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Nowadays, the concept of high entropy alloys (HEAs) has expanded the limits of metallurgy and 
high-quality metallurgical HEAs ingots have already been successfully obtained on an industrial scale. 
High Chromium Cast Irons (HCCI) and Multi-Component Cast Irons (MCCI) are known to be a useful 
material for applications when abrasion resistance is required. Inspired by the concepts of high-entropy 
alloys, a base HCCI was modified, by adding other carbide-forming elements, at concentrations higher 
than what is currently used, in order to develop a new class of white cast iron, High Entropy White 
Cast Iron (HEWCI). The characterization of carbides precipitated during the HEWCI solidification was 
performed by scanning electron microscopy, energy dispersive spectroscopy, electron backscattered 
diffraction (SEM/EDS/EBSD) and X-ray diffraction (XRD). With the characterization techniques 
employed, the as-cast microstructure obtained of HEWCI is composed of approximately 50% of 
austenite matrix and 50% of different types of carbides, MC, M7C3 and M2C carbides.

Keywords: High entropy alloys, High Chromium Cast Irons, Multi-component Cast Irons, 
Carbide-forming elements.

1. Introduction
High Chromium Cast Irons (HCCIs) and Multi-Component 

Cast Irons (MCCI) are resistant materials used in applications 
in specific environments, including hot working mill rolls 
in the steel industry and pulverizing mill rolls in the mining 
and cement industry1-3. The superior resistance to abrasive 
wear is mainly the result of their high-volume fraction of 
hard carbides. MCCI and HCCI alloys contain alloying 
elements such as Cr, V, Mo, W, Nb, and their C content is 
relatively higher than some of the high-speed tool steels. 
Hard Carbides MC, M2C, M6C, M7C3 can be precipitated as 
proeutectic and/or eutectic carbides during solidification3,4. 
Due to the demands for upgrading productivity and improving 
the quality of products, new types of abrasion-resistant 
alloys have been developed to replace and promote better 
performance than conventional materials1-4.

Through the history of metallurgy, the development 
of metallic alloys has been modeled based on the ‘base 
element approach’, where one principal element act as the 
matrix and other elements are incorporated for property/
processing enhancement5. Recently, Cantor  et  al.5 and 
Yeh  et  al.6, in independent researches, proposed a new 
alloy design concept. A novel approach for alloy design 
is motivated by the exploration of the uncharted central 
regions of multicomponent phase diagrams and it involves 
the mixing of multiple elements, five or more, resulting in 
the so-called “High Entropy Alloy”.7,8

Originally the HEAs concept was based on the search 
for single-phase solid solutions alloys modeled as an ideal 

solution, therefore, the configurational entropy per mole 
could be expressed as:

conf i iS   R  x lnx∆ =− Σ 	 (1)

where R is the gas constant and xi is the mole fraction of the 
ith element. Based on Eq. (1) it is possible to conclude that 
the alloy configurational entropy increases as the number 
of alloy elements increases. Considering the first criteria of 
Yeh et al., the minimum number of major elements in HEAs 
is five, where, at five-element equiatomic alloys the ∆Sconf 
is 1.61 R. Based on this, a boundary condition of ∆Sconf 
1.5 R was defined as a reasonable lower limit for HEAs7-11.

However, since the first studies, most of the recent 
researches is based on multi-phase HEAs, not included by 
the first definition. For this reason, to expand the frontiers of 
the HEA research field new terms were defined, as Complex 
Concentrated Alloys, Multi-Principal Element Alloys (MPEAs), 
and Entropy-Enhanced Conventional Alloy (EECA). These 
news terms are more inclusive and cover a greater number 
of alloy chemical compositions and microstructures8,12-15.

The approach of solute entropy enhancement has been 
applied to conventional alloys to develop various high-entropy 
steels and high-entropy cast iron. Raabe et al.16 designed 
high entropy steels based on the Fe-Mn-Al-Si-C system 
introducing solutes to the Fe-Mn-C system and achieving a 
single-phase homogeneous FCC phase. A different strategy 
was introduced by Pushin  et  al.17 where a new type of 
high-entropy steel was designed by alloying many strong 
carbide-forming elements (Cr, Mo, W, and V) to the Fe-C *e-mail: willian.pasini@ufrgs.br
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system at the same time. A similar modification was made 
by Wang et al. to white cast iron15-17.

Y.P. Wang and co-workers proposed to modify the 
chemical composition of conventional Hypereutectic and 
Hypoeutectic High Chromium Cast Iron (HCCI) based on 
the basic concepts of High Entropy Alloy to develop the 
hybrid HCCI with better wear resistance in comparison with 
traditional HCCI18,19. However, the hybrid HCCI developed 
by Wang et al., was formed for 5 or more major elements 
and did not achieve ∆Sconf>1.5R.

Currently, high-quality industrial-scale HEA ingots were 
successfully obtained by the casting process. However, in 
most of these cases, these alloys are produced in furnaces 
with an inert atmosphere chamber, to avoid liquid metal 
contamination. For this reason, the development of HEAs for 
casting in the air atmosphere offers ease of fabrication and 
use of HEAs as engineering materials and, simultaneously, 
makes the production of HEAs more cost-effective20,21.

In this study, the High Entropy Alloy approach was 
applied to modify a High Chromium Cast Iron, by adding 
a high quantity of carbide-forming elements to the material, 
including V as a strong carbide former and Mo as a less strong 
carbide former. In order to achieve an Entropy-Enhanced 
Conventional Alloy, the atomic concentrations of carbide 
formers added to molten metal were intentionally higher 
than what has conventionally used. Carbides former (Cr, 
V, and Mo) were added at atomic fraction superior to 5% 
in agreement with high entropy concepts. This study was 
focused on alloy design and analysis of phases precipitated 
during the solidification of a new abrasion-resistant alloy 
called in this work High Entropy White Cast Iron (HEWCI), 
with a configuration entropy at liquid state superior to -1.5R.

2. Materials and Methods
To achieve the chemical composition of the HEWCI, 

the alloying elements Cr, Mo, Mn, V, Nb, and Co were 
added to the melt of hypoeutectic HCCI scrap in the form 
of Fe-Cr, Fe-V, Fe-Mo, Fe-Mn, Fe-Nb, pure Co and carbon 
source in an 8 kg-capacity coreless induction furnace without 
protection atmosphere. The melt was subsequently heated up 
to 1500°C and removal of any dross or slag was performed. 
The alloy was poured at 1450ºC in a thermal-analysis sand 
cup instrumented with Type-K thermocouple, with an aim to 
obtain the cooling curve and the sequence of phases formed 
during solidification by the cooling curve analysis. The alloy 
composition and configurational entropy of mixing at liquid 
state are shown in Table 1.

The identification of precipitated phases was performed 
using X-ray diffraction (XRD) analysis using a diffractometer 
with monochromatic Cu Kα radiation. The 2θ scan angles 
varied from 5° to 120° and current and voltage settings 
were 30mA and 40KV. The microstructure of the alloy was 
examined using Scanning Electron Microscopy (SEM). SEM 

analysis was performed in two different microscopes using 
different techniques such as secondary electrons images 
(SEI), Electron Back-Scatter Diffraction (EBSD) maps, IQ 
pattern quality maps, X-ray mapping performed at a Zeiss 
Auriga Field Emission Gun SEM and back-scattered electron 
images (BSE). The chemical composition of the isolate 
carbides was analyzed by EDS at Zeiss EVO 10 MA SEM.

EBSD maps and IQ pattern maps techniques were applied 
in order to quantify and separate the phase fraction on the 
microstructure of as-cast sample. To analyze the distribution 
of various elements within and between the austenite dendrites 
as well as eutectic carbides, X-ray mapping, line scan, area, 
and point EDS analysis was performed.

3. Results and Discussion

3.1. Microstructure characterization
Microstructure observations obtained by electron 

microscopy (Back-scattered Electron Image) revealed the 
presence of four distinctive constituents, as shown in Figure 1.

Figure 2 shows the results of phase identification by 
X-ray diffraction (XRD) on the as-cast alloy. The XRD results 
show peaks of austenite and carbides MC, M2C, and M7C3. 
EBSD maps and IQ pattern maps techniques were applied 
in order to quantify and separate the phase fraction on the 
microstructure of as-cast sample, as exemplified by Figure 3.

The average fraction and description of the morphology of 
each phase of the as-cast specimen at three different regions 
of the sample are summarized in Table 2.

According to the microstructures and XRD results, M7C3 
carbide (red in Figure 3) shows two different morphologies, 
which started with the formation of a rod-shaped primary M7C3 
carbide(proeutectic), followed by an eutectic transformation 
that results in the formation of M7C3 with fine morphology 
(Blade-like), as can be seen in Figure  4. The carbide 
morphologies presented at HEWCI are in accordance with 
the results from Doğan et al.1 and Liu et al.22.

Morphology of the MC carbide is normally classified 
into 4 types of morphology: dendritic/chunky of primary 
carbides and petal-like, nodular and coral-like types for 
eutectic carbides23. The M2C carbide is classified into 
two categories of eutectic, regular-complex eutectic with 
lamellar/fibrous morphology and irregular eutectic with 
plate-like morphology23-25. The type and morphology of 
carbides depends on chemical composition of liquid metal, 
particularly carbon and vanadium, as well as molybdenum 
and other carbide formers.

3.2. Solidification path and Thermo-analysis
A cooling curve of the HEWCI is shown in Figure 5. On 

the cooling curve, three reactions, arrest points indicated by 
R1, R2, and R3, appeared at 1286°C, 1187°C, and 1156°C, 
respectively. The determination of the solidification reaction 

Table 1. Chemical composition of cast alloy.

C Cr Mo V Mn Si Co Nb Fe ΔSconf (*)
%Wt 3.45 21.4 11.15 7.3 6.3 1.8 2.0 0.6 45.9 -
%At 14.4 20.6 5.8 7.1 5.7 3.1 1.7 0.3 41.3 -1.68R
(*) ΔSconf calculated based on Equation 1.
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at each arrest point was carried out by observing the 
carbides morphologies (obtained as-cast microstructure) 
and comparing it with thermal-analysis of solidification 
sequence of multi-components cast iron and high-chromium 
previous published4,23,26-28.

The results of XRD analysis show peaks of austenite 
and MC, M7C3, and M2C carbides. Vanadium and niobium 
act as strong carbide-forming elements, since, traditionally, 
they form stable MC carbide at elevated temperatures in 
equilibrium with the liquid. Temperature range of MC 
(vanadium-rich carbides) precipitation in Multi-component 
cast irons was investigated by Wu et al.27, Sasaguri N26, and 
Matsubara Y4 in previous studies which evaluated different 
chemical compositions of a multi-component system with a 
high content of vanadium (5-10% wt). The results indicated 
the MC precipitation temperature occurs above 1300°C, as 
summarized in Table 3.

High Chromium Cast Irons (HCCI) were investigated in 
previous studies by Thorpe and Chicco28, and a metastable 
liquidus surface to Fe-Cr-C system has been experimentally 
determined using Differential Thermal Analysis technique 
during heating and cooling on alloys with a predetermined 
chemical composition (up to 40% wt. Cr and up to 6% wt. C). 
The determination of the precipitated phase in R1 reaction was 
carried out by construction of atomic percentage metastable 
Fe-Cr-C liquidus surface diagram, showed in Figure 6, with 
predetermined chemical composition range (5 to 25% at. Cr 
and 10 to 20% at. C). The analysis of chromium and carbon 
plotted on the metastable Fe-Cr-C liquidus surface diagram 
is detailed in Figure 6b.

Figure 1. Back-scattered Electrons image of as-cast HEWCI 
microstructure.

Figure 2. Identification of austenite, MC, M2C and M7C3 phases 
by DRX.

Table 2. Phase fraction according EBSD Map and Phase Morphology.

Austenite MC M7C3 M2C Zero solutions
Phase Fraction (%) 
average 47.4 ±1.5 8.7±0.6 31.6±1.5 7.3±0.9 5.1±0.5

Morphology Dentritic Dendritic Rod-Like Fibrous
Eutectic Chunky Blade-Like

Figure 3. Result of EBSD mapping (A-B-C) and IQ pattern (D-E-F) techniques – (M7C3 red, MC – Blue, M2C– yellow, Austenite – green).
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Figure 4. Morphology of Primary M7C3 and Eutectic Carbides.

Figure 5. A thermal analysis curve (top) and schematic representation of solidification stages of HEWCI (bottom) edited by EDS mapping 
of V and Fe concentrations; A) representation of MC proeutectic carbides; B) representation of M7C3 proeutectic carbides; C) representation 
of M7C3 eutectic carbides; D) As-cast HEWCI microstructure with all phases, including M2C and austenite.
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Table 3. MC carbide precipitation temperatures in Multi-Component 
Cast Iron.

Alloy Composition 
[%wt]

V 
[%wt]

Temperature 
[°C] Ref

Fe-3C-5Cr-2Mo-5Co 5 1315 22

Fe-3C-5Cr-2Mo-5Co 9 1380 22

Fe-4C-5Cr-6Mo-5W 5 1385 21

Fe-4C-5Cr-2Mo-2W 5 1385 21

Fe-3C-5Mo-5W 10 1350 4

Table 4. Possible solidification sequence.

Temperature Propable phases transformations
<1300°C L1 – MC(pro-eutectic)+ L2

1286°C L2– M7C3(pro-eutectic) + L3

1187°C L3 – γ + M7C3(eutectic) + L4

1156°C L4 – γ + M2C

Figure 6. a) atomic % metastable Fe-Cr-C liquidus surface diagram 
(austenite and M7C3regions) b) Detailed view of isotherms near of 
region of interest (HEWCI chemical composition).

On the solidification behavior of high chromium cast 
iron and multi-component cast iron, during the growing of 
austenite dendrites, molybdenum is severely rejected into the 
liquid, enriching the interdendritic region and promoting the 
precipitation of Mo carbides at a lower temperature eutectic 
reaction. The Mo additions to High Chromium Cast Irons 
lead to the formation of M2C or M6C type carbides depending 
on the Cr/C ratio29-31.

The HEWCI presents a Cr/C ratio equal to 6.2 and the 
content of Mo dissolved in the alloy is around 11% wt. These 
values are similar to the data published by Ikeda et al.31. In 
these previous studies, Cr/C ratio is equal to 6.5, Mo content 
of 9.5% wt., and the last liquid to solidify results in an 
eutectic transformation with austenite and Mo2C at 1160°C.

By comparing the reaction temperatures published in 
previous studies regarding solidification of Multi-Component 
Cast Iron and High Chromium Cast Iron, the cooling curve 
of HEWCI, and the phases presented at XRD results, it is 
possible to consider the solidification sequence of the HEWCI 
as summarized in Table 4.

The temperature of the first solidification reaction was 
not detected at thermal analysis since the data acquisition 
rate used during the measurement was insufficient for the 
accurate determination of the first inflection within the time 
interval and the type-K thermocouple used in the measurement 
did not guarantee the accuracy for the range above 1300°C.

The precipitation reaction of M7C3 (pro-eutectic) carbide 
from the liquid L2 is a strong candidate for the TR1 inflection 
at 1286°C. The first eutectic reaction, precipitation of 
austenite dendrites and M7C3 (eutectic) from the liquid L3, is 
a candidate for the TR2 inflection at 1187°C. TR3 is a candidate 
to represent the beginning of the L4 eutectic transformation 
in M2C and austenite.

3.3. Analysis of carbides
Considering the three types of carbides, MC, M2C, and 

M7C3, the chemical composition distribution showed in 
Figure 7 and the phases indexed at EBSD maps, it is possible 
to observe a partial solubility of carbide-former elements at 
one or more carbides, e.g. Mo has a partial solubility at MC 
carbides, however, the solubility of V in M2C carbide is lower.

The chemical composition of the carbides was analyzed 
by EDS. Points and areas selected for the measurements are 
indicated in Figure 8. Table 5 shows the composition range 
of the investigated phases. Figure 9 shows the results of an 
EDS line scan along with different carbides and the mean 
composition of carbides considering the principal carbide-
forming elements.

As expected, the carbides in the HEWCI are enriched 
with vanadium, chromium, and molybdenum, because these 
elements have a higher affinity for carbon than iron. The pro-
eutectic (V, Nb)C and M7C3 carbides and the eutectic M7C3 
and M2C carbides were depleted in iron in comparison with 
the matrix, which is in an agreement with data in Table 3 
and Figure 8. During the formation of austenite dendrites, 
molybdenum is rejected into the liquid, enriching it and 
promoting the precipitation of M2C carbide (high Mo phase) 
at a lower temperature eutectic reaction. According to the 
results at EDS Line, EDS analysis (Figure 9), the austenite 
region has low Mo concentration.

At the metastable Fe-Cr-C liquidus surface, the proeutetic 
carbide starts to precipitate at temperatures around 1270 °C. 
Considering the morphology of primary carbides showed 
in Figure 4 and the analysis based on atomic % metastable 
Fe-Cr-C liquidus surface diagram, TR1 inflection on the cooling 
curve indicates the precipitatio n of primary M7C3 carbides.
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Figure 7. Chemical composition of X-ray mapping.

Table 5. Range of chemical Analysis (EDS) of Carbides.

C Cr Mo Nb V Mn Si Fe
MC 
proeutectic

Min 46.95 4.73 3.94 2.56 26.97
- -

0.57
Max 56.97 7.70 5.98 5.93 35.71 1.05

M7C3 
proeutectic

Min 36.13 29.51 2.06
-

8.73 3.90
-

17.36
Max 37.96 30.57 2.19 9.33 4.34 17.68

M7C3 
eutectic

Min 35.97 26.27 3.24
-

6.55 4.74
-

18.00
Max 40.56 28.40 4.08 7.74 5.33 19.32

M2C 
eutectic

Min 24.22 11.32 9.40
-

2.00 6.74 6.46 34.04
Max 26.88 12.80 10.41 2.59 7.58 7.27 36.80

Figure 8. Selected and spotted areas for EDS Analysis - Red marks for M7C3 carbides, Green marks for M2C carbides and Blue marks 
for MC carbides.
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Literature reports indicate the addition of carbide-forming 
elements, at concentrations higher than what is currently 
used, can affect the solidification path and the chemical 
composition of carbides in abrasion-resistant cast irons. The 
compositions of primary M7C3 and eutectic M7C3carbides 
present in HEWCI are different from the ones suggested by 
the Fe-Cr-C system due to the addition of carbide-forming 
elements, V and Mo. The Cr and Fe composition in proeutectic 
and eutectic M7C3 carbide decrease with the increment of Mo 
and V for this composition. This behavior was also described 
by previous research of Yamamoto et al.32, Chung et al.33 
and Filipovic et al.34.

4. Conclusion
In order to develop a new class of abrasion-resistant 

cast iron, merging concepts of high entropy to conventional 
metallurgy of high chromium cast iron a modified alloy with 
more than five carbide-forming elements and configuration 
entropy at liquid state superior to -1.5R, was produced in an 

Figure 9. Corresponding chemical profiles along different carbides and matrix.

induction coreless furnace. The solidification and carbides 
analysis of a complex concentrated alloy, called in this work 
as High Entropy Cast Iron (HEWCI), have been studied. 
The results are summarized as follows:

1.	 MC carbide with a face-centered cubic lattice 
structure, M7C3 carbide with an orthorhombic 
lattice structure and M2C with hexagonal lattice 
structure was formed during solidification. Their 
lattice structure of carbides was indexed by XRD 
and EBSD techniques.

2.	 The cooling curve of HEWCI and phases indexed 
by diffraction techniques indicate that the possible 
solidification sequence of the HEWCI is: L1→ MC 
+ L2 (TR not detected) → L2→ M7C3 (pro-eutectic) 
+ L3 (TR1 at 1286 °C) →L3→γ + M7C3 (eutectic) + 
L4 (TR2 at 1187 °C) →L4→γ + M2C (TR3 at 1156 °C).

3.	 A combination of BSE imaging, EDS and EBSD was 
capable to identify, analyze and quantify different 
phases in the microstructure. MC, M7C3 and M2C 
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carbides were characterized and the final HEWCI 
as-cast microstructure is composed of approximately 
50% of austenite and 50% of different carbides.
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