOI’l T 5 N_3
1y - relative| ™ °C cm? cm
Arll:dza;l:rf 33 A;,:n a]: l;satde‘m MeasurediCalculated**
0.3 e e 9.2 2320 | 63472 126301
1172 0.5 1139.7 23.7 234 1773 | 42404 41792
t; =5 min. 0.8 1147.5 15.8 19.0 654 9500 12997
t; =020 1.1 e — 16.7 256 2326 5446
1.5 1150.2 13.1 14.8 194 1535 2203
0.3 1131.7 315 32.1 2277 | 61715 65704
11/3 0.5 1137.9 254 25.2 1043 | 19133 20967
t; = 10 min. 0.8 1146.5 16.8 20.6 612 8600 6314
ty = 0.40 1.1 11479 154 18.1 264 2436 2592
1.5 1151.93 114 16.1 170 1259 1029
0.3 — — 332 2036 | 52181 52601
w4 0.5 1135.7 27.6 26.4 880 14828 15698
t; = 15 min. 0.8 1143.0 20.3 21.7 364 3945 4458
t; = 0.60 1.1 1144.0 19.3 19.2 132 861 1763
1.5 1148.4 14.5 17.1 59 257 676
0.3 1123.8 39.6 37.5 1270 | 25707 22735
/5 0.5 1135.3 28.0 29.4 638 9153 7447
t; =20 min. 0.8 1137.8 25.7 23.9 265 2450 2295
t; =0.80 1.1 1144.5 18.8 21.1 94 518 956
1.5 1145.9 17.5 18.7 52 213 385
0.3 1122.1 414 38.7 950 16632 12801
/6 0.5 1132.1 314 304 427 5012 4098
t; = 25 min. 0.8 1137.6 25.8 24.8 176 1326 1238
;=10 1.1 1142.0 21.5 21.7 84 437 460
1.5 1145.0 18.5 19.4 47 183 202
Average temperature just after pouring into mould cavity T; = 1248°C

* Equation (10) was used for calculation
** Equation (13) was used for calculation
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figure, it follows that N according to equation (8) is exponentially increasing function
of (ATp).
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Fig. 8. Effect of dimensionless time t, after inoculation on: a)- the volumetric density N; of all
substrates in undercooled liquid and b) — nucleation coefficient b

TABLE 3
Selected physicochemical data of cast iron
Parameter Value, units
Latent heat of graphite eutectic L, = 2028.8;J/cm?
Latent heat of austenite L, = 1904.4; J/cm®
Heat capacity of cast iron ¢ = 5.95;J/cm®°C
Growth coefficient of graphite eutectic* {21, 22] o1 =921075-6.310"°5:"%; cm/°C? s
Material mould ability to absorb heat a = 0.10; J/em®s¥2;°C
Liquidus temperature for austenite [9] T; = 1636-113(C + 0.25Si + 0.5P);°C
Graphite eutectic equilibrium temperature [9] T, = 1154.0 + 5.25S8i-14.88P;°C
Cementite eutectic formation temperature [23} T. = 1130.56 + 4.06(C-3.33Si-12.58P);°C
AT, =TT, AT, = 23.34-4.07C + 18.808Si + 36.29P;°C
Carbon content in graphite eutectic [9] C. = 4.26-0.308i-0.36P; %
Maximum carbon content in austenite at 7 [9] C, = 2.08-0.118i-0.35P, %
Liquidus temperature of austenite when melt
composition is equal to the maximum composition T), = 1636-113(2.08 + 0.14Si + 0.15P);°C
of carbon in austenite , T}, = T/(C,)
Weight fraction of austenite g = (C.-O)/(C~-Cp)
Austenite density pg = 1.51; g/em®
Melt density Pm =1,1;g/cm’®
Volume fraction of austenite e = Pm8ellPg + 8(Om—p5)]

* Growth coefficient of graphite eutectic received by interpolation of data from [21, 22}

From Fig. 8 results, that as time goes substrates density for nucleation (N;) is
decreasing while b parameter is increasing. Taking into account that chemical com-
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position of cast iron is more or less constant it can be suppose that (T, o, 6) and
(Le) = const., thus from equation (9) follows that as time goes after inoculation mean
substrate size (/) for nucleation is decreasing. Summing up it can be concluded that as
time goes after inoculation cells density decreases.

€} d

i
SN
RN

4
15 3 Qs
@ (cm"qs)"; 2.5

Fig. 9. Influence of cooling rate Q and ¢ coefficient on eutectic cells density N and the maximum
degree of undercooling ATy, (a), (b) Ny = 6.110° ¢cm™3, (c), (d) N; = 8.410° cm™

In figure (9) it is shown results of calculation according to equations (10) and (13).
From this figure it follows that as density of substrates (N;) for nucleation of eutectic
cells (compare Fig. 9a and Fig. 9c) and cooling rate of cast iron (Q) are increasing,
and as parameter j decreasing the density of eutectic cells N increases. Degree of
undercooling during solidification of graphite eutectic (ATy,) decreases when cooling
rate of cast iron decreases and as parameters ¢ and N increase (compare Fig. 9b and
9d).

Moreover from figure 9 it follows that iron which were cast from the same ladle
(with the same nucleation susceptibilities of eutectic cells ( that is when N = const and
¢ = const.) into mould of smaller and smaller wall thickness (with smaller modulus
(M), thus grater cooling rate (Q) — see equation (6)) will be revealing grater and
grater degree of undercooling ATy, and cells density as well (see Fig. 9a).

Let’s consider another case. with the same modulus, see equation (6)). Thus from
figures 9b and 9d it follows that in non-inoculated cast iron degree of undercooling is
grater (AT,, = 25.7°C) and cells density is smaller (N = 1538 cm™) as in inoculated
cast iron which shows smaller degree of undercooling (AT, = 18.2cC) at grater cells
density ( N = 20 559 cm™). It is worth to note that both cases are in harmony with
foundry practice.
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Fig. 10. Influence of casting modulus on density of eutectic cels: line — results of calculations
(equation (13)), e — results of experiment (table 2)

In table 2 are set results of experiments along with results of calculations. Maxi-
mum degrees of undercooling of eutectic were calculated according to equation (10)
and cells density according to equation (13), taking into account data from tables 1-3
and from Fig. 7 for N and b. Modulus of plates shaped castings were calculated using
relationship M = s/2, where s — wall thickness of casting. Figure 10 shows influence
of modulus and dimensionless time after inoculation (t4) on density of eutectic cells.

Analysis of results show that difference between these calculated and those ob-
tained in experiment are rather insignificant. It can be thus concluded that worked out
theory allow forecast degree of undercooling and density of eutectic cells in castings,
based only on a knowledge of materials parameters of metal and mould.

5. Conclusions

1. A theory which interrelates the eutectic cells density with cooling rate as well
as material parameters of cast iron, have been developed and verified experi-
mentally.

2. It has been show, that nucleation susceptibilities of the eutectic cells can be
determined by means of substrate density (N;) for heterogeneous nucleation as
well as global quantity (8), which is function of materials parameters of cast
iron.
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3. In this work by means of experimental method it has been determined influence
of time after inoculation on parameters (N,) and (8).

4. Worked out theory allow to forecast eutectic cells density in castings based only
on a knowledge of materials parameters of metal and mould.

5. The proposed model rather good describes empirical data.

6. Appendix

Heat extraction changes the relative energies of the solid and liquid in two ways.
Firstly, a reduction in enthalpy of the liquid or solid due to cooling given by AH = f cdT
and secondly, release of the heat of solidification through the enthalpic contribution
(L), known also as the latent heat. The history of the heat transfer process can thus be
described by the heat balance equation:

dm = 4s — 4qa (1a)
where qr, is the heat flux extracted from the casting into the mould, g is the heat flux
generated during solidification, and q, is the accumulated heat flux.

Heat transfer during solidification can be very complex and analytical solutions
do not exist, so numerical methods have to be employed. However, in sand castings,

metal

Temperature

Fig. la. Temperature distribution in the metal-mould system

heat transfer is mainly determined by the properties of the sand mould as shown by
Chvorinov [20]. Figure la

shows the ideal temperature profile expected for sand — mould metal system. The
heat flux density going into the mould can be described by

KmCm i3
Umd = |77 (T -To), (2a)

where kp, is the heat conductivity of the sand mould, T, T, are the temperatures of the
metal and environment , ¢y, is the specific heat of mould material. Taking into account
the surface area of the casting F; and after neglected T,; (T, <<T), equation (2a) can
be rearranged in terms of the heat flux as
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_akFT
dm \/ﬂ‘_f’

(3a)

where a = Vkucm.

Validity of the above expression neglects curvature effects of the metal-mould
interface and assumes that the temperature distribution along the metal is uniform.
Moreover, it assumes that the mould cavity is in the form of plate with significantly
thinner wall thickness in relation to its length and width. The accumulated heat flux
in the metal can be described by

_ cv. dT
9a= "
The heat flux g generated during the solidification depends on the particular mode
of solidification mechanism and can be described by

(4a)

g =LeN ch\—/, (5a)
dt
where dV/dt is the volumetric rate solidification for a given cell (cm*/s).

During the solidification of cast iron, three stages can be identified (Fig.2a). In
the first stage, the excess heat of molten metal is dissipated and the temperature falls
from the initial temperature of metal T; just after pouring into mould to the liquidus
temperature of the austenite Ty in the 0 < ¢ < 1 time interval. The second stage is
characterized by the solidification of the austenite in the Tl < T < T temperature
range and in the t; < 7 < £ time interval, where ty is time at onset of graphite eutectic
solidification. Finally, third stage can be attributed to the early stages of solidification
of graphite eutectic which are found to occur between the temperature T and the
minimum temperature Ty, in the t; < ¢ < f, time interval.

Temperature

tote tm

Time
Fig. 2a. Schematic representation of the cooling curve for cast iron
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Stage I

During this stage there is no heat generation due to solidification (qs = 0). Ac-
cordingly, substitution of equations (3a) and (4a) into (1a), followed by integration for
initial conditions t = 0 at T = T; yields

2
t= (AM In %) , (6a)
where
= %ﬁ (7a)
and M is the modulus of the casting
M= ;,/—: (8a)

Therefore, when T equals T; (temperature at the onset of austenite solidification),
the time elapsed during the first cooling stage amount

n=(), (9a)
where
B=1In 5 (10a)
T,
Stage I1

The latent heat contributions from the austenite can be introduced by considering
the so-called the effective specific heat of metal c.s. The simplest and most widely
used relation assumes that the latent heat is linearly released between the liquidus and
eutectic temperatures. Thus, we can define the effective specific heat of metal as

Cef =C+ (11a)

Ty, -T,
where L, is the latent heat of austenite, Ty, is the liquidus temperature of austenite
when melt composition is equal of the maximum composition of carbon in austenite. _
The temperature of the casting in this stage can be estimated by comparison equations
(3a) and (4a) (taking into account c.s instead of ¢ in equation (4a)) followed by inte-
gration for limiting conditions: T = T at t = t,. This yield

time

T 2
t= (AlM 1n-Ti + W,) (12a)
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temperature

T = T exp (-—i;l—t’) (13a)

and cooling rate

ar ___ T p(_ Vi- ‘/’_’), (14a)
dt 24/ M\t AM
where
where A= C“é ;/7? (15a)

Thus (after taking into account equations (9a) and (12a), at the end of Stage Il
(t =t,, T = T,) time t; of achievement the equilibrium temperature of graphite eutectic
is

2
ls=m (M—i’) (16a)
2a
and from equations (7a), (9a), (10a), (14a-16a) it is obtained” cooling rate
ar 2 Ts a®
—_—=0E —, 17
where
¢=c B+cy By (18a)
T;
By=In—. 19
1=In T, (19a)
Stage III

During this stage, the segment of the cooling curve (Fig. 2a) where the graphite eutectic
reaction takes place can be defined as a function of the degree of undercooling AT,
according to?

T =T,~-AT. (20a)
Although the degree of undercooling is not explicitly known in t; < ¢ < #y time range
(where t;, — time of maximum undercooling) it can be described by [9].

AT = AT, sin [w(t — 1)) for O < [w(t-ts)] < 7/2, (21a)

where ATy, = T — T is the maximum degree of undercooling where Ty, — temperature
at the maximum undercooling of graphite eutectic), and the frequency w is given by
n

w= m . (223)

D71t is established the convention that cooling rate has plus sign
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After combining equations (20a) and (21a) as well as after execution of integration it

is obtained*
dT

I = AT, wcos[w(t - 1,)]. (23a)
At the onset of eutectic solidification (t = t), equation (23a) yields
d
-d_{ =w AT, (24a)
where it can be rewritten as dT AT
T m
o m 25
di 2 (m-1t) (252)

Also, at the onset of eutectic solidification (t = t,), the cooling rate in Stage II and
Stage III must be the same. So, using equations (16a), (17a) and (25a), the time for
maximum undercooling can be determined from

L M*($ T, +7 copAT,)
"o 4T, a? '

(26a)

In addition, at the time t,, the cooling curve exhibits a minimum, which in turn
means that the heat accumulation flux g, is zero. During the III Stage the graphite
eutectic solidifies and the volume in which eutectic is formed amounts V(1 ~ f)),
where f, is the volumetric fraction of austenite at T. Taking it into account and as
well as equations (3a) and (5a), equation (la) at t = t,;, becomes

aTF
\jﬂ'tm

where Vy, is the of volume of the graphite eutectic cells at time ty,.
Assuming that at the early stage of growth the eutectic cells are spherical, the
volumetric rate of solidification is given by
dv, » ARy,
_m_y4 uinhil
dt 7 R dt
where Ry, is the radius of cell at maximum degree of undercooling ATy,.
Furthermore, the growth rate of eutectic cells for AT = AT, is in general described
by equation (1)

av,
= LNV, (1- £,) - (27a)

(28a)

dR
u= d—t'” =u AT2, (29a)

where u is the growth coefficient of graphite eutectic.
Substituting equation (21a) into (29a) followed by integration (for initial condition
t = t;) yields
p AT},
4w

R= Rw (t-1t)—sin2w (-1t)]. (30a)
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Also at the maximum degree of undercooling (when t = ty) from equations (22a)
and (30a) results
7 AT?

R, = '—4—(")—' (31&)

During the eutectic transformation the temperature does not exhibit significant
changes and T ~T; in equation (27a ). Thus equations (26a ) — (29a ) and (31a) are
used to arrive the following expression for density of cells

273/2
N= Swals -. (322)
74 L M2 BATS (1= fy) (r Cet ATw + ¢ To)V

Cooling rate at the end of II Stage is the same as cooling rate at the beginning of
III Stage, thus from comparison of (17a) and (24a) it is obtained

2
we—2Eh (33a)
7 ¢ Ceg ATy M
After substitution of (33a) into (32a) it can be written
6 T2
N= 2L (34a)

2 ,
M1 - ) Lo, w3¢PATS (¢ T+ 7 cerATE)"

The term 7 cosATr in the denominator has not significant influence on the obtained
results and can be neglected. Thus, equation from (34a) results:

Yz 32 T3 af
L, (1-fy) ¢ (BGSMEATS,

(35a)
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