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Abstract
High chromium cast irons (HCCIs) are widely employed as wear-resistant hardfacing materials in industrial applications 
where solid particle erosion (SPE) represents a primary degradation mechanism, such as in energy production, mining, and 
cement manufacturing. The erosive wear resistance of these alloys is strongly dependent on the microstructural features 
of the primary M7C3 carbides, particularly their size, morphology, and spatial distribution within the metallic matrix. The 
quantitative relationship between carbide distribution homogeneity and erosion resistance has received limited attention in 
the literature. This study investigates the erosive wear resistance of a Fe-Cr-C cast iron hardfacing alloy and proposes three 
digital image processing methods to quantitatively characterise the carbide microstructure and correlate it with experimen-
tal erosion test results. Optical microscopy combined with image binarisation was used to segment primary M7C3 carbides. 
Three methods were adopted: carbide volume fraction (CVF), minimum inter-carbide distances, and a moving scanning area 
approach. Erosion tests were conducted according to ASTM G76 guidelines using two Arizona road dust powder grades 
with two mean diameters under equal kinetic energy conditions. Results show that the erosion rate decreases significantly 
with the increasing erodent particle size and that carbide distribution homogeneity plays a critical role in determining the 
erosion resistance. The moving scanning area method proved particularly effective at correlating microstructural coverage 
with experimental erosion rates.

Keywords:  
chromium-rich carbides, hardfacing, image analysis, solid particle erosion, microstructural characterisation

1. INTRODUCTION

Extending the service life of mechanical components oper-
ating under severe surface degradation conditions is a ma-
jor challenge across several industrial sectors, including 
energy production, mining, and bulk material handling. In 
applications where components are exposed to the impact 
of solid particles carried by a fluid stream, erosive wear is 
a primary failure mechanism, leading to progressive materi-
al removal and component replacement costs [1]. A widely 
adopted strategy to mitigate this problem is the application 
of hardfacing coatings deposited by welding onto critical 
surfaces, combining low process cost with the flexibility 
to treat localised areas and repair damaged zones without 
replacing entire components [1, 2].

Among hardfacing materials, high chromium cast irons 
(HCCIs) of the Fe-Cr-C family represent a well-established 
class of materials due to their hardness, wear and corrosion 
resistance, properties that are retained even at elevated 
temperatures [3, 4]. Their chemical composition typically 
ranges from 2 to 7 wt.% C and from 5 to 36 wt.% Cr and 
their microstructure consist of primary and eutectic 

carbides, predominantly of the M7C3 type (M = Cr, Fe), em-
bedded in an austenitic, bainitic, or martensitic matrix [5]. 
The primary M7C3 carbides exhibit Vickers hardness values 
of 1300–1800 HV and serve as the primary barrier against 
wear, while the metallic matrix provides toughness and 
load-bearing support to the carbide network [6].

The morphology, size, and spatial distribution of car-
bides are recognised as critical factors governing the 
wear resistance of HCCIs [6, 7]. Primary M7C3 carbides can 
exhibit elongated or globular morphologies depending on 
the solidification conditions and alloy composition  [8]. 
Elongated carbides tend to improve abrasive wear resis-
tance, whereas globular carbides are generally associated 
with better impact resistance [9]. The carbide volume 
fraction (CVF), defined as the ratio of the area occupied 
by carbides to the total analysed area, is the parameter 
most used in the literature to characterise HCCIs and es-
timate their wear resistance [10]. Higher CVF values are 
generally associated with increased hardness and wear 
resistance, although an excessive CVF can reduce tough-
ness if the matrix is not adequately balanced. CVF can be 
modified through compositional adjustments, for instance, 
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increasing the Cr content promotes the formation of M7C3 
and M23C6 carbides, or through destabilisation heat treat-
ments that influence secondary carbide precipitation and 
matrix hardness [11–13].

The erosive wear behaviour of metallic substrates under 
solid particle impact depends on multiple factors, including 
the particle velocity, shape, size, impact angle, and chem-
ical composition of the erodent, as well as the substrate 
microstructure [14, 15]. Although the erosion resistance 
of HCCIs has been widely investigated experimentally and 
numerically [16], the quantitative relationship between 
microstructural parameters and erosion resistance remains 
insufficiently explored [7, 10, 17]. In particular, the spatial 
homogeneity of the carbide distribution, which determines 
the local probability of matrix exposure to erodent impact, 
has rarely been addressed through systematic image analy-
sis approaches.

The present study aims to fill this gap by developing and 
comparing three digital image processing methods for the 
quantitative characterisation of primary M7C3 carbides in 
a Fe-Cr-C HCCI hardfacing alloy. The methods are correlat-
ed with experimental solid particle erosion test results 
obtained using two erodent powder grades selected based 
on microstructural inter-carbide distance analysis, in accor-
dance with ASTM G76 guidelines. The results demonstrate 
that carbide distribution homogeneity, rather than CVF 
alone, is a key parameter controlling the erosion resistance 
under the tested conditions.

2. MATERIALS AND METHODS

2.1. Material and sample preparation

The material investigated in this study is a  commercial 
Fe-Cr-C cast iron deposited by hardfacing welding onto 
a low-carbon steel substrate. The chemical composition of 
the alloy, determined by Glow Discharge Optical Emission 
Spectroscopy (GDOES, Spectruma Analytik GDS 650, Hof, 
Germany), is reported in Table 1. The alloy is hypereutectic, 
with a primary M7C3 carbide fraction solidifying before the 
eutectic reaction.

Samples with dimensions of 20 mm × 20 mm × 10 mm 
were prepared in accordance with the requirements of the 
erosion test bench described in Section 2.2. All samples ana-
lysed in this study were extracted from the same hardfacing 
deposit batch to ensure consistency of welding parameters 
and microstructural homogeneity across the experimental 
campaign. Prior to microstructural analysis, sample sur-
faces were chemically etched using Kalling’s reagent (5 g 
CuCl2, 100 ml HCl, 100 ml C2H5OH) for 5 seconds to reveal 
the structural constituents. Metallographic analysis was 

performed using a  Leica DMi8 A  optical metallographic 
microscope (Leica, Wetzlar, Germany).

2.2. Erosion tests 

Solid particle erosion tests were conducted using a ded-
icated test bench designed in accordance with ASTM 
G76 guidelines [18]. The apparatus provides control of 
operational parameters, including the air flow rate, ero-
dent powder feed rate, impact angle, and test duration. 
A  detailed description of the test bench design and its 
validation is reported in previous works by the authors 
[19–21].

An impact angle of 15° was selected to simulate the most 
severe and operationally representative damage conditions 
for the hardfacing coating under investigation [21]. The 
erodent material used in all tests was Arizona road dust 
(ARD), a standardised commercial powder compliant with 
ISO 12103-1:2016, composed of SiO2 (75%), Al2O3 (20%) 
and minor oxides (Mg, Fe, and others) [22]. This powder is 
widely employed in filtration system testing and machine 
degradation studies. Two powder grades were selected for 
the erosion tests: ARD Ultrafine (ARD UF) and ARD Medi-
um (ARD M), with mean particle diameters of 4.8 μm and 
25.5 μm, respectively. Scanning electron microscopy (SEM) 
images are shown in Figure 1.

The two powder grades were selected based on the 
results of the inter-carbide distance analysis described in 
Section 2.3, to investigate two distinct interaction regimes 
between erodent particles and substrate microstructure: 
(i) mean particle diameter smaller than the inter-carbide 
distance, and (ii) mean particle diameter larger than the 
inter-carbide distance.

Operational parameters, i.e. air flow rate, powder feed 
rate and test duration, were determined through computa-
tional fluid dynamics (CFD) simulations, maintaining equal 
kinetic energy conditions for the erodent particles across 
both test configurations [21]. The powder feed rate was set 
to 10 g/min. The erosion resistance was quantified through 
sample mass loss, measured using a  Kern ABT 100-5NM 
precision analytical balance (Kern, Balingen, Germany) 
with a  resolution of 0.01 mg. The erosion rate (ER) was 
calculated as the ratio between the mass lost by the eroded 
sample (μg) and the mass of the injected erodent (g), as 
expressed in Equation (1):

	 ER = Δm_sample / m_erodent	 (1)

where: Δm_sample is the mass loss of the sample (μg), 
and m_erodent is the total mass of the erodent injected (g). 
Ten samples were tested for each condition to ensure the 
statistical reliability of the results.

Table 1	  
Chemical composition of the investigated Fe-Cr-C cast iron (wt.%, Fe balance)

C Mn Si Cr Mo Nb W V Fe

4.15 0.56 1.08 21.04 2.78 4.09 0.86 0.69 Bal.
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a) 

 

b) 

Fig. 1. SEM micrographs of the erodent powders used in the erosion tests: a) ARD UF (d_mean = 4.8 μm); b) ARD M (d_mean = 25.5 μm)

2.3. Microstructural analysis and image processing

Microstructural characterisation was performed on n = 10 
samples, with n = 6 regions of interest (ROIs) identified on 
each sample, for a total analysed area of 9 mm2 per sample. 
Micrographs were acquired at 200× magnification. The mi-
crostructure of the investigated alloy consists of polygonal 
primary M7C3 carbides surrounded by a  predominantly 
austenitic matrix with traces of martensite and eutectic 
carbides. The alloy can therefore be regarded as a  two-
phase material with a  composite-like structure in which 
the matrix provides toughness and the hard carbides act as 
reinforcement against wear.

Image processing was performed starting from optical 
micrographs, which were converted to binary black-and-
white images by applying a grey-level threshold using the 
open-source software ImageJ (Version 1.53e, National Insti-
tutes of Health, USA) [23], as shown in Figure 2. 

The chromatic contrast between carbides (bright) and 
matrix (dark) was exploited to segment the carbide phase. 
The binary images obtained served as the common input for 
the three analysis methods described as follows.

Method 1: carbide volume fraction (CVF). The carbide 
volume fraction is defined as the ratio of the total carbide 

area to the total analysed area, as expressed in Equa-
tion (2):

	 CVF = Σ A_carbides / A_total	 (2)

where: A_carbides is the sum of the areas of all segmented car-
bide particles, and A_total is the total area of the analysed re-
gion. CVF was computed for each ROI across all samples using 
ImageJ, providing a mean value and associated variability for 
each region. This parameter represents the most widely used 
descriptor of HCCI microstructure in the wear literature [10] 
and serves as the baseline reference method in this study.

Method 2: Minimum inter-carbide distances via Delaunay 
triangulation. This method was developed to characterise 
the spatial distribution of primary carbides by computing 
the minimum edge-to-edge distances between adjacent car-
bides. Starting from the binary images (Fig. 3a), the centroid 
coordinates of each carbide particle were extracted after an 
image cleaning step to remove artifacts and eutectic carbides 
below a minimum size threshold, to reduce the computation-
al load and focus the analysis on primary carbides (Fig. 3b). 
Carbide adjacency was determined through Delaunay 
triangulation applied to the centroid coordinates, and the va-
lidity of each triangulation link was verified geometrically to 
exclude connections crossing other carbide bodies (Fig. 3c). 

a) 

 

b) 

Fig. 2. Example of an optical micrograph of the material under examination: a) original image; b) post-processed binary version
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Fig. 3. Image processing steps for Method 2: a) binary image after cleaning; b) carbide centroid coordinates and Delaunay triangulation network 
with validity check of connections; c) final map of minimum edge-to-edge distances between adjacent carbides

For each valid pair of adjacent carbides, the minimum 
edge-to-edge distance was then computed as the short-
est distance between the respective perimeters, using 
a  dedicated Python script. The resulting distance distri-
butions were represented as boxplot diagrams for each 
ROI, enabling direct comparison of inter-carbide spacing 
variability across different microstructural zones. This 
method provides information exclusively on the spatial 
homogeneity of the carbide distribution, independently of 
the carbide area fraction.

Method 3: Moving scanning area. This method was de-
signed to simulate the impact of erodent particles on the 
substrate microstructure and to quantitatively assess the 
local carbide coverage experienced by an impacting parti-
cle. Starting from the binary images, a square sampling area 
with a side length equal to the mean equivalent diameter of 
the erodent powder was defined. The conversion from pix-
els to micrometres was performed based on the micrograph 
scale bar using ImageJ. The sampling area was systematical-
ly translated across the entire image by centring it on each 
sampling pixel, and for each position, the coverage ratio 
(Rc) was computed as the ratio of white pixels (carbides) 
to total pixels within the sampling area, as expressed in 
Equation (3):

	 Rc = N_white / N_total	 (3)

where: N_white is the number of carbide pixels, and N_to-
tal is the total number of pixels in the sampling area. To 
manage the computational cost, a  scanning step greater 
than 1 pixel can be adopted, meaning that the sampling 
pixel is shifted by a  fixed number of pixels in both the 
horizontal and vertical directions between consecutive 
evaluations. Border effects were avoided by excluding 
sampling positions within half the equivalent diameter 
of the image edges. The procedure was implemented in 
a Python script, and the output is a frequency histogram 
of Rc values, representing the probability distribution 
with which an impacting particle of a  given size would 
encounter a given local carbide coverage. Unlike Method 1 
and Method 2, this approach simultaneously accounts for 
both the carbide area fraction and spatial distribution 
homogeneity, and it is inherently sensitive to the size of 
the impacting particle.

3. RESULTS AND DISCUSSION

3.1. Erosion test results

The erosion test results obtained for the two erodent pow-
der grades are summarised in Table 2. Tests were conduct-
ed under equal kinetic energy conditions for the erodent 
particles, so that differences in erosion rate can be attribut-
ed to the interaction between particle size and substrate 
microstructure rather than to differences in impact energy.

Table 2	  
Erosion test conditions and results

Mean particle 
diameter [μm]

Impact 
velocity [m/s]

Kinetic 
energy [J]

ER  
[μg/g]

4.8 (ARD UF) 205 6×10⁻⁸ 48.1 ± 6.7

25.5 (ARD M) 15.9 2×10⁻⁷ 7.5 ± 2.2

The ARD UF powder (mean diameter 4.8 μm) produced 
an ER approximately six times higher than that obtained 
with ARD  M (mean diameter 25.5 μm), despite the two 
conditions being designed to deliver equal kinetic energy to 
the substrate. This result clearly demonstrates that particle 
size plays a dominant role in determining erosion severity, 
independently of the impact energy. The underlying mecha-
nism is related to the interaction between particle size and 
substrate microstructure: when the mean particle diameter 
is smaller than the typical inter-carbide spacing, particles 
preferentially impact the metallic matrix, which offers 
significantly lower resistance to erosion than the hard car-
bide phase. Conversely, when the mean particle diameter 
is comparable to or larger than the inter-carbide spacing, 
the probability that an impacting particle encounters 
a carbide increases substantially, and the carbides act as an 
effective barrier against material removal. SEM analysis of 
the eroded surfaces confirms this interpretation. Surfaces 
eroded by ARD  UF show extensive and relatively uniform 
matrix removal with limited carbide involvement, consist-
ent with a regime in which the matrix is the primary target 
of erosion. Surfaces eroded by ARD M show a qualitatively 
different damage pattern, with evidence of carbide-particle 
interactions and reduced matrix exposure, consistent with 
a regime in which carbides provide effective shielding of the 
underlying matrix (Fig. 1).

a) b) c) 
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3.2. Method 1 results – carbide volume fraction

The CVF values computed for each of the six ROIs, averaged 
across all ten samples, are reported in Figure 4. The mean 
CVF across all ROIs is approximately 25%, with individual 
ROI values ranging from approximately 20% to 28%. The 
variability within each ROI, as shown by the error bars in Fig-
ure 2, reflects the inherent microstructural inhomogeneity 
of the hardfacing deposit, a well-known consequence of the 
solidification conditions during welding. While CVF provides 
a useful first-order descriptor of carbide content, it has a fun-
damental limitation as a predictor of erosion resistance: two 
microstructures with identical CVF values can exhibit very 
different spatial distributions of carbides and, consequently, 
very different local erosion behaviours. A microstructure in 
which carbides are clustered in certain regions leaves large 
matrix areas exposed to erodent impact, whereas a  micro-
structure with uniformly distributed carbides of the same 
total area fraction provides more consistent protection. This 
limitation motivates the development of the complementary 
methods presented in Sections 3.3 and 3.4.

Fig. 4. Carbide volume fraction (CVF) values for each region of 
interest (ROI), averaged across all ten samples (a); error bars 
represent the standard deviation; representative optical micrograph 
of ROI 1, characterised by coarse, elongated primary carbides (a); 
representative optical micrograph of ROI 6, characterised by finer 
and more uniformly distributed equiaxed primary carbides (b)

3.3. Method 2 results – minimum inter-carbide distances

The distributions of minimum edge-to-edge distances be-
tween adjacent carbides, computed via Delaunay triangula-
tion, are shown as boxplot diagrams for each ROI in Figure 5. 

Fig. 5. Boxplot diagrams of minimum edge-to-edge distances 
between adjacent carbides for each region of interest (ROI). Dashed 
red lines indicate the mean diameters of the two erodent powders: 
ARD UF (d_mean = 4.8 μm) and ARD M (d_mean = 25.5 μm)

The distributions are consistently right-skewed across 
all ROIs, with median values below 10 μm and first quartile 
values close to or below 5 μm, while the third quartile re-
mains below 25 μm in all cases. Outlier distances exceeding 
60–160 μm are present in all ROIs, reflecting the occasion-
al occurrence of large carbide-free matrix zones. The two 
erodent particle sizes selected for the erosion tests, 4.8 μm 
and 25.5 μm, are indicated as reference lines in Figure 5. 
Their relationship with the inter-carbide distance distri-
butions provides a  physical interpretation of the erosion 
results: the mean diameter of ARD UF (4.8 μm) falls below 
the first quartile of the distance distribution in all ROIs, 
meaning that the majority of inter-carbide gaps are wider 
than the impacting particles. Under these conditions, parti-
cles can penetrate between carbides and impact the matrix 
directly, resulting in high erosion rates. The mean diameter 
of ARD M (25.5 μm) falls near or above the third quartile 
in most ROIs, meaning that most inter-carbide gaps are 
narrower than the impacting particles, which therefore 
interact predominantly with the carbide phase and expe-
rience significantly lower erosion. Comparison of ROIs 1 
and 2 with ROIs 3 through 6 reveals a higher dispersion of 
inter-carbide distances in the former, associated with the 
presence of coarse, elongated carbides interspersed with 
large carbide-free matrix regions. ROIs 3 through 6, char-
acterised by finer, more equiaxed carbides, exhibit tighter 
distance distributions with lower median values and fewer 
extreme outliers. This result demonstrates that Method 2 
is sensitive to microstructural inhomogeneity and can 

a)

b)

c)
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identify zones of the deposit that are more vulnerable to 
erodent penetration between carbides. However, Method 2 
presents an intrinsic limitation: it characterises only the 
spatial distribution of carbides without accounting for 
their area fraction. Two microstructures with identical 
inter-carbide distance distributions but different CVF 
values would be indistinguishable by this method alone. 
Furthermore, the method does not directly incorporate 
the geometry of the impacting particle, as it reduces the 
particle to a point interacting with the inter-carbide space 
rather than to a finite-area object interacting with a local 
region of the microstructure. These limitations are ad-
dressed by Method 3.

3.4. Method 3 results – moving scanning area

The frequency histograms of the coverage ratio (Rc) ob-
tained by the moving scanning area method for ROI 1 and 
ROI 6, computed using three equivalent particle diameters 
(5 μm, 10 μm, and 25 μm), are shown in Figure 6. The 
histograms reveal two qualitatively distinct behaviours de-
pending on the particle size and microstructural zone. For 
small particle diameters (Deq = 5 μm), the Rc distributions 
of both ROIs show a pronounced peak at Rc = 0, indicating 
that a  significant fraction of possible impact positions 
corresponds to areas with no carbide coverage whatsoev-
er. For ROI 1, which is characterised by coarse elongated 
carbides dispersed in a  largely uncovered matrix, this 
peak reaches approximately 35%, meaning that more than 
one-third of potential impact positions would result in 
the particle striking pure matrix. For ROI 6, characterised 
by finer and more homogeneously distributed equiaxed 
carbides, the same peak is reduced to approximately 12%, 
reflecting a substantially lower probability of matrix-only 
impact. This difference directly explains the high erosion 
rate observed with ARD UF: under conditions where most 
particles impact the uncovered matrix, material removal 

is rapid and severe. As the particle diameter increases to 
Deq = 25 μm, the Rc distributions shift markedly. The peak 
at Rc = 0 disappears in both ROIs, and the distributions 
become centred around the mean CVF value of the anal-
ysed area (approximately 12–25% depending on the ROI), 
reflecting the fact that larger particles necessarily average 
over a wider area of the microstructure and are therefore 
less sensitive to local carbide-free zones. This result is 
consistent with the low erosion rate observed with ARD M: 
larger particles encounter a mixed carbide-matrix surface 
regardless of impact position, and the carbides provide 
effective resistance.

The comparison between ROI 1 and ROI 6 at all particle 
sizes confirms that Method 3 is sensitive to both the car-
bide area fraction and spatial distribution homogeneity 
simultaneously. ROI 6 consistently shows Rc distributions 
shifted towards higher coverage values and with a  lower 
probability of zero-coverage impacts, reflecting its more 
homogeneous microstructure. This result has a  direct 
practical implication: for a given CVF, a more homogeneous 
carbide distribution provides better erosion protection, 
particularly against fine erodent particles. Taken together, 
the three methods provide a hierarchical and complemen-
tary description of the microstructure. Method 1 (CVF) 
offers a  rapid global estimate of the carbide content but 
cannot distinguish between homogeneous and inhomo-
geneous distributions. Method 2 characterises the spatial 
distribution through inter-carbide distances and enables 
direct identification of critical particle size thresholds, but 
does not account for the carbide area fraction or particle 
geometry. Method 3 integrates both coverage and spatial 
homogeneity into a single particle-size-dependent statisti-
cal descriptor, at the cost of higher computational demand. 
For practical applications, Method 2 is recommended as 
a  rapid screening tool, while Method 3 is recommended 
for detailed statistical characterisation when the erodent 
particle size distribution is known. 

Fig. 6. Percentage frequency histograms of the coverage ratio (Rc) obtained by the moving scanning area method for two representative ROIs: 
a) ROI 1, Deq = 5 μm; b) ROI 1, Deq = 10 μm; c) ROI 1, Deq = 25 μm; d) ROI 6, Deq = 5 μm; e) ROI 6, Deq = 10 μm; f) ROI 6, Deq = 25 μm. ROI 1 is 
characterised by coarse elongated carbides, ROI 6 by finer and more homogeneously distributed equiaxed carbides

a) b) c)

d) e) f)
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The proposed digital image processing framework is 
not intrinsically limited to high-chromium cast irons, 
since it relies on a general microstructural descriptor: the 
spatial distribution and area coverage of erosion-resis-
tant hard phases within a softer matrix. In principle, the 
same approach could be extended to other two-phase or 
particle-reinforced systems, including hypereutectic cast 
irons, Ni-hard alloys, metal matrix composites, and ther-
mally sprayed coatings, provided that the phases can be 
segmented reliably. Nevertheless, extrapolation to other 
systems must be treated with caution. 

The predictive relevance of the extracted descriptors 
depends on whether the controlling erosion mechanisms 
are governed by the same length-scale relationship be-
tween the erodent size, hard-phase spacing, and matrix 
exposure. Therefore, any extension of the method should 
include material-specific validation, especially when the 
morphology, connectivity, toughness, or bonding of the 
hard phase differs from that of carbides in high-chromium 
cast irons. In this context, the ratio between the erodent 
particle size and characteristic microstructural spacing is 
likely to be a key scaling parameter.

4. CONCLUSIONS

This study investigated the erosive wear resistance of a Fe-
Cr-C high chromium cast iron hardfacing alloy through solid 
particle erosion tests and three digital image processing 
methods to quantitatively characterise the primary M7C3 
carbide microstructure. The following conclusions can be 
drawn:
•	 The ER decreased significantly with the increasing ero-

dent particle size under equal kinetic energy conditions, 
with ARD UF (mean diameter 4.8 μm) producing an ER 
approximately six times higher than ARD M (mean diam-
eter 25.5 μm). This indicates that the ratio of the erodent 
particle size to the microstructural inter-carbide spacing 
is a  governing parameter of erosion severity, indepen-
dent of the impact energy.

•	 The carbide volume fraction (Method 1), while widely 
used in the literature as a  descriptor of HCCI wear re-
sistance, proved insufficient as a  standalone predictor 
of erosion behaviour. It provides no information on the 
spatial distribution of carbides and cannot distinguish 
between microstructures with homogeneous and in-
homogeneous carbide arrangements that may exhibit 
substantially different erosion resistances.

•	 The minimum inter-carbide distance method based 
on Delaunay triangulation (Method 2) enabled 
quantitative characterisation of carbide spatial 
distribution and direct identification of critical 
erodent particle size thresholds relative to the in-
ter-carbide spacing distribution. ROIs characterised 
by coarse, elongated carbides showed wider and 
more dispersed inter-carbide distance distributions, 
indicating greater vulnerability to fine erodent pene-
tration between carbides. This method is an efficient 
preliminary screening tool due to its relatively low 
computational demand.

•	 The moving scanning area method (Method 3) provid-
ed the most complete microstructural descriptor by si-
multaneously accounting for the carbide area fraction 
and spatial distribution homogeneity as a  function 
of erodent particle size. The frequency histograms of 
the coverage ratio showed that microstructural zones 
with finer, more homogeneously distributed carbides 
exhibit a significantly lower probability of zero-cover-
age impacts, particularly for small erodent particles, 
directly explaining the higher erosion severity ob-
served with ARD UF. This method is recommended for 
detailed statistical characterisation when the erodent 
particle size distribution is known, despite its higher 
computational cost.

The results demonstrate that carbide distribution homo-
geneity is a critical parameter governing erosion resistance 
in HCCIs and that its quantitative assessment requires 
descriptors beyond CVF. The image analysis framework 
proposed in this study provides a  physically grounded 
statistical tool for correlating microstructure and erosion 
resistance in hardfacing alloys.
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