Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 27 May 2019

doi:10.20944/preprints201905.0305.v1

Influence of Aluminum and Silicon as Alloying Elements on Formation of
Intermetallic Phase, Microstructure and Wear Resistance of Gray Cast Iron
1

E. Sanatizadeh, 1Sourav Das, 2Amir Kordijazi
Deaprtment of Mechanical Engineering, University of Wisconsin-Milwaukee
2
Department of Industrial and Manufacturing Engineering, University of Wisconsin-Milwaukee
1

ABSTRACT

Gray cast iron is one of the most important engineering materials that has many applications in various
industries including automotive and machinery manufacturing due to its mechanical properties, wear
resistance, machining potentials and low price. In this research effect of adding aluminum and silicon to
composition of gray cast iron on microstructure and wear resistance was studied. Moreover, it was
investigated the role of formation of Fe-Al-Si intermetallic compound in final properties of the alloy. For
studying wear resistance of samples pin-on-disc method was carried out. The results showed that addition
of aluminum to gray cast iron causes formation of ferrite matrix, which leads to a decrease in hardness
value. Increasing silicon content up to 2 wt. % in cast iron with 4 wt. % aluminum intensifies the formation
of ferrite matrix, while further increase to 3 wt. % causes emerging a Fe-Al-Si intermetallic phase.
Improvement in hardness value was achieved by increasing silicon content from 3 wt. % to 4 wt. % due to
the increased percentage of intermetallic phase. Effect of intermetallic phase on decreasing wear rate was
showed by studying microstructure and hardness values, however the lowest wear resistance was observed
in aluminum bearing cast iron containing 2 wt. % silicon.
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1 Introduction
Due to specific characteristics, such as mechanical properties, appropriate resistance against wear, heat
transfer, friction properties, suitable vibration damping potentials, machining potentials and low price gray
cast iron is used in diverse forms in industries, especially for various applications in automotive industry.
Pistons, cylinders, blocks, and cylinder heads of gasoline and diesel engines, as well as camshafts are some
examples of applications of this engineering metal in automotive industries [1, 2]. Brake parts and clutches
of vehicles are among the most important and oldest applications of this cast iron manufactured on perlite
phase and type “A” graphite for years [3], which is due to its extraordinary thermal fatigue strength together
with its other specific properties [4]. Properties of gray cast irons depend on the phase, size, amount and
the method of graphite distribution [5]. Thus, microstructure and properties of cast iron can be modified by
addition of alloy elements that have considerable effects on the graphite type and the phase [1]. Gray cast
irons can be on various phases, including ferrite, pearlite, bainite, martensite, or a combination of them [6].
It has been showed alloying in many cases leads to increase in mechanical properties together with wear
resistance, corrosion resistance, oxidation resistance, etc. [7]. Aluminum is an element that is extensively
observed in alloy compounds of cast irons in recent years [7-9]. Aluminum-bearing cast irons exist in two
gray and ductile types. Researchers believe that aluminum and silicon have similar effects on iron-carbon
alloy systems [10]. However, in addition to silicon, aluminum can also be present in the gray cast iron.
These cast irons have become popular due to acceptable resistance against heat and creep and also due to
existence of rather cheap alloy elements in their chemical compositions [11]. Unfortunately, casting of
aluminum-bearing is one of the technological problems, since aluminum is quite active in the inoculation
temperature, and it is necessary for the melt contact with the air and humidity to reach to its minimum, in
order to avoid formation of metal slags, non-smooth or ragged surface and defected parts [12].
Alloy elements, such as vanadium, chromium and manganese are usually used to increase hardness and
wear resistance of gray cast iron, but the finished prices of alloyed cast iron with such elements and the
problems of alloying them provide numerous limitations. On the other hand, there is limited information at
present about the wear resistance of cast irons in comparison to most of the mechanical properties [13].
Hence, the aim of this study is evaluating the possibility of obtaining an alloy gray cast iron with cheap
aluminum or silicon alloy elements with appropriate wear resistance property. It is primarily dealt in this
study with microstructure and the wear resistance of aluminum-bearing gray cast iron alloyed with different
wt. % of silicon content.
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2. EXPERIMENTAL METHOD
2.1 Manufacturing

To investigate the behavior of wear resistance of aluminum-bearing gray cast iron alloyed with
different rates of silicon and obtaining the alloy compound with appropriate wear resistance, five
samples of gray cast iron were casted with the nominal analyses given in table (1). Appropriate
composition of raw cast iron slab and ferrosilicon (75%) with the chemical composition given in
table (2) and pure aluminum slab (99.8%) were used to prepare the melt for the considered cast
irons with the nominal compositions given in table (1). Low-carbon steel scrap was used to adjust
and reduce the amount of carbon and silicon in the composition of cast irons. Induction furnace
(100kg inductotherm with intermediate frequency) was used for melting the material and
appropriate control of the melting temperature. Since the melting temperature of aluminum is
almost half the melting temperature of gray cast iron and a high percentage is oxidized by adding
aluminum to the cast iron, the aluminum slabs were melted in a separate ladle, and the molten cast
iron in another ladle was added to it. Then, the prepared molten material was gently stirred with a
ceramic rod, poured into a y-shaped sand mold according to ASTM A536 standard (fig.1 and 2)
chemical analysis of the prepared molten materials was done by we-chemistry techniques.

Table 1: Nominal chemical compositions of the cast iron
Type of cast iron

Alloy elements (wt. %)
Aluminum

Silicon

Non-alloy (base)

0

1

Aluminum-bearing

4

1

Aluminum-silicon-bearing

4

2

Aluminum-silicon-bearing

4

3

Aluminum-silicon-bearing

4

4
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Table 2: Chemical composition (wt. %) of raw cast iron slabs and ferrosilicon used in the study

Elements

carbon

silicon

manganese

aluminum

phosphorous

sulfur

iron

Raw cast

3.73

1.46

0.72

-

Max. 0.12

Max.

remainder

iron slab
Ferrosilicon

0.04
Max.

75.71

0.05

Fig. 1a. Induction furnace

-

0.48

Max. 0.02

Max.

remainder

0.004

1 b. Sand mold

Fig. 2: Sample diagram and dimensions (mm) of the standard “y” block model used for preparing the
sand mold

2.2 Microstructure Analysis
Figure 1 shows Cylinder samples with 20 mm diameter and 10 mm height that were cut and turned to
prepare molded cast irons for doing the metallography tests and analyzing the microstructures, and after
grinding with emery cloth, polishing and etching with nital solution (2%), the microstructure went under
required analysis. An optic microscope and a scanning electron microscope (SEM) were used to observe
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and evaluate the microstructure. Moreover, Energy dispersive spectroscopy (EDS) and X-ray diffraction
pattern (XRD) were used to determine the existing phases in the microstructure.

2.3 Hardness and Wear Tests
The average hardness of the cast irons was measured by preparing disc shaped samples with 20mm diameter
and 10mm thickness, and using Wickers’ method by applying 20 kg load for 15 seconds on minimum five
points of the surface. Thus, pin-on-disc method was used according to ASTM G99 standard, with cast iron
samples with equal dimensions of 50 mm and thickness of 5mm, and the pin of hardened 4140 steel with
10mm diameter and height of 25 mm. The rotating speed of the pin on the cast iron discs was considered
0.1m/s. The rate of the applied loads on the pin were selected to be variable with 20, 40, and 60 N, and the
covering distance during the test was considered to be 1000m.

3

RESULTS AND DISCUSSION

3.1 Chemical Composition
Table (3) shows the chemical composition of five produced cast iron samples using EDS results. As it can
be seen, the chemical compounds of the cast iron samples were selected in such a way that carbon can be
equivalent to the cast iron samples in the eutectic range. The equivalent carbon with the cast irons was
calculated according to relation (1) [14].

% CE= % C + % 0.33(Si + P)

(1)

It is also observed that the percentage of aluminum in cast iron samples no.2 and no.5 is in the range of 4
wt. %. During the melt preparation stages, it was tried to keep the percentage of main elements existing in
the melt to be fixed and in expectable range by using quantometry, wet chemistry and also preparing
repeated melt samples.
Table 3: Chemical composition (wt. %) of the prepared cast iron samples
Cast iron
sample no.

Elements (wt. %)
Equivalent

Fe

Al

Cu

S

P

Mg

Si

C

carbon
1

4.48

94.39

0.007

0.02

0.058

0.031

0.27

1.03

4.13

2

4.44

90.17

4.210

0.02

0.058

0.031

0.27

0.98

4.11

3

4.35

89.57

4.120

0.09

0.013

0.017

0.38

2.01

3.68

4

4.31

89.03

4.190

0.085

0.021

0.030

0.031

3.07

3.29

5

4.32

88.28

4.230

0.095

0.014

0.027

0.22

3.91

3.02
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3.2 Microstructure Analysis

The diagrams of the microstructures of cast iron samples before and after etching are shown respectively
in fig. (2) and (3). According to the metallography diagram in fig (2), it can be observed that graphite layers
in cast iron sample no.1 that lacks aluminum (fig. 3a) are coarser and larger with longer distances between
them as compared to other samples. The diagram of cast iron sample in fig. 3b that contains 4 wt. %
aluminum indicates the increase in the number of graphite and their delicate states as compared to cast iron
sample no.1. This is due to reducing solubility of carbon in molten cast iron in the presence of aluminum,
which leads to formation of more graphite [15, 16]. In other words, aluminum increases activation of carbon
in the melt that is appropriate for formation of graphite during eutectoid permutation. It is observed for this
cast iron sample 2 that the graphite is of type “B” or “rosette”. For the sample no.3 that contains 4 wt.% of
aluminum and 2 wt.% of silicon (fig. 3c), it can be observed that the effect of alloy elements only negligibly
increases the thickness of graphite particles and has transformed graphite type “B” to type “A” only a little.
It is noteworthy to say that one reason for the presence of type “B” graphite particles is the inoculation
weakness that increasing silicon has increased the inclination for graphite-borne melt [17], causing the
formation of type “A” graphite that is preferred to other types of graphite particles. Increasing silicon to 3
wt. % (cast iron no.4, fig. 3d) increases the thicknesses of most graphite layers as compared to other cast
iron samples. According to the diagram, the number of graphite particles in unit area is less than the two
previous cast iron samples. In the sample no.5 with 4 wt. % aluminum and silicon, the common effect of
these two alloy elements causes the reduction of the number of graphite particles of this cast iron as
compared to the previous samples (fig. 3e). Thickness of graphite layers in this sample is more than the
previous samples. According to the diagram for the formed graphite and its thickness, the graphite in this
alloy is also of type “A”.

It can be seen from the diagrams of the cast iron microstructure after the etching (fig. 4) that increasing
aluminum and silicon to the base cast iron makes the microstructure susceptible to form the ferrite in the
phase. In fact, aluminum stables ferrite in eutectoid permutation, consequently increasing the amount of
ferrite [18]. It is interesting to say that there are quite inconsistent reports published about the inclination to
form ferrite or perlite due to increasing aluminum in gray cast iron [19], and the results of the present study
indicate the inclinations towards formation of ferrite. Due to absence of aluminum and little silicon, the cast
iron is in completely perlite phase in the cast iron sample 1 (fig. 4a). Presence of 4 wt. % aluminum in cast
iron sample number 2 removes carbon from the phase and in addition to increasing and thickening the
graphite, graphitization of aluminum [15, 20,21] provides the formation of some ferrite in the matrix (fig.
4b). According to fig. (4c), increasing silicon and presence of aluminum simultaneously have intensified
graphitization in cast iron sample number 3, causing more removal of carbon from the phase and tending
towards complete ferrite phase.
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Fig. 3. Microstructures of cast irons before etching; (a) cast iron sample 1 containing 1 wt. % silicon and
no aluminum, (b) cast iron sample 2 containing 4 wt. % aluminum and 1 wt. % silicon, (c) cast iron
sample. 3 containing 4 wt. % aluminum and 2 wt. % silicon, (d) cast iron sample 4 containing 4 wt. %
aluminum and 3 wt. % silicon, and (e) cast iron sample 5 containing 4 wt. % aluminum and 4 wt. %
silicon
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Fig. 4. Microstructures of cast irons after etching; (a) cast iron no. 1 containing 1 wt. % silicon and no
aluminum, (b) cast iron sample 2 containing 4 wt. % aluminum and 1 wt. % silicon, (c) cast iron sample 3
containing 4 wt. % aluminum and 2 wt. % silicon, (d) cast iron sample 4 containing 4 wt. % aluminum
and 3 wt. % silicon, and (e) cast iron sample 5 containing 4 wt. % aluminum and 4 wt. % silicon

According to fig. (4d) and (4e), by increasing silicon with 3 wt.% and 4 wt.%, respectively, to cast irons
sample 4 and 5, the phase is completely in ferrite state, but a new phase is formed according to the diagrams.
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Formation of this phase is definitely due to increasing silicon and presence of 4 wt. % aluminum that reduce
the thickness of graphite layers as compared to cast iron sample 3 (fig. 4c). According to microscopic
diagram (fig. 4e), by the presence of 4 wt. % aluminum and silicon, the accumulated phase and the
mentioned mass in it has occupied a greater volume of the matrix.

3.3 SEM and XRD Analysis
Fig. (5a) indicates the microstructure of cast iron sample 5 in a SEM image. It can be seen that the
microstructure of this cast iron is formed from ferrite matrix and graphite phases together with secondary
phases that are placed in accumulated masses beside each other. Fig. (5b) shows the mass phase
morphology. The size of second phase is varied from the small particles of less than 1μm to the elongated
particles with the length of 10 μm (point A in SEM image in fig. 5b). Fig. (5c) shows the analyzing EDS
diagram of this mass-shaped phase. According to spectra from this analysis, it can be found that the main
elements of this intermetallic phase are Fe, Al, and Si. In fact, it can be concluded that this mass phase is a
ternary intermetallic phase. “XRD” pattern in fig. (6) indicates the existence of two ferrite and mass-shaped
intermetallic crystalline phases with chemical composition (Al0.5Fe3Si0.5).
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Fig. 5. SEM images; (a) sample 5 containing 4 wt. % aluminum and 4 wt. % silicon, (b) magnified
defined part, (c) EDS point analysis spectrum of mass-shaped phase

Fig. 6. XRD pattern related to cast iron sample no. 5

3.4 Hardness
Fig. (7) Compare the hardness values of cast-iron samples. As it is clearly seen that cast iron sample 5 has
the highest hardness and the sample 3 has the lowest hardness in comparison with other molded samples.
Hardness in cast iron sample 2 has reduced by addition 4 wt. % aluminum to the base cast iron (cast iron
sample 1), due to ferritizing from 225 to 201 wickers. By fixed rate of aluminum and increasing 1 wt. % of
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silicon to the next cast iron (cast iron sample 3) due to similar reason, hardness reduction continued and
reached to 186 wickers. This rate was the lowest rate of hardness measured among the cast iron samples.
By increasing silicon to 3 wt. % and 4 wt. %, the hardness of the samples (samples 4 & 5, respectively)
were higher than other samples due to formation of intermetallic hard phase, such that this increase was
about 56% and 80% in comparison with the base cast iron and the cast iron containing 4 wt. % aluminum
and 2 wt. % silicon, respectively. Moreover, increasing silicon from 3 wt. % (cast iron sample 4) to 4 wt.
% (cast iron sample 5) increases hardness from 226 to 338 wickers that is due to greater volume of
intermetallic phase (Al0.5Fe3Si0.5) in the ferrite matrix.

Fig. 7: Graph of hardness for the testing cast irons

3.5 Wear Resistance
Figs. (8a), (8b) and (8c) show the graphs of reducing weight of the testing cast irons under 20, 40, and 60N
loads after 1000m distance under the wear test. As it can be observed that behavior of weight reduction of
each sample was equal for all the loads and the observed behavior in cast irons is in conformity with the
hardness results.
However, weight reductions in all the applied loads have been highest for cast iron sample 3 (containing 4
wt. % aluminum and 2 wt. % silicon). This property is related to the completely ferrite structure that has
the lowest hardness among the testing samples. Anyhow, cast iron sample 4 (containing 4 wt. % aluminum
and 3 wt. % silicon) and specially the cast iron sample 5 (containing 4 wt. % aluminum and 4 wt. % silicon)
had the lowest rates of weight reductions.

In other words, despite ferrite state of the matrix and low hardness, existence of intermetallic and hard phase
of (Al0.5Fe3Si0.5) was the main reason for this behavior. Similarly, due to greater hardness of perlite as
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compared to ferrite, cast iron sample 1 (base cast iron) with completely perlite matrix (fig. 4a) showed
higher resistance to wear as compared to sample 2 (containing 4 wt. % aluminum and 1 wt. % silicon) that
had perlite-ferrite matrix (fig. 4b).

40 N

20 N

60 N

Fig. 7: Graphs of weight reductions of testing cast irons in the wear test under (a) 20N, (b) 40N, and (c)
60N loads
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CONCLUSION

Microstructure, hardness, and weight reduction due to the wear test were considered in this study,
simultaneously with aluminum and silicon, on plain gray and alloyed cast iron. According to the
evaluations, it can be concluded that:

1. Adding aluminum with 4 wt. % rate to the gray cast iron causes the formation of ferrite phase that
follows the reduction of hardness for the alloy.
2. Adding silicon to 2 wt. % in the gray cast iron containing aluminum does not provide considerable
changes to the type of graphite, but causes intensity in forming ferrite phase. Increasing the rate of
silicon forms the intermetallic phase Al0.5Fe3Si0.5, which is followed by greater hardness of the
related cast iron.
3. The highest resistance and lowest resistance to wear were obtained in gray iron containing 4 wt. %
aluminum with 4 wt. % and 2 wt. % silicon, respectively.
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