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Introduction
Unlike gray iron whose production tends to 

stagnate, ductile iron enjoy growth exceeding 3% 
per year [1]. In the recent years basically interest 
on minimizing the weight of casting components 
and increasing the mechanical properties. This 
motivates automobile manufacturers to decrease 
the weight of automobile leads in the 1970’s by 
reducing the thickness of steel sheets [2-4]. Inoc-
ulation which is a means controlling the structure 
and properties of cast irons by increasing the num-
ber of nucleation sites available for the growth of 
graphite nodules is an important part in the treat-
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ment enacted to obtain the desired result. Inocu-
lation treatment is very important because it im-
proves the homogeneity of the cast iron structure, 
it helps to eliminate the formation of carbides into 
thin parts or salient angles and promote the forma-
tion of graphite during eutectic solidification, direct 
the solidification towards the stable diagram, with 
graphite precipitation, refine the structure (higher 
cells count, finer grains in the microstructure) etc. 
Inoculation is to increase the number of nuclei in 
molten iron so that eutectic solidification, specifi-
cally graphite precipitation, can begin with a mini-
mum amount of undercooling. When undercooling 
is minimized, there is a corresponding reduction in 
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the tendency to form eutectic carbide or white iron. 
Inoculation is defined as the late addition of certain 
silicon alloys to molten iron to produce changes in 
graphite distribution, improvements in mechanical 
properties, and a reduction of the chilling tendency 
that are not explainable on the basis of composition 
change with respect to silicon [5]. Various studies 
analysed the separate and combined effects of Ce 
(cerium) and La (Lanthanum) on the microstructure 
evolution and graphite morphology and they also 
found that La (Lanthanum) either alone or in com-
bination with Ce (cerium) has a detrimental effect 
on nodule count and significant amount of carbide 
is formed in La (Lanthanum) containing iron where-
as Ce (cerium) results in a significant drop in the 
extension of carbide zone [6-9]. Skaland, et al. [10] 
proposed that carbon diffusion towards nuclei cen-
tre may due to formation of cerium-calcium- sul-
phides and oxides increases the nodule count of Ce 
containing inoculants. Choi, et al. [11] have report-
ed that the rare earth (RE) elements are helpful in 
reducing chill and influencing the formation of fer-
rite. Riposan, et al. [12] have investigated that the 
addition of rare earth elements during in-mould in-
oculation provides control of casting hardness and 
improve graphite quality. Ochulor, et al. [13] found 
that two step inoculation methods provide better 
nodule count and nodularity with 2, 3 and 4 mm 
thin plate thickness respectively. Upadhyaya, et al. 
[14] proposed that Ce bearing Fe-Si alloy at 0.4 wt% 
reducing under-cooling to improve nodularility and 
nodule count in thin plate casting thickness.

In this paper previous studies have not been re-
ported the methodology of one step in-mould in-
oculation method. The present work concerns an 
assessment of representing three types of potent 
inoculants containing Ce, Zr and Sr bearing Fe-Si 
alloy at an addition rate of 0.2 wt%, 0.4 wt% and 
0.6 wt% of one step in-mould inoculation method. 
It can be seen that Ce bearing Fe-Si alloy at 0.4 wt 
% provides better mechanical properties, nodule 
count, nodularity (> 90%) and nodule size distribu-
tion as compare to Zr bearing Fe-Si alloys and Sr 
bearing Fe-Si alloys. The as-cast and austempered 
microstructure samples were characterized by 

metallurgical optical microscopy (LIECADM2500) 
and scanning electron microscopy (SEM-JEOL JSM 
6390LV). Mechanical properties were investigated 
by tensile and impact test. The fracture surfaces of 
tensile were also evaluated by scanning electron 
microscopy (SEM-JEOL JSM 6390LV).The final re-
sults of this characterization will be discussed.

Materials and Methods
Melting of SG (Spheroidal graphitic) Iron heat 

was taken out in a coreless induction furnace of 
1 ton capacity. The tapping temperature of liquid 
metal from furnace to preheated ladle at 1430 °C - 
1460 °C [14]. The final charge metal composition is 
shown in Table 1.

Sandwich method has been done for magne-
sium treatment. The composition of nodulization 
treatment alloys summarized in Table 2.

The preheated pouring ladle has been used for 
tapping molten metal from an inductance furnace 
and rapidly poured into magnesium treated ladle. 
The magnesium treated melt has been directly 
poured into mould cavity in addition rate of 0.2 
wt%, 0.4 wt% and 0.6 wt% one step in-mould inoc-
ulation. The thin plate section thickness (2-5) mm 
of ductile iron castings have been shown in Figure 
1. Table 3 enlist the composition of inoculants.

The metallographic preparations have standard 
techniques. The samples were cut into desired size 
and in the desired direction, mounted with bake-
lite powder and polished using different grades of 
silicon carbide emery paper starting from coarse to 
fine size (320, 400, 600, 800, 1000, 1200 and 2000 
grits). The samples were cloth polished using alumi-

Table 1: Final charge metal composition (in weight per-
centage).
C Si Mn P S Cr
3.75 2.43 0.32 0.095 0.013 0.043

Table 2: Nodulization treatment FeSi (7-8%) Mg alloy 
composition (in percentage).
Mg Ca TRE Al Si Fe
7-8 1-1.5 1-1.5 1.2 Max 43-48 Bal

Table 3: Composition of Inoculants (in percentage).
Inoculants Si Zr Ba Ce Mn Sr Ca Al S O Fe
Ce-Ca-Al-S-O-FeSi 72-78 Nil Nil 1-2 Nil Nil 1-2 1.5 max Less than 1 Less than 1 Bal
Zr-Mn-Ca-Al-Ba-FeSi 62-69 3-5 0.3-0.7 Nil 2.8-4.5 Nil 0.6-1.9 0.55-1.3 Nil Nil Bal
Sr-Al-Ca-FeSi 73-78 Nil Nil Nil Nil 0.6-1.0 0.10 max 0.50 max Nil Nil Bal
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kg weight. The reported values of all the properties 
are the average of testing of three specimens.

Results and Discussion
The microstructure has been seen by LEICA 

DM2500. The microstructure of 2 mm section 
thickness sample inoculated by Ce-Ca-Al-S-O-FeSi 
containing inoculants an addition rate of 0.2 wt%, 
0.4 wt% and 0.6 wt% at one step in-mould inocu-
lation are shown in Figure 2. It has been observed 
that wt% of one step in-mould inoculation increas-

na and diamond paste (15, 6, 0.5 µm) with diamond 
lubricating oil. Finally, the samples were thorough-
ly cleaned using ethanol in an ultrasonic cleaner for 
about 10 min. The microstructure was examined 
by subsequent etching using 2% nital solution. The 
mounting and polishing machine of (METCO 2500) 
were used for samples preparation.

The etched specimens were examined under 
metallurgical optical microscope (LEICA DM2500). 
The optical microscope equipped with image anal-
ysis software, a camera and a computer was used 
for quantitative measurements of microstructural 
feature. A software application was used to acquire 
images from the camera and to perform image 
analysis. Noularity and nodule count values were 
analyzed using Image-Pro Plus software. Using 
scanning electron microscope (SEM), a more de-
tailed examination of the ferrite and pearlite struc-
ture of the received sample was performed. The 
polished specimens were thoroughly cleaned using 
ethanol in an ultrasonic cleaner. The etched spec-
imens were finally observed under scanning elec-
tron microscope (JEOL JSM 6390LV) using second-
ary electron mode. The tensile tests samples were 
prepared from plate of 2 mm thickness as-cast and 
heat treated plates on three jaw chuck lathe. The 
dimensions of the samples were taken as per ASTM 
E8-04 standard. The test was performed on uni-
versal testing machine (Instron 8801) using 100 KN 
capacity. Impact test specimens were made as per 
ASTM standard E327M. The test was performed on 
charpy impact testing machine (Waston 20) using 5 

Figure 1: Thin wall ductile iron casting.
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Figure 2: Microstructure of 2 mm section thickness in-
oculated by Ce-Ca-Al-S-O-FeSi. a) 0.2 wt%; b) 0.4 wt%; c) 
0.6 wt% one step in-mould inoculation.
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es 0.2% to 0.4% pearlitic matrix has been formed 
while wt% was 0.6%, the matrix has been changed 
to pearlitic to ferritic.

The microstructures of 2 mm section thickness 
sample inoculated by Zr-Mn-Ca-Al-Ba-FeSi con-
taining inoculant an addition rate of 0.2 wt%, 0.4 
wt% and 0.6 wt% at one step in-mould inoculation 
has been shown in Figure 3. Comparing the micro-
structures in Figure 2 and Figure 3, it have been ob-
served that nodularity of graphite in 2 mm section 

thickness sample inoculated by Ce-Ca-Al-S-O-FeSi 
at 0.4 wt% is higher than Zr-Mn-Ca-Al-Ba-FeSi con-
taining inoculant and pearlitic matrix formed.

The microstructures of 2 mm section thickness 
samples inoculated by Sr-Al-Ca-FeSi containing in-
oculant an addition rate of 0.2 wt%, 0.4 wt% and 
0.6 wt% at one step in-mould inoculation has been 
shown in Figure 4. These microstructures also fol-
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Figure 3: Microstructure of 2 mm section thickness inoc-
ulated by Zr-Mn-Ca-Al-Ba-FeSi. a) 0.2 wt%; b) 0.4 wt%; c) 
0.6 wt% one step in- mould inoculation.
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Figure 4: Microstructure of 2 mm section thickness in-
oculated by Sr-Al-Ca-FeSi. a) 0.2 wt%; b) 0.4 wt%; c) 0.6 
wt% in-mould inoculation.
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O-FeSi is higher than Zr-Mn-Ca-Al-Ba-FeSi containing 
inoculant. This is so Ce-Ca-Al-S-O-FeSi containing in-
oculant has higher nodularity may be due to forma-
tion of cerium-calcium-sulphides and oxides during 
solidification [13,14]. It may be also noted from en-
ergy dispersive spectrometer (EDS) profile and ele-
mental analysis that the CeO2 and Ce2S3 is observed 
near to the nodule point and is missing away from 
the nodule point. Hence, it reflects that Ce is active-
ly taking part in formation of the nucleation site for 
the graphite nodules. The SEM micrograph of 2 mm 
sample inoculated by Sr-Al-Ca-FeSi has been given 
in Figure 5c which shows that nodularity of graph-
ite and the ferrite regions around graphite nodule 
are because of diffusion of carbon towards graphiti-
sation centre and also from energy dispersive spec-
trometer (EDS) profile and elemental analysis that 

low the same trend that nodularity of graphite is 
highest at 0.4 wt% with respect to nodularity at 
0.2 wt% and 0.6 wt% respectively and formed also 
pearlitic matrix.

The SEM with EDS has been seen by JEOL JSM 
6390LV. The micrographs of 2 mm section thickness 
sample inoculated by (a) Ce-Ca-Al-S-O-FeSi, (b) Zr-
Mn-Ca-Al-Ba-FeSi and (c) Sr-Al-Ca-FeSi inoculants at 
0.4 wt% one step in-mould inoculation have been 
shown in Figure 5. The micrograph shows the nod-
ularity of graphite and pearlitic matrix. The SEM mi-
crograph of 2 mm sample inoculated by Zr-Mn-Ca-
Al-Ba-FeSi containing inoculant at 0.4 wt% one step 
in-mould inoculation has been shown in Figure 5b. 
Comparing the micrographs in Figure 5a and Figure 
5b, it have been observed that nodularity of graphite 
in 2 mm samples inoculated by inoculant Ce-Ca-Al-S-

Figure 5: 2 mm section thickness of SEM with EDS 
micrograph inoculated by a) Ce-Ca-Al-S-O-FeSi; b) 
Zr-Mn-Ca-Al-Ba-FeSi; c) Sr-Al-Ca-FeSi at 0.4 wt% one 
step in-mould inoculation.

Figure 6: 2 mm section thickness of Tensile SEM frac-
tograph inoculated by a) Ce-Ca-Al-S-O-FeSi; b) Zr-Mn-
Ca-Al-Ba-FeSi; c) Sr-Al-Ca-FeSi at 0.4 wt% one step in-
mould inoculation.
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SrSi is observed near to the nodule point and is miss-
ing away from the nodule point.

Tensile test results
The 2 mm tensile samples have been made ac-

cording to the ASTM standard E8, which were ma-
chined to 6 mm gauge diameter and 25 mm gauge 
length. All tensile specimens have been performed 
on universal testing machine Instron 8801. The 
Tensile and SEM fractographs of 2 mm sample in-
oculated by (a) Ce-Ca-Al-S-O-FeSi, b) Zr-Mn-Ca-Al-
Ba-FeSi, c) Sr-Al-Ca-FeSi containing inoculants at 
0.4 wt% during one step in-mould inoculation have 
been shown in Figure 6 and Table 4 respectively. It 
has been observed that Ce-Ca-Al-S-O-FeSi for one 
step in-mould inoculation at 0.4 wt% contain pearl-
itic matrix having ultimate tensile strength (UTS) 
and percentage of elongation are 720 ± 3 MPa and 
4.5 ± 3% which are higher than Zr-Mn-Ca-Al-Ba-Fe-
Si (UTS and % elongation 655 ± 5 MPa and 3.3 ± 
5%) and Sr-Al-Ca-FeSi (UTS and % elongation 557 
± 5 MPa and 2.3 ± 5%) respectively shown in Table 
4. This is so because of carbon diffusion towards 
graphitization centre may due to formation of ce-
rium-calcium-sulphides and oxides, promote the 
volume fraction of ferrite sample inoculated by (a) 
Ce-Ca-Al-S-O-FeSi, b) Zr-Mn-Ca-Al-Ba-FeSi and c) 
Sr-Al-Ca-FeSi increases more and volume fraction 
of pearlite decreases less in Ce-Ca-Al-S-O-FeSi con-
taining inoculant [13,14]. The fracture analysis of 
2 mm containing inoculants at 0.4 wt% during one 
step in-mould inoculation shows the mixed mode 
of fracture i. e. ductile and brittle fracture observed 
and the ductile nature of fracture can be seen 
more in the plates inoculated with 0.4 wt% inocu-
lants with Ce-Ca-Al-S-O-FeSi containing inoculant. 
The fine pearlite for Ce-Ca-Al-S-O-FeSi containing 
inoculant at 0.4% may cause higher ultimate ten-
sile strength (UTS) of pearlite and at 0.6% inoculant 
leads coarser pearlite and thus lower hardness of 
pearlite.

Impact result
All impact specimens have been performed on 

charpy impact tester with the strain rate of 103S-

Table 4: 2 mm section thickness tensile data. a) Ce-Ca-Al-S-O-FeSi; b) Zr-Mn-Ca-Al-Ba-FeSi; c) Sr-Al-Ca-FeSi at 0.4 wt 
% one step in-mould inoculation.
Inoculation (0.4% one step in mould inoculation) As-cast DI Elongation (%) YS (MPa) UTS (MPa)
Ce-Ca-Al-S-O-FeSi 2 mm 4.5 ± 3 491 ± 3 720 ± 3
Zr-Mn-Ca-Al-Ba-FeSi 2 mm 3.3 ± 5 470 ± 5 655 ± 5
Sr-Al-Ca-FeSi 2 mm 2.3 ± 5 430 ± 5 557 ± 5

Figure 7: SEM fractograph of 2 mm impact sample in-
oculated by a) Ce-Ca-Al-S-O-FeSi; b) Zr-Mn-Ca-Al-Ba-
FeSi; c) Sr- Al-Ca-FeSi at 0.4 wt% one step in-mould 
inoculation.
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2 mm section thickness of thin casting, especially 
with Ce-Ca-Al-S-O-FeSi containing inoculant. It has 
been observed that Ce-Ca-Al-S-O-FeSi containing 
inoculant at 0.4 wt% during one step in-mould in-
oculation contain pearlitic matrix having ultimate 
tensile strength (UTS), impact energy (J/cm2) and 
percentage of elongation are 720 ± 3 MPa 75.28 
(J/cm2) and 4.5 ± 3% which are higher than Zr-Mn-
Ca-Al-Ba-FeSi and Sr-Al-Ca-FeSi containing inocu-
lants respectively. One step in-mould inoculation 
increases inoculant efficiency and reduces fading 
effect (25% of graphite nucleation loss) there by 
increases the nucleation sites for graphite. By in-
creasing the wt% of one step in-mould inoculants 
from 0.4% to 0.6%, the matrix changes from pearlit-
ic to ferritic. The fracture analysis of 2 mm contain-
ing inoculants at 0.4 wt% during one step in-mould 
inoculation shows the mixed mode of fracture i. e. 
ductile and brittle fracture observed and the ductile 
nature of fracture can be seen more in the plates 
inoculated with 0.4 wt% inoculant with Ce-Ca-Al-
S-O-FeSi containing inoculant. The fine pearlite for 
Ce-Ca-Al-S-O-FeSi containing inoculant at 0.4 wt% 
may cause higher ultimate tensile strength (UTS) 
and yield strength (YS) of pearlite.
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