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Abstract: High-chromium cast irons are frequently used in high-demanding applications, where low
production costs and wear performance are key factors. The excellent abrasive resistance of these
alloys results from the overall microstructural features, i.e., type, morphology, and distribution of
hard primary and secondary carbides, along with the matrix constituents. Such a microstructure is
the result of the chemical composition and solidification process, even though it could be further
tuned by heat treatments. These latter are usually performed to destabilize the austenite and to
induce the precipitation of secondary carbides. The present study investigates the combined effect
of destabilization heat treatment route and erodent powder type on the erosive wear behavior of
two commercial hypereutectic white cast irons. The as-received and the heat-treated materials were
analyzed through optical and scanning electron microscopy, hardness tests, and X-ray diffraction
to determine the relationship between microstructural variations and applied heat treatment. The
erosive resistance was evaluated per the ASTM G76 standard in a purpose-built air blast test rig.
Experiments were performed considering a raw meal powder, commonly used in cement factories,
and Al2O3 as erodent powders. The adopted heat treatments were effective in increasing the overall
hardness of the material, but this was not directly related to the erosion resistance. By contrast, the
relative hardness ratio, i.e., erodent/target hardness, affects the erosion rate and different behaviors
in relation to the softer/harder erodent particles were found.

Keywords: high chromium cast iron; destabilization heat treatment; microstructure; hardness;
erosive wear

1. Introduction

High chromium cast irons (HCCIs) are broadly employed in severe abrasive wear
conditions, such as mining and drilling applications, foundry, metallurgy, ceramic and
processing aggregate industries, soil preparation equipment, chute liner, thermal power
industries, and others [1]. In such applications, unforeseen failures and, in turn, economic
losses are frequently related to wear damages. Hence, there is a continuing need for
materials with excellent abrasion wear and corrosion resistance as well as good heavy load
transfer application behavior.

HCCIs are a group of materials characterized by excellent resistance to abrasive wear,
which stems from their peculiar chemical composition that can be relatively wide, 2–4 wt.%
of carbon and 15–30 wt.% of chromium [1]. HCCIs may be regarded as composite materials
since they show a structure consisting of M7C3 (M = Cr, Fe) carbides, with a Vickers
hardness of 1300 to 1800, in a softer iron matrix [2]. According to the phase diagram,
hyper-eutectic alloys comprise primary M7C3 carbides surrounded by a matrix of eutectic
carbides and austenite. The growth characteristics of M7C3 carbides have been widely
investigated in the literature: they have an irregular polygonal shape with several hollows
in the center and gaps on the edge [3–5].

Several researches have demonstrated the strong relation between microstructure and
abrasion resistance, highlighting the role of the morphology, size and distribution of the
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hard phases in affecting the resistance of the alloy [6–11]. Although extensive research
has been carried out on both the abrasion resistance of HCCIs and on the solid particle
erosion phenomena [12,13], few studies have dealt with the ASTM G76 standard reference,
taking into account the difficult mechanical-microstructural relationships that rule the
erosion resistance [14–22] of such alloys. Besides, the modification of the morphology,
size, and distribution of carbides via the addition of alloying elements has been proved
as an effective way to enhance the wear resistance of HCCIs [23–26]. In addition to the
M7C3-type carbides, Fe-Cr-C alloys usually include strong carbide forming elements, such
as Nb, V, W, and Ti, that induce the formation of MC-type carbides, harder and finer than
Cr-based carbides. Nevertheless, the use of these expensive alloying elements, effective in
enhancing wear resistance [27–29], is limited in industrial applications for cost reasons.

The microstructural and mechanical properties of the as-cast HCCIs can also be
improved by applying specific heat treatments, namely destabilization (or critical) and
subcritical heat treatments. Destabilization is performed by heating at 800–1100 ◦C for
1–6 h [30–35] to destabilize the highly alloyed austenitic matrix, promoting its transforma-
tion into martensite upon cooling and the precipitation of secondary carbides within the
matrix [35–37]. Besides, subcritical heat treatments are conducted after destabilization by
heating at 200–600 ◦C for 2–6 h to further increase the precipitation of secondary carbides
and remove the retained austenite that remained after destabilization [32,34,35]. Previous
research has established the effects of heat treatment routes on carbide precipitation [30,38],
erosive wear resistance [39–41] and fracture toughness [42] of HCCIs. To date, most of the
studies have systematically evaluated and assessed the characteristics of the erodent parti-
cles (shape, size, velocity, angle rotation and impact angle) that affect surface erosion [13].
Despite that, to the authors’ knowledge, the combined effects of erodent type and heat
treatment has not yet been examined.

Within this context, the present study addresses the microstructural features and the
erosive wear behavior of two HCCIs, both in the as-received condition (AR) and after three
different heat treatment (TT) routes, tested with two erodent powders. The paper begins
with a synopsis of the literature on HCCIs, describing the destabilization heat treatments
and the microstructural and mechanical factors affecting the wear behavior. Section 2
outlines the adopted experimental methods to assess the microstructural and erosive wear
resistance, together with the description of the performed heat treatment routes. Section 3
presents the experimental findings in terms of microstructural characterization of the alloys
in the as-received and heat-treated conditions, hardness values, X-ray diffraction analyses
and erosion behavior. Lastly, Section 4 contains the discussion of the obtained results by
referring to previous studies and focusing on the proposed combined effect of erodent
powders and destabilization heat treatments on erosion resistance.

The novelty of the present paper is related to the investigation of the wear-resistant
behavior of heat-treated hardfacing alloys, considering the role of the type and dimension
of the erodent particles. The powder has a pivotal role, not only because of its chemical com-
position and dimension but also considering its hardness against that of the tested material.

2. Materials and Methods

Two hyper-eutectic HCCIs, designated as Alloy 1 and Alloy 2, were considered in
the present investigation. The samples were cut from commercially available wear plates
made by the open-arc welding of a flux-cored wire. The HCCI hardfacing electrodes were
deposited on low carbon steel plates whose nominal thickness, as well as of the hardfacing,
was 5 mm. The chemical composition of the alloys was determined through the Glow
Discharge Optical Emission Spectrometry (GD-OES, Spectruma Analitik GDS 650, Hof,
Germany) technique, and it is reported in Table 1. Both the alloys have a chromium content
of about 20 wt.% that improves the wear resistance, and about 4 wt.% of niobium that is a
generator of hard carbides (up to 1900 HV) that promotes gains of wear resistance [23,43].
Alloy 1 also has molybdenum, tungsten, and vanadium, which are generators of hard
carbides too [2,24].
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Table 1. Chemical composition (wt.%) of the HCCIs.

Alloy
Composition (wt.%)—Fe Balance

C Mn Si Cr Mo Nb W V

Alloy 1 3.83 - 0.88 20.22 - 3.75 - -
Alloy 2 4.15 0.56 1.08 21.04 2.78 4.09 0.86 0.69

The specimens, 20 mm × 20 mm × 10 mm, were cut by the abrasive water-jet process
from the original wear plates. The top surface of the wear plates was characterized by
the so-called bead pattern, i.e., juxtaposed passes with continuous overlap, that enables
to counteract severe wear conditions. Moreover, stress relief cracks, resulting from the
relaxation of heat stress in the deposit, developing at right angles to the weld beads and
regularly spaced were observed. For more details the reader should refer to [22,44].

To study the combined effect of erodent powders and destabilization heat treatments
on the erosive wear behavior of the HCCIs, the investigation comprised: (i) heat treatment
of the specimens, (ii) microstructural characterization, hardness tests and X-ray diffraction
(XRD) analyses, and (iii) erosive wear tests. Hence, for each of the hereafter heat treatment
conditions, two specimens were prepared, one for the metallographic and hardness analyses
and one for the erosive wear tests.

The influence of temperature, time and type of cooling media were evaluated by
considering for both Alloy 1 and Alloy 2, three different heat treatment routes derived from
the literature and detailed in the following Table 2.

Table 2. Characteristics of the adopted destabilization heat-treatment routes.

Name Dwelling T [◦C] Dwelling t [min] Cooling Medium Microstructural Effects Reference

HT1 1000 480 Oil

By using a long dwelling time at the
destabilization temperature of austenite

promote the increment of Ms temperature
and, in turn, favors a decrease in retained

austenite in the final microstructure.

[41]

HT2 900 30 Air

Secondary carbides precipitation occurred
within the matrix, which was partially

transformed into martensite. This increases
the overall hardness and abrasive

wear resistance.

[45]

HT3 980 90 Air

Carbide precipitation and
austenite/martensite transformation
caused the increment of the material

hardness compared to the as-cast material.

[46]

The first one, named HT1, has been investigated by Gonzalez-Pociño et al. [41] to test
the erosive wear resistance of a white cast iron measured by compressed air blasting with
corundum particles and applying a pressure of 4 bar, a flow rate of 160 g/min and a 30◦

impact angle. The authors compared the cooling media (air or oil) and different dwell times
for a fixed dwelling temperature of 1000 ◦C. The obtained results illustrated the efficacy
of this treatment in destabilizing the austenite and promoting a great amount of precip-
itated secondary carbides. More specifically, for the oil quenched samples, a maximum
in the erosive wear resistance was obtained after 8 h of austenite destabilization, which
corresponds to the condition of highest percentages of secondary carbides (56.52 ± 1.80).
The second one, named HT2, has been proved to be good for the higher overall hardness
and wear resistance with respect to the as-cast high-chromium white irons examined by
Bedolla-Jacuinde et al. according to the ASTM G65 standard [45]. For the heat-treated
samples, the matrix strengthening by martensite and secondary carbides provides better
support against carbide cracking than that offered by the austenitic matrix in the as-cast
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irons. At last, the third heat treatment, named HT3, has been recently proposed by Agustina
Guitar et al. [46] for the increment of the bulk hardness, the secondary carbide average size
and fraction of the considered high-chromium cast iron. All the above-described treatments
were conducted by an LTF (Lenton Furnaces and Ovens, Hope, UK) tube furnace device.

Metallographic and hardness investigations were performed on both the as-received
and heat-treated samples. Bulk hardness measurements were carried out on the ground
surfaces (silicon carbide papers up to 1200-grit finish) by a VH Metkon (Metkon Instru-
ments Inc., Bursa, Turkey) Vickers hardness tester under 30 kg test load and 15 s loading
time (HV30). The mean Vickers hardness was calculated from five indentations to check
the reproducibility of the data. The specimens for metallographic investigations were
prepared according to the standard metallographic techniques and finally polished with a
diamond suspension of 1 µm. Chemical etching was performed by Kalling’s No. 2 reagent
(5 g CuCl2, 100 mL HCl, 100 mL C2H5OH) to reveal the microstructure: the samples
were immersed in the reagent for 5 s, rinsed with ethanol, and air-dried. Metallographic
investigations were conducted through a Leica DMi8A (Leica, Wetzlar, Germany) opti-
cal microscope (OM) and a Zeiss EVO MA 15 (Zeiss, Oberkochen, Germany) scanning
electron microscope (SEM), equipped with an Oxford X-Max 50 (Oxford Instruments,
Abingdon-on-Thames, UK) energy dispersive microprobe for semi-quantitative analyses
(EDS). The SEM micrographs were recorded in secondary electron imaging (SEI-SEM)
and back-scattered electron (BSE-SEM) modes. XRD powder patterns were collected on a
Bruker D8 (Bruker, Billerica, MA, USA) Advance DaVinci diffractometer equipped with a
Cu sealed tube and LYNXEYE XE Si strip detector whose energy resolution prevented any
significant contribution of X-ray fluorescence from chromium to add to the background.
The optimal counting statistics achievable with the strip detector also allowed recording
very weak diffraction lines. Powder diffraction patterns were modeled for quantitative
phase analysis by the Rietveld method using the Bruker TOPAS 5.0 program.

As for the erosive wear tests, the specimens were prepared according to the standard
metallographic techniques, i.e., ground and polished (mirror-like finishing up to 1 µm
diamond paste). Erosion tests were carried out through an on-purpose built test rig inspired
by the ASTM G76 standard using two different erodent powders: (i) a raw meal powder
commonly used in cement factories (particles’ mean diameter = 4.34 µm) and (ii) Al2O3
powder (particles’ mean diameter = 50.0 ± 5 µm). As for the raw meal powder, Table 3
shows the chemical composition and the hardness of the adopted erodent. The detailed
characterization of the erodent particles, i.e., morphology and particle size distribution, can
be found in [44].

Table 3. Chemical composition (wt.%) and hardness of the raw meal powder.

Al Ca Si Cu Na HV0.1

69.09 ± 9.56 24.52 ± 5.35 1.53 ± 0.78 2.98 ± 0.36 1.88 ± 0.52 412 ± 95

A sketch of the erosion test rig is shown in Figure 1a. The SEI-SEM images of a powder
sample in the as-received condition for both the raw meal powder and the Al2O3 powder are
displayed in Figure 1b. The erosion tests were conducted at a constant powder-feeding rate
of 10 g/min, at an impact angle of 90◦ and for 15 min of erosion time, whereas two different
particle impact velocities were considered: 50 m/s and 100 m/s for the raw meal powder
and 50 m/s and 70 m/s for the Al2O3 powder. The particle impact velocities for the
two erodents were calculated by computational fluid dynamic simulations to account for
the stagnation phenomenon in front of the target surface. This analysis, in line with that
reported in [47], enables the estimation of the particle impact velocity as a mass-weighted
average value (i.e., the powder samples are characterized by a diameter distribution [48]).
After each erosion test, the samples were ultrasonically cleaned in acetone to remove any
traces of the erodent powder. The erosion resistance was evaluated from the mass loss,
computed by weighing each specimen before and after the erosion test. A Kern ABT
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100-5NM (Kern, Balingen, Germany) analytical balance, with an accuracy resolution of 0.01
mg, was used. The erosion resistance was computed through the so-called erosion rate (ER)
parameter expressed as

ER =
mass loss from the specimen [µg]

mass of impact powder [g]

Coatings 2022, 12, x FOR PEER REVIEW 5 of 21 
 

 

for the two erodents were calculated by computational fluid dynamic simulations to ac-
count for the stagnation phenomenon in front of the target surface. This analysis, in line 
with that reported in [47], enables the estimation of the particle impact velocity as a mass-
weighted average value (i.e., the powder samples are characterized by a diameter distri-
bution [48]). After each erosion test, the samples were ultrasonically cleaned in acetone to 
remove any traces of the erodent powder. The erosion resistance was evaluated from the 
mass loss, computed by weighing each specimen before and after the erosion test. A Kern 
ABT 100-5NM (Kern, Balingen, Germany) analytical balance, with an accuracy resolution 
of 0.01 mg, was used. The erosion resistance was computed through the so-called erosion 
rate (ER) parameter expressed as ER  mass loss from the specimen μgmass of impact powder g  

Finally, the topographic observation of the worn surfaces was conducted by a Zeiss 
EVO MA 15 (Zeiss) scanning electron microscope.  

  
(a) (b) 

Figure 1. (a) Sketch of the erosion test rig; (b) SEI-SEM images of the erodents used for erosive wear 
tests, raw meal powder and Al2O3 powder in the as-received condition. 

3. Results  
3.1. Microstructures of the HCCIs in the as-received condition 

Figure 2 shows OM micrographs of the alloys in the as-received conditions. Alloy 1 
(Figure 2a,b) is composed of pro-eutectic M7C3 carbides, including rod-like and blade-like 
shapes. The formation and growth of primary carbides during solidification occur, with 
their long axes parallel to the direction of the heat flow. Such primary carbides are em-
bedded in a matrix of eutectic carbides and martensite. Alloy 2 (Figure 2c,d) shows a mi-
crostructure consisting of pro-eutectic carbides, both in the blade- and in rod-like forms 
as the ones observed for Alloy 1, surrounded by a matrix of eutectic carbides, austenite, 
and small amounts of martensite (the latter is not resolved by OM but in the following 
SEM micrographs). 
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Finally, the topographic observation of the worn surfaces was conducted by a Zeiss
EVO MA 15 (Zeiss) scanning electron microscope.

3. Results
3.1. Microstructures of the HCCIs in the as-Received Condition

Figure 2 shows OM micrographs of the alloys in the as-received conditions. Alloy
1 (Figure 2a,b) is composed of pro-eutectic M7C3 carbides, including rod-like and blade-
like shapes. The formation and growth of primary carbides during solidification occur,
with their long axes parallel to the direction of the heat flow. Such primary carbides are
embedded in a matrix of eutectic carbides and martensite. Alloy 2 (Figure 2c,d) shows a
microstructure consisting of pro-eutectic carbides, both in the blade- and in rod-like forms
as the ones observed for Alloy 1, surrounded by a matrix of eutectic carbides, austenite,
and small amounts of martensite (the latter is not resolved by OM but in the following
SEM micrographs).

3.2. Microstructures of the HCCIs in the Heat-Treated Conditions

Low magnification OM micrographs of Alloy 1 and Alloy 2 in the heat-treated condi-
tions are reported in Figure 3. Considering that primary carbides form directly from liquid,
i.e., they are the result of the solidification path, they do not undergo significant changes
during subsequent heat treatment processes: regardless of the alloys and the heat treatment
route, OM micrographs of Figure 3 show blade- and rod-like M7C3 carbides in all cases,
similarly to the as-received condition.
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The precipitation of secondary carbides was detected by SEM investigations: Figure 4
shows BSE-SEM micrographs of Alloy 1 for the as-received condition (Figure 4a) and after
heat treatments (Figure 4b–d), i.e., HT1, HT2 and HT3 condition, respectively. As seen, the
as-received condition shows a network of eutectic M7C3 carbides within the surrounding
martensitic matrix. Regardless of the considered heat treatments, the destabilized structures
display the precipitation of secondary carbides in the martensitic matrix (Figure 4b–d).
Different sizes and distribution of secondary carbides are detectable: after HT1 treatment,
they appear as fine granular distributed particles (Figure 4b), whereas after HT2 and HT3
treatments, the amount of carbides decreases, their size becomes coarser, and they display
a rounded shape (Figure 4c,d).

As observed for Alloy 1, also for Alloy 2 the changes involved the eutectic carbides
and the matrix’s microstructure. In the as-received condition, Alloy 2 shows the presence of
martensite formed close to the M7C3 carbides (see the BSE-SEM micrograph of Figure 5a).
It is worth noting that after heat treatment, the overall transformation of austenite into
martensite occurred, as well as the dissolution of eutectic carbides and the precipitation of
secondary carbides (Figure 5b–d). As observed for Alloy 1, HT1 heat treatment promoted
greater precipitation of secondary carbides as fine granular particles (Figure 5b). Conversely,
coarsening of carbides is detectable after HT2 treatment: Figure 5c displays the extensive
precipitation of large rod-like secondary carbides. Moreover, HT3 contributed to the
agglomeration of secondary carbides (Figure 5d), although their number per unit area is
significantly decreased compared to HT1 and HT2 treatments.
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3.3. Bulk Hardness

The effect of the heat treatment routes was also investigated through hardness mea-
surements, as reported in the graph in Figure 6. Considering the as-received condition,
Alloy 1 shows a higher bulk hardness (846 ± 8 HV30) than Alloy 2 (621 ± 9 HV30) due to
the martensitic microstructure of the matrix as observed in the above-reported microstruc-
tures (see Figures 4 and 5). It can be noted that the heat treatments are effective in increasing
the hardness with respect to the as-received condition both for Alloy 1 and Alloy 2. This is
related to the martensitic transformation of the matrix (for Alloy 2) and the precipitation
of secondary carbides. Concerning the hardness values of Alloy 1, it can be observed
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that HT1 treatment shows the highest values (1029 ± 23 HV30) in comparison to HT2
(899 ± 42 HV30) and HT3 (959 ± 32 HV30) routes. As for Alloy 2, it should be pointed out
that the lowest value was observed with HT2 treatment (805 ± 6 HV30). For Alloy 2, HT1
and HT3 treatments show comparable hardness (950 ± 35 HV30 and 968 ± 11 HV30).
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Cu 0.72; Nb 1.63; Mo 1.48; W 0.46. Spectrum 2 C 12.10; Si 0.36; Cr 30.22; Fe 52.22; Cu 0.48; Nb 1.64.
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3.4. XRD

As stated above, the destabilization treatment promoted the precipitation of secondary
carbides and, in turn, the reduction of C and Cr contents that raises the Ms temperature and
thus the austenite to martensite transformation. Table 4 summarizes the weight percentages
of the identified phases in the as-received and heat-treated samples for both Alloy 1 and
Alloy 2 resulting from the Rietveld analyses. It is worth noting that, both for Alloy 1 and
Alloy 2, the identified phases in the as-received condition are the same as the heat-treated
condition: austenite γ, martensite α, M7C3 and NbC are the identified phases in Alloy 2,
while Alloy 1 also has the M23C6 type carbides. As expected, Alloy 1 and Alloy 2 show a
higher content of the martensite phase in the heat-treated samples in comparison with the
as-received ones. As expected, all the investigated heat treatments promote an increase in
the martensite content, which is related to the reduction of the retained austenite content
with respect to the as-received condition. Indeed, secondary carbide precipitation depletes
the austenitic matrix in Cr and C contents and, in turn, such depletion increases the Ms
temperature promoting the formation of martensitic structures [49,50]. This affects the
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residual austenite content that decreases for Alloy 1 from 6.77% up to 0.35% for HT1 ad
for Alloy 2 from 33.33% up to 1.10% for HT3. More specifically, for Alloy 2, the amount
of austenite is comparable for HT1 and HT2 and in the order of 20–30 wt.%, while it is
marginal for HT3 condition.
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Table 4. Weight percentages of the identified phases form the Rietveld analyses. The numbers in
parentheses are the estimated standard deviations in the last significant digit.

Alloy Condition Phases Wt.% Alloy Condition Phases Wt.%

Alloy 1 As-
received

α 30.1 (4)

Alloy 2 As-
received

α 22.3 (5)
γ 6.8 (3) γ 33.3 (5)

M7C3 47.9 (6) M7C3 38.4 (6)
NbC 5.6 (1) NbC 6.0 (1)

M23C6 9.7 (6)

HT1

α 39.4 (5)

HT1

α 45 (2)
γ 0.4 (1) γ 20 (4)

M7C3 43.6 (5) M7C3 26 (2)
NbC 9.1 (2) NbC 9.5 (5)

M23C6 7.5 (6)

HT2

A 43.6 (6)

HT2

α 39 (2)
Γ 0.7 (1) γ 30.9 (2)

M7C3 38.1 (6) M7C3 22 (4)
NbC 6.4 (1) NbC 8.6 (5)

M23C6 11.2 (7)

HT3

α 44.5 (6)

HT3

α 56.9 (4)
γ 0.7 (3) γ 1.1 (2)

M7C3 42.8 (6) M7C3 35.5 (4)
NbC 7.2 (2) NbC 6.5 (2)

M23C6 4.8 (6)

3.5. Erosion Behavior in the as-Received Condition

Figure 7 displays the erosion tests result for Alloy 1 and Alloy 2 in the as-received
condition, considering the effects of the impact velocity v and the erodent, i.e., raw meal
powder (labeled as R) and Al2O3 (labeled as A), on the ER values. With the same erodent
powder, the erosive wear resistance of both the alloys is comparable and exhibits the same
trend as a function of the impact velocity, that is the increment of ER with increasing
the impact velocity. By contrast, the erodent particle’s type affects the magnitude of the
damage since for raw meal powder the ER is less than 10 µg/g even for the highest impact
velocity tested, whereas for Al2O3 powder is between one and two orders of magnitude
higher. Hence, it can be stated that Alloy 1 and Alloy 2 offer good erosion resistance when
the erodent particles are softer than the target material, i.e., raw meal powder. It should
be pointed out that the raw meal powder and the Al2O3 have different particles’ mean
diameters that, in turn, affect the kinetic energy, i.e., for Al2O3 it results one thousand times
greater. Although the analysis of the erosive resistance of the alloys with equal kinetic
energy was beyond the scope of the present study, the role of this parameter is briefly
discussed below.
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3.6. Erosion Behavior in the Heat-Treated Conditions

The effect of heat treatment on the erosion resistance was then evaluated for fixed
alloy and erodent powder as a function of the impact velocity. Figure 8 shows the erosion
behavior of Alloy 1 (Figure 8a) and Alloy 2 (Figure 8c) tested with Al2O3 powder. As can
be seen, regardless of impact velocity and alloy composition, the lowest values of ER are
always for the as-received condition. Besides, from the comparison between Alloy 1 and
Alloy 2, it is observed that at the low impact velocity the ER of Alloy 1 (238.2 µg/g) is 13%
greater than the one of Alloy 2 (210.3 µg/g), whereas at high impact velocity the ER are
comparable. As for the heat-treated conditions, irrespective of impact velocity and alloy
composition, the samples treated with HT3 route exhibit in all the tested conditions the
lower erosion resistance, i.e., the highest values of ER. Hence, it can be inferred that the
bulk hardness of the material is not an index of its erosion resistance, i.e., that only hardness
affects the erosive wear behavior.
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impact velocity (Figure 9). As earlier mentioned for Al2O3 powder, from the comparison 
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the impact velocity the ER are comparable and hence they are not dependent on alloy’s 
hardness. Once again, bulk hardness is not an exhaustive index of erosion resistance. 
However, it is worth noting that with softer erodent particles, the lowest values of ER are 
for the as-received condition, but the highest values of ER are about three times greater 
both for Alloy 1 (Figure 9a) and Alloy 2 (Figure 9c). These experimental findings 
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Representative images of the worn surfaces suggest extensive erosion of the matrix. 
Such evidence led us to believe that TT3 gave the hardest matrix with the lowest fracture 

Figure 8. Erosion behavior of Alloy 1 and Alloy 2 tested with Al2O3 powder. (a) Erosion rate (ER)
against impact velocity for Alloy 1 in both as-received and heat-treated conditions. (b) BSE-SEM
micrograph of the erosion crater, Alloy 1 in HT2 condition. (c) Erosion rate (ER) against impact
velocity for Alloy 2 in both as-received and heat-treated conditions. (d) BSE-SEM micrograph of
the erosion crater, Alloy 1 in HT3 condition. For each point of the plots, the standard deviation of
uncertainty associated with the ER value is the same dimension as the adopted indicator. SEM/EDS
chemical composition (wt.%) results for the selected regions labeled in the micro-graphs: Spectrum 1
C 3.73; O 35.12; Al 44.13; Si 0.34; P 1.51; Ca 0.24; Cr 5.51; Fe 9.41. Spectrum 2 C 12.83; O 12.23; Al 0.51;
Ti 0.79; Cr 2.97; Fe 13.50; Nb 57.18. Spectrum 3 C 10.89; O 22.59; Al 8.83; Si 0.94; P 2.04; Ca 3.96; V 0.62;
Cr 17.87; Fe 29.56; Mo 2.69.

Images of the worn surfaces, taken with SEM, revealed the same erosion mechanism
for all the investigated heat treatments. As an example, the worn surfaces of TT2 for Alloy
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1 and the worn surfaces of TT3 for Alloy 2 are depicted. The images suggest extensive
plastic deformation, deep craters, and big flakes.

With softer erodent particles, i.e., raw meal powder, again the highest ER values are
displayed for the HT3 condition, both for Alloy 1 and Alloy 2 and irrespective of the impact
velocity (Figure 9). As earlier mentioned for Al2O3 powder, from the comparison between
Alloy 1 and Alloy 2 in the as-received condition, it comes out that irrespective of the impact
velocity the ER are comparable and hence they are not dependent on alloy’s hardness. Once
again, bulk hardness is not an exhaustive index of erosion resistance. However, it is worth
noting that with softer erodent particles, the lowest values of ER are for the as-received
condition, but the highest values of ER are about three times greater both for Alloy 1
(Figure 9a) and Alloy 2 (Figure 9c). These experimental findings suggested investigating
the ER as a function of the relative hardness between erodents and alloy, as described later.
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He/Ht ratio for all the tested conditions. The hardness of the erodents was taken from the 
literature [19] and assumed to be 412 HV0.1 and 1875 HV0.1 for raw meal powder and 
Al2O3 powder, respectively. The hardness of the target material was taken as a function of 
the considered condition, i.e., as-received or heat-treated, as reported in Figure 6. The 
proposed ER- He/Ht plot displays all the obtained values for Alloy 1 and Alloy 2 for both 
the tested impact velocities and for the erodents powders (in Figure 10 displayed as 
colored circle markers together with the associated impact velocity and erodent’s type, A 
is Al2O3 powder, R is raw meal powder). The dotted colored lines in Figure 10 are the 

Figure 9. Erosion behavior of Alloy 1 and Alloy 2 tested with raw meal powder. (a) Erosion rate (ER)
against impact velocity for Alloy 1 in both as-received and heat-treated conditions. (b) BSE-SEM
micrograph of the erosion crater, Alloy 1 in HT2 condition. (c) Erosion rate (ER) against impact
velocity for Alloy 2 in both as-received and heat-treated conditions. (d) BSE-SEM micrograph of
the erosion crater, Alloy 1 in HT2 condition. For each point of the plots, the standard deviation of
uncertainty associated with the ER value is the same dimension as the adopted indicator. SEM/EDS
chemical composition (wt.%) results for the selected regions labeled in the micro-graphs: Spectrum 1
C 12.97; O 25.01; Mg 0.65; Al 1.82; Si 2.17; P 0.83; Ca 11.96; V 0.33; Cr 10.39; Mn 0.43; Fe 32.20; Mo 1.24.
Spectrum 2 C 12.59; O 9.85; Al 0.55; Si 1.72; P 0.51; Ca 0.98; V 0.51; Cr 15.60; Mn 0.56; Fe 51.64; Nb
2.54; Mo 2.42; W 0.54.

Representative images of the worn surfaces suggest extensive erosion of the matrix.
Such evidence led us to believe that TT3 gave the hardest matrix with the lowest fracture
toughness. The small raw meal powder hits this brittle matrix and promotes the highest
erosion rate data.
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3.7. Erosion Behavior vs. Hardness Ratio

As already mentioned, the effect of the heat treatments on the ER cannot be explained
on the basis of the bulk hardness alone. As suggested in the literature [51], the relative
hardness, i.e., the ratio of the hardness of the erodent He to that of the target material Ht,
is one of the critical parameters that affect the ER. Figure 10 shows ER data versus the
He/Ht ratio for all the tested conditions. The hardness of the erodents was taken from the
literature [19] and assumed to be 412 HV0.1 and 1875 HV0.1 for raw meal powder and
Al2O3 powder, respectively. The hardness of the target material was taken as a function
of the considered condition, i.e., as-received or heat-treated, as reported in Figure 6. The
proposed ER- He/Ht plot displays all the obtained values for Alloy 1 and Alloy 2 for both
the tested impact velocities and for the erodents powders (in Figure 10 displayed as colored
circle markers together with the associated impact velocity and erodent’s type, A is Al2O3
powder, R is raw meal powder). The dotted colored lines in Figure 10 are the powder
trendline for each erodent-impact velocity set, together with the associated equation.
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Figure 10. Erosion rate (ER) versus the ratio of erodent particle’s hardness and target material’s
hardness (He/Ht). A is Al2O3 powder, R is raw meal powder for all the tested impact velocities for
Alloy 1 and Alloy 2.

Considering the direct proportionality between the ER and the particle impact veloc-
ity [52], the kinetic energy of the impact particles was computed from the above-reported
particle’s mean diameters and from the density values taken from the literature [19]. The
kinetic energy values for the raw meal powder are 1.12 × 10−10 and 4.48 × 10−10, for the
50 m/s and 100 m/s impact velocities, respectively. The kinetic energy values for the Al2O3
powder are 3.19 × 10−7 and 6.25 × 10−7, for the 50 m/s and 70 m/s impact velocities,
respectively. Figure 10 also displays the upward-pointing triangle and the diamond mark-
ers that refer to the ER- He/Ht data for Alloy 1 and Alloy 2 grouped for the same impact
velocity. Since for the Al2O3 powder, the impact velocity is 70 m/s (rather than 100 m/s),
the two grouped data could be assumed as “low impact velocities” and “medium impact
velocities”. The dashed black lines in Figure 10 are the powder trendlines for the “low
impact velocities” and for the “medium impact velocities”.

As a result, it can be concluded that the dashed black lines in Figure 10 are iso-kinetic
energy curves, whereas the colored dotted lines are iso-velocity curves for each erodent-
velocity set. Focusing on the latter curves, it can be observed that, regardless of the erodent,
by increasing the hardness of the target material the ER increases. This result is consistent
with a previous study of Sapate and Rama Rao [18]. As regards the Al2O3 powder, the
powder trend lines of the considered impact velocities show comparable values of the
exponent (−0.238 and −0.0552 for 70 m/s and 50 m/s, respectively), suggesting that the
ER is independent on the He/Ht ratio. Conversely, for the raw meal powder, the exponent
values are considerably different (−1.134 and −3.178 for 100 m/s and 50 m/s, respectively),
indicating that He/Ht ratio affects the ER. It can be inferred that such behavior is related
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with the He/Ht ratio: if the He/Ht ratio is less than 1, the ER is dependent on the ratio
of the hardness of the erodent to that of the target material, whereas if the He/Ht ratio is
higher than 1, the ER is not affected by the He/Ht ratio.

4. Discussion

The microstructural and erosive wear resistance of two HCCIs both in the as-received
condition and after three different destabilization heat treatments were investigated. The
role of the type of erodent was also considered by comparing a raw meal powder commonly
used in cement factories and Al2O3 powder, commonly taken as reference powder in
erosive tests.

Optical microscopy and scanning electron microscopy analyses of the as-received sam-
ples revealed the typical microstructure of an hypereutectic alloy, which is responsible for
the excellent combination of high hardness and superior wear resistance of such alloys [53].
The coupled microstructural observations and the XRD analysis confirmed the M7C3 type
for the observed eutectic carbides, typical for the 15–30 wt.% Cr cast irons [4,54].

Eutectic carbides are almost unaffected by the solubilization heat treatment [2], which
instead involves microstructural modifications of the matrix. SEM observations, XRD
analysis and hardness values set out the role of the heat treatment route in the precipitation
of secondary carbides. Consistent with previous studies [4,35,49,55], during soaking at
temperatures within the 800–1000 ◦C, carbon and chromium from the matrix react to form
small carbide particles. Besides, the precipitation of secondary carbides promotes the
depletion of the austenite phase from alloying elements and, in turn, the increment of the
martensite-start temperature (Ms). As a result, the transformation of austenite into marten-
site upon cooling takes place [30,31,38,56]. Concerning Alloy 1, whose microstructure in the
as-received condition is characterized by a martensitic matrix and a small amount (around
7 wt.%) of austenite, all the considered heat treatment routes promoted the reduction of the
austenite content up to less than 1 wt.% and the increment of the amount of martensite up
to 40–45 wt.%. This microstructural modification was observed through SEM investigations
and confirmed by XRD data. Conversely, Alloy 2 in the as-received condition is charac-
terized by an austenitic microstructure and martensite at the matrix/carbide interface:
the formation of martensite in close vicinity of carbides has been reported by Tabrett and
Sare [31] as the result of the local depletion of the austenite from alloying addition. The
same heat treatment routes applied to Alloy 2 led to different weight percentages of the
austenite and martensite phases, depending on the temperature and soaking times. With
respect to the as-received condition, HT1 led to a reduction of the austenite content (from
about 30 wt.% to about 20 wt.%), and an increment of the martensite content (from about
20 wt.% to about 45 wt.%). As for HT2, it led to a negligible modification of the austenite
content and an increment of the martensite content (from about 20 wt.% to about 40 wt.%).
By contrast, HT3 promoted a remarkable reduction of the austenite content (from about
30 wt.% to about 1 wt.%), and an increment of the martensite content (from about 20 wt.%
to about 55 wt.%).

These overall crystallographic findings could be put in relation to the bulk hardness
values. For Alloy 1, despite the comparable crystallographic findings (see Table 2) for
all the considered heat treatment routes in terms of martensite and retained austenite
contents (about 40 wt.% of martensite and less than 1 wt.% of retained austenite), the bulk
hardness results show some differences and HT1 has the highest hardness compared to
HT2 and HT3. These experimental findings, in connection with the BSE-SEM observations
(Figure 4), suggest that the fine and well-dispersed secondary carbides promoted by the
highest temperature and soaking time, reflected in the highest bulk hardness. According to
Bedolla-Jacuinde et al. [49], the hardness is dependent on the strengthening of the matrix,
which, in turn, is affected by the soaking time and temperature of the heat treatment.

The authors compared three different destabilization temperatures, i.e., 900 ◦C, 1000 ◦C
and 1150 ◦C, finding an increment of bulk hardness with increasing the soaking time up to
a maximum value and then a decrement at higher soaking time. Nonetheless, they also
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found that at a given soaking time, the bulk hardness decrease as the temperature increases.
Besides, the amount of retained austenite is not proportional to bulk hardness: within the
10 min–100 min range, the retained austenite content decreases both for the 900 ◦C and
1000 ◦C destabilization temperatures but, on the other hand, the bulk hardness increases
for the 900 ◦C and decreases for the 1000 ◦C. In this regard, the authors suggest that the
increase in microhardness of the matrix observed for 900 ◦C destabilization temperature
is influenced by two factors as the soaking time increases: the precipitation of secondary
carbides that strengthens the matrix by particle dispersion together with the increase in
martensite volume fraction. In addition, diminishing microhardness after 3 h soaking time
has been attributed to the secondary carbide coarsening. Hence, in accordance with [49],
the hardness of the matrix is influenced by both the precipitation of secondary carbides
and the martensite volume fraction but also the number of precipitated particles per unit
area, which, in turn, depends on temperature and soaking time. Conversely, for Alloy 2
the considered heat treatment routes determined remarkable differences among the crys-
tallographic data among the investigated heat treatment routes. The bulk hardness after
HT1 and HT3 is comparable despite the XRD data show a remarkable difference in the
content of retained austenite, i.e., around 20 wt.% for HT1 and around 1 wt.% for HT3. In
addition, as for HT2 treatment, the increment with respect to the as-received condition is
lower than the ones observed for HT1 and HT3. The content of retained austenite (around
30 wt.%) together with the SEM observations (see Figure 5c) suggest the role of secondary
carbide coarsening. Regardless of the considered chemical composition of the HCCI, HT1
showed a considerably high number of precipitates per unit of area (see Figures 4b and 5b)
compared with the other heat treatments. This experimental finding is in keeping with
the observations of Kishore et al. [57], which showed higher precipitation of secondary
carbides as the temperature increases from 700 ◦C to 1000 ◦C. Such an increment has
been associated with faster diffusion kinetics at a higher temperature compared to lower
destabilizing temperatures.

Besides these findings, the obtained ER data, both for the raw meal powder and for
Al2O3, were not directly related to the hardness results. Regardless of impact velocity
and alloy composition, the lowest values of ER were always for the as-received condition
and the highest hardness data were associated with the highest ER data, i.e., the lowest
erosion resistance. It has been assessed that both carbides and matrix contribute to wear
resistance: size, volume fraction and matrix characteristics affect the wear resistance and
the fracture toughness of the alloy [2]. In addition, after heat treatment, the reduction of
fracture toughness due to the martensite content and the associated crack propagation after
abrasion wear tests was observed [42]. Although the wear resistance of HCCIs could be
increased by destabilization of the austenitic matrix, promoting the precipitation of small
secondary carbides in the transformed martensite matrix [37,40], the present study revealed
that the proposed heat treatment routes were effective in increasing the bulk hardness, but
the role of both fracture toughness resulting from heat treatment and the erodent powder
features, in terms of size and hardness, should be taken into account to comprehensive
describe the erosion resistance of such alloys.

Previous studies [19] have dealt with the erosive wear behavior of HCCIs by com-
paring several erodent particles describing the ER in relation to impact angle, impact
velocity and relative hardness between erodent and target material. The present study,
by considering the combined effect of different heat treatment routes and erodents, en-
abled to (i) confirm that for solid particle erosion, hardness is not a comprehensive index
of erosion resistance [14,58], (ii) study the role of the relative hardness between erodent
and target on the ER and (iii) highlight the need for a detailed investigation on the role
of erodent’s size with respect to microstructural and mechanical features (i.e., hardness,
carbide volume fraction, secondary carbides size and distribution, fracture toughness) of
the alloy. Unlike [19], this study has considered the relative hardness by varying the state
of the substrate, i.e., as-received and heat-treated, showing that hard carbides contribute to
erosion resistance but also the hardness and the toughness of the matrix play a key role. In
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this respect, the obtained results could be directly compared to each other, and they are
highly representative since they are entirely unaffected by the parameters related to the
erodent’s characteristics and related uncertainty. With reference to the He/Ht ratio, the
observed high (for He/Ht ratio higher than 1) and weak (for He/Ht ratio lower than 1)
dependence enable engineers and designers to properly account for the almost opposite
behavior: high sensitivity to impact velocity for the He/Ht ratio lower than 1–low impact
velocity condition, low sensitivity to impact velocity for the He/Ht ratio higher than 1. It
is assumed that the observed behavior is caused by the mechanical interaction between
erodent and substrate, as suggested by [59,60], since that part of the energy of the erodent
particle is dissipated on fragmentation. As a result, for a substrate with low hardness
with respect to the erodent, the role of the substrate is negligible with respect to that of
the erodent particle. Conversely, for a substrate with higher hardness than the erodent,
the high sensitivity is related to the energy dissipated by the particles, as revealed by the
different equations for 50 m/s and 100 m/s. Further investigations are needed to provide
greater insight into the role of kinetic energy on erosive wear mechanisms.

5. Conclusions

In this work, the combined effect of heat treatment route and erodent type on the
solid particle erosion behavior of two HCCIs was investigated. Based on the experimental
observations, the concluding remarks can be summarized as follows.

• For all the investigated heat treatments, the precipitation of secondary carbides and,
for Alloy 2, the overall transformation of the austenite into martensite were detected.
Size and distribution of secondary carbides were affected by the temperature and time
parameters: after HT1 treatment (the highest temperature and soaking time), they
always appear as fine granular distributed particles.

• The obtained bulk hardness values were influenced not only by the retained austenite
and martensite contents but also depended on soaking temperature and time that
affects carbides’ dimension and distribution.

• For the same erodent powder, the ER of both Alloy 1 and Alloy 2 is comparable, and it
increased as the impact velocity increased. Alloy 1 and Alloy 2 offered good erosion
resistance when the erodent particles were softer than the target material: the ER with
Al2O3 powder is between one and two orders of magnitude higher with respect to
raw meal powder.

• The ER of Alloy 1 and Alloy 2 tested with both raw meal powder and Al2O3 powder
worsened in the heat-treated conditions. Besides, irrespective of impact velocity
and alloy composition, the samples treated with HT3 route, exhibit in all the tested
conditions the highest ER. With raw meal powder, the lowest values of ER were for
the as-received condition, but the highest values of ER were about three times greater.
Hence, the overall hardness of the alloy is not a comprehensive index of erosive
wear resistance.

• The He/Ht ratio affects the ER: whether it is less than 1, the ER showed a stronger
dependence on the ratio of the hardness of the erodent to that of the target material.

These results have important implications for the proper design of components
where the sensitivity to impact velocity is a key parameter. Moreover, this study es-
tablishes a groundwork for future studies focused on the role of kinetic energy in erosive
wear mechanisms.
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