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ABSTRACT  

The addition of magnesium alloy elements followed by a flame-hardening process will change the phase configuration in gray cast 

iron. This study aims to investigate changes in microstructure and hardness due to these two processes. The addition of magnesium 

is conducted by adding FeSiMg as a carrier for magnesium. Metallographic examination to observe changes in microstructure was 

carried out using a Scanning Electron Microscope (SEM) and Energy-Dispersive X-ray Spectroscopy (EDS). The formed phase is 

examined by X-ray diffraction testing. The hardness test was carried out using the Vickers technique on the surface of the gray cast 

iron, the nodular cast iron, and the flame-hardened nodular cast iron. Whilst for flame-hardened nodular cast iron, the Vickers tech-

nique was also conducted on a cross-section. The addition of the FeSiMg compound changed flake graphite into spherical graphite 

with increased hardness from 130 HV to 313.22 HV. The flame-hardening process in nodular cast iron results in the formation of a 

martensite phase and the disappearance of graphite on the surface of the material. The hardness on the surface of the material due to 

the flame-hardening process increased by 82.4% compared to the substrate. 
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INTRODUCTION 
 
Gray cast iron (GCI) plays an important role in many technolo-

gies and industrial fields due to its high castability, excellent 

wear resistance and shock absorption, low cost, convenient ma-

chining characteristics, a wide range of possible mechanical 

properties, and other excellent qualities. However, GCI's wear 

performance, hardness, strength, and corrosion resistance, on the 

other hand, are all severely reduced under extreme service con-

ditions [1-5]. 

Graphite lamellas distributed in the ferrous matrix describe the 

microstructure of GCI. The foundry technique can influence the 

nucleation and development of graphite flakes, allowing the re-

quired characteristics to be enhanced by size and type [6]. GCI 

has a coarser grain and a worse surface quality, which shortens 

its service life and limits its applicability. Because graphite be-

haves as a notch for stress concentration, grey cast iron with 

three-dimensional sharp flakes is brittle and weak in tension [7]. 
Aiming to overcome these weaknesses, the addition of alloying 

elements and heat treatment is carried out to improve perfor-

mance. The elements that are often alloyed into gray cast iron to 

improve their properties are manganese [8], sulfur [9], niobium 

[10-12], copper [13], molybdenum [14], silicon [15], and chro-

mium [16]. Improved properties are also carried out by modify-

ing the phase through processes such as quenching-tempering 

[17], austempering [18], spheroidizing [19], laser surface treat-

ment [20], and flame hardening [21]. 
Changing the shape of sharp flake graphite into spherical graph-
ite will reduce the stress concentration so that the cast iron be-
comes stronger and harder. This can be accomplished by adding 

magnesium or cerium alloying elements [22-24]. Magnesium is 
the most used nodular forming element, and it is usually used in 
alloys with other components, such as FeSiMg alloys, where the 
other elements act to minimize the violent reaction between 
magnesium and the base iron, as well as to control matrix com-
position and minimize the effect of damaging elements on 
graphite morphology. Excessive magnesium and cerium con-
centration can result in carbides and exploding or degenerate 
graphite, thus it's critical to use the right amounts of the nodu-
larizing compounds. [25].  
Nodular cast iron (NCI) has several advantages, including ex-

cellent ductility, strength, shock resistance, corrosion resistance, 

and wear resistance [26, 27]. Automotive (crankshaft, connect-

ing rods, piston, etc.), wind power (hubs, machine frames, etc.), 

and food sectors (pans, baking plates, etc.) have all turned to 

NCI to meet their component requirements [28]. NCI is a cost-

effective material for low to mid-range stressed components in 

a variety of applications due to its improved castability, machin-

ability, and high recycling efficiency [29]. 

Flame-hardening is a heat treatment process used to increase the 

hardness of metal surfaces. Thamilarasan et al. in 2021 [30] car-

ried out a flame-hardening process on low-carbon steel using an 

oxy-acetylene flame. The microhardness results were evaluated. 

The maximum microhardness value of 600 HV to 700 HV was 

obtained by manipulating the torch cap from 25 mm to 35 mm 

with an austenitizing temperature of 900 oC. 

Hardness is an important mechanical property of engineering 

materials [31-34]. These mechanical properties have a direct re-

lationship with the microstructure [35, 36]. The novelty of this 

research was the addition of 200 g of FeSiMg compound into 15 
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Kg of gray cast iron liquid, followed by flame-hardening to in-

crease the surface hardness of metal surfaces. Therefore, the pur-

pose of this study was to determine the effect of adding FeSiMg 

followed by flame hardening on the microstructure and hardness 

of gray cast iron. Investigations were carried out on changes in 

microstructure and hardness. 

 

MATERIAL AND METHODS 
 
The material used in this research was gray cast iron. The gray 

cast iron of 15 Kg was melted with the addition of the FeSiMg 

compound of 200 g. This compound presents magnesium which 

will convert the flake graphite in gray cast iron into spherical 

graphite so that the gray cast iron turns into nodular cast iron. 

The composition test was carried out using a Brukers Q2 ION 

spectrometer for gray cast iron and nodular cast iron. 

Metallographic testing was performed on gray cast iron and nod-

ular cast iron using a Scanning Electron Microscope (SEM) 

equipped with Energy-Dispersive X-ray spectroscopy (EDS). 

This test was performed with SEM to observe the graphite phase 

and the formed matrix. The composition of the elements in the 

phase was also observed with EDS. The microstructure of the 

flame-hardened nodular cast iron was observed with an optical 

microscope. Further observations with this EDS were confirmed 

with an X-ray diffraction (XRD) tool to ascertain the type of 

phases formed on both cast irons. 

The flame-hardening process is carried out after the addition of 

the FeSiMg compound. The flame-hardening process used in 

this research is the progressive method, where the flame is di-

rected to the place to be heated and hardened on the entire sur-

face. When the specimen is heated, the water nozzle is also di-

rected parallel to the movement of the torch which is called the 

quenching process. The flame-hardening process is carried out 

by utilizing a flame from a mixture of oxy-acetylene gas, while 

the cooling process uses pumped water. 

The progressive method is used because the construction of the 

tool is simpler than the spinning method and the heated surface 

area can be larger when compared to the spot or stationary 

method where heating is only at one point on the surface. In ad-

dition, the surface area of the flame-hardening process required 

in this study is sufficient by using the progressive flame-harden-

ing technique. The schematic drawing of the progressive flame 

hardening technique can be seen in Fig. 1. The flame hardening 

process was carried out with an oxygen pressure of 2.5 kg/cm2, 

an acetylene pressure of 0.7 kg/cm2, and an austenitizing tem-

perature of 850 oC. 

 
Fig. 1 Progressive flame hardening technique 

 

Hardness testing was carried out on gray cast iron, nodular cast 

iron, and flame-hardened nodular cast iron. Gray cast iron and 

nodular cast iron hardness testing were carried out on the surface 

using the macro-Vickers technique based on the ASTM E92 

Standard Test Method. The flame-hardened nodular cast iron 

hardness test was also carried out using the micro-Vickers tech-

nique based on the ASTM E384 Standard Test Method on a 

cross-section from the surface to the substrate. 

 

RESULTS AND DISCUSSION 
 

Addition of FeSiMg compound 

 
The compositions of the cast iron before (gray cast iron) and af-

ter (nodular cast iron) the addition of FeSiMg compounds are 

shown in Table 1. The addition of FeSiMg compounds resulted 

in the presence of the element magnesium. The composition of 

magnesium was recorded at 0.0351%. This element of magne-

sium changes the shape of graphite flakes to become spherical. 

This cast iron with spherical graphite is referred to as nodular 

cast iron. 

Figure 2 shows metallographic and compositional test results on 

gray cast iron using SEM-EDS. From Fig. 2a, there were two 

phases in the microstructure, namely the graphite phase and the 

matrix phase in the form of pearlite [37-39]. The graphite phase 

was shown in black color, while the pearlite phase was shown in 

gray color. The graphite of gray cast iron in the form of flakes 

with both sharp ends. This graphite was evenly distributed in the 

pearlite matrix.  

 

Table 1 The composition of gray cast iron and nodular cast iron 

Element 

Composition of gray 

cast iron 

(%) 

Composition of nodu-

lar cast iron 

(%) 

Fe 90.7948 91.9500 

C 3.4255 3.4876 

Si 2.4736 2.6449 

S 0.0104 0.0105 

P 0.0629 0.0163 

Mn 0.7236 0.5748 

Mg - 0.0351 

Ni 0.0521 0.0117 

Cr 0.0874 0.0896 

Mo 0.0100 0.0026 

Cu 0.0488 1.1144 

Ti 0.0211 0.0356 

Sn 0.0124 0.0088 

Al 0.0113 0.0130 

Nb 0.0024 0.0011 

V 0.0044 0.0048 

Co 0.0018 0.0034 

Ca 0.0222 0.0344 

Zn 0.0014 0.0018 

 

The results of the composition test with EDX/EDS on spectrum 

1 are shown in Fig. 2b. Fe (ferrous) was the element with the 

highest composition of 92.16 wt%. Meanwhile, the other ele-

ments have the following compositions: element C (carbon) = 

5.71 wt%, Si (silicon) = 1.52 wt%, Ni (nickel) = 0.46 wt%, and 

Ti (titanium) = 0.15 wt%. The presence of 5.71 wt% carbon in-

dicates the presence of the Fe3C phase which mixes with ferrite 

to form the pearlite phase. While Fig. 2c shows the composition 

of test results with EDX/EDS on spectrum 2. The composition 

of element C in spectrum 2 reached 77.44 wt% with other ele-

ments: ferrous = 18.47 wt%, oxygen = 3.92 wt%, silicon = 0.11 

wt%, and sulfur = 0.05 wt%. It shows that the phase at spectrum 

2 was the graphite phase. 

The graphite and pearlite phases (a mixture of ferrite and ce-

mentite) in gray cast iron were confirmed by the results of com-

position testing using X-Ray Diffraction as shown in Fig. 3. The 

presence of a graphite phase in gray cast iron was confirmed by 
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the appearance of a carbon element peak at an angle of 2theta of 

23.38o, 44.67o, 61.98o, 76.82o, and 78.56o with intensities of 

90.09 cps, 1000 cps, 34.25 cps, 35.72 cps, and 42.39 cps, respec-

tively. The pearlite phase is confirmed by the presence of ferrite 

and cementite phases. The ferrite phase appears at 2theta angles 

of 44.67o and 64.92o with intensities of 1000 cps and 98.89 cps, 

respectively. The cementite phase appeared at 2theta angles of 

23.38o, 44.67o, 61.98o, 64.92o, 76.82o, and 78.56o with intensities 

of 90.09 cps, 1000 cps, 32.45 cps, 98.89 cps, 35.72 cps, and 

42.39 cps, respectively. 

The gray cast iron tested consisted of two phases, namely, graph-

ite and pearlite phases. The pearlite phase consisted of a ferrite 

phase and a cementite phase (Table 2). The graphite phase had 

a composition of 33.8 wt%, a density of 1.365 g/cm3, crystal sys-

tem in the form of trigonal with cell units a = b = 2.4600 Å and 

c = 2.8730 Å. The ferrite phase had a composition of 39.6 wt%, 

a density of 7.821 g/cm3, crystal system in the form of a cubic 

with cell unit a = b = c = 2.8730 Å. While cementite had a com-

position of 26.5 wt% and a density of 7.738 g/cm3. The crystal 

system of cementite is orthorhombic with unit cells of a = 4.5170 

Å, b = 5.0700 Å, and c = 6.7300 Å. 

 
Fig. 2 Metallographic and composition test results of gray cast iron using SEM-EDS (a) Microstructure of gray cast iron, (b) Pearlite 

composition (c) Graphite composition 

 

 
Fig. 3 Results of X-Ray Diffraction test of gray cast iron 
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Table 2 Composition, density, and crystal system of gray cast iron 

Phase 
Composition 

(wt%) 

Density 

(g/cm3) 
Crystal System 

Unit Cell 

(Å) 
Crystal Structure Model 

Graphite 

(Carbon) 
33.8 1.365 Trigonal 

a = b = 2.4600 

 

c = 33.4500 

Ferrite 

(α-Ferro) 
39.6 7.821 cubic a = b = c = 2.8730 

 

 

Cementite 

(Fe3C) 
26.5 7.738 Orthorhombic 

a = 4.5170 

 

b = 5.0700 

c = 6.7300 

 
The addition of magnesium-carrying FeSiMg compounds trans-

forms the black graphite that was originally flake-shaped into 

nodular-shaped (Fig. 4a). Thus, the gray cast iron also turned 

into nodular cast iron. The microstructure consists of spherical 

graphite with a pearlite matrix [40, 41]. 

Composition testing with EDS on graphite phase from nodular 

cast iron showed C = 77.10 wt%, Fe = 13.47 wt%, W = 7.72 

wt%, Mn = 0.50 wt%, Si = 0.44 wt%, Cu = 0.39 wt%, S = 0.15 

wt%, Ti = 0.15 wt%, and Al = 0.09 wt% (Fig. 4b). While the 

pearlite phase showed Fe = 88.76 wt%, C = 5.86 wt%, Si = 2.79 

wt%, Cu = 1.32 wt%, Ni = 1.06 wt%, and Cr = 0.21 wt% (Fig. 

4c). 

The results of composition testing using X-ray diffraction for 

nodular cast iron confirm that nodular cast iron (Fig. 5) also had 

a graphite phase surrounded by a pearlite (Ferrite + Fe3C) matrix 

[42]. The presence of a carbon phase was indicated by the ap-

pearance of a peak at a 2theta angle of 44.67o with an intensity 

of 1000 cps. The ferrite phase appeared at 2theta angles of 44.67o 

and 64.92o with intensities of 1000 cps and 62.50 cps, respec-

tively. The cementite phase appeared at 2theta angles of 44.67o 

and 64.92o with intensities of 1000 cps and 62.50 cps, respec-

tively. 

Table 3 shows the composition, density, and crystal system of 

nodular cast iron. The graphite phase had a composition of 17.8 

wt%, a density of 1.365 g/cm3, crystal system in the form of trig-

onal with cell units a = b = 2.4600 Å and c = 33.4500 Å. The 

ferrite phase had a composition of 54.5 wt%, a density of 7.821 

g/cm3, crystal system in the form of a cubic with cell unit a = b 

= c = 2.8730 Å. While cementite had a composition of 27.7 % 

and a density of 7.730 g/cm3. The crystal system was orthorhom-

bic with unit cells of a = 4.5180 Å, b = 5.0690 Å, and c = 6.7360 

Å. Graphite in nodular cast iron had decreased composition 

compared to graphite in gray cast iron. On the other hand, the 

pearlite composition of nodular cast iron was higher than that of 

gray cast iron. The crystal system of the two types of cast iron 

does not experience significant differences. 
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Fig. 4 Metallographic and compositional test results of nodular cast iron using SEM-EDS (a) Microstructure of nodular cast iron, (b) 

Pearlite composition (c) Graphite composition 

 

 
Fig. 5 X-Ray Diffraction test results of nodular cast iron 
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Table 3 Composition, density, and crystal system of nodular cast iron 

Phase 
Composition 

(wt%) 

Density 

(g/cm3) 
Crystal System 

Unit Cell 

(Å) 
Crystal Structure Model 

Graphite 

(Carbon) 
17.8 1.365 Trigonal 

a = b = 2.4600 

 

c = 33.4500 

Ferrite 

(α-Ferro) 
54.5 7.821 cubic a = b = c = 2.8730 

 

Cementite 

(Fe3C) 
27.7 7.730 Orthorhombic 

a = 4.5180 

 

b = 5.0690 

c = 6.7360 

 
Flame-Hardening Process of Nodular Cast Iron 

 

The flame-hardening process is carried out after the addition of 

FeSiMg compounds to gray cast iron. Figure 6 shows the 

changes in the microstructure from the surface to the substrate 

where the phase on the substrate is the same as the nodular cast 

iron phase before undergoing the flame-hardening process, 

namely in the form of pearlite and spherical graphite phases. The 

area affected by the flame-hardening process is divided into 

three zones: the martensite and retained austenite zone, the ce-

mentite and pearlite zone, and the pearlite and graphite zone.  

The flame will increase the temperature to the austenitizing tem-

perature of 850 oC where the graphite (free carbon) will diffuse 

into the austenite phase. Furthermore, the water spray will cool 

the material. This water spray causes different cooling rates on 

the surface of the material and the substrate. The closer to the 

surface, the faster the cooling rate. 

In the martensite and retained austenite zones, the fast-cooling 

rate will result in carbon being trapped in the body center tetrag-

onal (BCT) unit cell of ferrous to form a martensite phase [43]. 

Even so, not all of the austenite had the chance to transform so 

a retained austenite phase was formed. Retained austenite was 

formed due to rapid cooling of nodular cast iron that has passed 

the martensite start temperature (Ms), but has not exceeded the 

martensite finish temperature (Mf). No graphite is formed in this 

zone. 

Meanwhile, in the pearlite and cementite zones, the slower cool-

ing rate will cause carbon to diffuse out of the austenite and com-

bine with ferrous to form cementite. Furthermore, the austenite 

that is left with some carbon will form the pearlite phase. In this 

zone, graphite is also not formed. 

The pearlite and graphite zones have the same microstructure as 

the raw material which does not experience flame hardening. 

The cooling rate in this zone is slow enough for carbon to diffuse 

out of the austenite. However, the presence of silicon will pre-

vent carbon from combining with iron to form cementite so that 

it will become free carbon (graphite) [44]. 

 

Hardness Testing of gray cast iron, nodular cast iron, and 

flame-hardened nodular cast iron 

 

Figure 7 shows the results of surface hardness testing on gray 

cast iron, nodular cast iron, and flame-hardened nodular cast 

iron. The hardness value for gray cast iron was 130 HV while 

the hardness value for nodular cast iron was 313.22 HV. The 

hardness increased by 141%. The results of the hardness test on 
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nodular cast iron showed a higher hardness value than the hard-

ness of gray cast iron, this was influenced by the stress that nod-

ular cast iron can withstand became higher because the stress 

concentration in spherical graphite was lower than in flake 

graphite so that plastic deformation that can be achieved by nod-

ular cast iron was higher [45]. Tests on the surface of flame-

hardened nodular cast iron yielded a hardness value of 554.86 

HV. There is an increase of 326.8% from the hardness value of 

gray cast iron and 77.1% from the hardness value of nodular cast 

iron. The increase in hardness on the surface of flame-hardened 

nodular cast iron is due to the formation of a hard martensitic 

phase on the surface. 

Hardness testing for flame-hardened nodular cast iron was also 

aimed to determine the differences in the hardness level of the 

material exposed to the flame-hardening process from the point 

closest to the torch to the substrate part of the specimen. Hard-

ness testing of the test object is carried out at 10 points. The dis-

tance of the hardness test point is starting from 0.0 mm (mate-

rial’s surface). 

Figure 8 shows a point at the surface having the highest hard-

ness of 554.86 HV. The hardness decreases with increasing dis-

tance from the surface. The point at a distance of 0.5 mm from 

the surface has a hardness of 306.86 HV. After passing this 

point, the hardness did not experience a significant change. This 

shows that the limit of the effect of the flame-hardening process 

in this study is 0.5 mm from the surface. The average value of 

Vickers hardness on the substrate is 305.75 HV. The hardness 

on the surface of the material is 82.4% higher than on the sub-

strate. The increase in hardness on the surface is caused by the 

formation of martensite zones and pearlite and cementite zones 

as shown in Fig. 6. 

 

 

 
Fig. 6 Zone of cast iron that has undergone a flame-hardening process 

 

 
Fig. 7 The surface hardness testing results of gray cast iron, 

nodular cast iron, and flame-hardened nodular cast iron 

 

 
Fig. 8 Cross-sectional hardness curve of flame-hardened 

nodular cast iron 

 

 

CONCLUSIONS 

The addition of FeSiMg resulted in a magnesium composition 

of 0.0351%. The presence of this element of magnesium 

changes the shape of flake graphite from gray cast iron to spher-

ical graphite so that gray cast iron turns into nodular cast iron. 

The hardness of cast iron is greater than that of gray cast iron. 

The flame-hardening process resulted in the appearance of the 

martensite phase and the loss of the graphite phase on the surface 

of nodular cast iron and increased the surface hardness of nodu-

lar cast iron by 82.4%. 
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