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Abstract  In this study, two high chromium cast irons 
(HCCI) with different chromium content (15%Cr and 
25%Cr), in as-cast and annealed conditions (heat-treated, 
HT), were tested to determine the erosion wear behavior of 
these alloys. Erosion tests were done using a gas blast sand 
facility with high erodent particle velocity (90 m/s) and high 
erodent feed rate, at an impact angle of 45°, which represents 
conditions similar to service conditions of some components 
of thermal power plants using pulverized high mineral con-
tent coals. To identify erosion mechanisms, microstructural 
characterization was done by a scanning electron microscope 
on samples before and after erosion tests. Identification of 
microstructural phases was done by X-ray diffraction analy-
sis. The main results of the tests shown in this paper indicate 
that matrix plastic deformation and distribution of carbide 
phase have a significant contribution to erosion resistance of 
HCCI alloys in severe erosion service conditions.
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1  Introduction

Erosion wear of materials is caused by the relative move-
ment of solid particles and the surfaces of components. Such 
erosive wear can lead to the failure of industrial components 
in a very short time and/or a sharp decline in the structural 
integrity of industrial equipment. One example is severe ero-
sive/abrasive wear of pulverized coal thermal power plant 
(TPP) components caused by ash with high mineral content 
[1]. In this regard, any improvement in the erosion resist-
ance of materials represents a significant improvement in the 
extension of the service life of such components [2].

The materials used in this erosion wear behavior study 
are high chromium cast irons (HCCI), and well-known com-
mercial alloys used in industrial plants exposed to severe 
erosive/abrasive wear conditions are present. These alloys 
showed very high resistance to erosion mainly due to the 
presence of hard eutectic carbides in the matrix [3, 4]. The 
erosion wear behavior of high chromium cast irons with 
various Cr content and microstructure is extensively stud-
ied but mostly using much lower erodent particle velocity 
than in this study (90 m/s) [5–8]. The solid particle erosion 
behavior of HCCI alloys strongly depends on the applied 
heat treatment, obtained size and distribution of secondary 
carbides, erodent impingement angles, and the type of pow-
der used for the erosion test [6, 7]. These parameters also 
define the general materials loss and the various dominant 
erosion wear morphologies and mechanisms of HCCI alloys 
[7, 8]. It seems that in order to define optimal heat treatment 
to improve erosion wear behavior of HCCI needs compre-
hensive investigations of the effect of heat treatments on 
the microstructure, distribution and amount of primary and 
secondary carbides, toughness, hardness, and finally, erosion 
wear resistance of various HCCI [8].
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The difference in erosion resistance of ductile and brit-
tle materials is most pronounced from the aspect of mass 
loss at a different impact angle of erodent particles during 
erosive wear. The highest mass loss for brittle materials is 
obtained at the impact angles of erodent particles close to 
90° [9, 10]. Contrary, the maximum mass loss for typically 
ductile materials is observed at approximately 45° impact 
angle [11]. The erosive wear is most affected by material 
hardness, as well as (1) type of fluid (density and ambient 
pressure, corrosivity, temperature, etc.) [12–14]; (2) type of 
erodent (density, shape, size, and hardness); (3) fluid flow 
(impact angle, particle velocity, and kinetic energy) [15, 
16]; and (4) material properties (fracture toughness, residual 
stress, microstructure, and surface roughness/treatment) [3, 
4, 11, 17].

Fe–Cr-C alloys have superior erosion/abrasion wear 
resistance in severe operating conditions [18]. Several 
types of carbides are present in the Fe–Cr–C alloys, such as 
(Fe,Cr)3C, (Fe,Cr)7C3, (Fe,Cr)23C6, and (Fe,Cr)3C2 [3, 19]. 
As the chromium (Cr) content increases, the type of eutectic 
carbide in Fe–Cr–C alloys changes from M3C to M7C3 type 
[4]. Eutectic carbides of M3C type are present in unalloyed 
or alloyed white cast irons with lower Cr content (< 5%) and 
up to 2% C, while with the increase of chromium content 
up to 8–10%, eutectic carbides become less continuous and 
fracture toughness improves [3]. The form of eutectic car-
bides changes to discontinuous type M7C3 with Cr > 10%, 
while for Cr > 30% chromium carbides of the (Cr, Fe)23C6 
type typically appears [4, 20].

The aim of this paper is to study the erosive wear resist-
ance of two HCCI alloys with different chemical compo-
sitions in the as-cast and heat-treated conditions, after an 
erosion test with a high erodent particle velocity (90 m/s) 
and high feed rate (3000 g/min) of solid eroding particles.

2 � Experimental Methods

2.1 � Material and Procedure

The samples used in this experiment were made by sand cast-
ing. Melting of metal was performed in an induction furnace 
"Inductotherm" 500 kV, capacity 1000 kg/h. A molding mix-
ture of sand and binder resins was used for the production 
of sand molds, with a casting temperature of 1460–1520 °C. 
The dimensions of the samples were ~ 120 × 120 × 10mm, 
and the weight of the samples was approximately 1100 g.

Testing samples were made of two HCCI alloys, with 
different Cr content, 15%Cr and 25%Cr. Two samples were 
made from each HCCI alloy in order to test and compare the 
erosion wear behavior of the alloy in the as-cast and heat-
treated (HT) conditions (annealing in 300 KW furnace; up 
to 1200 °C). The parameters of multi-step heat treatment are 
shown in Table 1.

Analysis of the chemical composition of both HCCI 
alloys was performed after HT on the Thermo Fisher Scien-
tific Optical Emission Spectrometer, type ARL iSpark 8820 
Package FE2. As shown in Table 2, the first HCCI alloy is 
15%Cr type (HCCI-15), while the second is 25%Cr type 
(HCCI-25).

X-ray diffraction (XRD) analysis of both samples was 
performed using a Rigaku Ultima IV diffractometer, CuKα 
radiation (λ = 1.540598 Å). The scanning of samples was 
done through a range of 2θ diffraction angles (30°–100°), 
with a step size of 0.02°. Phase identification of the data 

Table 1   Heat treatment (HT) parameters

Heating temp. (°C) Heating rate 
(°C/h)

Holding time 
(h)

Furnace 
cooling 
(h)

600 60 1 -
600–960 60 2 48

Table 2   Chemical composition 
of alloys after HT

Element (wt%)

C Mn Si Ni Cr Mo Rest

HCCI-15 2.30 0.79 0.73 0.88 14.30 1.43 Residue
HCCI-25 3.00 0.45 0.44 0.59 24.40 0.21 Residue

Table 3   Erosion test parameters

Parameter Value

Type of erodent Foundry quartz sand
SiO2 content(wt.%) min 98.0
Mean erodent granulation (mm) 0.26
Feed particle rate (g/min) 3000
Impact velocity − mean value (m/s) 90
Erodent particles impact angle (°) 45
Nozzle diameter (mm) 9
Distance between nozzle and sample (mm) 370
Erosion test duration (s) 600
Carrying gas Air
Temperature (°C) 22
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collected was performed by the program DIFFRACplus 
using the database for XRD peak identification compiled 
by the Joint Committee on Powder Diffraction Standards 
(JCPDS).

Metallographic characterization of both HCCI alloy sam-
ples, as-cast and after HT, was carried out by field-emission 
scanning electron microscope (FE-SEM), TESCAN Mira3 
XMU type, operating at 20 kV at different magnifications. 
Cutting, grinding, polishing, and etching (Vilella’s reagent 
5 ml HCl + 2 g Picric acid + 100 ml Ethyl alcohol) was done 
as a standard preparation procedure for SEM specimens.

Also, hardness measurements were performed on the 
cross-section of all samples using the Rockwell TO 5006 
device, and the mean values are presented in this paper.

2.2 � Erosion Test

One of the commonly used tests for characterizing the ero-
sion properties of materials is the “Erosion Tests by Solid 
Particle Impingement Using Gas Jets” according to ASTM 
G76 [21]. However, the erodent particle velocity in this test 
is too small compared to the actual service conditions of 
TPP components exposed to severe erosion with a very high 
feed rate of erosive particles [22]. The selected high erodent 
particle velocity (90 m/s) in this study is much higher than 
those recommended in the ASTM G76-07 standard. Previ-
ously published studies highlighted the necessity of erosion 
resistance testing of industrial components, mostly in TPP 
[22], exposed to severe erosion conditions using high-veloc-
ity particles (~ 100 m/s) [2, 15, 23, 24], more than three 
times higher than used per ASTM G76-07 standard.

Fig.1   Solid particle erosion test 
installation: 1—Air compressor 
with pressure regulator, 2—flow 
meter, 3—mixing chamber with 
particle tank, 4—nozzle

Fig. 2   XRD patterns of samples: a HCCI-15 (as-cast and after HT), b HCCI-25 (as-cast and after HT)
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Therefore, in this study, the erosion test was modified in 
such a way that the impact velocity of solid erodent particles 
was significantly higher, i.e., 90 m/s compared to the stand-
ard 30 m/s, and also with a very high feed rate, i.e., a higher 
concentration of erodent particles, approximately 3000 g/
min (compared to the standard 2 g/min). The impact angle of 
solid eroding particles was 45°. The erosion test parameters 
are shown in Table 3.

A specially designed installation was used for the gas 
blast sand erosion test, as shown in Fig. 1. Other authors 
have also used similar installations for erosion tests [25–27].

Two samples of both alloys (HCCI-15 and HCCI-25) 
were made, which makes a total of 4 samples that were 
tested for erosion. Two samples were tested in the as-cast 
condition (HCCI-15 and HCCI-25), and the remaining 
two were tested after the heat treatment (HCCI-15-HT and 
HCCI-25-HT). All 4 samples had the same dimensions 
(~ 120 × 120 × 10 mm, weight ~ 1100 g) and were tested 

under the same conditions specified in Table 3. Based 
on the double disk method [28], a mean particle velocity 
of 90 m/s was calculated for this test. To determine the 
mass loss of eroded samples, the mass of the sample was 
measured before and after the erosion test. The mass of 
the samples was measured with an analytical weighing 
balance (Mettler Toledo type) with an accuracy of 0.1 g.

3 � Results and Discussion

The eutectic composition of the HCCI alloys can be cal-
culated using Eq. (1) [29, 30]:

(1)[%C] + 0.00474 × [% Cr] = 4.3

Fig. 3   SEM micrographs of 
HCCI-15 samples: as-cast (a, b) 
and after HT (c, d)
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where the result of the equation represents the theoreti-
cal value according to which the HCCI alloys are divided 
into hypoeutectic (< 4.3) or hypereutectic (> 4.3). Based 
on the chemical composition shown in Table 1 and accord-
ing to the calculation results per Eq. (1), both tested alloys, 
HCCI-15 (% C = 2.98) and HCCI-25 (% C = 4.16), are of 
hypoeutectic type.

3.1 � Microstructure of Samples

The X-ray diffraction patterns of HCCI-15 and HCCI-25 
alloys, as-cast and after HT, are shown in Fig. 2a, b. They 
revealed the presence of M7C3 carbides, austenite, and mar-
tensite. In both samples, a decrease in the content of austen-
ite in the material is observed after HT.

In the as-cast condition, the microstructure of the HCCI-
15 and HCCI-25 samples consists of a two-phase matrix, 
i.e., austenitic-martensitic matrix and eutectic carbides, as 
shown in Figs. 3a, b and 4a, b. After the heat treatment, the 
microstructure for both alloys mainly consists of martensite 
and secondary carbides matrix, and eutectic carbides, as 
shown in Figs. 3c, d and 4c, d.

During the process of eutectic solidification of hypoeu-
tectic white cast iron, the formation of austenitic dendrites 
occurs first [31, 32]. After that, when the temperature 
reaches the eutectic temperature, a eutectic reaction occurs 
which results in forming of a eutectic mixture of austenite 

Fig. 4   SEM micrographs of 
HCCI-25 samples: as-cast (a, b) 
and after HT (c, d)

Table 4   Hardness of samples Rockwell 
hardness 
[HRC]

HCCI-15 44–46
HCCI-15-HT 30–32
HCCI-25 54–56
HCCI-25-HT 34–36
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and carbide. Furthermore, eutectic carbides absorb C and 
alloying elements from austenite, so the narrow zone at the 
austenite/carbide boundary becomes depleted with alloying 
elements. Such a lack of C and alloying elements increases 
the temperature of the beginning of martensitic transforma-
tion (Ms), which leads to the transformation of austenite into 
martensite in these zones, as marked in Fig. 3b.

The solidification process of these types of alloys 
(Fe–Cr–C) with various Cr content was previously reported 

[32–35]. The martensitic matrix of the HCCI-15 specimen 
is located in a narrow zone around eutectic carbides, and 
its content is significantly lower compared to the austenitic 
phase content, as shown in Fig. 3b. Also, austenite and mar-
tensite are identified in the HCCI-15 specimen, as shown in 
Fig. 2a. After annealing, the microstructure of the HCCI-
15-HT sample has very fine secondary carbides distributed 
throughout the martensitic-austenitic matrix, in addition to 
eutectic carbides, as shown in Fig. 3c, d. Due to the high 
density of secondary carbides, it is very difficult to identify 
the matrix microstructure. The X-ray diffraction patterns 
of HCCI-15-HT show that the matrix is mostly martensitic 
with the remaining amount of residual austenite, as shown 
in Fig. 2a.

The microstructure of the HCCI-25 sample (as-cast con-
dition), as shown in Fig. 4a, b, consists of the austenitic-
martensitic matrix with eutectic carbides of M7C3 type, as 
shown in Fig. 2b. The martensitic zones in the HCCI-25 
sample are wider in comparison with the HCCI-15 sample, 
as shown in Fig. 4a, b and Fig. 3a, b. After HT in the matrix, 
in addition to dendritic eutectic carbides, also primary car-
bides in the interdendritic places are present, as shown in 
Fig. 4d. Only M7C3 type of carbides is observed by XRD 
analyses.

The percentage of carbides in the samples in the as-cast 
condition can be determined according to the following 
empirical formula % K = 12.33 × wt.% (C) + 0.55 × wt.% 

Fig. 5   Eroded HCCI samples, 
as-cast and HT: a HCCI-15, b 
HCCI-15-HT, c HCCI-25, d 
HCCI-25-HT

Fig. 6   Erosion test results—mass loss of different HCCI alloys (as-
cast and after HT)
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(Cr) − 15.2 by Maratray and Usseglio-Nanot [36], where % 
K represents the volume content of carbides. According to 
the above formula, the volume fractions of carbides in tested 
samples are 21% (HCCI-15) and 35.2% (HCCI-25).

3.2 � Hardness Measurements

Table 4 shows the hardness values measured on both sam-
ples, in as-cast condition and after HT. On HT samples 
(HCCI-15-HT and HCCI-25-HT), the lower values of hard-
ness are obtained.

3.3 � Erosion Test Results

The elliptical shape of the eroded surface is noticeable 
on all 4 tested samples, as shown in Fig. 5. The ranges 
of obtained radii are 100–110  mm (longer one) and 
80–90 mm (shorter one).

The area affected by erosion makes up approximately 
45–50% of the total area on each sample. A similar shape 
of the eroded zone with the observable plastic deforma-
tion, up to varying degree, by the marked direction of the 
erodent flow, could be observed on the surface of all tested 

samples. Such removals of material in eroded zones are 
a consequence of high impact energy of erodent parti-
cles (particle velocity of 90 m/s and feed particle rate of 
3000 g/min). Also, observed uneven surface features in 
eroded zone correspond to subsurface defects in cast mate-
rial and due to the uneven distribution of the hard phases 
in the local microstructure.

The obtained results for the mass loss, as indicators of 
erosion resistance of the tested materials in as-cast and HT 
conditions, are shown in Fig. 6. It can be concluded that 
the erosion resistance of as-cast samples (HCCI-15 and 
HCCI-25) is very similar and does not indicate the differ-
ence in volume fraction of carbides phase due to different 
chromium content. The similar mass losses for both samples 
are due to the presence of a soft austenitic matrix, regard-
less of the amount of hard primary carbide phase. The mass 
loss results for both alloys after HT, in comparison with 
the as-cast condition, indicate a slight increase in erosion 
resistance of HCCI-15-HT, but a more significant increase 
in erosion resistance for the HCCI-25-HT alloy. With the 
transformation of austenite into martensite within the matrix 
due to HT, the erosion resistance increase. The effects of this 
transformation on the erosion resistance increase are minor, 

Fig. 7   SEM micrographs of 
eroded surface morphology 
HCCI-15 alloys: as-cast (a, b) 
and after HT (c, d)
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compared to the contribution of the total volume fraction of 
the carbide phase in a matrix. The higher total volume frac-
tion of carbides, and particularly of larger primary eutectic 
rod-shaped type M7C3 carbides in the HCCI-25-HT sample, 
additionally contributes to the increase in erosion resistance, 
as shown in Fig. 6.

3.4 � Erosion Mechanisms

Erosion of both HCCI-15 and HCCI-15-HT alloys takes 
place by several different erosion mechanisms (Fig. 7a–d). 
The matrix of both materials is mainly eroded by the 
mechanism of cutting, scratching, and rubbing with signif-
icant plastic deformation. Eutectic carbides (M7C3), which 
are harder than the matrix, are eroded by the scratching 
mechanism, followed by carbides cracking and their 
microdefragmentation. During the erosion process, after 
significant erosion of the soft mainly austenitic matrix, 
also the pull-out mechanism appears and eutectic carbides 
are undermined and pulled out from the matrix.

Subsurface cracking of the rods-like shaped eutectic 
carbides appear, due to high energy collisions between 
matrix and erodent in both HCCI-15 samples, as shown 
in Fig. 7a, c. An additional mechanism of erosion of the 
HCCI-15-HT sample is the pulling out of secondary car-
bides from the matrix, as presented in Fig. 7d. Secondary 

carbides distributed within the matrix of the HCCI-15-HT 
sample represent an obstacle to the collision between the 
material and erodent particles.

During the collision of erodent particles and secondary 
carbides in the matrix, the erodent particles change their 
directions, reduce their impact energy and speed, and thus 
decrease metal loss. Nevertheless, the contribution of sec-
ondary carbides to erosion resistance and decrease in mass 
loss is minor during severe erosion conditions of the HCCI-
15-HT alloy, as shown in Fig. 6. In this case, the main con-
tribution of secondary carbides is in the lowering of the 
plastic deformation of the matrix. It can be concluded that 
similar erosion mechanisms are operative for both tested 
samples (HCCI-15 and HCCI-15-HT). However, the higher 
plastic deformation of the matrix occurs in the as-cast sam-
ple with the softer matrix. Figure 8 schematically shows ero-
sion mechanisms for HCCI-15 alloys, as-cast and after HT.

In both eroded HCCI-25 and HCCI-25-HT samples, as 
shown in Fig. 9a–d, similar erosion mechanisms are opera-
tive as in HCCI-15 alloy, i.e., cutting, scratching, and rub-
bing, as well as plastic deformation, microdefragmentation, 
and pull out of eutectic carbides. In the case of the HCCI-25 
sample (Fig. 9b), the formation of lips due to plastic defor-
mation is also observed. The higher volume fraction of 
eutectic rod-shaped and globular-shaped carbides, together 
with the matrix which contains uniformly distributed large 

Fig. 8   Schematic display of erosion mechanism in HCCI-15 alloys, as-cast and HT, before (a, c) and after erosion test (b, d)
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primary and fine secondary carbides, represents more effi-
cient obstacles for erosion collisions. A larger number of 
collisions between the erodent particles and carbides lead to 
the reduction of the metal loss, as shown in Fig. 6.

It can be concluded that the erosion mechanisms in both 
tested alloys (HCCI-15 and HCCI-25) are similar. Both HT 
specimens (HCCI-15-HT and HCCI-25-HT) have better ero-
sion resistance, compared to as-cast specimens, as shown in 
Fig. 6. The HCCI-25-HT sample has been found to be most 
erosion resistant due to the higher total volume fraction of 
carbides, particularly primary carbides in the matrix which 
are also larger, despite of slightly smaller volume fraction 
of secondary carbides in comparison with the HCCI-15-HT 
sample (see Figs. 3d and 4d). Figure 10 schematically shows 
erosion mechanisms for HCCI-25 alloys, as-cast and after 
HT.

4 � Conclusions

In this study, the erosion behavior of two HCCI alloys with 
different chromium content (HCCI-15 and HCCI-25) was 

investigated. Both alloys were tested in as-cast and HT con-
ditions. The conclusions are as follows:

•	 Both as-cast sample matrices (HCCI-15 and HCCI-25) 
were eroded by very similar erosion mechanisms, i.e., 
cutting, scratching, and rubbing with significant plastic 
deformation on the surface. On the as-cast HCCI-25 sam-
ple, in addition to the abovementioned mechanisms, the 
lips formation in the matrix is identified.

•	 Heat-treated samples (HCCI-15-HT and HCCI-25-HT) 
were also eroded by similar erosion mechanisms while the 
plastic deformation is less pronounced than in the case of 
as-cast samples. The presence of primary and secondary 
carbides in the matrix of heat-treated samples represents 
an additional barrier to erodent particles and increases the 
erosion resistance of both HT alloys.

•	 The eutectic M7C3 carbides in both alloys and both condi-
tions are eroded by the mechanism of scratching and rub-
bing, followed by subsurface cracking and microdefrag-
mentation. During the erosion of the matrix, the eutectic 
carbides are cracked, undermined, and pulled out from the 
matrix.

Fig. 9   SEM micrographs of 
eroded surface morphology 
HCCI-25 alloys: as-cast (a, b) 
and after HT (c, d)
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•	 The primary and secondary carbide phase content in both 
HT alloys has the most significant effect on the increase of 
erosion resistance. Hence, the HCCI-25-HT sample shows 
the best erosion resistance due to a noticeably higher den-
sity of the primary carbides in the matrix which are also 
larger.
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