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Abstract—Spheroidal Graphite Iron (SGI) has a
better mechanical properties, good castability,
machinability and thermal resistance. It emerged
as replacement to other types of cast iron owing
to some specific applications. The present
research studies the wear and impact of the
produced ductile cast iron (SGI) at different CE
and different thickness. The results indicated
that, wear for all values of the remaining Mg in
the produced SGI decreased as the CE increase
at constant thickness and the wear rate increased
by increasing cast thicknesses from 20 mm to 80
mm at constant CE %, the minimum wear
obtained at CE 3.7 and 20 mm thickness. While,
the results indicated that, the total impact energy
for the produced SGI increased as the CE
increase at constant thickness and the impact
energy decreased by increasing cast thicknesses
from 20 mm to 80 mm at constant CE %.
Moreover, as the pearlite content in the produced
SGI increases the wear rate decrease and the
total impact energy increase at all values of
remaining magnesium.

Keywords—Ductile cast iron, Nodularity,
,Wear, Impact, and Pearlite matrix.

. INTRODUCTION

Spheroidal graphite iron (SGI), is one of cast iron
type with graphite in spheroidal shape and it is a
versatile cast iron revealing a wide range of
properties, which are obtained through microstructure
control [1, 2]. The most important and characteristic
microstructural feature of ductile Iron is the presence
of graphite spheres which doing as "crack-arrester"
and give ductile iron ductility and toughness higher to
all other cast iron types [3-6]. In order to make sure
the modularizing process, it is required to use some
treatment elements such as magnesium, rare earth
elements [7, 8]. But, alloying elements, such as
copper, molybdenum, can be useful to alteration the
as-cast matrix from ferrite to pearlite. Subsequently,
many authors have been done to study the factors
that effecting SGI production and to study the
properties that existing by nodular cast iron [9-11]. It
was found that, the main variables are; chemical
composition of the melt, the cooling rate during the
solidification, and the types and the amount of
nodulizer for liquid metal treatment [12]. SGI provides

at least 80% higher tensile strength, 40% higher
elastic modulus and approximately twice the fatigue
strength than the other types of cast iron [13]. There
are a large number of publications describe the
opportunity of obtaining various types of the acicular
microstructure [14, 15]. Cast iron's properties are
changed by adding various alloying elements,
or alloyants. Next to carbon, siliconis the most
important alloyant because it forces carbon out of
solution. A low percentage of silicon allows carbon to
remain in solution forming iron carbide and the
production of white cast iron. A high percentage of
silicon forces carbon out of solution forming graphite
and the production of grey cast iron [18, 19]. Other
alloying agents, manganese, chromium,
molybdenum, titanium and vanadium counteracts
silicon, promotes the retention of carbon, and the
formation of those carbides [2, 20, 21]. Nickel and
copper increase strength, and machinability, but do
not change the amount of graphite formed [22]. The
carbon in the form of graphite results in a softer iron,
reduces shrinkage, lowers strength, and decreases
density [23, 24]. Apart from alloying element and heat
treatment graphite nodule size and distribution affects
the wear resistance of SG iron. According to a study
presence of large size graphite nodules reduces the
wear rate by acting as lubricating agent [4, 25]. The
main objective of this work is to produce SGI alloys in
induction furnace and then to be treated by using
different Fe—45Si-5.5Mg nodulizers. The
characterization of these alloys was accomplished
according to their microstructure, image analyzer,
and their mechanical properties; hardness,
elongation, tensile and yield strengths to provide
technical support for the machine parts, roll mill, roll
crushing and automobile applications.

II. EXPERIMENTAL

2.1 Materials

Pig iron, steel scarp, carbon, ferro-silicon, copper,
and nodulizer materials are used in this work as
shown in table 1. The chemical analysis of these
materials was determined by using inductively
coupled plasma (ICP) model OES, as shown in Table
3.1.
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Table 1 Chemical composition of materials used in this study

ent, % C Si Ti Cu Mg Mn
Iltem
Pig iron 4.2 0.2 0.002 0.002 0.001 0.1
Steel scrap 0.2 0.2 0.001 0.0001 0.000 0.01
1

Carbon 90 - - - - -
Ferro-silicon 0.5 75 - - - 0.2

Copper - - - 99.99 - -

Nodulizer 0.2 45 - -

2.2. Procedures

Pig iron and steel scrap weighing about 5 kg
charged into an alumina crucible attached in high
frequency induction furnace and completely melted,
then the flux was added to collect the slag. The slag
was skimmed and the molten cast iron was held at
an elevated temperature at (1400°C) and a melt
sample was taken from the melt to CE meter
analysis. Thereafter, the chemical composition was
adjusted and checked using the carbon equivalent
analyzer. Once the main alloy additions were
complete, chilled pieces were taken from each melt
for chemical analysis before adding the nodulizer.
Liquid treatment, using a Fe—-Si—Mg nodulizer was
performed by directly injecting the nodulizer into the
melt within the pouring ladle., the molten metal was
poured into the carbon equivalent analyzer crucible
at tapping temperature 1400 -C to estimate the CE,
C and Si% after adding the nodulizer. After the
desired holding times (1, 4, 7, 10 min) the liquid
metal poured into the sand mould and chill mould to
produce a sample for chemical analysis. The step
sand mould allowed for different section thicknesses
Figure 1. Once solidified and cooled to room
temperature, the specimens taken from the sand
mould and cut for metallographic analysis and
mechanical testing. The specimens also were
cutting according to ASTM to carry out different
mechanical.

Surface of the produced SGI specimens is prepared
using standard metallographic techniques before the
examination, according to ASTM. After preparation,
microstructures of the alloy specimens observed
under computerized optical microscope (Model:
Olympus BX51). The polished specimens taken for
optical microscopy. The microstructures, the shape of
graphite (nodularity) and percentage of pearlite of the
casting were estimated using software program (SG-
3000, Yakamao, Japan) and the results were
compared with the standard charts. The samples
used for hardness test are prepared need two parallel
surfaces polished proceeded as similar of that in
microscopic examination. The hardness test carried
out using Brinell hardness (load 5 Kgf, /15 inch ball
diameter and average of three hardness reading are
taken. The standard diameter of the tensile specimen
must be 3.125mm and 60mm gage lengths

Figure 1 The Sand mould used in this study
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All dimensions in mm

Figure 2 Standard configurations for Charpy (three-
point) impact tests

[ll. RESULTS AND DISCUSSION

3.1 Effect of copper percentage on the pearlite %
at different cast thicknesses

Pearlite percentage at different contents of copper

(Cu) (ranged between 0.1 and 1 %) at constant CE

(4.2%), nodulizer (2.9%), Mn (0.1%), pouring time (2

min.) and different cast thicknesses.

The effect of Cu and cast thickness on the amount of
pearlite was investigated using the step mould
casting as shown in Figure 1. Figure 3 shows the
increasing of Cu in the range from 0.1 to 1.0 % lead
to an increase of the volume percent of pearlite for a
given cast thickness. At constant Cu contents the
pearlite % decrease as cast thickness increased. the
increasing the Cu content from 0.1 to 1.0 % resulted
in an increase from approximately 33 to 75% pearlite
for the 20 mm thick section, and an increase from
approximately 28 to 71 % in the 50 mm thick section
and an increase from approximately 22 to 62 % in the
80 mm cast thickness. This effect of small Cu
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additions on the rise of the spheroidizing phenomena
related to the complex processes of segregation of
Cu, Mg, and contaminations that are coming from the
initial melt and presented by the modifier.
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Figure 3 Effect of Cu % on the pearlite % of the
produced SGI specimens at different Nodularity.

Figure 4 shows the micrographs of the prepared
ductile cast iron containing different amount of
pearlite % and Cu contents. All of the samples were
taken from the 50 mm cast thickness at different
nodularity. The matrix contains carbon in spherical
shape (black) surrounded by 0O ferrite (white color)
within black area (pearlite). The pearlite percentage
was measured by software program (SG-3000,
Yakamao, Japan). As can be seen the samples
contain different amounts of pearlite; 28%, 35%,
58%, and 71% for specimens (a) through (d),
respectively. This is confirmed with that published in
elsewhere [53, 54]. Moreover, it can be noticed that
the nodules size increase with increasing Cu
contents in the casts, it might be the presence of Cu
hinder the inoculation process.

Figure 4 Micrographs of the produced ductile cast
iron at different amount of pearlite % and Cu contents
(@) (0.1% Cu), 28% pearlite, (b) (0.3% Cu), 35%
pearlite, (¢) (0.7% Cu), 58% pearlite and (d) (1.0%
Cu) 71% pearlite.

3.2 Mechanical Properties of the Produced SGI

Wear rate of SGI alloys at constant CE (4.2 %
Wear rate of SGI alloys at different contents of
residual Mg% (ranged between 0.0155 and 0.031 %)
with constant CE (4.2%), Cu (0.15%), Mn (0.15%),
pouring time (2 min.) and different thickness of
castings is shown in Figure 5.
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Figure 5 Effect of remaining Mg on the wear losses of
the produced SGI specimens at different thicknesses
and at constant CE (4.2 %)

Increasing the residual Mg % from 0.0155 to 0.031 %
resulted in decreasing the wear rate from 40 to 27
mg/cm? for the 20 mm thick section, from 35 to 24
mg/cm2 in the 50 mm thick section and from 32 to 20
mg/cm2 in the 80 mm thick section. The Figure
indicates that the wear rate decreased with
increasing the remaining Mg content at all section
thicknesses, due to increasing the nodularity. At any
Mg percentage, the wear rate increased with
increasing section size due to fast solidification at thin
section 20 mm.

Wear rate of SGI alloys at different CE %.

The relation between wear rate and the remaining Mg
in the produced casts at thickness 50 mm and at
different CE (3.7, 4.2 and 4.7%) as shown in Figure
6. The wear rate is decreased with increasing the
remaining Mg%. This result is agreed with the data
published eleswhere [34]. In addition, at any
remaining Mg, the wear rate is decreased with
increasing the CE. The wear rate for the cast
thickness 50 mm as a function of the residual Mg
could be correlated according to the following
equation 1:

Wear rate, mg/cm?, W= -1391 Mg%
+52.75 Q)

Where:
W is the weight loss due to wear at different Mg
contents % remaining.
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Figure 6 Effect of remaining Mg on the wear losses of
the produced SGI specimens at different CE at cast
thickness 50 mm.

Effect of pearlite contents on wear in the SGI
casts

Effect of Pearlite contents in the produced casts on
the Wear at 50 mm thickness, CE 3.7, and Mg
0.031% as indicated in Figure 7. It can be seen that,
the weight losses due to wear decease sharply with
increasing pearlite contents in the produced SGl.
This is due to increase the hardness of the pearlitic
matrix. The Wear amount, mg/cm2 was correlated as
a function of pearlite% (P) at different cast thickness
in the produced SGI as follow:
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Figure 7 Wear losses of SGI alloys casting, at
different Pearlite %.

Weight losses, W, mg/cm2 = 25901 - 0.1329 P
@)

Where:
W is the weight loss due to wear at different pearlite
contents, P % remaining.

The wear debris collected from the as-cast SGI is a
dark grey color. The wear was carried out using pin-
on-disk 2 m/s for 45 min and load 50 N, at different
nodularity. The size of most debris are ranged from
2-25 0Im, the average particles size of wear debris is
increased with decreasing CE% as shown in Fig.8 a-
c. The volume, size, morphology and concentration of
the wear debris particles produced also are likely to
depend on tribological factors such as the properties
of the material and the loads and movements
experienced at the contact surfaces.

Figure 8 SEM wear debris for SGI castings at different Pearlite contents a) 28 % b) 58 % c) 71 %.

Total impact energy of SGI alloys at constant CE
(4.2 %)

The total impact energy of SGI alloys at different
contents of remaining Mg% (ranged between 0.0155
and 0.031 %) at constant CE (4.2%), Cu (0.15%), Mn
(0.15%), pouring time (4 min.) and different
thicknesses of casting is shown in Figure 9.
Increasing the residual Mg % from 0.0155 to 0.031 %
resulted in an increase of the total impact energy
from 12.5 to 21 J for the 20 mm cast thickness, from
11.5to0 19 J in the 50 mm cast thickness and from 10
to 18 J in the 80 mm thick section.

The effect of remaining Mg % at constant CE (4.2 %)
on the total impact energy for the SGI samples at
different cast thickness of 20, 50 and 80 mm is
shown in Figure 9. The total impact energy values
increases as the remaining Mg value increase.

Effect of CE on the impact energy of the

produced casts

The effect of the remaining Mg % at 50 mm cast
thickness on total impact energy for the SGI
specimens with different CE of 3.7, 4.2 and 4.7 mm is
shown in Figure 10. The total impact energy values
were increased with increasing the remaining Mg. In
addition, the effect of increasing the carbon
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equivalent CE causes decreasing the total impact
energy, but the decreasing rate is more at CE 4.7
and this attributed to the cause of decreasing in
ductility.
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Figure 9 Effect of residual Mg on the impact energy
of the produced SGI specimens for constant CE (4.7
%) at different thicknesses
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Figure 10 Effect of remaining Mg on total impact
energy of the produced SGI castings at different CE
and at constant thickness (50 mm).

In general, the impact resistance of SGI irons
increases by increasing carbon equivalent, and
decreases with increasing pearlite. This result is
agreed with the data published eleswhere [34].

Effect of pearlite on the impact energy of the
produced casts

The total impact energy of SGI alloys at 0.031 % of
residual Mg% with constant CE (4.2%), Cu (0.15%),
Mn (0.15%), pouring time (4 min.) is shown in Figure
11. Increasing the pearlite contents from 28 to 71
leads to increasing of the total impact energy from 19
to 25 J. The total impact energy values increases as
the value of pearlite contents increase. This is due to
the increasing of mechanical properties of the casts
owning some of toughness.
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Figure 4.11 The total impact energy of the produced
SGl castings at different pearlite contents

For the different types of ductile Iron, the matrix
consists of ferrite and pearlite. Ferrite has high
ductility, toughness and good machinability, but low
hardness and strength and is considered the softest
iron phase in ductile Iron. It has high ductility,
toughness and good machinability, but low hardness
and strength. Pearlite is an entangled mixture of hard
lamellar cementite in a ferrite matrix. According to the
volume fraction of ferrite and pearlite provides a
combination of higher strength and hardness and
lower ductility. Therefore, the mechanical properties
of ferritic/pearlitic ductile irons are therefore,
determined by the ratio of volume fraction of ferrite to
pearlite in the matrix. This ratio is controlled in the as-
cast form by controlling pearlite stabilizing alloying
element such as Cu, Mn and tin which increased the
pearlite phase and the cooling rate of the casting [15]

I[V. CONCLUSION
From the results and discussion of the present work,
the following items can concluded:

1. The wear rate decreased with increasing Mg
content for all section thicknesses, also, the
wear rate is decreased with increasing the
CE.

2. It can be also concluded that, the weight
losses due to wear decease sharply with
increasing perlite contents in the produced
SGI.

3. In addition, the wear increased with
increasing the wear velocity, wear time, and
load at different magnesium contents.

4. The total impact energy values increases as
the remaining Mg value increase at different
cast thicknesses.

5. The effect of decreasing the casts thickness
causes increasing the total impact energy.

6. The total impact energy values increases as
the value of pearlite contents increase.
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