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RINGKASAN : Kertas ihi menghuraikan fakta-fakta yang mempengaruhi keberkesanan 

inokulasi cairan besi bag/ membentuk grafit steroid. Kajian ini menunjukkan bagaimana 

parameter-parameter proses seperti masa pegangan dan komposisi bahan kimia memberi 

kesan kepada sifat-sifat mekanika/ dan meta/ografi aloi-a/oi yang disediakan. Dengan 

mengunakan slsa Mg awal yang tinggi dalam cairan be$i didapati bahawa kandungan 

Mg menurun dengan lebih cepat. Apabila masa pegangan menlngkat, suhu pegangan, 

struktur 'pearlite' dan kekerasan bes/ mu/ur juga men[ngkat. Pembentukan karbld meningkat 

jika sanga tidak dibuang dari bes/ mu/ur . Akhir sekali, besi mulur cair tidak boleh 

dituangkan pada suhu yang rendah daripada 138<l'C di mana kecacatan pengecutan 

mungkin terjadl. 

ABSTRACT : This paper describes factors that influence the effectiveness of inoculating 

molten iron to form spt,eroidal graphite. The study shows .how the process parameters 

such as · holding time and chemical composition affect the mechanical properties and 

metallographic behaviour of the alloys. A high initial residual Mg in the molten iron 

results in a more rapid decrease In the Mg content. As holding time increases, holding 

temperature, pearlite structure and hardness. of the ductile iron d~creases. Carbide 

formation increases if the dross is not removed from the ductile iron. Finally, ductile 

molten iron should not be poured at temperatures lower than 1380°C as shrinkage 

defects are likely to occur. 

KEYWORDS: Ductile iron--magnesium treatment--mechanical properties--metallographic 

behaviour--holding time--pearlitlc matrix--nodularity--dross--carblde forming. 
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INTRODUCTION 

Ductile cast iron· is formed when molten 
iron is treated with nodularising elements 
such as magnesium or cerium. These 
elements induce the formation of free 
graphite as nodules or spherulites and 
are responsible for the ductility of the cast 
iron. Mg, in the form of an alloy such as 
Fe-Si-Mg, serves as a spheroidal graphite
former, either hypo- or hyper-eutectic. It 
is also a deoxidiser and desulphuriser of 
the molten cast iron. 

In order to achieve a fully spheroidal 
graphite by Mg treatment, the content of 
S in the melt must be kept as low as 
possible (<0.001% S [JIS G 5502D. Loper 
and · co-workers (1976), reported that a 
Mg:S ratio of 3.0 is sufficient for the 
formation of fully spheroidal graphite. 
Furthermore, the exposure of the treated 
iron to atmosphere should also be taken 
into consideration, as an increase in the 
area of the melt in contact with the 
atmosphere will speed up the oxidation 
reaction. They observed that a Mg:S ratio 
of 3.0 and a resicfual Mg of 0.05% is 
adequate to achieve fully spheroidal 
graphite in ductile iron. 

The amount of Mg required to make 
spheroidal graphite will increase with S 
content. Loper et al. (1976), reported that 
for the successful holding of treated ductile 
cast irons, the effect of the reversion of 

. MgS at low Mg levels must also be taken 
into account, apart from the fading of Mg 
from the system due to vaporisation and 
other chemic~I reactions. Evans (1981), 

* Ductile cast iron is also known as nodular cast 
l(pn, spherulitlc graphite cast Iron or SG Iron. 

showed that the optimum residual Mg 
required to obtain high quality graphite 
with low amounts of carbide (Fe3C) is 
0.030-0;045%. Larger amounts of Mg 
tend to produce carbides and degenerate 
the graphite structures while smaller 
amounts sometimes fail to produce a full 
nodular microstructure. He also reported 

· that the minimum content of S required is 
between 0.002-0.003%, before reversion 
of MgS occurs. 

The effect of holding time on spheroidal 
graphite iron has also been studied. 
Holding time of Mg treated molten iron 
must be kept at a minimum to avoid 
fading of Mg. Janowak and Loper (1971), 
stated that this fading can be minimised 
by holding the treated iron at reduced 
temperatures with minimal melt agitation 
in the furnace. Mg retention can also be 
further enhanced by avoiding high silica 
refractories and fluid slags. Deterioration 
in nodularity and post-inoculation effect 
occur simultaneously but at independent 
rates. Microstructural features, therefore, 
have been noted to be dependent upon 
the initial Mg and S content and the time 
lapse during the holding period. 

The fading of Mg due to atmospheric 
oxidation appears to c.ontribute 
substantially to the decay of cast iron.
Methane, a natural gas, and inert gases 
such as argon, have been used to minimise 
this decay by delaying the reaction 
between the treated iron and atmosphere 
(Lee, 1971). Treated iron when stored, 
results in lower hardness and more ferrite 
with corresponding changes in strength 
and toughness. 
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The above studies have been carried 
out on either induction or arc furnaces 
where the temperature of the molten 
metal is controlled. In this study however, 
the commonly practised open ladle method 
of small foundries was used. 

MATERIALS AND METHODS 

An induction furnace of 125-kW and 
3000 Hz frequency was used to prepare 
70-100 kg experimental ·ductile cast iron 
containing· average amounts of C-3.610%, 
Si-2.390%, Mn-0.280%, P-0180%, S-
0.005%, Cu-0.090% and Mg-0.046%. The 
charge materials used were casting 
returns, steel scraps and iron ingots. 

The chemical composition of the melt 
was adjusted to the required target and 
an X-Ray Fluorescence Spectrometer 
was used to determine the composition.' 
Samples of the melt were taken at 
1400°C, and element adjustment was 
carried out by alloying Carburiser for C 
adjustment, Fe-Si (75%) for Si adjustment 
and Fe-Mn for Mn adjustment. The melt 
was then superheated to 1580°C, and 
tapped into a preheated treatment open 
ladle for nodularising treatment with 
1.20% wt Fe-Si-Mg (6.04% Mg) alloy. 
Upon completion of the nodularising 
treatment, the melt was further inoculated 

·· with 0.40-0.53% wt Fe-Si (75% Si) alloy 
to form nuclei for crystallisation. Suitable 
holding conditions of the melt in the open 
ladle were determined by recording the 
temperature at periodic pourings. When 
doing so, the rate of. temperature drop 
of the melt was evaluated against 
holding time. 

Samples of iron from the ladle were 
periodically poured into co2 sand moulds 
of 26 mm diameter x 165 mm length, to 
obtain test pieces for metallographic 
analyses and hardness tests. 
Metallographic examination was 
performed on polished specimens which 
were cut from the distance of 26 mm of 
the bars perpendicular to the longitudinal 
axis of the test pieces obtained. Nodule 
count, nodularity, graphite area and 
pearlitic area were measured with a 
Luzex 500 Quantitative Television 
Microscope. Microstructure analyses were 
done on polished specimens etched with 
2% nital, and observed under a 
Metallurgical Microscope at · 1 OOx 
magnification. 

To observe the shrinkage effect of 
ductile cast iron, the treated molten 
metal was poured into the test piece 
(Figure 1). 

Rgur• t. Test piece to study shrinkage effects 
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RESULTS AND DISCUSSION 

Table 1 shows the chemical 
compositions of three melts · prepared 
for the experiment · As the molten 
iron was in contact with the 
atmosphere, the temperature was 
observed to decrease with holding 
time at a rate of 23-25°C/min, as 
shown in Figure 2. 

The relationship between holding time, 
holding temperature, microstructure and 
Brinell hardness of ductile cast iron is 
shown in Table 2. An increase in holding 
time saw a decrease in pearlite matrix 
which subsequently . decreased the 
hardness of the iron. As the temperature .. 
decreased, the structure'of graphite was· 
transformed into a ferrite-rich matrix 
(Figure 3). 

TABLE 1. CHEMICAL COMPOSITION OF MELTS AGAINST HOLDING TIME· 

Melt Time %C %SI 
No. (min) 

0 3.580 2.370 

5 3.550 2.380 

1 8 3.540 2.360 

10 3.540 ·3,350 

12 3.580 2.290 

0 3:620 2.410 

2 3.580 2.330 

2 5 3.580 2.270 

7 3.570 2.230 

9 3.580 2.260 

0 3.630 u.o. 
2 0.630 2.400 

5 3.570 2.320 

3 7 3.610 2.360 

9 3.570 2.340 

U.O. Undetecte~ due to sample break_ doV"tn_ 

%Mn 

0.310 

0.310 

0.310 

0.310 

0.310 

0.250 

0.250 

0.250 

0.250 

0.250 

u.o. 
0.260 

0.260 

0.260 

0.260 

%P %S %Cu %Mg 

0,018 0.005 0.080 0.039 

0.019 0.006 0.080 0.037 

0.019 0.006 0.080 0.036 

0.018 0.007 0.080 0.035 

0.018 0.006 0.090 0.030 

0.017 0.004 0.090 0.053 

0.017 0.004 0.100 0.036 

0.017 0.005 0.100 0.032 

0.017 0.005 0.090 Q.029 

0,017 0.005 0.100 0.031 

u.o. 0.007 u.o. u.o. 
0,018 · 0.007 0.070 0.036 

0.018 0.007 0.070 0.034 

0,018 0.008 0.070 0.036 

0,018 0.009 0.070 0.033 

(1490-1550°C). These reactions slowed 
down as the temperature dropped. A From Tables 1 and 2, it is observed that 

the residual Mg in the molten iron 
. reduces with the corresponding 
decrease · in temperature as holding 
time is increased higher initial residual 
Mg (Melt 2) resulted in a more rapid 
decrease in Mg content during the 
. spheroidisation process. This was due 
to the vaporisation and atmospheric 
oxidation of Mg at high temperature 

. larger ratio of volume of molten metal 
to surface area in contact with atmospheric 
air increased the rate of decrease 
of Mg during initial oxidation reactions. 
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In Melt 1, 100 kg of molten iron was 
prepared, while in Melts 2 and 3, 70 kg it 
were prepared. Among the tnree melts, 
was seen that the rate of decrease in 
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Holding Time (min) 

Figure 2. Relationship between holding time and temperature ofdu_,ctile Iron 

TABLE 2. RELATIONSHIP BETWEEN HOLDIN.G TIME, 
HOLDING TEMPERATURE, MICROSTRUCTURE AND 
BRINELL HARDNESS OF DUCTILE CAST IRON 

Holding Holding Mlcroatructure Br Inell 
Time Temperature · Hardneu 
(min) (oC) 

0 1433 Nodular + 17% Pearlite 163 

5 1331 Nodular+ 9% Peartite 156 

7 1260 Nodular+ 7% Pearlite 156 

10 1215 Nodular+ 6% .Peartite 156 

12 1208 Nodular+ 5% Peartite 156 

0 1425 Nodular + 20% Peartite 170 

2 1390 Nodular + 19% Pearlite 170 

5 1320 Nodular + 19% Peartite 169 

7 1265 Nodular + 12% Pearlite 161 

9 1225 Nodular + 4% Peartite . 
0 1445 Nodular + 20% Pearlite 179 

2 1370 Nodular + 16% Pearlite 159 

5 1320 Nodular + 11 % Peartite 156 

7 1258 Nodular+ 5% Pearlite 152 

9 1227 Nodular+ 5% Pearlite 146 
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Omirue 2 m1...-es 

s mirues 7 minutes 

Flgu.r• 3. Effect of holding time on ductile Iron (Melt 3). Magnification x100 
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TABLE 3. MICROSTRUCTURE BEHAVIOUR• OF MELT 
WITH RESPECT TO HOLDING TIME OF DUCTILE IRON 

Melt Holding Nodularlty Nodule Count Graphite Pearllte . 
No. Time (%) (no/mm2) (%) (%) . 

(min) 

0 84 68 16 17 
c 5 81 67 16 9 

1 7 .. 79 96 17 7 

10 . 83 89 13 6 

12 83 99 14 .5 

0 95 60 17 20 

2 90 61 17 19 

2 5 80 65 15 19 

7 85 67 16. · 12 

9 90 97 14 4 

0 90 55 14 20 

2 85 65 16 16 

·3 5 83 86 16 11 

7 90 94 16 5 

9 90 95 16 5 

8 Analysed on a Luzex 500 Quantitative Television Microscope 

holding temperature was higher in Melt 1 
than in Melts 2.and 3 (Table 2) . 

Table 3 shows the relationship of 
microstructure · behaviour of melts with 
respect to holidng time. No signif_icant 

, change in nodularity i.e. the deterioration 
of graphite shape, was observed. Pearlite 
formation on the other hand, decreased 
as nodule count increased. The tendency 
of carbide forming in the ductile iron was 
higher when the dross ,ls not removed 
(Melt 2) as seen in Figure 4. The consider
ably high content of Si in spheroidal iron 
and its low density allowed it to float on 
ladle surfaces. This together with the 
ability of Mg to reduce oxides of lower 

stability like Si, resulted in the formation 
of dross. In practice, dross is removed by 
skimming to prevent the dross defect on 
· the product, and carbide formation in the 
structure. 
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Figure 5 shows the increase in shrink
age of the ducUle iron with holding time. 
A high nodule count . and fine 
microstructure are good mechanical 
properties of iron but they increase the 
effect of shrinkage. As holding time 
increased, the temperature decreased 
resulting in the reduction of the flowability 
of molten ductile iron. This increased the 
number of shrinkage defe.as of Jhe produa. 
Therefore, it is charaaeristic of · shrinkages 
to appear in heavier sections. 
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Omlrue 2 minutes 

5· mlrues 7 minutes 

&ml,._.• 

Figure 4. Carbide formation due to the . effect of dross•(Melt 2). Magnification x100 

Dross is the scum that forma on tho surface of molten Iron largely due to oxidation and to a 
smaller extent to the rising of Impurities to the surface. 
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Omlnute , . 

8 minutes 

12 minutes 

Flgur• 5. Shrinkage effect of ductile Iron at various holding time (Melt 1) 

53 



Journal of Industrial Technology 1 {1) 1991 

CONCLUSIONS 

From this study, the following conclusions 
on the holding of ductile iron in an open 
ladle can be made: · 

1. A high initial residual Mg results in a 
more rapid decrease in its content. 
The fading of Mg is due to its 
vaporisation and atmospheric oxidation 
which occur at high temperatures. 
These reactions slow down as 
temperature drops. 

2. Hardness of the cast iron is dependent 
on the pearlite structure. As holding 
temperature decreases with time the 
peatlite structure also decreases and 
so does the hardness of the iron. 

3. The nodularity i.e. deterioration of 
graphite shape, is not significant if 
the post-inoculation was carried out 
after spheroidisation treatment. 

4. Dross decreases the inoculation and 
causes the formation of carbides. 

5. Increasing holding time reduces the 
fluidity of the molten iron and this 
increases shrinkage defect in the iron. 
Shrinkages are more prone to appear 
in heavier sections of the iron. 

6. Holding of · ductile iron in open ladle 
for a long. period is not advisable, this 
leads to a drop in temperature and 

eventually to a loss in the property of 
the iron. Molten ductile iron must not 
be poured attemperatures lower than 
13900C . . 
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