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Abstract

Wear resistance of hardfaced or cladded protective layers is commonly assessed through
hardness measurements. Traditionally, this involves single-point diamond indenter tests.
However, in complex cladding alloys, such methods often yield inconsistent results due to
significant differences between the hardness of the metallic matrix and harder constituents,
such as carbides or nitrides. To address this, the authors performed a series of scratch tests
on four wear-resistant hardfacing materials. The method involves producing a scratch
under constant load on a polished bead surface and measuring the resulting groove width
as an indirect measure of hardness and wear behavior. The study focuses on four FCAW
hardfacing wires: a Cr-Si-C-Mn solid cored wire (Alloy A), a Cr-Mo-C-Si-Mn cored wire
(Alloy B), a nickel-sheathed macrocrystalline tungsten carbide cored wire (Alloy C), and an
original Fe(Mn)-Mo-B-C hardfacing alloy (Alloy D) developed by one of the authors. All
materials were deposited on C45 steel substrates. Comparative analysis included scratch
tests, abrasion wear tests, and thermodynamic modeling. The scratch test approach proved
effective in evaluating and optimizing deposition parameters to achieve improved wear
resistance of the investigated Fe–Cr–C, Ni–WC, and Fe–Mo–Mn–B hardfacing systems.

Keywords: FCAW hardfacing; hardness measurement method; cladding; wear resistance;
abrasion resistance; CALPHAD

1. Introduction
The wear of machine parts is an inevitable process, accompanying the operation of

any given mechanism [1,2]. Although it is impossible to prevent it, it can be postponed
by increasing the wear resistance of the superficial layer [3,4]. There are many technolo-
gies allowing for the increase in the lifespan of the part’s operability, for instance, heat
treatment [5,6], mechanical treatment [7–9], chemical treatment [10–14] or a combination
of the above [15]. Those processes result in a relatively thin protective layer, and whilst it
proves itself suitable in many cases, some applications require thicker overlays. Examples
of such applications can be found in agricultural [16] and mineral extraction (Figure 1) and
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processing industries [17], and metal forming tools [18], where hardfacing and thermal
spraying [19,20] processes may appear indispensable [21–24].

 

Figure 1. Exemplary picture of a mining cutting tool with hard-faced wear-resistant overlay fabricated
with one of the studied materials.

Nowadays, the manufacturers of hardfacing consumables offer a wide variety of
materials. Some of those materials are easy to apply within a wide range of process
parameters while preserving plausible protective properties. However, more advanced
materials [25–30] require more attention, but if the input parameters are set properly, they
provide high wear resistance [31,32]. In order to estimate the desired set of parameters,
a series of destructive tests needs to be carried out. Commonly, the inspected properties
are the following: weld bead shape and dimensions, microstructure of the overlay and
the heat-affected zone and the hardness [33,34]. All of the aforementioned properties re-
quire specific inspection techniques to provide reliable results, yet the hardness test results
of specific compositions of the hard-faced layer can be misleading [35]. The hardfaced
protective layer fabricated with specific cored wires can seemingly be all-metallic, where
the main constituent of its hardness properties are the carbides [36–39]. In some cases
etching the polished cut-out can give information about carbide location and segregation
type [40–43]. There also exist some methods to analytically predict the hardness distri-
bution [44], but those methods are only suitable for non-complex alloys, which excludes
advanced wear-resistant overlays.

Additionally, when measuring the hardness of complex cladding alloy with heteroge-
neous precipitations, it is possible to read the values incorrectly due to plastic deformation
of the hardfaced layer by pressing the harder carbide or nitride into the softer matrix
(Figure 2).

Even though there are many hardness measuring methods, most of them rely on
measuring the indent left by a standardized indenter pressed onto the sample surface with
known force [45,46]. Dynamic methods are able to provide the hardness value by measuring
the bounce of a free-falling or projected metal ball (for instance the Leeb method); however,
this method does not allow us to obtain reliable results of carbide micro-hardness [47,48].

All of the mentioned methods are vulnerable to the possibility of omitting the less
visible carbides, even when one measures multi-point micro-hardness with dense mesh [49].
To overcome this inconvenience, another method is required. In this case, the authors
decided to utilize the less popular but well-established “scratch test hardness test” approach.
This approach relies on fabricating a scratch of linear trajectory with the use of a diamond
tip on the polished surface in selected areas of the metal composite. Such an approach
offers to obtain hardness values in the form of a quasi-continuous signal, thus allowing one
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to read hardness values of the hardfacing matrix and carbides separately without careful
planning of the location of the indent. The authors believe that it can observably reduce the
measurement errors while decreasing the duration of the test.

  
(a) (b) 

Figure 2. Exemplary microscopic image of ambiguous hardness measurement values of TC-rich
hardfaced layer. (a) depicts plastic deformation of the nickel matrix, (b) depicts mixed hardness of
two distinctive materials.

In this paper, scratches were made in three distinctive locations of the weld bead cross
section—the area containing the hardfaced layer, the interlayer, and the area in HAZ. This
method was examined on four different cladding materials, namely high alloy Cr-Si-C-Mn
solid cored wire, Cr-Mo-C-Si-Mn cored wire, nickel-sheathed macrocrystalline tungsten
carbide cored wire, and original Fe(Mn)-Mo-B-C wire, developed by one of the Authors.
The materials listed above were applied on C45 (DIN 1.0503/ISO 683-1 1987) steel with
incrementally changing voltage and deposition intervals. The wear test and hardness
results were referred to the untreated C45 steel sample.

Additionally, thermodynamic modelling of all the studied alloys was conducted to
correlate the input parameters with hardness results and the carbide-forming temperature
range. The results of the hardness scratch test were compared with traditional Vickers
hardness measurements from previous studies [50,51]. In order to confirm the results, a
series of abrasive tests was carried out. The tests show that the more carbides are present
in the alloys, the greater is their maximal wear resistance. Additionally, the authors have
found a “sweet-spot” for one of the tested materials, which results in very high hardness of
the interlayer.

2. Materials and Methods
2.1. Materials

The following hardfacing alloys were selected for the comparative study of the wear
resistance of FCAW (Flux-Cored Arc Welding) materials from different alloy systems:
EnDOtec DO*351 (Fe-Cr-C—later described as Alloy A), EnDOtec DO*332 (Fe-Cr-Mo-C,
later referred to as Alloy B), EnDOtec DO*611x (MTC-Ni, referred to as Alloy C), and an
experimental alloy of an Fe(Mn)-Mo-B-C system described in [32,52], further referred to as
Alloy D. The typical chemical composition of the hardfaced layers for each alloy is shown in
Table 1. The hardfacing process for all alloys was conducted using an original numerically
controlled machine (NaPawlik v2.0, AGH University of Science and Technology), designed
and built by one of the authors [50]. This machine allows for precise and repeatable control
of voltage, gas flow, wire feed, and welding speed during the GMAW/FCAW process. In
the current study the variable parameters included the time of deposition (500–1750 ms
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with a 250 ms step) and voltage level (19–24 V with a 2.5 V step). The amperage of the
droplet fabrication was a result of the aforementioned parameters and material type and
remained within 120–300 A.

Table 1. The chemical composition of the investigated hardfacing alloys.

Hardfacing Alloy Chemical Composition (wt.%)
Fe Cr Mo B C W Si Ni Mn

A Bal. 9.42 0.01 – 0.59 – 2.86 –
B Bal. 30.0 3.8 – 3.5 – 1.20 – 0.6
C – – – 1.0 3.0 37.7 0.5 Bal. 0.56
D Bal. – 24.1 2.7 0.75 – – – 13.7

The first hemisphere deposited on each steel bar visible in Figure 3 was not measured
nor taken into further investigation since it acted as a running start for every set of samples.

(a) 

19.0 V 

 

21.5 V 

24.0 V 

(b) 

19.0 V 

21.5 V 

24.0 V 

Figure 3. Picture of exemplary specimen of Alloy B, fabricated with three distinctive voltage levels
and six incremental deposition durations, (a) side view, (b) top view.

The comparative abrasion tests were carried out using the test machine described
in [53] according to the ASTM G65 dry sand/rubber wheel standard (Procedure A). A
chlorobutyl rubber wheel (hardness ≈ A60) was used as the counter-body. To ensure
severe abrasive conditions, strictly classified crushed silica sand (SiO2) with a grain size of
0.2–0.4 mm was utilized as the abrasive agent. The tests were conducted under a normal
load of 130 N with a total sliding distance of 6600 m. For each hardfacing material,
three samples of the same composition were tested to obtain an average mass loss value,
and C45 medium carbon steel without heat treatment was used as the reference material.
For each hardfacing material, three samples of the same composition were tested to obtain
an average mass loss value, and C45 medium carbon steel without heat treatment was used
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as the reference material. The morphology of the worn surfaces was studied using electron
microscopy (Phenom XL, Nanoscience Instruments, USA).

2.2. Thermodynamic Analysis

To predict the phase composition and properties of the hardfaced layer and the transi-
tion zone, the CALculation of PHase Diagrams (CALPHAD) approach was employed, uti-
lizing the Thermocalc-Calc 2022a software [54] with the TCFE12:steels/Fe-alloys database
to model phase equilibrium in alloys within the Fe-Ni-Cr-W-B-C system, along with ther-
modynamic data from references [52,55,56], for the Fe-Mn-Mo-B-C alloying system. To
investigate the phase composition across the interface between the hardfaced layer and
the base material, pseudobinary isopleths were constructed in the temperature range of
600 to 1600 ◦C. The phase composition of the top (hardfaced) layers was evaluated using
temperature step diagrams. To make the calculations closer to the real conditions, graphite
and diamond were treated as suspended phases.

To quantitatively verify the volume fraction of the hard phases predicted by CAL-
PHAD, an image analysis was performed on the SEM micrographs. The detailed mi-
crostructures were captured at a magnification of ×3000 to ensure the resolution of fine
eutectic precipitates. The images were processed using the open-source software Fiji
2.17.0. (ImageJ distribution). The analysis involved converting the representative micro-
graphs into 8-bit grayscale images, followed by binarization using a thresholding algorithm
to isolate the hard phases (carbides and borides) from the matrix for subsequent area
fraction calculation.

2.3. Scratch Test Analysis

To establish a correlation between micromechanical properties and wear resistance,
a series of scratch tests were performed for each of the inspected alloys, with the aim of
closely replicating the microcutting and microploughing actions of abrasive grains during
interactions with various phases of the hardfaced layer [57]. Scratch tests were conducted
using a modified hardness tester (PMT-3M, LLC NPF «Standard-M», Ukraine), which
allows scratch tests to be performed using the Vickers pyramid method according to the
GOST 21318–75 standard, «Measurement of Microhardness by Diamond Scratch Testing».
To apply scratches, the pyramid arrangement scheme with the «edge forward» was utilized
under a load (F) of 1.96 N (0.2 kgf). The specific normal load of 1.96 N was selected based
on a series of preliminary optimization tests. It was observed that at lower loads (below
1 N), the indenter tended to slide over the hard constituents without sufficient penetration
depth, leading to discontinuous tracks and a failure to provide an integral assessment of the
multiphase structure. Conversely, applying higher loads resulted in severe brittle fracture
and chipping of the coarse hard phases (primary carbides and borides). This phenomenon
caused irregular groove edges and significant distortion of the scratch geometry, thereby
compromising the accuracy of the optical width measurements used for scratch hardness
calculation. Analysis of scratch geometries was carried out using optical microscopy. The
primary criterion for assessing scratch hardness (Hs) was the width of the track, denoted as
b (Figure 3b), and the calculation was performed using the formula:

Hs =
3.782 × F

b2 . (1)

To ensure statistical reliability, a minimum of three parallel scratches were performed
for each specimen. The scratch hardness profiles presented in the subsequent results section
correspond to a representative track selected from these repetitions to demonstrate the
typical hardness distribution without visual clutter.
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While conventional indentation-based hardness tests provide localized measurements
strongly dependent on phase selection, in the present study the scratch test is treated as
a simulation of an elementary abrasive wear event rather than a conventional hardness
measurement. The resulting scratch hardness reflects the combined response of the metallic
matrix and hard reinforcing phases to microcutting, microploughing, and local fracture
mechanisms activated during indenter motion. Therefore, Hs is interpreted as a func-
tional tribo-mechanical parameter, suitable for comparative evaluation of heterogeneous
hardfacing layers under identical test conditions.

To study the dependence of scratch hardness as a function of hardfacing parameters,
the varying factors were hardfacing duration, denoted as «S», and the welding voltage,
denoted as «U». The S varied from 500 to 1750 ms with incremental steps of 250 ms, and
the «U» was set at three distinctive levels: 19 V, 21.5 V, and 24 V. Therefore, the investi-
gated samples were marked as A(B, C, or D)sU, where the letter denotes the alloy type
(Table 1), the subscript indicates the hardfacing duration, and the superscript indicates the
voltage. The scratch tests were conducted on polished samples (Figure 4a) prepared using
220–800 grit discs and 6–1 µm diamond paste suspension (Struers Labo-Pol 4, Denmark)
and etched with a 5% solution of nitric acid in alcohol (known as “Nital 5%”) to reveal
microstructural features and indicate the presence of distinct regions across the hardfacing-
base metal interface. The results were compared to an untreated C45 steel reference sample
with a hypoeutectoid (pearlite and ferrite) structure (Figure 4b), which has a Vickers hard-
ness (HV) of 167 kgf/mm2 and an average scratch hardness of 360 kgf/mm2, measured
along the distance of 350 µm.

 

(a) (b) 

Figure 4. The methodology of the scratch tests: (a) schematic representation of the tested sample,
(b) results of the measurements of the scratch and Vickers hardness of the C45.

3. Results and Discussion
3.1. Thermodynamic Analysis

The results of the calculations of the phase composition changes in the direction
from the top hardfaced layer to the base material (medium carbon steel C45) indicate the
presence of significant phase composition gradients for all alloys studied. For hardfacing
alloy A (Figure 5a), increasing the fraction of hardfacing material leads to the appearance
and increasing amount of the (Cr,Fe)7C3 complex carbide, which forms from the austenite
phase in the solid state below 1150 ◦C and prevents cementite formation. The pseudo-
binary section for the layers deposited with Alloy B (Figure 5b) is of the eutectic type,
and as a result, the solidification of the upper layers begins with the primary (Cr,Fe)7C3
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carbide crystallization and further eutectic (austenite + (Cr,Fe)7C3) formation. Increasing
the amount of base steel causes the primary phase to change to Cr-enriched austenite.
Regions with a base steel content of less than 75 wt. % are characterized by the presence of
a carbide/austenite eutectic. Thus, the overall phase composition of a typical alloy within
a hardfaced layer at room temperature is represented by ferrite and two chromium-based
carbides of different stoichiometric ratios (M7C3 and M23C6). The system with Alloy C is
also of the eutectic type (Figure 5c), so that the structure formation in hypoeutectic and
hypereutectic alloys begins with the crystallization of WC or Ni-based solid solution. In
the narrow temperature range below 1200 ◦C, the nickel carbo-boride crystallizes from
the melt so that the resulting phase composition of the typical hardfacing layer consists
of three phases: an Ni-based matrix and two reinforcements (WC and (Ni,Fe)3(B,C)). The
high-temperature region on the pseudo-binary isopleth of an Alloy D system (Figure 5d) is
similar to that of Alloy C, except for the main ceramic strengthening phase. In this case
it is represented by the Mo2(Fe,Mn)B2 complex boride and the matrix phase represented
by austenite. After completion of all transformations, including the liquid decomposition
reaction into the eutectic Mo2(Fe,Mn)B2/austenite mixture, the eutectoid decomposition
of the austenite, and the precipitation of cementite (Fe3C), the resulting structure consists
of a ferrite-austenite matrix and the hard phases: Mo2(Fe,Mn)B2 and cementite. The
calculated density in all systems (except for Alloy C) decreases as the amount of hardfacing
alloy increases.

Analysis of the temperature step diagrams of the phase composition for the hardfacing
alloys studied shows that there is an observable difference in their melting points and the
total amount of hard phases. In the case of Alloy A (Figure 6a), the solidification begins at
about 1450 ◦C from the formation of δ-Ferrite, which transforms into austenite at about
1400 ◦C. In the solid state at 1150 ◦C, due to the decrease in the solubility of Cr and C in
austenite, precipitation and the increase in the amount of the (Cr,Fe)7C3 carbide phase
begin. After the eutectoid-like decomposition of austenite at around 900 ◦C, the resulting
structure consists of 7 vol. % of (Cr,Fe)7C3 and the ferrite (the rest). In contrast to Alloy A,
the solidification of Alloy B (Figure 6b) starts with the crystallization of the hard (Cr,Fe)7C3

carbide phase from the liquid, followed by a eutectic transformation and the next partial
decomposition of (Cr,Fe)7C3 causing (Cr,Fe)23C6 formation. At low temperatures (below
600 ◦C) the total amount of hard carbide phases is close to 50 vol. %, while the rest is
composed of ferrite. Alloy C crystallization starts at high temperature (above 1600 ◦C)
from crystallization of WC from Ni melt (Figure 6c). In the next stage, a eutectic reaction
occurs involving WC, Ni, and large amounts of nickel boride Ni3(B,C) with orthorhombic
structure. After all phase transformations, the microstructure of this alloy contains about
60 vol. % of hard phases and Ni-based metal matrix. The solidification pathway for Alloy D
(Figure 6d) includes the following sequential stages: primary Mo2(Fe,Mn)B2 crystallization,
formation of austenite/ Mo2(Fe,Mn)B2 eutectic, and precipitation of alloyed cementite from
austenite. Therefore, the resulting amount of wear-resistant phases (Mo2(Fe,Mn)B2 and
alloyed cementite) is about 46 vol. %, while the rest is austenite.

It is important to acknowledge that while FCAW is inherently a non-equilibrium pro-
cess, the applicability of CALPHAD depends on the specific alloying system. In low-alloy
steels, mechanical properties are often dictated by metastable solid-state transformations
(e.g., martensite formation) sensitive to cooling rates. In contrast, for the high-alloy systems
investigated here (particularly Alloys C and D), the wear resistance is primarily derived
from coarse primary hard phases (carbides and borides). Due to the high concentration
of alloying elements, the thermodynamic driving force for the nucleation of these phases
is substantial. Consequently, they form as stable equilibrium phases directly from the
melt, rendering the equilibrium phase diagrams highly accurate for predicting the phase
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constitution, as supported by the distinct morphology and high hardness of the observed
precipitates, despite the rapid solidification conditions.

  

(a) (b) 

  

(c) (d) 

Figure 5. The pseudobinary isopleths of the Hardfacing alloy—base material» systems: (a) Alloy A;
(b) Alloy B; (c) Alloy C; (d) Alloy D.

Experimental validation of the phase content via image analysis yielded the following
volume fractions of hard phases: Alloy A—23%, Alloy B—32%, Alloy C—47%, and Alloy
D—38%. Interestingly, while CALPHAD predicted a higher equilibrium phase fraction for
Alloy B (~50%) compared to Alloy D (~46%), the experimental image analysis revealed the
opposite trend (32% vs. 38%). This discrepancy is attributed to the non-equilibrium nature
of FCAW, where the formation of complex chromium carbides in Alloy B is kinetically
suppressed compared to the more stable borides in Alloy D. Consequently, the experimental
analysis establishes the actual ranking of hard phase content as A < B < D < C, differing
from the equilibrium prediction (Figure 7).

3.2. Worn Surface Morphology

The results of microscopic examinations of the worn surfaces of the hardfaced lay-
ers after wear tests show that both their morphology and wear mechanisms depend
strongly on the chemical composition of the alloy used. The subfigures in Figure 8 de-
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pict the surface microstructures and the worn surface morphologies of the investigated
alloys before and after the dry sand/rubber wheel test, respectively. As can be seen in
Figure 8(a1), the structure of Alloy A does not contain primary chromium carbides and has
a hypoeutectic structure. In contrast, the other high-chromium alloy (Alloy B) is character-
ized by the presence of primary chromium carbides, providing a hypereutectic structure
(Figure 8(b1)) with rod-like eutectic. The microstructure of Alloy C (Figure 8(c1)) belongs
to a composite-like structure containing large WC faceted grains uniformly distributed
within a Ni-based matrix. The microstructure of Alloy D (Figure 8(d1)) is similar to Alloy C
in terms of heterophase structure and consists of large Mo2FeB2 grains and the lamellar
Austenite + Mo2FeB2 eutectic.

  
(a) (b) 

  

(c) (d) 

Figure 6. The temperature step diagrams of the phase compositions for alloys corresponding to the
top hardfacing layers: (a) Alloy A; (b) Alloy B; (c) Alloy C; (d) Alloy D.
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(a) 

 

(b) 

 

(c) 

 

(d) 

 

Figure 7. Image analysis of the hardfaced layer microstructures. The letters correspond to the
codenames of the materials studied ((a) for Alloy A, (b) for Alloy B, (c) for Alloy C and (d) for Alloy
D). The metallic matrix is rendered in purple, whereas the hard phases are highlighted in yellow
and green.

The worn surface of the Alloy A hardfacing (Figure 8(a2)) is covered with directional
deep scratches that cause substantial material detachment due to microcutting processes,
wide grooves, and the presence of embedded abrasive particles. Such morphology features
indicate high surface plasticity and relatively low abrasion resistance. In contrast to Alloy A,
the worn surface hardfaced with Alloy B (Figure 8(b2)) with a relatively higher amount of
hard phases (about 5-fold) is characterized by the presence of shallower scratches oriented
in the wear direction. Some scratches are oriented at different angles with respect to the
main direction, which can be caused by the reflection of small abrasive particles as a result
of their clashes with hard phase inclusions. As can be seen from the worn surface hardfaced
with Alloy C (Figure 8(c2)), the wear mechanisms in this case are much more complex
than in Alloys A and B. The main feature of the surface morphology is the presence of
protruding large WC grains, indicating that the wear intensity of the Ni-based matrix
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is significantly higher than that of the WC inclusions. This leads to the formation of
tracks with significant tortuosity in the intergranular space, where movement of abrasive
particles and wear debris is blocked by WC grains embedded in the nickel matrix. Because
such particles remain fixed, they play a positive role in resisting further penetration and
microcutting processes by partially shielding the deeper layers of the matrix. The wear
mechanism is different for WC grain and Ni-based matrix because the hardness of the
abrasive used (quartz sand) is about twice as low as WC. The wear of the matrix is thus
mainly caused by micro-cutting, while carbide grains show traces of brittle fracture in
the form of regular faceted spalling, indicating the presence of fatigue damage caused by
cycle indentation by abrasive particles. The morphology of the worn surface hardfaced
with Alloy D (Figure 8(d2)) is characterized by the presence of short, randomly oriented
scratches, indicating areas of wear by microcutting, as well as long grooves. However, the
depth of the scratches is smaller than that for high-chromium alloys (Alloys A and B), and
the number of grooves oriented in different directions is greater. Additionally, the large
inclusions of the reinforcement phase (Mo2(Fe,Mn)B2 grains) remain undetached from the
worn surface, indicating a strong bond between the ceramic and metal austenite phases in
the hardfaced layer.

The detailed examination of the worn surfaces performed by EDS shows that the
chemical composition of the white areas (spectrum 1, Figure 9a) in Alloy A is close to the
Fe-rich Fe + (Cr,Fe)7C3 eutectic, while the dark areas (spectrum 2, Figure 9a) in the wear
grooves are simultaneously enriched with oxygen and metal components, indicating the
presence of corresponding oxides in these areas.

In Alloy B, the composition of the white areas (spectrum 1, Figure 9b) corresponds to
the hypereutectic alloy with (Cr,Fe)23C6 + eutectic structure, and the dark areas (spectrum
2, Figure 9b) contain traces of oxides and elements used as technological additives (Ca, Al,
Mg, etc.). On the worn surface of Alloy C in the heterophase regions (spectrum 1, Figure 9c),
there are simultaneously high concentrations of Si and O in a ratio close to that of SiO2.
The remaining spectral components in this region belong to the composition of the wear
debris. The composition of the central regions of the large grains (Spectrum 2, Figure 9c)
was determined to be 93.8 wt% W and 5.4 wt% C. This corresponds almost perfectly to
the stoichiometric tungsten carbide (WC), with negligible amounts of Ni attributed to the
matrix interaction. This result is in good agreement with the calculated phase equilib-
rium results (Section 3.1, Figure 5d). On the worn surface, after hardfacing with Alloy D
(spectrum 1, Figure 9d), the wide gray areas are Fe-enriched and show minor traces of
other metal components and correspond to the alloyed ferrite. The small white inclu-
sions (spectrum 2, Figure 9d) have high amounts of Mo and Fe with an atomic ratio close
to 2:1, which corresponds to the composition of the Mo2(Fe,Mn)B2 phase predicted by
thermodynamic modelling.

SEM observations of the worn surfaces enable a clear classification of the dominant
wear mechanisms in the investigated hardfacing alloys. In Alloy A, wear is governed
mainly by microcutting and plastic deformation of the ferritic matrix, producing deep
grooves. Alloy B shows a mixed mechanism, where matrix microcutting is accompanied
by brittle fragmentation and pull-out of chromium carbides, reducing their load-bearing
efficiency despite a high hard-phase fraction. In contrast, Alloy C is characterized by
selective microcutting of the Ni-based matrix combined with fatigue-controlled spalling of
large WC particles, which remain partially embedded and effectively shield the underlying
material. Alloy D exhibits limited microcutting and microploughing, with Mo2(Fe,Mn)B2

borides remaining well anchored in the matrix, indicating efficient load transfer and high
structural stability of the reinforcing phase.
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(a1) 

 

(a2) 

 

(b1) 

 

(b2) 

 

(c1) 

 

(c2) 

Figure 8. Cont.
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(d1) 

 

(d2) 

 

Figure 8. Microstructures of hardfaced layer surfaces (a1,b1,c1,d1) and morphologies of the worn surfaces
after abrasion tests (a2,b2,c2,d2). The letters correspond to the codenames of the studied materials.
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(c) 

(d) 

Figure 9. The results of EDS analysis for worn surfaces of hardfaced layers after abrasion tests:
(a) Alloy A; (b) Alloy B; (c) Alloy C; (d) Alloy D.

These results demonstrate that abrasion resistance depends not only on the volume
fraction of hard phases but also on their intrinsic hardness, morphology, size, and con-
tinuity within the matrix. The lower wear resistance of Alloy B compared to Alloy C is
therefore attributed to the lower hardness and eutectic morphology of chromium carbides,
whereas the superior performance of Alloy C and Alloy D is associated with the presence
of mechanically stable, load-bearing hard phases.

3.3. Scratch Tests

The investigations of the scratch tracks for the surface hardfaced with Alloy A showed
rather smooth transitions of the Hs values from the base metal to the hardfacing layer
(green parts of Figure 10a–c), ranging from 400 to 800–1600 kgf/mm2. This indicates the
absence of large carbide particles that exceed the average step of Hs measurements, which
is approximately 40 µm. In the top layers, the Hs values range from 800 to 1400 kgf/mm2

(yellow parts of Figure 10a–c). These results are in good match with the findings of the
thermodynamic calculations (Section 3.1, Figures 5a and 6a), which show a small amount
of the carbide phase (Cr,Fe)7C3. The enhanced Hs values in the HAZ and transition zone
layers can be attributed to the formation of non-equilibrium quenching structures occurring
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during an increase in heat input and a decrease in the duration of the hardfacing process,
which overall leads to an increase in the Hs.

(a) 

(b) 

(c) 

Figure 10. The Hs hardness scratch test results for the Alloy A hardfacing: (a) at 19 V; (b) at 21.5 V,
(c) at 24 V.
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For the layer hardfaced with Alloy B, the overall HAZ also exhibits a smooth transition
in HS from the substrate in the direction to the hardfaced layer (Figure 11a–c). However, in
this case, some local regions show enhanced values of Hs. Additionally, a transition layer
(Figure 10b,c—blue area) corresponding to the calculated hypereutectic region (Section 2.2,
Figure 4a) is observed between the HAZ and the top layer. The transition across this
layer demonstrates a smooth tendency towards increased Hs values, ranging from 800 to
1200–1600 kgf/mm2. At the top layer (Figure 11a), the presence of high (up to
2800 kgf/mm2) and wide peaks of Hs suggests the existence of large grains of the hard
phases. These hard phases, as indicated by thermodynamic calculations (Figure 5b), can be
represented by inclusions such as (Cr,Fe)7C3 and (Cr,Fe)23C6. Overall, the characterization
of the hardfaced layer with Alloy B shows a smooth transition from base material to the
top overlay with localized areas of elevated Hs values, marking increased local hardness.

(a) 

(b) 

Figure 11. Cont.
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(c) 

Figure 11. The Hs hardness scratch test results for the Alloy B hardfacing: (a) at 19 V; (b) at 21.5 V,
(c) at 24 V.

The samples that were hardfaced with Alloy C are characterized by the presence of
three regions. These regions include the HAZ (Figure 12a–c—green areas), the transition
layer with Hs ranges from 800 to 1600 kgf/mm2 (Figure 12a–c—blue areas), and the top
layer (Figure 12a–c—yellow areas). The transition layer is mainly composed of Ni-based
solid solution, the Ni + WC eutectic (Section 2.2, Figure 5c), and regions with enhanced Hs
values of 3000 kgf/mm2, indicating the presence of nickel boride ((Ni,Fe)3(B,C)) phases
(Section 3.1, Figure 5c). In the top layer, some regions exhibit high Hs values, reaching up
to 4000 kgf/mm2. These high values indicate the presence of tungsten carbides. Due to
their hardness, these carbides can cause changes in the direction of the scratch track during
tests (please refer to Figure 14), similar to how abrasive particles change direction during
wear tests as a result of interaction with hard inclusions (Section 3.1, Figure 6c). The most
impactful effect of tungsten carbide particles is observed during long hardfacing durations,
as these conditions promote grain growth.

(a) 

Figure 12. Cont.
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(b) 

 

(c) 

Figure 12. The Hs hardness scratch test results for Alloy C hardfacing: (a) at 19 V; (b) at 21.5 V, (c) for
24 V.

Scratch tests of the hard-faced layer with Alloy D show a clear interface between
the base material and the top layer, with the absence of a wide transition zone. The Hs
values near the HAZ (Figure 13a–c) change from 400 to 2000 kgf/mm2, with peaks reaching
~3000 kgf/mm2, indicating the presence of hard inclusions of Mo2(Fe,Mn)B2. These in-
clusions appear as a primary phase and as constituents of the eutectic with austenite
(Section 3.1, Figures 5d and 6d). The Hs values of the top layer range from 1000 to
3000 kgf/mm2 (Figure 13a–c), and decreasing the duration of the hardfacing process leads
to an increase in Hs values due to the refinement of the structure.

However, the interpretation of results must consider the method’s sensitivity to crys-
tallographic orientation, residual surface roughness, and the phase size effect (particularly
where inclusions exceed the scratch width) Figure 14.

Consequently, the observed fluctuations in Hs profiles reflect the inherent microstruc-
tural heterogeneity, providing a representative assessment of the composite hardness rather
than a singular macroscopic value, as presented in Figure 15, which contains all measured
Hs values averaged for all materials with visible scatter.
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(a) 

 

(b) 

(c) 

Figure 13. The Hs hardness scratch test results for Alloy D hardfacing: (a) at 19 v; (b) at 21.5 V, (c) at
24 V.
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Figure 14. Examples of locations of sudden spikes in Hs hardness values where the diamond tip
occurred upon a hard phase constituent.

Figure 15. Averaged Hs values for all tested alloys with visible scatter of hardness, resulting mainly
from hard carbides.

3.4. Wear Tests

The wear test results are shown in Figure 16. As illustrated in the figure, the high-
est wear rate is observed for the base material (steel C45), where the main hard phase
is cementite, constituting approximately 7 vol.%. Complete replacement of cementite
with the same amount of a complex chromium carbide (Cr,Fe)7C3 in Alloy A results in
a strong (approximately 2-fold) increase in wear resistance. An additional rise in the
quantity of complex chromium carbides, reaching up to 50 vol. % as seen in Alloy B,
leads to a 1.33-fold improvement in wear resistance. In Alloy D, the total amount of hard
phases is equal to that of Alloy B, but the main hard phase in this alloy is Mo2(Fe,Mn)B2,
which is characterized by higher microhardness than that of chromium carbides; hence,
the resulting volume loss of Alloy D is about 1.91 times lower than that of Alloy B.
The wear resistance of Alloy C is the highest among all inspected hardfacing materi-
als, which is typical for tungsten carbide-based materials and coatings with a heterophase
structure. The comparison of the wear tests, the calculated amount of the hard phases
(Section 3.1, Figure 5), and the average values of the scratch hardness in the top layer
(Figures 10b, 11c, 12c, and 13b) are compared and shown in Figure 16. From the figure, it
is clear that there is a close correlation between the Hs and wear resistance. To interpret
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these correlations semi-quantitatively, a linear Rule of Mixtures (ROM) can be applied to
the hardness estimation: Hmix = Vf · Hp +

(
1 − Vf

)
· Hm, where Vf is the volume fraction

of the hard phase (determined via CALPHAD), and Hp and Hm are the hardness values
of the reinforcing phase and matrix, respectively. Also, the wear resistance increases as
the amount of hard phases increases, except for the reference base steel (C45). Among the
tested hardfacing alloys, the highest wear resistance, as well as Hs and the amount of hard
phases, was observed for Alloy C of the Ni-W-C-B alloying system. The experimental Alloy
D exhibits similar characteristics to Alloy C, while alloys of the Fe-Cr-C system (Alloys A
and B) show relatively low wear resistance, despite having a high amount of hard phase
(Alloy B). This is attributed to the significantly higher microhardness of the key phases in
Alloys C and D, represented by tungsten carbide and Mo2(Fe,Mn)B2, respectively.

 

Figure 16. Comparative chart of abrasion wear resistance, scratch hardness, and total amount of hard
phase calculated within the CALPHAD approach.

Moreover, the wear behavior is influenced not only by the quantity and size of the
hard phases but also by their specific response to abrasive loading. For instance, the
tungsten carbides in Alloy C can exhibit limited micro-plasticity and fatigue resistance,
which promotes a mechanism of gradual faceted spalling rather than immediate fracture.
In comparison, the chromium carbides in Alloys A and B are generally more susceptible to
brittle fragmentation. Similarly, the complex borides in Alloy D offer enhanced resistance
to micro-cutting due to their higher hardness relative to chromium carbides. Consequently,
the integral Hs measurements provide a functional assessment that reflects these intrinsic
micromechanical differences more effectively than dimensional metrics alone.

From an economic and industrial perspective, Alloy D presents a highly cost-effective
alternative to Alloy C for applications where the extreme wear resistance of W carbides
is not strictly required. The substitution of strategic and expensive elements like Ni and
W with an Fe-Mn-Mo system significantly reduces the raw material cost–estimated to be
roughly 3–4 times lower based on current market prices. Regarding processability, the iron-
based matrix of Alloy D ensures excellent metallurgical compatibility with steel substrates
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(C45). Since the overlay and the substrate share the same iron base, the effects of dilution are
chemically less critical compared to the mixing of dissimilar systems, ensuring consistent
phase formation and robust bond integrity employing conventional FCAW procedures.

Regarding mechanical integrity, it is important to distinguish the complex ternary
boride Mo2(Fe,Mn)B2 from typical brittle ceramic phases (e.g., chromium carbides). As
demonstrated in our previous DFT investigations [52], this phase exhibits a dual nature of
interatomic bonding: strong covalent B-B and B-metal bonds provide high hardness, while
significant metallic bonding between Mo and Fe/Mn atoms imparts intrinsic toughness
and plasticity. This unique electronic structure minimizes the risk of crack initiation within
the hard phase itself. Furthermore, the iron-based chemistry of Alloy D ensures excellent
metallurgical compatibility with the steel substrate, minimizing residual stresses and
preventing delamination.

The results of the current study are in good agreement with the recent research on
complexly alloyed hardfacing systems. The effectiveness of the CALPHAD-based approach
for predicting phase composition and mechanical properties was also demonstrated by
Lozynskyi et al. [58] for the Fe–Cr–C–B–Ti–Cu system. Similar to their findings, our model
successfully identified the primary reinforcing phases, although experimental verification
remains crucial due to the non-equilibrium conditions of the welding process. Furthermore,
the observed wear behavior, where the microstructural architecture and the ratio between
hard phases and a tough matrix play a more significant role than bulk hardness alone,
aligns with the conclusions of Escherová et al. [59]. In their study of powder tool steels, it
was emphasized that the specific distribution and type of carbides/borides, rather than
just macro-hardness, determine the final tribological performance. This supports our
interpretation of why Alloy D, despite its moderate hardness, showed superior resistance
due to the formation of a stable boride-reinforced structure.

Assuming the close association between the Hs values and the wear resistance, this
characteristic was chosen as the objective function for the qualitative selection of the
hardfacing parameters. The factors considered for this selection were the voltage and
hardfacing duration, as shown in the Hs mapping (Figure 17). The analysis of the Hs
maps reveals optimal values of the hardfacing parameters for Alloy A, indicating that the
formation of quenching structures is the main mechanism for strengthening the surface
layer. These optimal values correspond to an intermediate voltage range (21.5–24 V) and
a low hardfacing time (Figure 17a). In contrast, for Alloy B, the optimal Hs values are
observed at an intermediate time (~1000 ms) and low heat input, which creates conditions
for the growth of chromium carbides, which are the main phases providing wear resistance
(Figure 17b). For the tungsten carbide-based material (Alloy C), two distinct regions of
optimal hardfacing modes can be distinguished (Figure 17c). One region corresponds to
low voltage and duration, while the other corresponds to high heat input at a low duration.
These conditions are necessary to prevent initial tungsten carbide dissolution and promote
tungsten carbide recrystallization in the presence of a liquid phase, respectively. Besides
the possible dissolution, the dense WC crystals may sink under the nominal surface of
the base material in the molten deposit. Alloy D (Figure 17d) exhibits wide ranges of
optimal modes corresponding to the primary crystallization of the main strengthening
phase, represented by Mo2(Fe,Mn)B2, and its based eutectics. Therefore, by changing
the hardfacing parameters, it is possible to reinforce the surface layer through different
mechanisms, including the primary crystallization of the hard phase as reinforcement and
structure refinement, followed by dispersive strengthening of the austenite phase.
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(a) (b) 

 
(c) (d) 

Figure 17. The Hs maps corresponding to the selected ranges of the hardfacing modes: (a) Alloy A;
(b) Alloy B; (c) Alloy C; (d) Alloy D.

4. Conclusions
This study presents a comparative analysis of three commercially available and one

original hardfacing alloy from differing alloying systems, aiming to identify potential
candidates for enhancing the wear resistance of (but not limited to) mining machinery
equipment operating in aggressive and highly abrasive environments. Although the
scratch test method is neither conventional nor widely known, it should be relatively
undemanding to apply on commercially available Vickers hardness measurement devices
with a movable platform after little changes in the device’s software. The hardfaced
layers were comprehensively characterized through wear tests, phase composition analysis
using the CALPHAD approach, and scratch tests performed at the interfaces between the
hardfaced layer and the base material.

The main highlights of this research are the following:

• There exists a correlation between the proportional amount of carbides in the alloy
and the Hs hardness.

• The volumetric loss is inversely proportional to the proportional amount of carbides
present in the alloy.

• Ni-W-B-C wire (alloy C) exhibits the most favorable combination of characteristics
for enhanced wear resistance, yet it may not be the best cost-effective choice in less
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demanding cases. Its resistance relies on a high amount of macrocrystalline tungsten-
based carbides.

• The experimental, tungsten-free hardfacing alloy D of Fe-Mo-Mn-B composition
demonstrated only slightly less wear resistance (at about 85% of that of alloy C)
due to the presence of ternary boride—Mo2(Fe,Mn)B2. This material can potentially
be less expensive than its MTC-based counterpart.

• The two other chromium-based alloys (A—9.5% Cr & B—30% Cr) exhibit lower wear
resistance (about 30% and 45% of alloy C, respectively), despite a high content of
hard chromium carbides. This phenomenon can be attributed to the lower micro-
hardness of the alloy carbide constituents, especially when comparing their hardness to
WC crystals.

• The presented comparative ranking is specific to low-stress abrasion using silica
sand. Under conditions involving high-impact loading or combined wear modes, the
performance of the brittle phases may differ, which warrants further investigation.

• This study revealed an observable correlation between wear resistance, phase composi-
tion, and hardness, as determined by the presented scratch test hardness measurement
method for the tested materials A, B, C, and D. This correlation enables the use of
hardness (Hs) as an objective function for optimizing the parameters of the hardfacing
technology during the numerically controlled FCAW process for providing the desired
level of wear resistance for any given alloy. Additionally, this method can be used by
users with limited experience in metallurgy, providing a reliable basis for estimating
the possible resistance to abrasive wear.
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