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Abstract: Solid particle erosion (SPE) significantly limits the service life of High-Chromium
Cast Irons (HCCls), widely used in power generation and mining industries. This study
investigates how microstructural features influence the erosion resistance of a Fe-Cr-C
cast iron, focusing on the interplay between particle kinetic energy and carbide features,
i.e., carbide volume fraction (CVF). Erosion tests, conducted per ASTM G76 standards,
revealed that substrates with similar CVFs exhibited varying damage levels, even at
consistent particle kinetic energies. The findings underscored that impact conditions
have a greater influence on erosion resistance than CVF alone, emphasizing the criti-
cal role of carbide morphology and distribution in mitigating damage. This work pro-
vides valuable insights for optimizing HCClIs to enhance material performance and dura-
bility in demanding erosive environments by tailoring carbide distribution to specific
operational conditions.

Keywords: high-chromium cast irons; solid particle erosion; carbide volume fraction;
impact velocity; image analysis; erosion rate

1. Introduction

Solid particle erosion (SPE) is a widely studied phenomenon in the engineering field,
characterized by material removal resulting from impacting particles [1-5]. This process
poses significant challenges in applications such as gas turbines, slurry pumps, and heat
exchangers, where repeated solid particle impacts cause mass loss, compromising durability
and reliability [6-10]. Addressing erosion-related issues is crucial for extending the service
life of these components and maintaining overall efficiency and safety. SPE is a complex,
multi-faceted phenomenon influenced by a combination of parameters that determine
the severity and nature of surface degradation. The literature extensively discusses these
parameters, which include the carrying fluid (such as kinetic energy and thermodynamic
states), the material properties of the impacted surface (e.g., microstructure and hardness),
and the properties of the impacting particles (e.g., morphology, size, impact angle, velocity,
and hardness) [2,11-14]. The erosion rate (ER), a crucial parameter for evaluating surface
degradation, is defined as the rate at which material is removed from the surface, i.e., the
mass or volume of material lost per unit of time or unit area. The key determinant is the
angle at which particles strike a surface [15]. Ductile metals experience maximum ERs at low
angles (20-30°) due to micro-cutting, while brittle materials experience peak ERs at near-
normal impacts (90°), leading to crack formation and spallation. Particle characteristics,
such as size, shape, and hardness, also critically influence erosion outcomes [16,17]. Another
crucial factor influencing SPE is the velocity and, thus, the kinetic energy of the impacting
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particles [18]. It has been observed that ER increases with particle size and kinetic energy
up to a threshold, beyond which this relationship may become nonlinear due to particle-
particle interactions [19,20].

Among the various weld overlay coating materials employed to counteract SPE
(e.g., iron-based, cobalt-based, nickel-based, and copper-based alloys) [21], iron-based
hardfacing materials are often favored [22-25]. This is largely attributed to their cost-
effectiveness and performance characteristics. Notably, high chromium cast irons (HCCls)
are renowned for their excellent wear and corrosion resistance, which stem from their
peculiar microstructure. They consist of hard primary and eutectic carbides (M;yC3 or
My3Cq types) embedded in a tough matrix. Broadly speaking, the primary carbides act
as a barrier against erosion, whereas the surrounding matrix provides ductile support to
the carbides.

As reported, SPE is a challenging phenomenon, and many investigations have ex-
plored specific aspects of the erosion phenomenon, focusing on individual parameters
that influence erosive behavior. For instance, Sapate and Rama Rao [26,27], explored
the relationship between carbide volume fraction (CVF) and ER under mild and severe
erosion conditions, analyzing the protective role of carbides against softer erodents and
the opposite effect in the presence of harder erodents. Chatterjee and Pal [22] analyzed
the SPE of hardfacing deposits on gray cast iron, highlighting that CVF and carbide type
significantly influence erosion resistance, with softer erodents causing less damage and
hard erodents leading to severe wear in alloys with brittle carbides. Similarly, Stevenson
and Hutchings [28] demonstrated that CVF is critical for erosion resistance, with results
varying based on the relative hardness of the erodents. In parallel, the kinetic energy of
impacting particles has been observed to play a fundamental role in intensifying erosion.
As discussed by Finnie [29], who modeled the relationship between particle velocity and
ER, higher kinetic energy amplifies surface damage. However, the effect of kinetic energy is
often studied separately from microstructural considerations. Shitole et al. [30] investigated
the influence of particle kinetic energy, varying with particle size, on SPE of metals. The
findings suggested a direct correlation between increased kinetic energy and higher ERs,
showing that higher-energy particles cause more severe material degradation.

In summary, while numerous studies have provided valuable insights into SPE, none,
to the best of the author’s knowledge, have comprehensively examined the combined
effects of microstructural characteristics and the kinetic energy of impacting particles, often
overlooking their complex interplay. The primary purpose of this study is to address this
research gap by investigating how the microstructure of an HCCI interacts with particle
kinetic energy to influence erosion resistance. Specifically, the study aims to determine why
substrates with similar CVFs exhibit differing levels of damage under identical erosion
conditions (i.e., the same particle kinetic energy), thereby advancing the understanding
of structure-property relationships. To achieve this objective, a detailed microstructural
analysis through optical and scanning electron microscopes was performed. The erosion
tests, conducted in a dedicated test rig designed according to the guidelines outlined in the
ASTM G76 standard [31], comprised a standard powder (ISO 12103-1 standard [32]) with
different granulometric distributions. Tests were conducted at a 15° impact angle and by
keeping kinetic energies constant. The findings reveal that substrates with the same CVFs
can suffer different damage levels even when subjected to identical particle kinetic energies.
This underscores the need for a quantitative approach to deepen our understanding of
structure-property relationships, enhance microstructure design, and optimize processing
methods. By providing new insights into the complex relationship between microstructure
and erosion mechanics, this study advances the understanding of the erosion process and
contributes to improving the design and durability of HCClIs for demanding applications.
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2. Materials and Methods

In this study, a commercial hardfacing alloy was utilized, featuring an HCCI overlay
applied on a low-carbon steel substrate. The overlay was deposited using an open-arc
welding process with a flux-cored wire through commercial process parameters. The HCCI
hardfacing electrodes were deposited onto a low-carbon steel plate, with the base steel and
the hardfacing layer having a nominal thickness of 5 mm. To determine the chemical com-
position of the HCCI, Glow Discharge Optical Emission Spectroscopy (GDOES, Spectruma
Analytik, Hof, Germany) was performed, and the result is summarized in Table 1.

Table 1. Chemical composition (wt.%) of the HCCI overlay.

Composition (wt.%)—Fe Balance
C Mn Si Cr Mo Nb W v
4.15 0.56 1.08 21.04 2.78 4.09 0.86 0.69

The microstructural analyses of the material were conducted using a Leica DMi8 A
optical microscope (OM) (Leica, Wetzlar, Germany) and a Zeiss EVO MA15 (Carl Zeiss,
Jena, Germany) scanning electron microscope (SEM), equipped with an Oxford X-Max 50
(Oxford Instruments, Abingdon-on-Thames, UK) Energy Dispersive Spectroscopy (EDS)
X-ray microprobe for semi-quantitative analysis. SEM investigations comprised secondary
electron (SEI) and backscattered electron (BSE) detectors. After standard metallographic
preparation (up to 3 um diamond polishing), the surface was etched with Kalling’s reagent
(5 g CuCly, 100 mL HCI, 100 mL C,H50H). A detailed quantitative description of the
microstructural features of the HCCI was conducted to deepen the role of the microstructure
on the solid particle erosion phenomenon. The 20 mm x 20 mm (which represents the
area of the target used in the erosion tests described hereafter) surface of each sample
was divided into 9 regions of interest (ROls), covering a total area of about 18 mm? per
sample. Through Image] image analysis software (Version 1.53e, 2020, National Institutes
of Health, Bethesda, MD, USA) [33], the stereological features of the Cr-rich carbides were
determined. Figure 1 displays the sequence of the adopted image processing procedure.
Figure 1la presents the original grayscale OM micrograph. The latter was converted into an
8-bit binary image, and contrast enhancement techniques were applied to facilitate feature
extraction. By setting the threshold value for identifying the features under examination
(specifically, the primary Cr-rich carbides), each particle was outlined, ensuring precise
delineation of the carbides for accurate quantification. Figure 1b illustrates the outcome of
particle analysis, where carbides below a specified area threshold were excluded, displaying
only the outlines of the measured carbides. This selective exclusion was achieved by
defining a minimum size threshold to filter out undesired carbides based on their area.
This sequence was adopted to determine the CVF parameter, computed as the Ac/Ator
ratio, where A represents the area, the subscripts C and TOT refer to carbides, and the total
analyzed microstructure area.

Solid particle erosion tests were conducted per the ASTM G76 standard in an on-
purpose bench. The bench has two main sections: the particle injection system and the
impact test chamber. The particle injection system comprises a volumetric feeder that
ensures a stable flow rate of erodent powder, which is calibrated for precise mass flow
control by adjusting the motor speed via an inverter. Once dosed, the powder reaches a
mixing chamber connected to the main airflow. Here, high shear forces generated by a
Venturi nozzle prevent particle agglomeration, thus ensuring a consistent particle stream.
The high-speed airflow carries the particles through the nozzle, where they are accelerated
to the desired impact velocity. Nozzle geometry is optimized to guide the particle-laden
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jet toward the target material with minimal dispersion. The specimen is placed in a target
holder, which can be tilted to test different impact angles, i.e., from tangential (15°) to
normal (90°) impacts. Figure 2 shows the test chamber. An exhaust fan coupled with a
filtration system prevents particle dispersion outside the chamber. Further details regarding
the test bench can be found in [34].

Figure 1. Sequence of the adopted image processing procedure with Image] image analysis software:
(a) original grayscale OM micrograph and (b) outcome of particle analysis.

Figure 2. Scheme and image of the impact test chamber.

Tests were conducted on polished surfaces (3 pm diamond polishing) with an impact
angle of 15°. The erodent powder selected was the controlled-grain-size standard Arizona
dust quartz (ARD), in accordance with ISO 12103-1:2016. This commercial powder com-
prises 75% silica dioxide, 20% aluminum trioxide, and minor oxides (such as magnesium
and iron) and is commonly used to test filtration systems and assess machine degradation.
Two mean particle diameters of the ARD powder were chosen, specifically dmean = 4.8 pm
(labeled as UF) and dmean = 25.5 pm (labeled as M). Test parameters, including flow rate,
injected powder flow rate, and test duration, were established using computational fluid
dynamics simulations to ensure a working condition with constant kinetic energy of the
erodent particles. Hence, UF powder had an impact velocity of 205 m/s, whereas M powder
had an impact velocity of 15.9 m/s. This difference in velocity compensates for the varying
particle masses, ensuring that the tests were conducted under equivalent kinetic energy
conditions. Erosion resistance was assessed by measuring the sample weight loss using
a Kern ABT 100-5NM (Kern, Balingen, Germany) analytical balance with a resolution of
0.01 mg. The ER was computed as the ratio of sample weight loss to the mass of injected ero-
dent, and ER values were averaged over five tests for each substrate-erodent combination.
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On the worn surfaces, qualitative and quantitative analyses comprised observations using
a HIROX-RH 2000 (Hirox Europe, Limonest, France) 3D digital microscope and using a
Talysurf CCI-Lite (Taylor-Hobson, Leicester, UK) non-contact 3D profilometer, respectively.

3. Results and Discussion

Figure 3 shows the OM micrographs of the investigated HCCI, highlighting its main
metallographic features. As seen, the microstructure is composed of primary carbides
(i.e., the light phase in the micrographs) embedded in the surrounding matrix. Such
a microstructure is in accordance with the chemical composition of the HCCI, and the
as-welding morphology of M7Cs carbides of hypereutectic Fe-Cr-C alloy depends on
the solidification rate [35]. Thus, some regions exhibit hexagon and hollow-hexagon
morphologies of primary M;C; carbides (see Figure 3a), whereas others display blade-like
primary carbides (see Figure 3b). In addition to the morphologies, the distribution of the
carbides differs since they appear relatively uniformly distributed in Figure 3a and form a
star-like pattern emanating from nucleation centers in Figure 3b, as a result of directional

solidification phenomena.

Figure 3. OM micrographs of the investigated HCCI: (a) hexagon and hollow-hexagon morphologies
of primary M;C3 carbides; (b) blade-like morphology of primary M;Cs carbides.

The SEM analyses enabled us to attain more insight into the metallographic features
of carbides and of the surrounding matrix. Figure 4a shows a low-magnification SEI-SEM
micrograph representative of the HCCI microstructure. As seen, a large number of M;Cs
carbides evenly distributed in the matrix are detectable, identifiable by their characteristic
hexagonal shape. In addition, several eutectic carbides surrounding the primary ones
are also visible (see the solid circles in Figure 4a). Such carbides are likely the MC-type
ones, as previously observed in [36,37]. Given the Nb content in the alloy (see Table 1),
the micrograph also revealed the presence of NbC with flower-like or polygonal shapes
(see the dashed circles in Figure 4a). It has been established that the improvement of wear
resistance by Nb addition depends on the very hard NbC (2400 HV) and on the dissolution
of Nb in the matrix that promotes higher hardness [38—42]. From the high-magnification
SEI- and BSE-SEM micrographs of Figure 4b,c additional microstructural features were
detailed. The SEI-SEM micrographs of Figure 4b confirmed the presence of primary and
eutectic carbides, Nb-rich carbides surrounded by an austenitic matrix with a small amount
of martensite (see the arrows in Figure 4b). Readers seeking more in-depth insights on
matrix microstructure and on the role of its structure in affecting SPE resistance are referred
to a preceding study by the authors [43]. As previously observed [44], the local depletion
of austenite from alloying addition promotes martensite formation at the matrix/carbide
interface. In addition to the EDS point analyses of the M;Cs carbides (Figure 4d) and of the
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NbC (Figure 4e), Figure 4f displays the spectrum of the detected Mo-rich carbides. Such
carbides were also detected in a previous study by the authors [43] in which XRD analyses
comprehensively detailed the phase compositions of the investigated HCCI. The formation
of such hard carbides refines the primary M;C3 ones and improves the hardness and wear

resistance of the material [40,45,46].

e
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Figure 4. Micrographs of the investigated HCCI: (a) low-magnification SEI-SEM micrograph repre-
sentative of the HCCI microstructure, eutectic carbides labeled with solid circles, and NbC labeled
with dashed circles; (b) high-magnification SEI-SEM micrograph with martensite labeled with arrows
(c) high-magnification BSE-SEM micrograph with labeled EDS point analyses; (d-f) EDS spectra of
the point analyses labeled in (c).

The quantitative description of the microstructure was performed to further detail the
carbide morphologies and their distribution within the microstructure. The qualitative and
quantitative comparison among the different morphologies was considered, as reported in
Figure 5, where the representative OM micrographs found within the microstructure of the
investigated samples are shown. Table 2 reports the corresponding CVF parameters for
each micrograph of Figure 5. As seen, according to the variations in carbide morphologies
and dimensions, the CVF data vary from 0.14 up to 0.63 in the micrographs. It is worth
noting that the adopted welding process is a commercial one, which inherently introduces
variability in the microstructure due to local differences in solidification conditions. To
provide context, the solidification of HCCI alloys is well understood in terms of equilibrium
phase diagrams, as extensively discussed in the literature [47,48]. However, in commercial-
grade materials, deviations from idealized solidification behavior are common due to the
impact of real-world processing parameters, and understanding these deviations is essential
for optimizing the performance of commercially manufactured components. Based on this
experimental evidence, the CVF parameter was evaluated for both sample series tested
with UF and M powders, respectively. The CVF was averaged on the surfaces of each
sample series, i.e., covering a total area of about 54 mm?. The results are collected in Table 3,
which shows that the samples of the erosion tests had comparable CVF values. Such an
outcome enables testing samples with comparable microstructure and, thus, only deals
with the effect of particle dimension of the erodent powder.
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Figure 5. Representative OM micrographs of the varying morphology of primary carbides within the
microstructure: (a—c) displays the variations in carbide morphologies and dimensions.

Table 2. CVF values of the representative OM micrographs in Figure 5.

Micrograph CVF = Ac/Ator
a 0.14
b 0.63
C 0.42

Table 3. Erosion tests conditions and results: mean CVF values of the samples, kinetic energy,
and ERs.

Sample Series CVF = Ac/Ator Kinetic Energy [J] ER [ug/g]
UF 0.30 £ 0.14 6x 1078 63.9
M 0.29 £0.12 2x 1077 4.1

Table 3 also reports the condition (constant kinetic energy) and the obtained results
(ERs) of the erosion tests. As seen, for the UF powder, the ER resulted in 63.9 ug/g, whereas
for the M powder, the ER resulted in 4.1 ng/g. These outcomes highlighted that the CVF
parameter is insufficient to account for the erosion resistance of the material. It is worth
noting that by keeping the substrate characteristics (i.e., CVF), erodent powder type, and
kinetic energy of the impacting particles constant, the result is 16 times greater ER for the
UF powder. Based on these experimental findings, it emerges that for the investigated
ARD-HCClI tribology coupling, the ER cannot be assessed according to the known literature
models [2] where kinetic energy drives the magnitude of the damaging process.

To gain a deeper understanding of the wear damage that occurred, the worn surfaces
were analyzed using a 3D digital microscope. Representative images, summarized in
Figure 6, provide an overview of damage propagation across the matrix and carbides,
effectively highlighting key differences in erosion behavior. From the comparison between
the eroded surface of the HCCI exposed to ARD powder with a mean particle diameter
of 4.8 um (Figure 6a), i.e., UF powder, and with a mean particle diameter of 25.5 um
(Figure 6c), i.e., M powder, the difference in wear damage is evident. Consistent with the
ERs data, the surface of Figure 6a exhibits remarkable wear damage with pronounced
deformation features, including deep grooves. Such large-scale erosion marks suggest
the particles’ flow direction (from the top to the bottom in the image). By contrast, the
surface morphology resulting from erosion by ARD powder with a mean particle diameter
of 25.5 um (Figure 6¢) displays negligible deformation since the original microstructural
features are still evident. Such outcomes are also confirmed by the high-magnification
images reported in Figure 6b,d. The close-up of Figure 6b, which is a magnified view of
the area depicted in Figure 6a, provides further evidence of the highly localized stresses
upon impact, leading to material removal, confirming the severe abrasive wear mech-
anisms at play. The increased impact velocity of UF powder leads to more substantial
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material displacement compared to the lower impact velocity associated with M powder,
as seen by the comparison with the enlarged view of Figure 6d. This image highlights
the smoother, eroded surface, suggesting a gradual material removal without significant
plastic deformation due to the lower impact velocity.

Figure 6. Digital microscope images of the worn surfaces: (a,c) low-magnification images of the
surface eroded by ARD powder with a dmean = 4.8 pm and with a dmean = 25.5 pm, respectively;
(b,d) high-magnification images of the surface eroded by ARD powder with a dmean = 4.8 um and
with a dmean = 25.5 pum, respectively.

Finally, the surface texture of the worn surfaces is compared in the 3D isometric views
of Figure 7. As seen, these observations highlighted the contrasting erosion morphologies
resulting from the different sizes and velocities of the erodent particles. The surface eroded
by ARD powder with a dmean = 4.8 um (Figure 7a) is more worn, as confirmed by the
areal surface roughness parameter Sa, i.e., the arithmetical mean height. For Figure 7a,
the Sa resulted in 2.24 £ 0.13 m, whereas for Figure 7b, it is 0.10 & 0.02 pm. Hence, the
smaller particles produce deeply grooved textures and pronounced ridges, indicating
more aggressive material removal caused by the higher impact velocity that generated
concentrated localized stresses upon impact. This leads to significant surface deformation,
characterized by material displacement and detachment, and a rough topography marked
by sharp peaks and valleys. Such morphology is consistent with the abrasive nature of
high-velocity impacts, where the particles repeatedly erode the surface through mechanical
wear. In contrast, larger impacting particles, moving at a lower velocity, produce smoother
surfaces. The lower velocity reduces the severity of material removal. These contrasting
morphologies highlight the critical role of erodent particle size and velocity in determin-
ing erosion mechanisms. Smaller particles at high velocities amplify surface roughness
and material loss, while larger, slower particles predominantly cause negligible localized
deformation, preserving much of the original surface integrity.
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Figure 7. 3D isometric views of the worn surfaces eroded by ARD powder with: (a) dmean = 4.8 um
and (b) dmean = 25.5 um.

4. Conclusions

This study analyzed the solid particle erosion resistance of a high chromium cast
iron, focusing on the combined role of microstructural features and the kinetic energy of
impacting particles. The following conclusions can be drawn based on the experimental
outcomes resulting from both microstructural investigations and erosion tests.

- detailed quantitative microstructural analyses revealed that the CVF parameter was
comparable across samples;

- erosion tests comprised two mean particle diameters of the ARD powder
(dmean = 4.8 um, labeled as UF, and dmean = 25.5 um, labeled as M). Tests con-
ducted at equal particle kinetic energy and CVF revealed varying damage levels in
the substrates, highlighting that impact conditions, particularly velocity, outweigh
the contribution of CVF alone. With UF powder, the HCCI substrate experienced
markedly higher erosion rates (ER = 63.9 ug/g), characterized by severe surface dam-
age and localized material removal. Conversely, M powder promoted lower erosion
rates (ER = 4.1 pg/g) with minimal deformation;

- the erosion tests demonstrated a significant dependence of ER on the size and ve-
locity of erodent particles, with smaller, faster particles causing more severe erosion
(ER = 63.9 ug/g) due to their higher localized impact. Conversely, larger particles
produced less pronounced wear (ER = 4.1 pug/g), inducing negligible deformation
since the original microstructural features are still evident.

This study addresses critical gaps in the understanding of SPE behavior in HCCls, pro-
viding valuable insights for optimizing the design and processing of HCCIs. The research
sheds light on the interplay between carbide morphology, distribution, and SPE behavior, a
partially underexplored area. By demonstrating how substrates with identical CVF exhibit
varied erosion resistance due to differences in morphology and distribution, the study
provides valuable insights for tailoring HCCI microstructures to enhance performance in
demanding erosive environments.
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