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Abstract: Surface material loss due to erosive wear is responsible for the increased cost of main-
tenance and downtime in industries. Hence, hardfacing is one of the most valuable and effective
techniques employed to improve the wear resistance of heavy-duty components. The present paper
investigates the microstructural and erosive wear characteristics of a hypereutectic high-chromium
cast iron, considering the erosion resistance, resulting from the impact of micro-sized particles, of
both as-received and heat-treated conditions. Micro-sized particles involve the erosion-resistant
characteristics of carbide and matrix, contemporary. Due to this, the enhancement of the matrix
strength could improve the mechanical support to withstand cracking deformation and spalling. Ac-
cordingly, the effect of a destabilization heat treatment on the microstructure was firstly investigated
by hardness tests, X-ray diffraction analyses, optical and scanning electron microscopy. Specifically
designed erosive tests were carried out using a raw meal powder at an impingement angle of 90◦.
The resulting superior wear resistance of the heat-treated samples was relayed on the improved
matrix microstructure: consistent with the observed eroded surfaces, the reduced matrix/carbides
hardness difference of the heat-treated material is pivotal in enhancing the erosion resistance of the
hardfacing. The present results contribute to a better understanding of the microstructure–property
relationships concerning the erosive wear resistance.

Keywords: hardfacing; high chromium cast iron; heat treatment; erosion tests; wear resistance

1. Introduction

A widespread solution in industrial applications to extend the service life of compo-
nents, in machinery equipment or construction, is found in cladding certain areas of the
surface exposed to various severe wear conditions. Within the different surface coating
protective and hardening techniques, hardfacing is one of the most adopted due to its
low-cost and easy handling characteristics [1,2]. Hardfacing enables enhancing the cor-
rosive, abrasive, and heat resistance properties of a metal workpiece’s surface, creating a
cladding metal layer with improved features [3]. Iron-based hardfacing alloys are the most
widely-used thanks to their good wear resistance and low cost. Among these, due to their
superior wear resistance, High Chromium Cast Irons (HCCIs) are broadly employed in
both abrasive (e.g., grinding media) and erosive (e.g., slurry, gravel, and dredge pumps)
applications [2]. Accordingly, HCCIs are widely used in minerals and mining industries,
cement plants, paper and pulp industry, thermal power plants, iron and steel industries,
etc.

Considering that hardfacing is usually deposited on the substrate by welding tech-
niques, the microstructure of Fe–Cr–C hardfacing alloys resulting from a non-equilibrium
solidification process consists of a Fe–Cr solid solution phase and complex carbides, de-
pending on the Cr and C contents of the alloys. Cr-rich cast irons with hypereutectic
structure, i.e., primary M7C3 carbides surrounded by eutectic austenite and M7C3 car-
bides [2,4–6], show high hardness and superior wear resistance to the hypoeutectic ones.
The excellent abrasion resistance of hypereutectic alloys stems from the dispersion of the
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hard (1300–1800 HV) M7C3 eutectic carbides [7,8]. Despite that, the as-cast condition of
hypereutectic HCCIs cannot meet the demand of heavy impact conditions due to the
difference in hardness between the matrix and the carbides. Hence, while on the one hand
hypoeutectic HCCIs are still used in high demanding environments, on the other hand,
efforts are devoted to enhancing the wear resistance of both hypo- and hyper-eutectic
alloys [9]. HCCIs may be regarded as composite materials as they show a structure com-
posed of large eutectic M7C3 carbides in a softer iron matrix. Hence, a good combination
between matrix and carbides’ hardness and toughness should be tuned to enhance the
overall resistance [10].

Many studies have been focused on the improvement of wear resistance of HCCIs by
the addition of strong carbide forming elements such as W [11,12], V [13], Nb [14,15], Ti [16],
Mo [17,18], and B. Alloying elements are added to the melt to promote the precipitation
of abrasion-resistance MC carbides (M is the metal and C is the carbon), stronger and
harder than M7C3 ones [19–22]. At the same time, attention has been paid to the size,
distribution, and volume fraction of carbide phases that overall affect the wear resistance
of the alloy [23].

Moreover, the toughness and the strain hardening behavior of the matrix influence
the wear resistance of the hardfacing since it should provide the mechanical support to
withstand cracking deformation and spalling [7]. Several attempts have been made to
improve the tribological and wear behavior of HCCIs through heat treatments [10,24–26]
and mechanical treatments [27]. In the as-cast condition, the matrix is mainly austenite
that, upon specific thermal treatments, is transformed into martensite. While the primary
carbides formed inside the melt after casting and the eutectic carbides formed at about
1250 ◦C are not altered by heat treatment, the metastable austenite transforms to martensite
through proper destabilization and subcritical treatments. To induce austenite to marten-
site phase transformations and, in turn, the overall hardness increment, heat treatments
comprise heating for 1–6 h in the range of 900–1100 ◦C are usually applied [28].

In the last few decades, much research has been devoted to explaining the role of
microstructural characteristics in the wear behavior of hardfacing alloys through specific
wear tests (i.e., pin-on-disk or wheel, slurry erosion test, impact erosion resistance) [29–33].
Renewed attention has been paid to the impact erosion resistance of white cast irons,
investigated through solid particle erosion tests [3,9,24,34–36]. Data from several studies
have proved that wear resistance is not mainly influenced by the bulk hardness of the
material, but it is a complex phenomenon derived from several factors, like type, volume
fraction, size, and morphology of eutectic carbides together with their interaction with the
matrix [7,37]. Moreover, the microstructural modifications of the matrix resulting from
different heat treatments applied to destabilized the austenite are pivotal in the assessment
of the wear resistance performance. Finally, to the authors’ knowledge, there is no evidence
about research on the wear behavior of HCCIs subjected to impact erosion tests with
micrometric particles with diameters in the range of 1–10 µm, commonly used in the
industrial process but very different from the standard powder used for erosion tests.

In the light of the above, the main objective of the present study is to investigate the
microstructural features and wear erosive behavior of a commercially available hypereutec-
tic HCCI. Accordingly, this paper begins with a synopsis of the literature regarding HCCIs
and, more specifically Fe–Cr–C hardfacing alloys, to highlight the microstructural fea-
tures responsible for their tribological behavior. The second section describes the adopted
methods to assess the chemical, microstructural and mechanical features of the hardfacing
alloy. Moreover, the erosion tests conducted through a dedicated test rig and the effect of a
destabilization heat treatment on the microstructure and, in turn, on the erosion resistance,
are explained. The third section of the paper describes the microstructural characterization
of the hardfacing alloy, of nominal composition Fe–22Cr–4.8C wt.%, brings together the
findings of hardness tests, optical microscopy, electron scanning microscopy and X-ray
diffraction analyses. Further, considering the role of microstructural features on the wear
properties of the alloy, the destabilization of austenite, through a heat treatment at 950 ◦C
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for 3 h + oil quenching conducted to promote martensite formation and secondary carbides
precipitation, is presented. The wear behavior of the as-received and heat-treated samples
is investigated through a dedicated test rig, by simulating the operating condition of the
considered HCCI alloy used in a large-sized centrifugal fan [38]. The observed improved
erosion resistance is described and discussed. Lastly, the fourth section summarizes the
main findings of the research study. The novelty of the present paper is related to the
investigation of the wear-resistant behavior of the hardfacing alloy, before and after heat-
treatment, used to overcome the erosion effects due to the impact of micro-sized particles.
This latter characteristic has to be considered not only against the carbide hardness but
also on the carbide morphology and matrix characteristics. This experimental study does
not engage with a comprehensive evaluation of the destabilization temperature and time
parameters that could be tuned to improve the erosive wear resistance of the investigated
HCCI alloy. Likewise, it is beyond the scope of this preliminary study to examine the role
of carbide spacing against the particle size distribution of the erodent powder.

2. Materials and Methods

The hardfaced plate analyzed in this study is a layer-composite wear plate, commer-
cially available as EIPA 550 (Eipa Eisen Palmen GmbH, Aachen, Germany), made by the
open-arc welding of a flux-cored wire. The HCCI hardfacing electrodes were deposited on a
low carbon steel plate. The nominal thickness of the base steel, as well as of the hardfacing,
is 5 mm. The chemical composition of the welded layer and the substrate were determined
through the Glow Discharge Optical Emission Spectrometry (GD-OES, Spectruma Analitik
GDS 650, Hof, Germany) technique. Table 1 reports the chemical composition of the alloys:
note that for the HCCI the composition was analyzed in the cross-section considering both
an acquisition area near the resistant side (at about 500 µm far from the top surface), named
RS, and an acquisition area near the substrate side (at about 4500 µm far from the top
surface), named SS. The HCCI is an Nb- and Mo-rich alloy, with a Cr/C ratio of about 5.

Table 1. Chemical composition (wt.%) of the hardfacing plate.

Site
Composition (wt.%)—Fe Balance

C Mn Si Cr Mo Nb W V

HCCI—RS 4.15 0.56 1.08 21.04 2.78 4.09 0.86 0.69
HCCI—SS 3.83 0.59 1.13 18.59 2.59 3.75 0.89 0.65

Carbon steel—Substrate 0.13 0.70 0.19 0.03 0.33 - - -

The microstructure of the hardfacing alloy was evaluated by sampling longitudinal
sections, named L (parallel to the direction of welding), and cross-sections, named T (per-
pendicular to the direction of welding), following the basic steps for proper metallographic
analysis, i.e., cutting, mounting in resin, grinding, final polishing and etching. The latter
was conducted 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) optical 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.

Crystallographic phase identification was performed by X-ray diffractometry (XRD)
with a Bruker D8 Advance (Bruker, Billerica, MA, USA) diffractometer, equipped with a
Cu filament (Kα, 1.5406 Å). All patterns were acquired in the 2θ range of 30◦ to 80◦ with
0.02◦ of step-size and 1 s of step time.

Quantitative metallographic analyses, after preliminary post-processing of the optical
micrographs, using the MATLAB® Color Thresholder app and then evaluation through
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the Leica LAS (Leica Application Suite) V4.9 software, enabled to examine the Carbide
Volume Fraction (% CVF). For each sample, the analyzed region comprised a total of 20
micrographs for the SS and the RS, respectively.

Bulk hardness measurements were carried out on the polished cross-sections of the
samples to evaluate the variation in hardness from the resistant side of the hardfacing to the
steel substrate of the wear plate. The Vickers hardness measurements, under 1000 g test load
and 15 s loading time (HV1), were carried out by a Future-Tech FM-110 (Future-Tech Corp.,
Kawasaki, Japan) Vickers indenter, in agreement with the ASTM E92 standard. Moreover,
Vickers microhardness on the T cross-sections of the polished and etched hardfacing alloy
was also evaluated on both the matrix (test load of 200 g and 15 s loading time, HV0.2) and
on the carbides (test load of 50 g and 15 s loading time, HV0.05). In all cases, the mean
Vickers hardness was calculated from five indentations.

Erosion tests were carried out using an on-purpose built test rig inspired by the ASTM
G76 standard [39]. Since the present analysis was conceived to explore the erosion behavior
due to a micro-sized powder, the feeding systems, as well as the nozzle, were modified
with respect to the prescribed ones to ensure a constant feeding rate and avoiding clogging
phenomenon during the test. The raw meal powder considered in this investigation was
experimentally characterized to define particle morphology, size distribution and physical
characteristics. The erosion tests were carried out by a raw meal powder commonly
used in a cement factory, able to form several agglomerates due to humidity. Digital
and SEI-SEM images of a powder sample in the as-received condition are displayed in
Figure 1a,b. The overall average density of the powder was evaluated by an AccuPyc II
1340 (Micromeritics Instrument Corporation, Norcross, GA, USA) pycnometer and it results
equal to 2700 kg/m3. Moreover, a quantitative analysis of particle diameter distribution is
carried out to evaluate the presence of different diameter particles (dp) within the powder.
The particle size distribution is determined by a Mastersizer 3000 laser diffraction analyzer
(Malvern Panalytical, Malvern, UK) and it is depicted in Figure 1c, which reports the
number, labeled as N, and mass distributions, labeled as M, of the powder. The raw meal
powder was characterized by an average diameter of 4.3 µm (d90 = 9.7 µm).
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Figure 1. (a) Digital and (b) SEI-SEM images of the powder in the as-received condition, (c) number, N, and mass
distributions, M, of the raw meal powder.

The feeding system is comprised of two different systems to guarantee the constant
dosing rate and the breaking process of the agglomerates. The first part is composed of a
hopper, equipped with a calibrated screw able to dosing the powder in the reservoir connect
to a Venturi nozzle. The Venturi nozzle is operated by dried and cleaned shop air in order to
suck the powder from the secondary line connected to the throat section. By the shear force,
the Venturi nozzle allows the breakup of the agglomerates [40,41] ensuring the repeatability
of the erosion tests. After the Venturi, a cylindrical nozzle with an internal diameter of
4 mm and a length equal to 32 mm was mounted. The sample overlook the nozzle at a fixed
distance equal to 10 mm according to the standard, as reported in Figure 2a and it is held by
a sliding and tiltable table to adjust the relative angle between nozzle and specimen surface



Coatings 2021, 11, 490 5 of 17

as reported in Figure 2b. Samples with dimensions of 50 mm × 25 mm × 10 mm were
cut (by abrasive water-jet process) from the wear plate and their top surface was ground,
polished (mirror-like finishing up to 1 µm diamond paste), and ultrasonically cleaned in
acetone. The erosion test used a constant powder-feeding rate (10 g/min), impingement
angle (90◦), and particle impact velocity (100 m/s).
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Three different erosion times, i.e., 30 min, 60 min, and 90 min, were investigated.
For each condition, five samples were tested. After each erosion test, the sample was
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 worn surfaces were then analyzed by both optical and scanning electron mi-
croscopy in an attempt to provide a better understanding of the mechanisms of material
removal. The investigations were conducted on the worn top surface and the cross-
sectioned surface. The latter was cut in the center of the erosion crater and polished using
the above-described standard metallographic technique.

By using an LTF (Lenton Furnaces and Ovens, Hope, UK) tube furnace, the effects of a
destabilization heat treatment on the resulting microstructure and, in turn, on the erosion
behavior, were evaluated. Similar to the erosion times investigated in the as-received
condition, i.e., 30 min, 60 min, and 90 min, also for the heat-treated condition five samples
were tested at the same erosion times. To this end, the furnace was heated at 20 ◦C/min
up to 950 ◦C, and then the samples were held at this temperature for 3 h to promote
the destabilization of the austenite phase. The final oil quenching to room temperature
enabled to precipitate a fine dispersion of the carbides within the matrix. The overall
bulk hardness of the hardfacing, before and after the heat treatment, was evaluated under
30 kg load and 15 s loading time (HV30) by VH Metkon (Metkon Instruments Inc., Bursa,
Turkey) Vickers hardness tester. The hardness of the welded layer was determined as
the average of five indentations to check the reproducibility of the hardness data. Then,
both microstructural investigations and erosion tests were carried out according to the
above-described methods. Microstructural (OM, SEM/EDS) and crystallographic (XRD)
investigations were performed on the heat-treated samples to evaluate the relationship
between microstructural features and erosion resistance.

3. Results and Discussion
3.1. Microstructural Investigations of the As-Received HCCI

Figure 3a displays a digital image of the resistant side of the wear plate in the as-
received condition from which the bead pattern, i.e., juxtaposed passes with continuous
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overlap, enables to counteract severe wear conditions. Moreover, stress relief cracks,
resulting from the relaxation of heat stress in the deposit, develop at right angles to the
weld beads and are regularly spaced. To ensure the wear resistance of the hardfacing, these
cracks must not be spread to the base metal. Figure 3b shows the 3D isometric optical
micrographs of the wear plate in the hardfacing/substrate interface. As can be seen from
the cross-section, the crack does not reach the steel substrate, thanks to the buffer layer (the
light gray band between the hardfacing and the steel) that acts as a barrier to cracking.
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X-ray diffraction pattern of the deposit on the resistant-side layer is shown in Figure 4:
the presence of MC (M = Nb, Mo), M7C3 (M = Cr, Fe), and austenite phases can be detected.
Per the liquidus projection of the iron corner of the Fe–Cr–C ternary system [42,43] and ac-
cording to the evaluated chemical composition (Table 1), the present alloy hardface deposit
falls in the hypereutectic range. Considering the presence of Nb in the alloy, the formation
of MC (M = Nb) carbides precedes the formation of proeuctectic M7C3 carbides [44–46]. MC
carbides precipitate at a high temperature in the melt before the formation of proeutectic
M7C3 carbides, acting as heterogeneous nucleation sites and increasing the nucleation rate
promoting the formation of finer proeutectic M7C3 carbides [44]. As the molten temper-
ature falls to the eutectic point, the residual melt rejects the Cr and C atoms: when the
Cr and C concentrations reach the eutectic composition, the (γ + M7C3) eutectic colonies
form [44].
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The microstructure of the hardfacing, obtained from the polished and etched cross-
section samples, is reported in Figure 5. Figure 5a shows the optical micrograph of the
T-section of the alloy on the resistant side: in the upper part, i.e., close to the surface, the
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hardfacing presents blade-like proeutectic M7C3 carbides, with the longer axis perpendicu-
lar to the surface and whose orientation is related to the heat flow [47], and the (γ + M7C3)
eutectic mixture.

With the increase of the distance from the resistant side, the carbides become finer,
rod-like, and uniformly distributed throughout the matrix. The red arrows in Figure 5a
highlight the stress-relief crack propagation path. SEM investigations were also conducted
on the T cross-section of the hardfacing, at about half of the hardfacing thickness, and
at the boundary between two welding passes. As revealed in the BSE-SEM image of
Figure 5b, the different microstructure of the two passes, with coarser primary carbides
on the left side of the micrograph and finer ones on the right side, is detectable. The
dash-dot yellow line separates the passes with coarser and finer rod-like carbides. The
optical micrographs of Figure 5c,d compare the microstructure of the SS (Figure 5c) and the
RS (Figure 5d) regions of the L-section. Both reveal the presence of γ dendrites (highlighted
by red arrows) adjacent to the proeutectic M7C3 carbides, whose content is greater in the
RS region (Figure 5d). This finding has also been recently reported and described in [44].
Moreover, the effect of the solidification conditions is detectable: near the surface, the
higher thermal gradient results in primary blade-like M7C3 carbides that grow along the
preferential growth axis [47]. In addition to the high magnification optical micrographs
of Figure 5c,d, BSE-SEM analyses were conducted to highlight the microstructural con-
stituents through compositional contrast imaging. Hence, Figure 5e displays the BSE-SEM
micrograph of the T-cross section, which provides an overview of the microstructure, while
the high magnification micrograph of Figure 5f points out the eutectic carbides network.
Consistent with the XRD results (see Figure 4), the BSE-SEM micrographs of the T-section
(Figure 5e,f) reveal a microstructure composed of primary M7C3 carbides (labeled as 1)
surrounded by the eutectic (γ + M7C3) structure (labeled as 2). The carbides reveal a
rhombohedral/hexagonal cross-section [48]. Nb additions enabled the precipitation of
Nb-rich MC carbides displayed as polygonal-shaped structures (labeled as 3), as confirmed
by the EDS analyses. Nb- and Mo-rich carbides (labeled as 4) and Mo- and Fe-rich carbides
(labeled as 5) have also been detected. From the high magnification BSE-SEM micrograph
of Figure 5f, traces of martensite (labeled as 6) could also be observed at the periphery of
the carbides network [7,49,50].

Considering the influence of the CVF on the microstructural and wear characteristics
of the hardfacing [29,31,51], quantitative metallographic image analyses were carried out.
Figure 6 displays examples of the representative microstructures analyzed to evaluate
the CVF parameter: Figure 6a,b show the L-section in the RS and SS, respectively, while
Figure 6c,d show the T-section in the RS and SS, respectively.

As seen, the RS presents larger carbides with a plate-like morphology, while the SS
presents smaller primary carbides with a polygonal shape. It is worth noting that, even
within the same distance from the surface, the microstructure was quite heterogeneous, as
the result of the solidification process. The estimated mean CVF values were 26.25% and
23.45% for the L-section in the RS and SS, respectively, while 25.98% and 24.40% for the
T-section in the RS and SS, respectively. Beyond the negligible differences in the number
of carbides between L-section and T-section, attempts were made to evaluate the size of
the investigated carbides. Hence, Figure 5e displays the Cumulative Distribution Function
(CDF) of the carbides’ area, A. These distributions reveal that for the L-section (both for the
RS, labeled as L_RS, and for the SS, labeled as L_SS) about 90% of the carbides had an area
in the range of 4–60 µm2 while for the T-section (both for RS, labeled as T_RS and for the
SS, labeled as T_SS) about 90% of the carbides had an area in the range of 2–40 µm2. In
all cases, carbides with a larger area (from 100 µm2 up to 900 µm2) were much less with
respect to the numerous eutectic carbides, the share of these large carbides amounted to
about 10% of the total.
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Figure 5. (a) Optical microscope (OM) micrograph of the T-section of the hardfacing captured from
the resistant side, red arrows highlight the crack propagation path; (b) BSE-SEM image of the T-
section at the boundary between two welding passes: the dash-dot yellow line separates the passes
with coarser and finer rod-like carbides; (c,d) OM micrographs of the L-section in the substrate
and resistant side, respectively; (e,f) BSE-SEM images of the T-section whit primary M7C3 carbides
(labeled as 1), eutectic (γ+ M7C3) structure (labeled as 2), Nb-rich MC carbides (labeled as 3), Nb-
and Mo-rich carbides (labeled as 4), Mo- and Fe-rich carbides (labeled as 5) and traces of martensite
(labeled as 6).
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3.2. Hardness of the As-Received HCCI

The results of hardness measurements, taken on the T cross-section, are reported in
Figure 7. Figure 7a shows the Vickers hardness profile measured at increasing distances of 1
mm from the top of the welded hardfacing up to the bottom of the steel substrate. Moreover,
the hardness of both the matrix and the primary carbides was evaluated (Figure 7b).
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3.3. Effect of the Heat Treatment on Microstructure and Erosion Behavior

The erosive resistance of the investigated HCCI was evaluated by erosion tests con-
ducted by comparing the behavior of the alloy in the as-received and heat-treated condi-
tions. Consecutive tests at 30 min, 60 min, and 90 min of erosion were conducted.

Figure 8 represents the BSE-SEM microstructures of the as-received and heat-treated
samples, together with the respective XRD spectra. In the as-received state, the high
magnification BSE-SEM micrograph (Figure 8a) displays a microstructure mainly consisted
of M7C3 eutectic carbides, traces of martensite, and MC carbides, in accordance with the
identified phases in the respective XRD spectrum (Figure 8c). In the heat-treated condition,
the austenite is transformed into martensite, as revealed by the BSE-SEM micrograph
(Figure 8b) and by the martensite peak in the XRD spectrum (Figure 8c).
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Figure 8. Comparison between as-received and heat-treated conditions. (a,b) BSE-SEM images of the
hardfacing microstructure: (a) as-received and (b) heat-treated at 950 ◦C for 3 h and oil quenched. (c)
XRD spectra of the as-received and heat-treated conditions.

After destabilization, the secondary carbides precipitated during the heat treatment
appear as fine granular particles distributed in the matrix (Figure 8b) [52]. These carbides
are detectable from the BSE-SEM images resulting from the deep-etched samples. Figure 9
reports the comparison between the microstructure of the as-received and the heat-treated
samples after etching for 24 h in a solution of 10% HCl in methanol, as suggested by [7].
From the BSE-SEM image of Figure 9b, the small and uniformly distributed secondary
carbides are detectable, in the framework of the matrix structure.

Accordingly, the overall bulk hardness is increased by the thermal treatment: the
as-received sample shows 793 ± 35 HV30 while the heat-treated sample results in 950 ± 52
HV30. Figure 10 exhibits the appearance of a representative worn top surface of an erosion
crater on the as-received sample. From the digital image (Figure 10a) it can be seen the
modification of the substrate surface due to the particle impact. The erosion pattern is
characterized by a circular spot with two concentric regions (commonly known as a crater).
The internal matt-grey region (with a diameter equal to about 5 mm) overlooks the nozzle:
in this region, particles impact the substrate for the first time at 90◦ with the nominal
velocity determining the greater erosion damage. The external circular light-grey region
(with a diameter equal to about 9 mm) is generated by the secondary impacts characterized
by lower impact angle (almost tangential impact) and lower impact velocity. Hence, the
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analyzed eroded area of the worn top surface of the sample, as depicted in the BSE-SEM
image of Figure 10b, was a circle of about 3 mm diameter in the central region of the erosion
crater.
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The worn surface was analyzed through SEM observation of the top surface after
the erosion process. As depicted in Figure 11, which displays the worn surface of an
erosion crater on the as-received sample after 30 min of erosion, SEM images revealed
both the topography of the worn surface (Figure 11a) and the distribution of the chemical
elements, detected by the X-ray elemental maps (Figure 11b,c). Due to the erosion, the
surface appears rough, with the Cr-rich carbides protrusions resulting from the selective
wear of the matrix [31].

Previous research has established the tricky phenomena associated with the wear
behavior of HCCIs, deeply investigating the role of matrix, primary and eutectic carbides
on the wear resistance [31]. The cross-section of the erosion crater, in the as-received
condition, was thus investigated by SEM: Figure 12 depicts the comparison between 30 min
and 60 min of erosion of two different regions of the same sample. As can be seen, the
cross-section analysis in the center of the erosion crater does not provide information
about the erosion mechanisms that occurred. Time-wise evolution of the erosion and wear
phenomena are not detectable only by the cross-section evaluation. After 30 min of erosion,
Figure 12a, primary M7C3 carbides appear emerging from the surrounding matrix, which
results in some damage by the erodent particles. Conversely, after 60 min of erosion, the
center of the erosion crater appears uniformly eroded, with no evident carbide protrusions
(Figure 12b). Such behaviors rely on the mutual interdependence between microstructural
features, of both matrix and carbides (i.e., size, volume fraction, distribution of primary
carbide and eutectic carbides), and fracture behavior (i.e., fracture toughness and hardness).
It has been reported [31] that hard primary carbides near the surface could be spalled off as
they are cracked during the wear process, despite the high hardness. At the same time, the
microstructure, mainly composed of eutectic carbides that show a lower hardness because
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of the decrease of the volume fraction of the M7C3, reveals a better wear resistance thanks to
the uniform distribution of such carbides. Such harder and uniformly distributed carbides
ensure an increased wear resistance since abrasives cannot effectively penetrate into the
matrix and carbides are not easily separate from it [53,54]. According to the literature,
relatively homogeneous wear is observed (Figure 12b).
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In the light of the above reported microstructural findings, to exclude the influence
of the microstructural changes associated with the chemical and solidification conditions,
erosion tests were performed on the same area of the sample. The erosion results are
reported in Figure 13, as the weight loss against the exposure time: it follows that the wear
behavior of the heat-treated samples toward erosion is better than the as-received ones.
Regardless of the condition, the weight loss by the sample increases with the erosion time
with a slightly lower slope for the heat-treated sample. It is worth noting the weight loss
decrease for the heat-treated condition, promoted by the destabilization treatment and, in
turn, by the superior erosion resistance of the obtained microstructure. Conversely, the
weight loss of the as-received sample increases linearly with erosion time. Note that the
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uncertainty band associated with the weight loss measurements has the same size as the
markers on the charts (extended uncertainty is ±0.06 mg).
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against erosion time.

The microstructural investigations were performed on the top worn surfaces by both
OM to evaluate the CVF, and by SEM to study the topographical changes associated
with the erosion phenomena. Since the morphologies of carbides, together with the
microstructure of the matrix, are the predominant characteristics influencing the hardness
and wear behavior of the alloy, it is of high relevance to consider their quantitative analysis.
Table 2 summarizes the CVF values and the respective standard deviations in parentheses
for the as-received and the heat-treated conditions.

Table 2. CVF values and respective standard deviations (in parenthesis) in the as-received and
heat-treated conditions with respect to erosion time. The initial condition before the erosion test is
0 min.

Conditions

CVF

Erosion Exposure [min]

0 30 60 90

As-received 22.19 (1.31) 11.54 (2.34) 9.92 (2.41) 10.24 (3.99)

Heat-treated 28.84 (0.76) 12.54 (1.95) 14.74 (2.71) 13.86 (2.29)

As for the initial condition, indicated as 0 min, it can be stated that for the as-received
and the heat-treated samples the CVF values are comparable. Conversely, from the compar-
ison between the CVF values in the initial condition and after 30 min, 60 min, and 90 min of
erosion it appears that, aside from the condition, the CVF is reduced to half its initial value
and it seems not significantly affected by the erosion time. These experimental findings
shed light on the time-wise evolution of weight loss (see Figure 13).

To further investigate the efficacy of the heat treatment, SEM analyses of the worn top
surfaces were conducted. Figure 14 presents the topography in the center of the crater after
erosion through both SEI-SEM and BSE-SEM images.

From the comparison between the worn surfaces of the as-received (Figure 14a,b)
and the heat-treated (Figure 14c,d) samples after 30 min of erosion, it can be detected
the different wear behavior. The surface of the as-received sample shows wide carbide
protrusion resulting from the selective wear of the matrix while the heat-treated sample
reveals the simultaneous wear of matrix and carbides. Indeed, the reduced hardness
difference between matrix and carbides in the heat-treated sample, 850 ± 52 HV0.2, and
1620 ± 122 HV0.05 respectively, compared with the as-received sample, 692 ± 58 HV0.2
and 1477 ± 147 HV0.05 respectively, increases the wear resistance of the alloy.
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The improved wear resistance of the heat-treated sample is further confirmed by the
surface topography appearance after 60 min of erosion (Figure 14e,f), which is somewhat
similar to the condition of the as-received sample after 30 min of erosion (Figure 14a,b).
Note that the weight loss of these two samples is nearly the same. In the light of that, it
can be inferred the increased capability of the higher hardness matrix in providing better
support for the carbides, compared with the austenitic one, in agreement with findings
in [52].

These findings suggest that the proposed heat treatment is effective in improving
the erosion resistance of the investigated HCCI alloy, which is strongly affected by the
matrix/carbides hardness difference.

4. Conclusions

The microstructural characteristics and the erosive wear behavior of a hypereutectic
HCCI hardfacing alloy were experimentally investigated by considering the effect of a
destabilization heat treatment. The experimental findings indicate that:

• according to microstructural and X-ray diffraction analyses, the investigated HCCI
consists of a mixture of MC and M7C3 carbides dispersed in a metastable austenite
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matrix containing a high Cr concentration, with traces of martensite at the carbides’
periphery. Nb-rich and Mo-rich carbides were also detected;

• the considered destabilization treatment (950 ◦C for 3 h + oil quenching) promotes
the austenite to martensite phase transformation and the precipitation of secondary
carbides;

• the erosion tests, performed at 30 min, 60 min, and 90 min, proved the efficacy of the
heat treatment in improving the erosion resistance of the as-received alloy;

• the reduced hardness difference between matrix and carbides in the heat-treated
sample has a pivotal role in increasing the wear resistance of the hardfacing.

With the objective of providing a better understanding of the microstructure-property
relationships concerning the erosive wear resistance of a Fe–Cr–C hardfacing alloy, the
experimental findings of this study give some remarkable hints, useful for optimized
exploitation of HCCIs in heavy-duty applications. The key takeaways of the research
improve the knowledge of the erosive behavior of hardfacing alloy due to the impact of
micro-sized particles and would thus reflect towards the increase of their performance and,
in turn, of their application ranges.
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