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In this paper the influence of silicon content of 3,1 to 5,4 wt. % on the tensile properties, hardness and impact en-
ergy of ferritic ductile iron was analysed. It was found that silicon strengthens the ferrite, resulting in an increase in
yield strength and tensile strength with increasing silicon content up to 4,22 wt. %. Elongation and impact energy
decreases and the hardness increases with increasing silicon content. Since ferritic ductile irons alloyed and strength-
ened by silicon have a higher R /R ratio and a higher elongation than conventional ferritic, ferritic/pearlitic and
pearlitic ductile irons at the same level of tensile strength, we can expect an increased demand for these materials
in applications where high resistance to impact load and low temperature impact properties are not required.
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INTRODUCTION

The properties of ductile iron primarily depend on
its microstructure [1, 2]. The microstructure of a con-
ventional ductile iron in the as-cast condition is com-
posed of graphite nodules which are surrounded by a
ferritic and/or pearlitic metal matrix.

Proportion of ferrite and pearlite in the metal matrix
significantly affects the mechanical properties of duc-
tile iron. In general, ductile iron with ferritic metal ma-
trix exhibits lower yield strength and tensile strength,
but higher elongation and toughness. Pearlitic metal
matrix has the opposite effect.

The chemical composition has a very big influence
on the graphite morphology and metal matrix structure
[1, 3 - 9]. Silicon is graphitizing element and promotes
ferrite. Conventional ductile irons contain of 2 to 3 wt.
% Si. Moreover, silicon is an effective element for
strengthening of ferrite [1, 10, 11]. This effect progres-
sively increases with increasing silicon content.

Silicon atoms replace iron atoms in the crystal lat-
tice of iron and form a substitutional solid solution [12].
Due to difference in the size of the iron atoms and sili-
con atoms, crystal lattice is distorted. The movement of
dislocations through such material is restricted, and
plastic deformation does not occur [13, 14]. A higher
level of stress is needed to allow dislocations to move
again. It is obvious that the strength of ferrite increases
with increasing silicon content. However, the brittle-
ness increases at the same time, which means that there
is an upper limit of silicon content.

The aim of this paper was to determine the influence
of silicon content of 3,1 to 5,4 wt. % on the tensile prop-
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erties, hardness and impact energy of ferritic ductile
iron.

EXPERIMENTAL

Melting and preparation of the base irons for the
production of silicon alloyed ferritic ductile iron melts
were carried out in a medium frequency coreless induc-
tion furnace. Special low-manganese pig iron (50 %),
ductile iron return (30 %) and steel scrap (20 %) were
used to prepare the metallic charge. Targeted silicon
contents in base irons were achieved by the addition of
foundry grade FeSi. Preconditioning of the base irons
was carried out by addition of commercial precondi-
tioner (63 - 69 wt. % Si, 3—5wt. % Al, 0,6 — 1,9 wt. %
Ca, 3-5wt. % Zr) in an amount of 0.1 wt. %.

The nodularization was carried out by Cored Wire
process using FeSiMg treatment alloy (29 wt. % Mg, 42
wt. % Si, 0,9 wt. % Al, 1,4 wt. % Ca, 0,5 wt. % Ce, 0,2
wt. % La). Inoculation in the ladle was carried out by ad-
dition of commercial inoculant (67 — 72 wt. % Si, 1,9 wt.
% Al, 1,5 wt.% Ca, 2,2 wt.% Ba) in an amount of 0,6 wt.
%. Altogether, 6 ductile iron melts was made with the
following targeted silicon contents: 3,1 wt. %, 3,5 wt. %,
3,8 wt. %, 4,2 wt. %, 4,7 wt. % and 5,4 wt. %.

Y-blocks (type Il in accordance with EN 1563:2012)
were cast in green sand moulds. Late inoculation (in-
stream) was carried out by adding 0,15 wt. % of commer-
cial inoculant (70— 76 wt. % Si, 0,75 - 1,25 wt. % Al, 0,75
—1,25wt. % Ca, 1,5 - 2 wt. % Ce). The tensile test pieces
of 14 mm in diameter were machined from Y-blocks. The
dimensions and the shape of the test pieces are in accord-
ance with EN 1563:2012. The tensile test was carried out
in accordance with EN 1SO 6892-1:2009. Un-notched im-
pact test pieces were machined from Y-blocks and pre-
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pared according to the dimensions specified in EN
1563:2012. The Charpy impact test was carried out at
room temperature in accordance with EN 1SO 148-1:2010
and EN 1563:2012 using testing machine with maximum
energy of 150 J. After impact test, fracture surfaces of test
pieces were observed under scanning electron microscope
(SEM). Vickers’s hardness was determined in accordance
with EN ISO 6507-1 on the test pieces taken from the
tensile test pieces after the tensile test. Test pieces for the
metallographic examinations were taken from the tensile
test pieces after the tensile test. Microstructure features
(nodularity, nodule count (expressed as number of graph-
ite nodules/s/mm?), ferrite content and pearlite content)
were determined using a light metallographic microscope
with a digital camera and the image analysis system. De-
termination of nodularity and nodule count was carried
out in accordance with ASTM E2567-14. Graphite parti-
cle was considered as a nodule if the value of its round-
ness-shape factor exceeds 0,725.

RESULTS AND DISCUSSION

The chemical compositions of ductile irons are giv-
en in Table 1. It can be observed from Table 1 that the
targeted silicon contents were achieved. The high sili-
con contents and low contents of pearlite promoting el-
ements (Cu, Sn, Mn) and carbide forming elements (Cr,
V, Mo, Mn) allowed the formation of a fully ferritic
metal matrix in the as-cast condition.

Table 2 and Figure 1 show that the silicon content
significantly affects the microstructure of ductile irons.
Increasing silicon content resulted in an increase of fer-
rite content in the metal matrix because silicon pro-
motes ferrite. Fully ferritic metal matrix was obtained at
the silicon contents from 3,8 wt. % to 5,42 wt. %. Duc-

Table 1 Chemical composition of ductile irons / wt. %
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Figure 1 Optical micrographs of the microstructure of ductile

iron No. 1 (a) and ductile iron No. 4 (b), etched
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tile irons No. 1 and No. 2, which contain less than 3,8
wt. % Si, have negligible proportion of pearlite in the
metal matrix (< 2 %).

Element Number of melt
1 2 3 4 5 6
C 3,35 3,21 3,19 3,04 2,95 2,86
Si 3,11 3,55 3,8 4,22 4,71 5,42
Mn 0,128 0,104 0,104 0,129 0,194 0,226
P 0,03 0,032 0,031 0,028 0,026 0,024
S 0,009 0,012 0,01 0,013 0,011 0,007
Mg 0,037 0,038 0,039 0,059 0,04 0,041
Cu 0,023 0,019 0,016 0,019 0,022 0,032
Sn 0,005 0,006 0,006 0,006 0,008 0,007
Cr 0,028 0,027 0,026 0,026 0,027 0,024
Mo 0,002 0,001 0,001 0,001 0,001 0,002
\ 0,011 0,009 0,009 0,01 0,009 0,008

Table 2 Microstructural features of ductile irons

Ductile iron Si content / wt. % Nodularity / % Nodule count Ferrite content / % Pearlite content / %
1 3.1 83,1 177 98,1 19
2 3,55 84,6 198 98,6 1,4
3 3,80 87,1 249 100 0
4 4,22 87,6 305 100 0
5 4,71 87,4 301 100 0
6 5,42 86,1 304 100 0
294 METALURGIJA 55 (2016) 3, 293-296



Table 3 Tensile properties, hardness and un-notched impact energy of ductile irons
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Ductile iron Si content / i / R./ it SR, A/ Hardness / Impact energy

wt. % N/mm? N/mm? % HV20 /)

1 3,11 356 487 0,73 18,5 206 106

2 3,55 410 509 0,81 17,4 212 81

3 3,80 468 551 0,85 17,0 226 63

4 4,22 553 637 0,87 10,5 251 45

5 4,71 538 592 0,91 3,3 282 19

6 5,42 531 531 1 - 322 10

Nodule count is high in all ductile irons and increas-
es with increasing silicon content because it promotes
graphite. Very important parameters for obtaining a
high nodule count were the high metallurgical quality
and high nucleation potential of melt, which come from
the high content of pig iron, preconditioning and power-
ful inoculation in the ladle and in the metal stream dur-
ing the casting in the moulds. The high nodule count is
favourable for obtaining high nodularity and high fer-
rite content in the metal matrix. Acceptable nodularity
(over 80 %) was achieved in all ductile irons.

Silicon content affects the tensile properties, hardness
and impact energy of analysed ductile irons (Table 3).

Tensile strength and yield strength increased with
increasing silicon content up to 4,22 wt. % due to in-
creases in the intensity of strengthening of the ferrite
by silicon. Thereafter, further increase in silicon con-
tent decreases the tensile strength and yield strength
since high silicon content increases the embrittlement
of ferrite. Data analysis shows that the ductile irons
strengthened by silicon have a higher R /R ' ratio
than conventional ferritic, ferritic/pearlitic and pearl-
itic ductile irons (R, /R = 0,55 to 0,65). This indi-
cates that the strengthenlng of the ferrite by silicon has
a greater effect on the yield strength than the tensile
strength.

Elongation decreases with increasing silicon content
due to a decrease in ductility of the ferrite. However, the
reduction in elongation with increasing yield strength
and tensile strength by adding up to 4,22 wt. % Si is
significantly smaller compared to conventional ferritic,
ferritic/pearlitic and pearlitic ductile irons. Elongation
not measurable at 5,42 wt. % Si, since the values of ten-
sile strength and yield strength coincide due to the ex-
cessive embrittlement of ferrite.

The hardness continuously increases with increasing
silicon content because of the increasing strengthening
of ferrite.

Increasing silicon content significantly reduces the
un-notched impact energy due to increase in embrittle-
ment of ferrite. Analysis of the fracture surface of duc-
tile iron No. 1 containing 3,11 wt. % Si by scanning
electron microscope (SEM) showed a significant plastic
deformation of ferrite before fracture (Figure 2a). This
is a typical dimpled model of fracture which indicates
the increased plasticity of ferrite and its ability to absorb
impact energy. SEM micrograph of fracture surface of
ductile iron No. 2 containing 4,22 wt. % Si shows a
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SEM MAG: 1.00 kx
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SEM MAG: 1.00 kx

Figure 2 Fracture surfaces of ductile iron No. 1T and ductile
iron No. 4

100 um

typical example of brittle fracture due to low plasticity
and high embrittlement of ferrite strengthened by sili-
con (Figure 2b).
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CONCLUSIONS

Obtained results show that silicon strengthens fer-
rite. Tensile strength and yield strength of ductile iron
increase with increasing silicon content up to 4,22 wt.
%, and then decrease with the further increase of the
silicon due to a significant increase in embrittlement.
Elongation and impact energy continuously decrease
with an increase in silicon content from 3,11 to 5,42 wit.
% due to decrease in plasticity and increase in embrit-
tlement of ferrite. However, ferritic ductile irons
strengthened by silicon have a higher R /R ratio and
a higher elongation than conventional ferritic, ferritic/
pearlitic and pearlitic ductile irons at the same level of
tensile strength, which are very important properties.
Higher yield strength enables reducing the wall thick-
ness of the casting. Increase in silicon content results in
a continuous increase in hardness due to the increasing
intensity of strengthening of ferrite by silicon.

It is obvious that ferritic ductile irons strengthened
by silicon exhibit very small hardness variation due to
their single-phase metal matrix. This uniform hardness
results in improved machinability.

Analysed silicon alloyed ductile irons belong to the
group of solid solution strengthened ferritic ductile
irons in accordance with EN 1563:2012, which are the
new materials in ductile iron family. Ferritic ductile iron
containing 3,11 wt. % Si can replace conventional duc-
tile iron grades EN-GJS-400-15 and EN-GJS-450-10
because it has a better tensile properties. It fulfills the
requirements of the new grade EN-GJS-450-18. Ferritic
ductile irons containing 3,55 and 3,8 wt. % Si, in addi-
tion to the aforementioned grades, can replace conven-
tional ductile iron grade EN-GJS-500-7 and fulfill the
requirements of the new grade EN-GJS-500-14.

Ferritic ductile iron containing 4,22 wt. % Si has
significantly better tensile properties than conventional
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ductile iron grade EN-GJS-600-3 and fulfills the re-
quirements of the new grade EN-GJS-600-10.

Ferritic ductile irons strengthened by silicon have a
unique combination of properties, i.e. high tensile
strength, high yield strength, high elongation, uniform
hardness and good machinability. Therefore, we can ex-
pect an increase in demand of these materials for appli-
cations where impact load and low temperature impact
properties are not involved.
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