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Effect of Chromium Content and Heat Treatment Conditions on the Structure  
of Wear-Resistant White Cast Irons

In this study analyzed, the effects of heat treatment on the structure of white cast iron with different chromium contents 
(28 wt.%Cr to 32 wt.%Cr). To observe changes in the structure and increase its wear resistance, the cast materials were heat treated. 
The heat treatment was carried out in the following order: (1) quenching: two samples of each material were kept in the temperature 
range of 1000℃ for 1 hour and cooled with oil (QT(o)) and forced air cooling (QT(f.a.c.)), (2) tempering at a temperature of 200℃ 
for 2 hours were kept and cooled under the influence of room temperature (QT(c.r.t)). In addition, in order to study the microstruc-
ture of the cast samples and compare their state after the heat treatment process, the samples obtained from each material were not 
subjected to treatment (AC). The microstructures of the materials were analyzed using scanning electron microscopy (SEM), and 
the dimensions of the structural constituents were further processed using the ImageJ software. The obtained results show that the 
microstructure of the samples obtained in the as-cast state mainly consists of primary carbides such as M7C3 and M23C6 and an 
austenitic matrix. As a result of heat treatment, the metal matrix transformed from austenite to martensite, retained austenite phases 
remained, and at the same time, secondary carbides were precipitated throughout the matrix. Among the analyzed materials, the 
best characteristics were demonstrated by the heat-treated and oil-cooled sample with a Cr content of 31%. The second sample 
with a Cr content of 28% showed the worst wear resistance in the as-cast condition.
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1. Introduction

High-chromium cast irons are widely used as wear-resistant 
materials in the mining industry, cement production, and met-
allurgy. Typically, these alloys are based on iron and carbon, 
containing 12-32% Cr and 2.0-3.5% C [1-4]. A chromium con-
tent in the range of 26-30% promotes the formation of eutectic 
carbides in a high fraction within the structure, which ensures 
superior resistance to abrasive wear during rock comminution 
processes. Their microstructure consists of a metallic matrix and 
carbides, where the matrix may be austenitic, ferritic, pearlitic or 
martensitic. Eutectic carbides of the M7C3 and M23C6 types are 
usually present, while hard phases such as M6C, MC, and M2C 
can also form depending on the heat treatment and solidification 
conditions [5,6]. When high-chromium cast iron is poured, so-
lidification initially proceeds through the formation of austenitic 
dendrites. During crystallization, eutectic carbides-mainly of the 
M7C3 and M23C6 types precipitate between the dendrites in a pris-
matic and lamellar morphology. Upon subsequent cooling,  

part of the austenite, which is stable only at elevated tempera-
tures, undergoes transformation into the martensitic phase [3,7].

A number of studies have been conducted by researchers 
to improve the mechanical properties of high-chromium wear-
resistant cast irons. To achieve this goal, various approaches 
have been applied and are still being developed. These include 
the addition of alloying elements or increasing the content of 
existing ones, the optimization of heat treatment technologies, 
as well as the control of grain boundaries through mechanical 
and ultrasonic methods [8-10]. Among these approaches, the 
most widely applied and economically efficient are the modi-
fication of the chemical composition through the addition of 
various alloying elements and the application of heat treatment 
processes. To improve the wear resistance of high-chromium 
cast irons, extensive research has been devoted to the addition 
of alloying elements such as vanadium, molybdenum, tungsten, 
and titanium. These alloying elements exhibit a strong affinity 
for carbon, enabling them to form individual carbides – such as 
Mo2C, WC, and TiC – as well as participate in the development 
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of complex carbide phases together with chromium and iron. 
The presence of such carbides significantly enhances the hard-
ness and thermal stability of the alloy, while also contributing to 
improved resistance against abrasive and impact wear [11,12]. 

However, due to their scarcity and high cost, the addition 
of these elements and the corresponding research processes be-
come rather complex. Alongside the above-mentioned elements, 
manganese is also introduced as an alloying element in wear-
resistant cast irons. Unlike molybdenum, tungsten, or titanium, 
manganese does not form its own carbides; instead, it plays a key 
role in stabilizing the austenite phase and adversely affects the 
hardness of the matrix, thereby reducing the wear resistance of 
materials [13]. 

For this reason, the present study focused on enhancing the 
wear resistance of the material primarily through the utilization 
of existing alloying elements, with chromium selected as the 
key alloying component. At a Cr/C ratio of 10, chromium plays 
a decisive role in the formation of primary and eutectic carbides 
(M7C3 and M23C6), while also promoting the development of 
M6C carbides instead of M₂C carbides [14]. In addition, heat 
treatment techniques aimed at obtaining a martensitic structure 
and promoting the formation of secondary carbides along the 
metallic matrix have also been investigated as an effective means 
of increasing material hardness. Among the different approaches, 
quenching is generally considered the most efficient method 
for hardness improvement. This process is typically carried out 
within the temperature range of 800-1050°C, based on phase 
diagram considerations, followed by rapid cooling in oil, air, 
or water. To relieve the internal stresses induced by quenching, 
a subsequent tempering treatment is applied, usually in the range 
of 200-250°C. The refinement of structural component size and 
distribution, achieved via alloying and heat treatment, is a key 
factor in improving the wear resistance of white cast iron.

2. Methodology

2.1. Material and methods

The chemical composition of the studied samples is pre-
sented in TABLE 1.

TABLE 1

Chemical composition of samples (mass %)

No C Si Mn Cr Mo Ni Cu B Fe
1 2.62 1.00 0,54 31.06 0.10 1.56 0.89 0.006 Ball.
2 2, 58 1.08 0.52 27.98 0.12 1.29 0.30 0.006 Ball.

To cast the samples, 10 kg of cast iron from each material 
was melted in high-frequency induction furnaces at a temperature 
of 1480°C and poured into a sand mold. To test the wear resist-
ance, 10×10×100 mm3 and Ø20×100 mm3 and Ø20×100 sam-
ples were cut from the bottom of the molds (20×20×100 mm3 
and Ø20×100 mm) , the surface was ground on a FORCIPOL 1V 

automated grinding machine and polished with a silicon oxide 
suspension (0.05 μm). To observe changes in the structure and 
increase its wear resistance, the cast materials were heat treated 
in Daihan Scientific furnaces. The heat treatment was carried out 
in the following order (Fig. 1): (1) quenching: two samples of 
each material were kept in the temperature range of 1000℃ for 
1 hour and cooled with oil (QTo), (2) tempering at a temperature 
of 200℃ for 2 hours were kept and cooled under the influence 
of room temperature (QTc.rt). In addition, in order to study the 
microstructure of the cast samples and compare their state after 
the heat treatment process, the samples obtained from each 
material were not subjected to treatment (AC).

Fig. 1. Heat treatment conditions

A Tescan Vega 3 SBH scanning electron microscope was 
used to observe the microstructure of the materials. The me-
chanical properties were tested using Wilson Rockwell 574. 
In this study, the abrasive wear performance of the material 
was determined using the test scheme shown in Fig. 2. The 
sample was placed between a rotating wheel and a holder, and 
a flow of quartz sand with an average diameter of 300 mm and 
a hardness of 1000 HV was passed between them at an impact 
speed of 4.2 g/s for 360 seconds. The abrasive wear results were 

Fig. 2. Schematic diagram of the abrasive testing apparatus
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determined by measuring the mass of the material after work-
ing for the above time. Data processing and graphical analysis 
were carried out using Origin Pro software, whereas ImageJ 
software was used for the measurement and characterization of 
phase dimensions within the microstructures. The analysis and 
construction of the alloys’ phase diagrams were performed using 
Thermo-Calc software.

3. Results and discussion

The results obtained by scanning electron microscope SEM, 
EDS of the samples are shown in Figs. 4-6. Fig. 4 shows the mi-
crostructure of sample No. 1 after casting and after heat treatment 
according to the chemical composition given in TABLE 1. The 
image (4a) shows that the base metal has large grains, and smaller 
carbides such as MC, M23C6 and M7C3 are scattered around 
it [15]. This result is consistent with the structural components 
predicted in the Fe-C-Cr phase diagram. Several researchers 
worked on the crystallization conditions of alloys and the for-
mation of metallic bases and carbides in them, and finally the 
results were summarized by Tabrett et al. [16]. According to the 
conclusions, the crystallization process occurs with the formation 
of austenite dendrites. As the temperature decreases, the residual 
liquid phase approaches the eutectic temperature, consisting of 
M7C3 and austenite. Subsequently, the temperature equal to the 
ambient temperature leads to the preservation of metastable 
austenite. This is explained by the presence of a large number 
of alloying elements and carbon, which leads to the formation of 
pearlite in the structure and a drop in the formation temperature 
of general martensite below zero [17].

The dark phases visible in the second image (4b) are car-
bides of arbitrary shape and size. The carbides are quite large and 
have different shapes, indicating different growth conditions. We 
can see that these types of carbides are usually M7C3 or M23C6 
type carbides. Their size and uneven distribution, rapid growth 

of carbides indicates a strong effect of heat treatment. Such 
a structure may increase the difficulty of machining, but under 
abrasive wear conditions, M7C3 carbides with a cross section 
parallel to the wear surface show excellent resistance.

In the microstructure after heat treatment, secondary car-
bides can be seen that form on the surface of the metal base. 
Their types depend on the alloying elements added. This helps 
to act as a barrier between the surface and the material. 

In the study of alloys, the design process plays a crucial 
role. Below are the phase diagram analyses of the investigated 
alloys obtained using the Thermo-Calc software (Fig. 3). In these 
figures, the carbon content is considered as a variable, while the 
remaining alloying elements are fixed according to the selected 
composition. It can be observed that the phase diagrams reveal 
certain similarities. The phases and their types, which evolve with 
changes in temperature ranges and carbon content, are presented 
separately in each diagram.

In both diagrams, it can be observed that the metallic ma-
trix consists of austenite and ferrite, while the primary carbides 
formed are M23C6 and M7C3. The type of metallic matrix phase 
depends on the solidification conditions. Depending on the heat 
treatment environment and temperatures, in addition to the pri-
mary carbides, secondary carbide phases may also form along 
the surface of the metallic matrix. These secondary carbides 
are not represented in the phase diagrams but can be identified 
through microstructural analysis.

Based on the Fe-C-Cr phase diagram (Fig. 3), it can be 
said that the microstructure of castings obtained from this type 
of white cast iron consists of eutectic carbides, ferrite and aus-
tenite [18]. The microstructures (Figs. 4-6) represent a hypoeu-
tectic composition consisting of eutectic carbides and primary 
austenite dendrites. According to researchers [19], the matrix 
of high-chromium white alloy cast iron usually changes from 
austenite to martensite during heat treatment. However, a small 
amount of residual austenite can be found in the microstructure 
even after heat treatment.

a)	 b)

Fig. 3. Phase diagrams based on the Fe-C-Cr system. a) alloy No. 1. b) alloy No. 2
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Fig. 4. Microstructure of alloy No. 1. a) in the cast state, b) heat-treated, cooling medium after heat treatment – oil

Fig. 5. Microstructure of alloy No. 2. a) as cast, b) heat-treated, cooling medium after heat treatment – oil

Fig. 6. Microstructures of alloys after heat treatment. a) No. 1. b) No. 2. Cooling medium – air
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According to Yilmaz [20] and others, the property of materi-
als with significant resistance to abrasive wear is achieved due to 
high hardness, but in some cases, control of residual austenite in 
the metal base after heat treatment serves to achieve a sufficient 
level of strength. In addition, the high resistance of white cast 
irons with a high chromium content to abrasive wear can be due 
to the formation of special carbides in the structure, uniformly 
and dispersed over the surface of the metal base. From the mi-
crostructures obtained using SEM, it is evident that a sufficient 
number of carbides are highlighted in all images.

Regardless of the amount of Mn, Mo and Ni in the alloys, 
carbide М7С3 was precipitated in all samples. Since the atomic 
radius of Mn and Cr is close to the radius of Fe, they occupy 
a position replacing iron in the crystal lattice of the formed 
carbide. Manganese is a carbide-forming element, in addition, 
it dissolves in austenite to the solubility limit, and the remaining 
part serves to precipitate carbides of the М7С3 type and does not 
form its own carbide [19]. The microstructure shown in Fig. 4a) 

shows that the sizes of the structural components after casting 
and the areas of austenite dendrites are large. 

The EBSD (Electron Backscatter Diffraction) analysis re-
sults obtained by scanning electron microscopy are presented in 
Fig. 7a). According to the phase diagrams of the alloys, it is rec-
ognized that mainly M7C3 and M23C6 carbides are formed in their 
microstructure. However, according to these microstructural 
analysis results, in the microstructures of the as-cast sample 
No. 1, a very small amount of BCC phase at the grain boundaries 
and (presumably) secondary CrC carbides formed in the metal 
matrix can also be observed. The formation of these secondary 
precipitates may be related to rapid solidification conditions. The 
quantitative phase analysis revealed that the microstructure of the 
studied sample consists predominantly of FCC iron (62.43%), 
with smaller fractions of BCC iron (3.99%). Among the car-
bide phases, Cr7C3 constitutes 30.09%, CrC 2.64%, and Cr23C6 
0.85% of the volume. These results indicate a microstructure 
dominated by austenite with significant primary and secondary 

a)	 b)

c)	 d)
Fig. 7. EBSD analysis (a) and crystallographic orientation of grains (b), (c), and (d)
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carbide precipitations, which are expected to strongly influence 
the material’s hardness and wear resistance.

The microstructural images acquired by SEM were further 
analyzed with ImageJ software to determine the size distribu-
tion of the surface-dispersed phases (carbides/dendrites). For 
Sample No 1 in the as-cast condition, the average phase size 
was relatively small (Mean ≈ 2.007 µm2), while the distribution 
was highly dispersed (SD = 21.870 µm2), indicating the coexis
tence of both very fine (Min = 0.072 µm2) and extremely coarse 
phases (Max = 762.066 µm2). These indicators may depend on 
the crystallization process. After heat treatment followed by oil 
quenching, the mean phase size slightly increased (2.268 µm2), 
but the distribution range became narrower (SD = 14.057 µm2, 
Max = 258.327 µm2), which suggests partial homogenization 
of the microstructure. In contrast, air cooling led to a lower 
mean size (1.339 µm2) but with the widest distribution range 
(SD = 25.530 µm2, Max = 1430.440 µm2), implying the forma-
tion of larger secondary carbides along the matrix boundaries. 
For Sample No 2 in the as-cast state, the mean phase size was 
significantly larger (18.337 µm2), accompanied by a broad 
distribution (SD = 52.544 µm2, Max = 934.368 µm2). After 
heat treatment with oil quenching, the mean size decreased 
considerably (4.591 µm2), and the distribution narrowed 
(SD = 19.118 µm2, Max = 450.532 µm2), pointing to the re-
finement of carbides. When cooled in air, the mean size was 
reduced further to 2.177 µm2 with a very limited distribution 
range (SD = 6.837 µm2, Max = 167.548 µm2), which indicates 
that slow cooling promoted a more uniform dispersion of phases 
compared to the as-cast state.

Fig. 8. Hardness of materials in the as-cast state and after heat treatment

Fig. 8 presents the hardness values of the materials in both 
the as-cast condition and after heat treatment. In the as-cast state, 
the hardness of Sample 1 (54HRC) is higher compared to Sam-
ple 2 (50HRC), which can be attributed to the higher chromium 
content and the formation of carbides due to the interaction of 
Cr and C. After heat treatment followed by quenching in oil, the 

hardness values of the samples show almost no significant differ-
ence. This is explained by the sufficient formation of carbides in 
both samples and their relatively uniform dispersion within the 
matrix. In addition, according to the hardness of the alloys and 
SEM images, it can be noted that, along with martensite, residual 
particles of austenite are present in the metal base.

After heat treatment followed by air cooling, the EDS 
analysis of the phase constituents was performed for Sample 1 
(Fig. 9). The elemental composition and their relative fractions in 
the corresponding phases are presented in detail in TABLE 2. The 
microstructural analysis revealed the presence of both primary 
and eutectic carbides, distinguished by their darker and lighter 
contrast, respectively, while secondary carbides were observed 
precipitating along the matrix surface. Energy-dispersive X-ray 
spectroscopy (EDS) analysis.

Fig. 9. Spectral analysis of alloy No. 1

TABLE 2

Elemental distribution in spectra (mass %)

Spectrum 
Label C Si Cr Mn Fe Ni Cu Total

S 1 12.67 67.14 20.19 100
S 2 9.15 58.62 31.7 0.53 100
S 3 1.34 23.43 73.03 2.2 100
S 4 12.78 67.01 20.2 100
S 5 9.38 58.28 31.74 0.59 100
S 6 1.23 20.18 0.47 74.8 2.43 0.89 100

The distribution and states of each added chemical element 
are shown in Fig. 10, which shows the EDS results. In order to 
determine the chemical composition of the metal base and car-
bides located on the surface, a heat-treated and oil-cooled sample 
of alloy 1 was obtained by point and volume analysis using EDS 
and SEM methods. To ensure the reliability of the results, the 
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analyses were carried out 5 times from different points on the 
sample surface, the results are presented in TABLE 2. The image 
shows that the spectra S1 and S4 are separated by dark color and 
C (12.67%), Cr (67.14%), Fe (20.19%) are shown as the main 
elements. There are high concentrations of carbon and chromium 

in this spectrum. The spectra S2 and S5 are lighter compared 
to the above-mentioned phases, and the elements C (9.15%), 
Si (58.62%), Fe (31.7%) are high, and Ni is also found in small 
amounts in this phase. The S3 and S6 spectra show a metallic 
matrix, the main elements of which are C (1.34%), Cr (23.43%) 

Fig. 10. Distribution of chemical elements in the microstructure of chromium content Cr 31% material according to SEM-EDS analysis
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and Fe (73.03%). At this site, iron is highly concentrated and 
chromium is relatively low. The appearance of small amounts 
of Cr may be due to the formation of secondary carbides, and 
the abundance of Fe may indicate an iron-based phase, possibly 
martensite or austenite [21].

Wear characteristics. During the crystallization process in 
multi-component high-carbon cast irons, prismatic or rhombic 
carbides M7C3 and lamellar carbides M23C6 are may be formed. 
According to the Thermo-Calc program, carbides M7C3 and 
M23C6 are formed in the eutectic state, but according to the 
phase diagrams associated with the practice of scientists, multi-
component white cast iron has a basic chemical composition that 
begins to harden due to the crystallization of primary austen-
ite [22]. Then, carbide M7C3 is formed as the first eutectic, and 
then carbide M23C6 is formed as the secondary or final eutectic. 
Carbide MC retains its shape in the structure of the cast part in 
annealed samples, but carbides M2C are absent in the annealed 
samples. Instead, the M6C carbide is formed together with the 
M7C3 and MC carbides in configurations similar to the M2C 
phase shape. In this paper, this is explained by the formation of 
M7C3 carbides at the boundaries of the metal base and M23C6 
as a result of increasing the heat treatment temperature. During 
wear testing, the samples exhibited the following wear behavior. 
In the as-cast condition, the wear rate of Sample 1 was nearly 
twice that of Sample 2. This behavior is explained by the fact 
that the metallic matrix is fully austenitic in this structure and 
eutectic carbides have formed, acting as a barrier to wear. Among 
the heat-treated specimens, the sample with 31 wt.% Cr that was 
oil-quenched demonstrated the best wear resistance. In contrast, 
cooling Sample 2 by air flow after heat treatment produced the 
poorest wear performance among the heat-treated samples. This 
phenomenon shows that the hardness of materials is not always 
proportional to their abrasive wear indices. In high-chromium or 
multi-component wear-resistant cast irons, the metallic matrix 
is typically austenitic, and under heat treatment the austenite 
partially transforms into martensite. 

Fig. 11. Correlation between abrasive wear and microhardness of 
materials

In the present study, the austenitic matrix was observed to 
have partially transformed into martensite. This transformation is 
also reflected in the hardness and microhardness measurements. 
The microhardness results show that Sample 1 in the as-cast state 
exhibited 554 HV1, while Sample 2 showed 509 HV1. After heat 
treatment and oil quenching, these values increased to 804 HV1 
and 748 HV1, respectively. This phenomenon is associated with 
the reduction of carbon content in the matrix during tempering, 
caused by the precipitation of secondary carbide phases. The cor-
relation between wear test results and microhardness parameters 
indicates that, with increasing microhardness, the degree of wear 
progressively decreases (Fig. 11).

4. Conclusion

In this study, abrasion tests were conducted on heat-treated 
wear-resistant white cast iron with high chromium content in 
different amounts. Based on the above results and analysis, the 
following conclusions were drawn:
1.	 The microstructure of the wear-resistant cast iron with 

31% Cr and 2.6% C is dominated by an austenitic matrix 
(62.43%), with minor ferrite at grain boundaries (3.99%) 
and a significant fraction of primary prismatic Cr7C3 
carbides (30.09%). Secondary carbides, including Cr23C6 
(0.85%) and CrC (2.64%), are also present, indicating a 
microstructure that combines high austenite content with 
reinforcing carbide precipitations, which is expected to 
enhance hardness and wear resistance.

2.	 The heat-treated microstructure consists of a metal matrix 
composed of martensite and retained austenite, along 
with eutectic and secondary carbide phases. Furthermore, 
quenching with air cooling leads to a non-uniform metal 
matrix, resulting in a dendritic morphology.

3.	A n increase in chromium content leads to an enhancement 
of the hardness and microhardness of the alloy. This effect 
is primarily attributed to the formation of chromium–carbon 
carbides and the corresponding increase in their volume 
fraction.

4.	 The first sample with a high chromium content (31.06% Cr, 
2.62% C) exhibited the lowest wear rate in all conditions. 
In particular, the heat-treated and oil-quenched material 
demonstrated the best tribological behavior across all tested 
conditions. 
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