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Abstract. Graphitization process in steels is done during the dissociation of the cementite phase to ferrite and 
graphite. Since cementite is a metastable phase and graphite is more stable than it, graphitizing transformation 
occurs during a longer period of time. The presence of alloying elements such as chrome and manganese in 
common commercial steels results in the necessity of graphitization to be passed at a longer period of time 
which is not appreciated from the economical viewpoint. However, improving wear resistance and 
machinability is accounted as one of the main advantages for this process in steels. The final structure obtained 
after graphitization has been reported mainly as a mixture of ferrite, graphite and a few amounts of cementite. 
Prolonged annealing time for producing graphitized structure creates a little hardness because of the existence of 
the ferritic matrix. Therefore matrix has been changed by selecting various heat treatment cycles from ferritic to 
other types of phases besides new structures that also consist of graphite. Finally their hardness have been 
measured and compared as a criterion for determining mechanical properties and wear resistance.  

 
 
1. Introduction 
 
Graphitization process in steels is accomplished during the dissociation of the cementite phase to ferrite and 
graphite according to equation 1 [1-7]: 
 

Fe3                                               (1) 
 
Although graphite is a stable isotope of carbon [8], the meta-stable phase of cementite is often observed in 
commercial steels which can be explained by inaccessibility to equilibrium conditions or the presence of 
carbide-stabilizing alloying elements. Figure 1 schematically shows Gibbs free energy for the phases of 
ferrite, cementite and graphite. In steels containing a G explains 
thermodynamically the driving force required for graphitization reaction. In common commercial steels, 
alloying elements such as chrome and manganese aggregates in carbide phase cause decreasing the cementite 
free energy [9] and therefore they decrease the graphitization driving force ( G), so graphitization from steels 
containing these elements entails passing for a long period of time which is not appreciated in economical 
viewpoint [10-13]. Graphitization in steels mainly occurs from martensitic structure in 600-
According to experimental observations [4-6], martensitic and bainitic structures [16] have been reported as 
the most susceptible structures for graphitization in steels. Other structures such as pearlitic or spheroidized 
carbides in ferritic matrix are not kinetically suitable for graphitization.    
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Fig. 1. Schematically Gibbs free energy diagram for ferrite, cementite and graphite phases during graphitization process.

Graphite is a friction decreasing lubricant, therefore, its presence in final structure acts as a 
parameter for improving wear resistance, machinability and self lubrication of iron alloys [17]. Graphite is 
considered as the main phase in the structure of numerous cast irons. In this matter, we may refer to 
remarkable effect of graphite particles on machinability, vibration dumping and heat shock resistance in gray 
cast irons [18]. In ductile irons, graphite nodules play an important role in improving their toughness and 
increasing strength comparing with other cast irons [18]. In addition by producing bainitic matrix in this kind 
of cast irons through austempering process, remarkable changes can be introduced in mechanical and physical 
properties of these materials [19]. 

Another application that can be considered for graphitized steel structures is superseding free-cutting 
steels containing sulphur and lead. These types of steels have harmful effects from the viewpoint of 
environmental protection due to sulphur and lead addition [20].
The only structure reported after graphitization process in carbon steels is ferritic-graphitic which are 
observed in microstructure of steels alloyed by elements such as chrome or manganese, also a few amounts of
retained carbide [21, 22]. In spite of positive effect of graphite on wearing properties of steel, ferritic matrix 
has a low level of hardness due to the long annealing time. These matters causes decrease in the strength and 
wear resistance of graphitized steel. We can desirably change matrix and protect graphite particles by precise 
and controlled heat treatment cycles such as cast iron structures. In order to reach this goal, austenitising 
process is applied in low temperatures being controlled by time. Then samples are cooled in various 
conditions or immersed in molten lead bath for producing bainitic matrix [23]. Thus, new structures with 
individual properties are produced from graphitized steel. Finally, it can be mentioned that these kinds of 
steels have higher mechanical properties such as strength and hardness than graphitized steel.

Table 1. Chemical composition of CK100 steel (weight percent).
Steel C Si S P Mn Ni Cr Mo Cu Al

CK100 0.949 0.213 0.012 0.017 0.339 0.047 0.061 0.008 0.076 0.017
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Fig. 2. Primary steel structures (as received) consists of ferrite with spheroidized carbides in two 

magnifications (related to specimen 1).
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2. Experimental

The used steel is a low alloyed hypereutectoid steel and its commercial name is CK100 whose chemical 
composition is listed in Table 1. Primary steel structure (as received) consists of ferrite with spheroidized 
carbides (Figure 2). Table 2 illustrates heat treatment cycles applied on specimens.

The dilatometric test has been done on cylindrical samples with 4mm diameter and 18mm length by 
2171 Linseis instrument model. Dilatometric samples and other specimens have been prepared from steel (as 
received) and austentised at 900 C for 20min to produce the martensitic structure being immediately water 
quenched. For dilatometric samples, graphitization process from martensitic structure has been done 
isothermally at 670 C.

Table 2. Heat treatment cycles applied on hypereutectoid steel.
MicrostructureHeat treatment cycleSpecimen

F + CAs received1
M2

F + C + GSpecimen 23
M + A + GSpecimen 34
F + P + GSpecimen 35
F + C + GpSpecimen 3, air cooled6
F + M + GSpecimen 37
F + M+ GSpecimen 38

F: Ferrite,       C: Cementite,       G: Graphite,       A: Austenite,       P: Pearlite,       M: Martensite

The required time for graphitization in steel specimens has been considered 60hr at 670 C. To avoid 
specimens from decarburization during graphitization, they have been covered by an anti-carburizing coating 
and then placed in containers with cast iron filings and then cooled in air after graphitization. In the next 
stage, austenitising process is done in two temperatures, 820 C and 850 C. Austenitising temperature and 
required time for producing martensitic-graphitic, tempered martensite-graphitic and pearlitic-graphitic 
structures have been purposed in 820 C for 30min. For martensitic-graphitic specimen, water quenching is 
done after austenitising immediately. Tempered martensitic-graphitic specimen is tempered at 600 C for 2hr 
after quenching. After austenitising, pearlitic-graphitic specimen is cooled in air.

To produce bainitic-graphitic structures, austenitising process is done at 850 C for 15min. To 
produce lower and upper bainitic-graphitic structures, after austenitising, specimens are immersed in molten 
lead bath with temperatures 250 C and 400 C respectively and after being held in this temperature for 1hr 
they are cooled in air immediately. The hardness test has been done by Koopa instrument according to the 
Rockwell A scale. In this matter, the hardness test has been done on each specimen for several times and the 
reported data explains average amount of the specimens (Table 3).

Table 3. Hardness of heat treated specimens according to Rockwell A standard hardness test.

Hardness (HRA)MicrostructureSpecimen

38.6As received1
83.9M2
33.4 F + C + G3
81M + A + G4

60.5 F + P + G5
59.8 F + C + G6
69.9 F + M + G7
68F + M + G8

F: Ferrite,       C: Cementite,       G: Graphite,       A: Austenite,       P: Pearlite,       M: Martensite
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Fig. 3. Dilatometric diagram related to graphitization transformation from martensitic structure at 670 C.

Fig. 4. Graphitized structure consists of graphite particles and retained carbides in ferritic matrix (related to specimen 3).
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3. Results and discussions

According to dilatometric test (Figure 3), the required period of time for graphitization in steel specimens 
from primary martensitic matrix structure has been assumed 60hr at 670 C. Figures 4 and 5 illustrate steel 
structure after the graphitization cycle. In this stage the structure mainly consists of ferritic matrix and 
graphite particles in grain boundaries with a few amount of retained carbide in microstructure.
According to the iron-carbon phase diagram and steady state zones of cementite and graphite in the 
experimental steel, austenitising temperature has been assumed a little lower than cementite Acm line. In other 
words, by choosing austenitising temperature at 820 C, we want to control diffusional transformation of 
ferrite and graphite with carbide particles to austenite, which is done thermodynamically according to 
equation 2 to avoid graphite particles dissolution completely.

Fe ( ) + C (Graphite) + Fe3C Fe ( )                                              (2)

Graphite particles are greater and thermodynamically more stable than retained carbides in graphitized 
structure, therefore it can be assumed that in low austenitising temperature (820 C) the carbide phase is 
dissolved more rapidly in austenite. Therefore, if specimens are quenched immediately in water, austenitic 
matrix will be transformed to martensite. If specimens are cooled in air from 820 C, austenite will be 
transformed to pearlite (Figures 6 and 7). It is necessary to explain that carbon will diffuse into austenite due 
to the carbide dissolution and modicum carbon transfers from graphite surface, phases with higher percentage 
of carbon are produced after the cooling stages. These phases remarkably affect hardness and other 
mechanical properties in the final structure.Martensite is transformed to ferrite with small carbide particles by 
tempering the martensitic-graphitic structure at 600 C for 2hr, (Figure 8).

According to accomplished experiments, austenitising temperature of 820 C is not adequate for 
producing bainitic structures; therefore austenitising at 850 C has been applied to achieve appropriate 
conditions. By using suitable dissolution treatment i.e. by choosing austenitising temperature above the Acm
line for 15min, there have been attempts to control austenitising process kinetically. Figure 9 (images 9a and 
9b) illustrates upper bainite structure with martensite. The dark phase is upper bainite which has nucleated 
and grown from high energy zones such as graphite particles-matrix interface. The bainitic transformation is 
not completed, therefore retained austenite in the matrix has been transformed to martensite (bright phase) 
during the cooling stage. As shown in the Figure, the needle like bainitic-ferrite is observed in the 
microstructure.

Table 3 shows hardness variants in steel influenced by heat treatment cycles. The highest hardness is 
related to the martensitic structure before graphitization. Also the lowest hardness is related to the ferritic-
graphitic structure because of growing ferrite grains and annihilating lattice defects after prolonged annealing 
time and also the presence of graphite as a soft phase in the microstructure. Other produced structures have 
hardness values between these two limits. The results show that the hardness of all of the specimens is higher 
than ferritic-graphitic structure. In addition, these structures have a wide range of hardness which can be 
applied according to different conditions and requirements. Similarity of the hardness values in upper and 
lower bainitic structures can be explained by the presence of martensite phase in the area between upper 
bainite and its effect on increasing hardness. This means that insufficient time for completing upper bainite 
transformation causes the enhancement of hardness in this specimen. Due to the increased hardness in other 
structures containing graphite and also unalloyed investigated steel, hardness variation can be a criterion for 
strength values. In other words, increasing strength can be expected by increasing hardness in new produced 
structures with graphite particles compared to ordinary ferritic-graphitic structure.

4. Conclusions

Graphitized steel exhibits good wearing properties due to the presence of graphite phase. However, the 
graphitized steel with a ferritic matrix phase has low hardness and strength which is caused by prolonged 
annealing time. In this research attempts have been done to replace the ferritic matrix phase by other metallic 
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matrixes with superior mechanical properties. To avoid the dissolution of graphite particles in austenitising 
heat treatment of the specimens, this process has been done at a lower temperature being controlled in a short 
period of time.

The results show that all of the new structures produced from graphitized steel exhibit higher 
hardness than the primary graphitized steel.

The structures produced from graphitized steel include a wide range of hardness which can be 
applied according to different conditions and requirements.

Experiments show that by increasing isothermal heat treatment time in bainitic formation range, the 
volume fractions of these phases have been changed remarkably which explains diffusional transformation in 
this range.
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Fig. 5. SEM image from a graphite particle in CK100 steel after graphitization, (related to specimen 3)
.

Fig. 6. Pearlitic-graphitic structure related to specimen 5.
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Fig. 7. SEM image from pearlitic-graphitic related to specimen 5. Pearlite colonies clearly are considered around graphite 
particles.

Fig. 8. Tempered martensite structure consists of small cementite particles in fine grained ferritic matrix related to 
specimen 6.
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Fig. 9. Upper bainitic-graphitic structures related to specimen 7. A; dark phase illustrates upper bainite and bright phase is 
martensite which is produced during specimen cooling in air. B; The same structure with more magnificent. Needle like 
ferrite of upper bainite grows in structure.
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Fig. 10. Lower bainitic-graphitic structure related to specimen 8.
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