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The structural quality of cast iron produced in the foundry industry is among other
things assessed through evaluations of its chill and chilling tendency CT. Diverse methods
are commonly employed in the foundry industry for testing the chill of cast iron. Among
these methods, the A 367-55T ASTM chill-plate and chill-wedge testing techniques are the
most widely known. Nevertheless, the chill of cast iron can also be assessed using pins [1],
or plates with various size sections. These methods are employed in testing castings of var-
ious sizes in order to simulate influence of different cooling rates. Since the number of
potential applications for cast iron is strongly dependent on its inherent CT, considerable
efforts have been made in correlating its chill and CT values with metallurgical processing
factors [2–4] or thermal analysis [5].

In part I of this work an expression was derived which can be used for predictions of
the critical casting module below, which a chill develops. This condition is given by

cr
cr

cr

V
M

F
= (1)

The above expression can also be described by

CTcrM p= (2)
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In addition, the wedge value for wedge shaped castings can be given by

( )
4

CT
 cos /2

np
w =

β
(3)

where:

5 / 6 1/2

1/2 1/ 3 1/ 6

2  
  

  
s

ef e

a T
p

c L
=

π φ
(4)

Vc and Fc – the volume and surface area of the casting, respectively,
a – the mould ability to absorb heat,
n – the wedge coefficient,

Ts – the equilibrium temperature for the graphite eutectic (Eq. (11)),
cef – the effective specific heat of pre-eutectic austenite (Eq. (21) [12]),
φ – the heat coefficient of the metal (Eq. (28) [12]),

Le – the latent heat for graphite eutectic,
β – the wedge angle (Fig. 7 [12]).

Two cases are clearly distinguished depending on the available information:
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In cast iron, the chill and chilling tendency are closely related to the solidification con-
ditions. It is well known, that the CT depends among other factors on the number of nucle-
ation sites available for the formation of graphite eutectic cells during the solidification
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process. A typical measurement of the number of active sites can be directly obtained from
the density of eutectic cells (i e., each graphite nucleus gives rise to a single eutectic cell) or
the nucleation coefficients (b and Ns), which account for the graphite nucleation potentials
for a given casting [6, 7].

In this work, a series of experiments are carried out which are intended to corroborate
the proposed theory on the eutectic cell count, chill and CT of cast iron. The experimental
work is mainly based on thermal analysis and on measurements of chill and eutectic cell
count, as well as the on determination of the nucleation coefficients.

�� ��������	
������������������
���	����������	

Small wedges and plates – Series I

In this part of the work, experimental melts were made in an electric induction furnace
of intermediate frequency in a 15 kg capacity crucible. The raw materials were pig iron,
steel scrap, commercially pure silicon, sulfur and ferro-phosphorus in amounts of 12 kg,
3 kg, 0.190 kg, 0.01 kg, and 0.03 kg, respectively. Melting was followed by liquid iron
superheating up to 1420oC and inoculation using FOUNDRYSIL (73–75% Si, 0.75% Al,
0.75–1.25% Ca, 0.75–1.25% Ba) with a 0.2–0.5 cm granulation, and added as 0.5 % of the
total charge weight. After various time intervals (1.5; 5; 10; 15; 20 and 25 minutes) from the
end of inoculation treatment, the cast iron was poured into plate shaped moulds of s = 0.6;
s = 1.0; s = 1.6; s = 2.2 and s = 3.0 cm in thickness. For the plates with 0.6; 1.0 and 1.6 cm in
thickness, the length and height were 10 cm, while it was 14 cm for all the remaining plates.
In all of the cases, the plates had a common gating system.

The foundry moulds were prepared using conventional moulding sand. In addi-
tion, they were instrumented with Pt/PtRh10 thermocouples enclosed in quartz sleeves
of 0.16 cm in diameter for plates of 0.6 and 1 cm in thickness, and of 0.3 cm in diameter
for plates of other thicknesses. The thermocouple tips were located in the geometrical center
of each mold cavity per-
pendicularly to the heat
transfer flow to improve the
measurement accuracy. An
Agilent 34970A electronic
module was employed for
numerical temperature re-
cording. Figure 1 shows so-
me typical cooling curves.
These curves were then used
for determinations of the ini-
tial metal temperature (Ti)
just after filling of mould,
and then the φ coefficient
(see Eqs. (20), (21), (28) and
(29) in [12]) could be calcu-
lated.
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After cooling, specimens for metallographic examination were taken from the geomet-
rical centers of the plates. Metallographic examinations were made on polished and etched
(Stead reagent) specimens to reveal graphite eutectic cell boundaries. Figure 2 shows a ty-
pical planar microstructure (on the specimen cross-section), with distinct eutectic cells. The
planar microstructure is characterized by the cell count NF (cell density), which gives the
average number of graphite eutectic cells per unit area. The NF parameter can be determined
by means of the, so-called variant II of the Jeffries method, and applying the Saltykov for-
mula as an unbiased estimator for the rectangle S of observation [8]

0,5 1i w
F

N N
N

F

+ +
= (7)

where:
Ni – the number of eutectic cells inside S,

Nw – the number of eutectic cells that intersect the sides of S but not their corners,
F – the surface area of S.
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The graphite eutectic cells have a granular microstructure, and it can be assumed that
the spatial grain configurations follow the so-called Poisson–Voronoi model [9]. Then,
a stereological formula can be employed for calculations of the spatial cell count Ng (spatial
cell density), which yields the average number of eutectic cells per unit volume

3/20.568 ( )g FN N≅ (8)

Table 1 gives the chemical composition of the experimental cast irons. In addition, the
experimental data on times after inoculation, cell count NF and Ng, plates casting modules
M, the minimum temperatures Tm for the eutectic transformation of cast iron, as well as
maximum undercooling ΔTm at the beginning of solidification are given in Table 2.
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Chemical composition, wt. % No. of 
castings 

Time after 
inoculation, min C Si Mn P S 

I/1 base cast iron  3.25 1.17 0.13 0.085 0.047 

I/2 1.5 3.14 1.98 0.13 0.091 0.067 

I/3 5 3.18 2.05 0.11 0.093 0.061 

I/4 10  3.16 2.04 0.13 0.095 0.065 

I/5 15 3.21 2.01 0.14 0.095 0.053 

I/6 20  3.20 2.08 0.13 0.098 0.050 

I/7 25  3.16 2.08 0.13 0.091 0.052 

Average composition 3.18 1.91 0.13 0.092 0.064 

No. of casting Cell count Maximum undercooling 

NF N 

Module 
M 

Eutectic 
temperature at 
the beginning 

of 
solidification 

Tm 

ΔTm = Ts – Tm
 ΔTm,c = Ts – Tm,c

* 
Time after 
inoculation 
ta – absolute 
td – relative 

Ti
** cm–2 cm–3 cm oC oC oC 

1075 20020 0.3 1123.7 35.1 32.4 

648 9369 0.5 1133.3 25.5 24.4 

324 3312 0.8 1138.0 20.8 19.1 

229 1891 1.1 1139.7 19.7 16.4 

I/1 
Base iron 

Ti = 1233oC 

99 559 1.5 1142.5 16.3 13.9 

  * See Eqs. (15), part I and Eqs. (15)–(18) part II. 
** The mean temperature of the metal in the mold cavity just after pouring. 
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No. of casting Cell count Maximum undercooling 

NF N 

Module 
M 

Eutectic 
temperature at 
the beginning 

of 
solidification 

Tm 

ΔTm = Ts – Tm
 ΔTm,c = Ts – Tm,c

* 

Time after 
inoculation 
ta – absolute 
td – relative 

Ti
** cm–2 cm–3 cm oC oC oC 

2480 70150 0.5 1139.6 23.4 22.2 

893 15157 0.8 1146.9 17.2 18.1 

337 4092 1.1 1148.7 14.2 15.8 

I/2 
ta = 1.5 min 

td = 0.06 
Ti = 1230oC 

226 1930 1.5 1150.2 12.7 13.9 

2319 63472 0.3 1137.9 25.5 30.1 

1773 42404 0.5 1139.7 23.7 23.6 

654 9500 0.8 1147.5 15.8 19.1 

256 2326 1.1 1147.0 16.3 16.8 

I/3 
ta = 5 min 
td = 0.20 

Ti = 1248oC 

185 1535 1.5 1150.2 13.1 14.9 

2277 61715 0.3 1131.7 31.5 31.8 

1043 19133 0.5 1137.9 25.4 25.1 

612 8600 0.8 1146.5 16.8 20.5 

264 2436 1.1 1147.9 15.4 18.1 

I/4 
ta = 10 min 
td = 0.40 

Ti = 1246oC 

170 1259 1.5 1151.9 11.4 16.1 

2036 52181 0.3 1133.5 29.8 34.5 

880 14828 0.5 1135.7 27.6 27.2 

364 3945 0.8 1143.0 20.3 22.3 

132 861 1.1 1144.0 19.3 19.6 

I/5 
ta = 15 min 
td = 0.60 

Ti = 1230oC 

59 257 1.5 1148.4 14.5 17.5 

1270 25707 0.3 1123.8 39.6 35.8 

638 9153 0.5 1135.3 28.0 28.2 

176 2450 0.8 1137.8 25.7 23.2 

94 518 1.1 1144.5 18.8 20.4 

I/6 
ta = 20 min 
td = 0.80 

Ti = 1252oC 

52 213 1.5 1145.9 17.5 18.2 

  * See Eqs. (15), part I and Eqs. (15)–(18) part II. 
** The mean temperature of the metal in the mold cavity just after pouring. 
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The maximum degree of cast iron undercooling, ΔTm for the individual plates, as well
as temperature range ΔTsc were determined from:

m s mT T TΔ = − (9)

sc s cT T TΔ = − (10)

where:

1154 5.25 Si 14.88 PsT = + − (11)

( )1130.56 4.06 C 3.33 Si 12.58 PcT = + − − (12)

In Eq. (9), Tm is the minimum temperature at the onset of solidification (as determined
from the cooling curves, Fig. 3 [12]).

Small wedges (dimensions: Bw = 1.25 cm, β = 28.5o, see Fig. 7 [12]) and samples for
chemical composition were also cast simultaneously with the plates. Hence, after cutting the
wedges, metallographic examinations were made by etching with the Stead reagent to re-
veal the eutectic cells boundaries. Figure 3 shows typical planar microstructures (on the
specimen cross-section) of the wedges with distinct graphite eutectic cells.

The chilled iron at the apex of the wedge consisted of two zones:
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No. of casting Cell count Maximum undercooling 

NF N 

Module 
M 

Eutectic 
temperature at 
the beginning 

of 
solidification 

Tm 

ΔTm = Ts – Tm
 ΔTm,c = Ts – Tm,c

* 
Time after 
inoculation 
ta – absolute 
td – relative 

Ti
** cm–2 cm–3 cm oC oC oC 

950 16632 0.3 1122.1 41.4 42.7 

437 5012 0.5 1132.1 31.4 33.3 

175 1326 0.8 1137.6 25.8 26.9 

84 437 1.1 1142.0 21.5 25.6 

I/7 
ta = tr = 25 min 

td = 1.0 
Ti = 1234oC 

47 183 1.5 1145.0 18.5 20.9 

  * See Eqs. (15), part I and Eqs. (15)–(18) part II. 
** The mean temperature of the metal in the mold cavity just after pouring. 
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The width, w of the total chill and the cell count NF were measured at the junction
of the gray cast iron microstructure with (the so called wedge value) the first appearance
of chilled iron. The planar cell count NF in the vicinity of that junction was converted into
the volumetric cell count N using Eq. (8). The results of these measurements are given in
Table 3.

Taking into account the chemical composition of the cast iron from the series I of tests
(Tab. 1), the cell count (Tab. 3), the mean initial temperature Ti (Tab. 4), any relevant thermo
physical data (Tab. 1 [12]) and using a wedge size coefficient n, which for small wedges is
0.87, the theoretical wedge value can be estimated from Eqs. (3) and (6). The results from
these calculations are given in Table 4. Notice that comparisons between the theoretical and
experimental results yield a rather good agreement.
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In addition, from Table 2 the inoculation ef-
fect can be inferred by the cell count as a function
of the time ta from the instant in which the inocu-
lant was introduced into the melt. Notice that after
25 minutes (Fig. 4), the observed changes in the
cell count are rather negligible and this time tr can
be considered as a reference point. Hence, the
changes in the density of eutectic cells can be ex-
pressed as a function of a dimensionless time as

a
d

r

t
t

t
= (13)
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Calculated wedge value 
w 

Calculated chilling 
tendency CT 

s1/2/oC1/3 
Relative time 

after 
inoculation 

td  

Measured 
wedge value, 

w Eqs. 
(3) and (6) 

Eqs.  
(3), (5) and 
(15)÷(18) 

Eq. 
(6) 

Eq. 
(5) 

No. 
of casting 

– mm mm – – 
I/1 – 7.9 7.1 8.6 0.91 1.10 
I/2 0.06 3.3 3.1 3.5 0.38 0.43 
I/3 0.20 3.6 3.3 3.7 0.40 0.44 
I/4 0.40 4.0 4.4 3.9 0.53 0.48 
I/5 0.60 4.5 4.6 4.4 0.54 0.53 
I/6 0.80 4.8 4.7 4.8 0.57 0.58 
I/7 1.0 5.5 5.4 6.5 0.66 0.79 

Mean temperature (just after pouring) of metal in mould cavity Ti = 1270 oC 

Eutectic cell  
count  

NF
 

Eutectic cell 
count 
 Ng

 

Total 
wedge value 

w 
No. of 
casting 

Time after 
inoculation 
ta – absolute 
td – relative cm–2 cm–3 mm 

I/1 – 2219 59372 7.9 

I/2 ta = 1.5 min 
td = 0.06 

20566 1675225 3.3 

I/3 ta = 5 min 
td = 0.20 15828 1131065 3.6 

I/4 ta = 10 min 
td = 0.40 

5113 207664 4.0 

I/5 ta = 15 min 
td = 0.60 4959 198353 4.5 

I/6 ta = 20 min 
td = 0.80 

3893 137924 4.8 

I/7 ta = 25 min 
td = 1.0 

2188 58133 5.5 
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In addition, from Table 2 it is clear that the cell count not only depends on the time ti
but also on the maximum undercooling ΔTm. Figure 5 shows the experimental results for
cell count N plotted against ΔTm for various dimensionless times td . Notice from these fig-
ures that N is exponentially increasing function of the maximum undercooling

exp ,s
m

b
N N

T

⎛ ⎞
= −⎜ ⎟Δ⎝ ⎠

 cm–3  (14)

From Figure 5 it is apparent that for inoculated cast iron, Ns and b in equation (14) are
time dependent. The empirical dependence of Ns and b as a function of time td is shown in
Figure 6.

A polynominal approximation indicates that the regression curves are of the form ���G

– ��
���	�����
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296.9 122.6 59.2 ,d db t t= + − 
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Taking into account the chemical compo-
sition of the cast iron (Tab. 1), the expressions
for Ns and b, Eqs. (15)–(18), the casting modu-
les of the plates M, the mean temperature of
the metal in the mould cavity just after pouring,
Ti (Tab. 2) and any relevant thermophysical
data (Tab. 1 [12]), the maximum undercooling
(ΔTm = Ts – Tm) was calculated (Eq. (15) [12]).
A comparison (see Tab. 2) between the experi-
mentally measured and the calculated degrees of
undercooling shows that there are no significant
differences. In addition, if one takes into account
Eqs. (3) and (6), and N from Table 3, chilling ten-
dency CT and the total wedge value w in the
wedges can be found as a function of the dimen-
sionless time td. Similar results can be obtained by
means of Eqs. (3), (5), and (15)–(18). The results
from these calculations are given in Table 4 and
Figure 7.
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The results from the calculations made using
Eq. (47), part I and from the data in Table 1 [12] and
Table 2 are shown in Figure 8. In particular, the solid
line in this figure corresponds to cast iron of average
chemical composition (Tab. 1), and hence with aver-
age values for Ts.

It is well known that under constant wall thick-
ness conditions (s = const.), ΔTm and N depend on the
physicochemical state of the liquid cast iron, which
in turn is influenced by the various inoculation treat-
ments, time after inoculation and chemical composi-
tion. From Table 2 (see also points, Fig. 8) it is found
that under constant wall thickness, as the maximum degree of undercooling increases, the
cell count decreases. Therefore, it can be concluded that the experimental data are in good
agreement with the predictions of Eq. (47) [12].

Combining Eqs. (50) and (53) [12], spatial cell count can also be determined from

( )exp 8ProductLog
s

g
N

N
y

=
⎡ ⎤⎣ ⎦

(19)

where y – see Eq. (54) [12].
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Moreover, considering the nucleation parameters b and Ns given by Eqs. (15) and (16),
and taking into account average chemical composition of cast iron (Tab. 1), as well as data
from Table 1 [12] and the mean temperature of the metal in the mold cavity just after pour-
ing, Ti (Tab. 2), together with Eq. (19), calculations were made of the effect of wall thick-
ness on the cell count. Accordingly, the results from these calculations are shown in Figu-
re 9 with solid lines. Also, for comparison purposes the experimental results are included in
this figure. Once again, there is good agreement between the experimental outcome and the
predictions of the proposed theoretical analysis.
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Big wedges – Series II

The experimental melts were made in the electric induction furnace mentioned before
(test series I). The charge materials for the furnace consisted of pig iron, steel scrap, com-
mercially pure silicon, and ferro-phosphorus. After melting of the charge and superheating
to 1400oC, large wedges of the Meehanite type (dimensions: Bw = 2.5 cm and β = 25o) were
cast. From each melt, a sample was taken for chemical composition. A Pt-PtRh10 thermo-
couple was inserted in the center of the wedge cavity in the mold (from quartz sand) to
record the initial temperature Ti. The results of chemical composition, density of eutectic
cells in wedges near the transition from gray to mottled cast iron (near Tc temperature), the
wedge value and the mean temperature Ti are given in Table 5.
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In the case of large size wedges,
the wedge size coefficient n is 0.68.
From the chemical composition, cell
count, initial temperature Ti, as well
as thermophysical data (Tab. 1 [12]),
chilling tendency of cast iron CT and
the wedge value w for the wedges
was calcula-ted using Eqs. (3) and
(6). The results of these calculations
are given in Table 5 and Figure 10.
Notice that again there is rather good
agreement between the theoretical
calculations and the experimental
outcome.
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Chemical composition 

C Si P 

Eutectic cell 
count  

N 

Measured 
wedge value  

w 

Calculated* 
wedge value  

w 

Calculated* 
chilling 

tendency 
CT 

s1/2/oC1/3 

No. 
of melt 

% cm–3 mm mm – 

II/1 3.52 2,06 0.07 3070 7.8 8.3 1.1 

II/2 3.43 1.92 0.07 7247 7.0 6.9 0.99 

II/3 3.32 1,83 0.07 3671 8.6 7.4 1.14 

II/4 3.56 1.75 0.07 2436 7.6 9.2 1.26 

II/5 3.50 1.74 0.07 1107 10.7 10.1 1.44 

II/6 3.45 1.66 0.07 1338 10.0 9.7 1.43 

Mean temperature (just after pouring) of metal in mould cavity Ti = 1278 oC. 
* Equations (3) and (6) were used for calculations. 
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A recent trend in the design of vehicle
components has been focused in the pro-
duction of thin-walled sand castings in or-
der to save materials and energy. These
castings due to the relatively small volume
to surface ratios (small casting modulus)
solidify at high rates leading to the devel-
opment of chills. Most production efforts
on thin-walled casting have been focused
on metal chemistry, inoculation, and gating
system. However, decrease of the material
mould ability to absorb of heat may have
the potential to significantly reduce the
casting wall thickness far better than by
any other efforts. This can be easily con-
firmed by making some estimations based
on Eqs. (2), (4), (5), (10) (15), (16) and
(21), (28), (64) [12] for base cast iron and
cast iron directly after the inoculation
treatment (td = 0.06). Figure 11 shows the
critical wall thickness scr (see Eq. (64)
[12]) of a casting when the chill is formed.
From this figure, it can be observed that
the effect of the mold material ability to
absorb heat a on the critical wall thickness
scr of the casting when the chill is formed
is very significant (see also Tab. 6).
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Critical wall thickness scr Ability of moulding material  
to absorb heat a Base 

cast iron 
Inoculated 
cast iron 

Mould material 

J/(cm2⋅oC⋅s1/2) mm 

Quartz sand 0.08 ÷0.12 2.7÷4.7 1.1÷1.7 

Olivine 0.1 3.5 1.4 

Chromite 0.15 5.2 2.2 

Zircon 0.13÷0.15 4.5÷5.2 1.8÷2.2 

LDASC, Ashland 0.018÷0.03 0.6÷1 0.2÷0.4 

Initial temperature of metal in mould cavity Ti = 1400oC 
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The theory for the chill of cast iron was described in [12] of this work, and in this work,
the chilling tendency was verified experimentally. In particular, it has been shown that the
results of calculations on the chill formation using data from direct measurements of eutec-
tic cell count in wedge shaped casting (Tab. 3) using Eqs. (3) and (6), as well as measure-
ments of eutectic cell count in plates (Tab. 2) from the same melt and through the use of
equations (3) and (5) as well as (15)–(19) yield results that are in good agreement with
experimentally measured values. It has been also concluded through appropriate calcula-
tions that besides any metallurgical factors, the chill is significantly affected by the mould-
ing material ability to absorb heat a. Reducing a to the value of roughly 0.04 J/(cm2 ·s1/2·oC)
will enable the production of castings with wall thicknesses about of 0.1 cm without the
development of a chill.

This work was supported by Statutory Grant No. 11.11.170.250 and made in Depart-
ment of Cast Iron AGH, Cracow, Poland.
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