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ABSTRACT. In the present work, the influence of alloying elements, on the
mechanical characteristics and wear behavior by modification of the chemical
composition of the ductile iron was studied, to improve these characteristics
for the manufacture of agricultural tractors parts in particular front and rear
axles, ploughshares, gear crankcase, pinions, transmission shafts, crankshafts,
etc... The cast iron investigated was prepared in an induction furnace at
1500°C and inoculated by a ferro-silicon-magnesium to 45% Si and 10% Mg,
The specimens were casted into self-hardening sand moulds at 1450°C, after
an addition of alloying elements, Manganese (0.6%), Nickel (0.5%),
Molybdenum (0.2%), and Vanadium(0.1%) in the base spheroidal graphite
cast iron produced. Various techniques including, optical microscopy,
microhardness, hardness, tensile strength, impact resistance, and wear tests
(wear resistance and friction coefficient) were used to characterize these
specimens. The obtained results show that the tested samples have ductile
iron structures formed by ferrite and pearlite. Moreover, mechanical and wear
tests prove that the alloyed cast iron has improved characteristics compared
to unalloyed cast iron and shows the positive effect of alloying elements on
these characteristics.
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INTRODUCTION

uctile iron is a cast iron with spheroidal graphite, so-called spheroidal graphite cast iron. It has mechanical
properties that are similar to those of some steels [1]. More favourably, in contrast to cast steels, ductile iron has
many technical and manufacturing advantages. These include excellent damping ability, increased wear resistance,
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20-40% lower production costs and reduced volume shrinkage during solidification. Besides, it is superior in cost, anti-
frictional and damping characteristics to steel. As a result, it has been successfully used to manufacture several types of
mechanical components, based on the combination of good mechanical properties and casting abilities of ductile cast iron.
Especially in the automotive industry, such as gears, camshafts, connecting roads, crankshafts, gearboxes, front wheel
spindle supports and truck axles, and also used for a wide variety of industrial applications, such as like pipes, flanges, pump
housings, turbine components, that before had been made of steel [2-6].

In ductile iron, graphite is precipitated as spheroids rather than flakes by controlled processing of the molten iron. The
graphite's circular form reduces the risk of the material to crack and helps avoid the spread of cracks. Graphite flakes setve
as stress risers that initiate and propagate cracks in gray cast iron, rendering the matetial weaker [7-9]. Ductile iton's chemical
and metallurgical characteristics make it the strongest and hardest cast iron, and also with the highest maximum durability.
[10-12].

A study of the production of iron makes it simple to understand the advantages of ductile iron. In a matrix of ferrite and
peatlite, ferrite-pearlitic ductile iron has graphite spheroids. Pearlite is a fine ferrite and cementite (Fe3C) lamellar aggregate.
With moderate ductility and high strength, the alloy is relatively hard [4,13-15].

During the design of a new material that is going to be used for structural application, mechanical properties need to be well
taken into account. The development of spheroidal cast iron has reached an important place in the mechanical components
industry due to its mechanical properties. The main factors that influence the mechanical properties of a ductile iron are the
microstructure, the morphology of the graphite (size and nodularity), and the casting defects (shrinkage and inclusions).
The alloying elements are related to the microstructure, the matrix microstructure and mechanical properties are defined by
many of these elements. Up in a particular way, the matrix microstructure affects the hardness of the cast [16,17].

The contents of alloying elements have a very important influence on the structure of the cast iron and of course on the
mechanical properties. The role of alloying elements in ductile iron can be interpreted differently depending on the behavior
of each element, because these elements influences mechanical properties in the same cast in a different manner. If heat
treatment is not taken into account, the appropriate balance of the alloying elements must be treated carefully.

Talking about the different alloying elements in terms of the properties they confer on iron is a tradition. The ability of
alloying elements to promote the formation of a certain phase or to stabilize it is a property of great importance. These
elements are grouped as elements that form austenite, ferrite, carbide, and nitride [18]:

- Elements may encourage formation of graphite from the carbide. Before forming graphite, only a small proportion
of these elements can be added to the iron. Silicon, nickel, cobalt, and aluminum ate elements that facilitate the
formation of graphite;

- Alloying elements may go into solid solution in the iron, such silicon, molybdenum, chromium, nickel, and
magnesium improve strength;

- Elements which tend to form carbides include chromium, tungsten, titanium, columbium, vanadium, molybdenum,
and manganese;

- Austenite stabilizing elements include manganese, nickel, cobalt, and copper. These increase the range over which
austenite is stable;

- Elements, which tend to stabilize ferrite, include chromium, tungsten, molybdenum, vanadium, and silicon. They
decrease the quantity of carbon soluble in the austenite and thus increase the quantity of free carbide in the iron at
a given carbon content.

Recent research works [13,15,19-24] have shown that, Si, Mn, Ni, Mo, V, Cu, Ti, Nb, W, Sn... are the typical alloying
elements used to control ferrite and pearlite contents and increases mechanical properties in ductile iron as-cast grades. Mn
and Cu are used to promote pearlite, Si is used to promote ferrite and to strengthen it. When producing the pearlitic grades,
Si is usually must be below 2.5% and when developing ferritic grades, it is between 2.5 and 2.8%. When making pearlitic
grades, the rate of Mn is generally between 0.4 and 0.6% and below 0.3% when making ferritic grades. According to these
research works, it can noted that:

- Silicon is considered as an alloying element if its content exceeds 3%, it easily forms solid solutions with cast iron.
It has a certain effect to avoid grain enlargement. Silicon alloyed with iron, widens ferrite phase domain. It increases
the stability, wear resistance, and the yield strength, as it greatly increases the fluidity of the cast iron.

- Manganese greatly reduces the critical cooling rate. It thus increases the hardness, yield strength, and tensile
strength, decreasing elongation and improving toughness. If its content varies from 5 to 12%, it favors the
formation of martensitic structure. If its content exceeds 12%, then the structure becomes austenitic.

- Nickel gives the metal a set of remarkable properties so that it is used in all kinds of applications. The effect of
nickel only occurs when it is used together with other elements. It allies completely with the austenite, forming a
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continuous series of solid solutions. Addition of Niimproves hardness. Nickel has a similar behavior to manganese.
Its fundamental interest is to lower the temperature of critical points.

- Molybdenum is used in combination with Niand/or Cu. It improves hardenability and decreases the critical cooling
rate. It increases the yield strength, tensile strength, and wear resistance. It improves machinability, impact
resistance, and fatigue resistance properties. Mo gives the cast iron good fluidity. The improvement in properties,
due to molybdenum, is also because it lowers the temperature of critical points.

- Vanadium is a powerful generator of carbides, hence it increases wear resistance. It is an element, which has the
effect of stabilizing the carbides. It is used to compensate, in certain alloyed cast irons, containing elements
encourage formation of graphite from the carbide (nickel-titanium). Vanadium is a deoxidizing element, it is used
in order to obtain very healthy cast irons.

- Copper dissolves in the ferrite, the addition of copper has not a direct influence on the hardness, only if the
dimensions of the parts are not important. It increases tensile strength and yield strength. Cu contents superior at
0.30% may cause structural hardening improving hardenability.

- Titanium has grain refining properties, which increases the value of mechanical characteristics and causes a
reduction of the austenite zone. Titanium has a very noticeable effect on graphite it makes it very thin.

- Niobium is a very powerful generator of carbides and ferrite while reducing the austenite zone. It increases hardness,
tensile strength, yield strength, and refines the grains.

As is known, many factors can affect the wear performance of a material. The microstructutre and the nature of the material
are extremely important among these factors. Depending on the composition, the matrix structure of ductile iron can be
ferritic, pearlitic, bainitic, or martensitic [13-16].

One of the most commonly encountered industrial problems is wear, particularly through abrasion, leading to frequent
replacement of components. Abrasive wear occurs when hard particles or asperities penetrate a softer surface and displace
material in the form of elongated chips and slivers. During the wear process, the hard particles can be formed inside the
tribosystem itself or they can be contaminated by the environment. Wear resistance is not an intrinsic material property, but
relies on the tribological mechanism, such as material microstructure properties, abrasive grit size, test condition, equipment,
and environment [25-27].

Friction and wear are subject to many mechanical components, which makes this iron very interesting from the point of
view of tribological behavior. Several researchers have studied the sliding wear action of cast iron. The wear resistance of
the ductile iron under dry sliding conditions is superior than that of the same steels of the same hardness. They have also
reported that the wear loss is related to the original hardness (before the wear test) under dry sliding conditions using the
pin-on-disk machine [28,29].

During these last few years, ductile iron is the subject of a wide variety of studies, both on transformation theory, on the
fields of application, and on the mechanical properties. Currently, research efforts on this cast iron are mainly concentrated
on possible improvements in its mechanical properties. The problems to be studied are the thermal and thermo-mechanical
stability of the structure, the influence of alloying elements on the mechanical properties, the influence of heat treatment
parameters on the structure, and on the state of the residual stresses...

The main objective of the present research is to improve the properties of this cast iron, also to investigate the correlation
between microstructure and these properties. This is why we took as research axes, the choice of alloying elements to be
added, their contents, and their influence on the mechanical properties and wear resistance. In other words, this research
has been done with the aim of analyzing the behavior of the casting from the variation of the chemical composition and its
effect on the mechanical properties and wear behavior. With it, we want to reaffirm the role and the importance that the
appropriate control of each alloying element introduced in the spheroidal graphite cast iron. This last is characterized by the
end zones of solidification less rich in silicon, where there are the porosities, first responsible sites at initiation of fatigue
cracks.

The base metal (unalloyed cast iron) presented in this research is an industrial ductile cast iron actually used for the
production of mechanical parts, in an agricultural tractor society, which has well-defined mechanical properties. The best
mechanical properties such as microhardness, hardness, yield strength, tensile strength, elongation, impact resistance and
wear resistance were found based upon various structural and mechanical characterizations based upon alloying elements
such as Mn, Ni, Mo and V added in the base metal. Many of these elements define the matrix microstructure and mechanical
properties. These alloying elements added to nodular irons are of particular interest for the manufacturing of mechanical
parts, because of benefits to the resulting mechanical properties. Ductile iron constitutes alloyed ferrite and perlite in the
matrix, this microstructure confers a high strength with favourable hardness.
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EXPERIMENTAL PROCEDURES

Casting procedure

n this experimental work, the specimens used to study the ductile cast iron were obtained in an industrial foundry, by
I casting the melt in cold self-hardening sand moulds at 1450°C, in form of 50 mm Y-blocks according to dimensions

specified in ISO 1083-76 standard [30]. For 100 Kg of base metal (ductile iron) heats comprising of 70 Kg of pig iron,
20 Kg returns and 10 Kg of steel scrap were prepared in an induction furnace with a maximum capacity of 3000 kg at 1500
°C. The spheroidization process was performed by the sandwich method using a Fe-Si—-Mg alloy (45% Si and 10% Mg).
From the base composition, an alloyed material was studied: 0.6 % Mn, 0.50% Ni, 0.20% Mo, and 0.10% V. The rate of
Mn added (element which tends to form carbides) is to stabilize austenite, increase the hardenability, favour the formation
of precipitates, and consequently improving the mechanical properties and wear behavior. Concerning the level of Ni
(element may encourage formation of graphite from the carbide and go into solid solution in the iron), this is to stabilize
austenite on one side, neutralize the adverse effect of Mn notably graphite degeneration and the formation of the white
structure on the other side. Molybdenum and vanadium were introduced to stabilize ferrite and increase strength.
The chemical composition analysis of the unalloyed (base metal) and alloyed cast irons was determined using a fluorescence
spectrometer X. The results of this analysis are shown in Tab. 1.

Castitons C (%) Si(%) Mn(%) P (%) SO  Ni(%) Mo V(%)

Unalloyed 3.39 2.175 0.08 0.008 0.0018 0.007 0.00 0.06

Alloyed 3.39 2.175 0.638 0.008 0.0018 0.507 0.20 0.16

Table 1: Chemical composition of experimented cast irons (wt. %0).

Microstructural examination
The microstructure analysis was carried out using an optical microscope (NIKON Eclipse LV100ND type). The samples
were polished and chemically attacked at 3% nital.

Mechanical tests

The specimens were cut from Y-blocks to different shapes according to the test type. A Vickers microhardness tester
"Zwick/ROELL ZHV10" type was used. The tests wete catried out using 0.1 kg load and 15 second petiod of loading. The
method used for measuring hardness was "HRB". Six tests were performed for each specimen of microhardness and
hardness and the average was taken. Tensile tests wete performed at a strain rate of 8X1073 571 on a "Zwick / ROELL
Z100" testing machine. Three samples were tested for each cast iron and the average was taken. The tests were carried at
20°C according to the ISO 1083-76 standard. Impact resistance was measured by Chatpy impact test using a "SINTCO"
type machine. Tests were carried at 20°C using notched specimens according to the ISO 1083-76 standard. Three
experimental tests were carried out for each sample. The calculated average of these three measures reflected the impact
resistance.

Wear tests

The sliding wear tests were carried out using a pin-on-disc method at room temperature according to the ASTM-G99
standard. The weight loss of material was determined after a passage of the specimen on a disk, on which a silicon carbide
abrasive paper (800 grit) was fixed. It travels a total distance of 420 m at 80 rotations per minute. The test was performed
using an applied normal load of 12 N. 6 mm diameter and 10 mm long specimens were used for the test. After an initial
run of 6 min for each specimen, the weight was measured using a 0.1 mg precision scale. After wear test, each specimen
was weighed to determine the weight loss. Three experimental tests for each sample were carried out. The weight loss was
represented by the calculated average of these three tests [31,32].

The variation of friction coefficient test was carried out on the prepared specimens, two wear tests were performed using a
ball-on-disk apparatus under two loads (5 N and 10 N) at 0.5 m/ss sliding speed and 100 m sliding distance. The ball specimen
was made of steel (100Cr6) with a diameter of 6 mm and hardness of 61 HRC. Before the test, the samples were ground
with abrasive paper (2400 grit), polished and cleaned with alcohol [33].
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RESULTS AND DISCUSSION

Microstructural Analysis
he metallographic study shows that the structure of the unalloyed cast iron (Fig. 1) is formed by ferrite and pearlite
I where the ferrite surrounds graphite nodules. This structure has a ferrite rate more important than that the peatlite.
The morphology of graphite nodules is wholly spherical.

Figure 1: Microstructures of unalloyed cast iron in the cast condition.

The alloyed cast iron (Fig. 2) has a ferrite-peatlitic structure. Compared to the unalloyed cast iron, the alloyed cast iron
structure exhibits an increase in the quantity of pearlite. This is due to high rates of Ni (0.5%) and Mn (0.6%). The
morphology of graphite nodules in the microstructure of the cast iron is entirely spherical, it is not influenced by carbide-
forming elements. The refining effect of alloying elements (Mn and Ni) is also observed compared to unalloyed cast
condition. Ni delays the coarsening of austenite grains and so refines the microstructure. Concerning the graphite, the
morphology of nodules in the microstructure of the cast iron always remains entirely spherical.

Figure 2: Microstructures of alloyed cast iron in the cast condition.

Microhardness

The results obtained show sufficiently the influence of alloying elements on cast irons produced in a positive manner,
because of the change in structure on the one hand and increase the properties on the other hand (Tab. 2). Microhardness
measurements of microstructural constituents of the unalloyed cast iron have given a ferrite of 132 HV (the standard
deviation is 1.41 HV) and perlite of 214 HV (the standard deviation is 1.41 HV). For alloyed cast iron, the microhardness
of the ferrite is 166 HV (the standard deviation is 1.41 HV) and 282 HV for peatrlite were the standard deviation is 2.16 HV.
An increase in the microhardness of various microstructural constituents is observed in alloyed cast iron, compared with
unalloyed cast iron. This can be explained by a manganese content introduced (0.6%) and that of nickel (0.5%).
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Hardness

The hardness results obtained show the influence of alloying elements on cast irons elaborated in a positive manner because
of the remarkable increase of this property after addition of the alloying elements. The results are presented in Tab. 2. The
hardness of the unalloyed cast iron is 95 HRB (the standard deviation is 1.41 HRB). After the addition of alloying elements
in this cast iron, there is a remarkable increase in hardness (99 HRB with a standard deviation is 1.82 HRB). Compared to
the unalloyed cast iron, the hardness of alloyed cast iron is greater, this is due to the addition of Mn, 0.6% and Ni, 0.5%.
The increase of the hardness is probably due to structural hardening following the dissolution of the alloying elements in
the solid solutions or by the formation of precipitates.

Microhardness Hardness
Cast irons (HV) (HRB)
ferrite peatlite
Unalloyed 132 214 95
Alloyed 166 282 99

Table 2: Microhardness and hardness results.

Tensile proprieties

The results of the Young's modulus, yield strength, tensile strength and elongation are shown in Tab. 3. The young's
modulus of unalloyed cast iron is 171 GPa with a standard deviation is 2.16 GPa and that of alloyed cast iron is 175 GPa
with a standard deviation is 2.94 GPa. The yield strength of the unalloyed cast iron is 530 MPa were the standard deviation
is 2.16 MPa. An increase (560 MPa with a standard deviation is 7.11 MPa) is observed for alloyed cast iron following the
addition of Ni (0.5%), Mn (0.6%), Mo (0.2%) and V (0.1%). The tensile strength of the unalloyed cast iron is 710 MPa (the
standard deviation is 3.55 MPa). The growth of the resistance of alloyed cast iron to 750 MPa (the standard deviation is 7.25
MPa) is due to the addition of 0.6% Mn and 0.5%Ni. These two elements improve the hardenability of cast iron and
therefore promote this increase. The results of elongation of the different cast iron experimented shows that this property
of the unalloyed cast iron is higher (4.63% with a standard deviation is 0.17%). The elongation of alloyed cast iron (3.0%
with a standard deviation is 0.71%) has decreased relative to the unalloyed cast iron. This shows that the elevation of the
different elements favoured a structural hardening, which explains this clear regression in ductility. The increase in young's
modulus, yield strength, tensile strength and the decrease in elongation observed in alloyed cast iron compared to unalloyed
cast iron can be explained by the structural hardening. This is as in the case of hardness, following the dissolution of the
alloying elements in the solid solutions or by the formation of precipitates.

Tmpact resistance

The results of the impact resistance of ductile cast iron are illustrated in Tab. 3. The unalloyed cast iron has an impact
resistance of 6.12 J/cm? (the standard deviation is 0.17 J/cm?). This characteristic achieved 8.5 J/cm? (the standard deviation
is 0.50 J/cm?) for alloyed cast iron is due to the addition of 0.2% Mo and 0.1% V. These elements create precipitates that
cause structural hardening.

Cast irons Young’s modulus Yield strength Tensile strength Elongation Impact resistance
(GPa) (MPa) (MPa) (%) (J/cm?)
Unalloyed 171 530 710 4.63 6.12
Alloyed 175 560 750 3.0 8.5

Table 3: Tensile proprieties and impact resistance results.

Wear behavior: wear resistance
The wear tests were conducted on both of cast irons. The weight loss results presented in Tab. 4, show that the weight loss
of the unalloyed sample is 0.043 g (the standard deviation is 0.004 g), while for the alloyed cast iron sample is 0.025 g (the
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standard deviation is 0.003 g). This result is explained by an improvement of the wear resistance of the studied cast iron.
Alloying elements favours the formation of an enriched solid solution and different precipitates, which increase the hardness
and the wear behavior of the cast iron under study. The wear mechanism occurs in this case is based on three factors. The
first one is the applied load. Increasing of the latter leads to an acceleration of the sliding wear of the iron. The second factor
is related to the microstructure and the properties of the cast iron. The presence of ferrite in the matrix, ductile phase
decrease the hardness of the cast iron and increases its wear rate. The last factor is the graphite, this phase is known for its
less resistance to elastic strain caused by wear stresses [31,32].

Wear bebavior: friction coefficient

The friction coefficient presented in Tab. 4 of the unalloyed cast iron is 0.388 (standard deviation is 0.067) for 5 N and
0.426 (standard deviation is 0.093) for 10 N. While for the alloyed cast iron is 0.303 (standard deviation is 0.097) for 5 N
and 0.324 (standard deviation is 0.099) for 10 N. It is noticed that the friction coefficient increases with the applied load for
the two cast irons (unalloyed and alloyed). The coefficient of friction of alloyed cast iron is lower than that of unalloyed cast
iron for both loads 5 N and 10 N. Also, the alloyed cast iron is more resistant to friction compared to unalloyed cast
iron for both forces. This decrease is explained by the refinement of the structure, caused by the addition of alloying elements
in the alloyed cast iron compared to the unalloyed cast iron. A fine structure favours a high resistance to friction, which
reduces the friction coefficient. The ferrite, which surrounds the graphite in the alloyed cast iron is finer than that formed
in the unalloyed cast iron coarser.

The graphs of the unalloyed cast iron (Fig. 3) are more fluctuated for the two applied loads (5 and 10 N). This is due to the
heterogeneity of the microstructure of this metal. The formation of a coarse petlite phase distributed heterogeneously in
the structure, leads to more of fluctuations. On the other hand, the friction coefficient of the alloyed cast iron (Fig. 4)
presents less fluctuations compared to the unalloyed cast iron, this is explained by the enrichment of the perlite with
manganese, nickel, molybdenum and vanadium, which hardened it.

Cast irons Weight Friction
loss (g) coefficient
5N 10N
Unalloyed 0.043 0.388 0.426
Alloyed 0.025 0.303 0.324

Table 4: Weight loss and friction coefficient results.
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Figure 3: Friction coefficient of unalloyed cast iron; a: 5 N, b: 10 N.

80



M.I Boulifa et alii, Frattura ed Integrita Strutturale, 56 (2021) 74-83; DOI: 10.3221/IGF-ESIS.56.06

0,7 5 0.7 -

a Alloyed cast iron: 5 N : b Alloyed cast iron: 10 N
0,6 06
= 0,5 4 g
la ) ‘ 0,54 WWM
Q - d
£ 044 g
|7} ‘5 0.4
Q =
o 03 T
g 3 4
2 8 034
g g
= 02 g
R 3 024
e
0.1 R
0,1
0.0
0,0
-0,1 T T T T T T x T 2 1 T T T T T T T T d 1
0 20 40 60 80 100 0 20 40 60 80 100
Distance (m) Distance (m)
Figure 4: Friction coefficient of alloyed cast iron; a: 5 N, b: 10 N.
CONCLUSION

produced aiming to replace the unalloyed ductile iron.

The effect of alloying elements on the mechanical characteristics and wear behavior (wear resistance and friction
coefficient) was studied.
According to this study, it can be concluded that:

1. The optical microscope observation shows that the samples have structures formed of ferrite and peatlite. The

alloyed cast iron structure shows an improvement in the amount of pearlite relative to the unalloyed cast iron.

2. The results of mechanical tests and wear behavior show in the whole that the cast irons studied achieve higher
properties. Hardness and microhardness are increased in a remarkable way for alloyed cast iron, compared to the
unalloyed cast iron.

3. The sample of the alloyed cast iron has reached a higher tensile strength than that of the unalloyed cast iron with
an important ductility. The same ascertainment can be made for the impact resistance.

4. For the wear tests, it is noted that the weight loss and the friction coefficient decrease with the addition of the
alloying elements compared to the unalloyed cast iron. It thus influenced in a positive way by the addition of
these elements.

5. Alloyed ductile cast iron formed by ferrite-peatlitic structures. There are therefore several advantages to using

this cast iron in many fields of engineering.

D uctile cast iron alloyed to Manganese (0.6%), Nickel (0.5%), Molybdenum (0.2%) and Vanadium (0.1%)) was
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