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Abstract

A combined CALPHAD-guided thermodynamic and experimental approach was employed
to investigate the influence of boron on phase evolution and microstructural development
in the Fe–Ni–Cr–Cu–Si–B–C alloy system. Thermodynamic calculations were performed
using Thermo-Calc (FE13-2025b) and the TTFe thermodynamic database. Vertical phase-
diagram sections and response surface analysis were used to evaluate phase stability over
the temperature range of 400–1500 ◦C and to identify temperature–composition domains
favorable for the formation of strengthening phases. The calculations predicted com-
plex multiphase equilibrium behavior involving boride-, carbide-, and silicide-containing
phases. Within the investigated composition range, approximately 4 wt.% B provided a
favorable balance between the metallic matrix and strengthening phases, while 638 ◦C
corresponded to a thermodynamically favorable equilibrium phase constitution. Response
surface analysis further demonstrated that temperature governs phase evolution, whereas
boron primarily controls phase redistribution. The optimized alloy composition was charac-
terized experimentally using scanning electron microscopy (SEM), wavelength dispersion
spectroscopy (WDS), elemental mapping, and X-ray diffraction (XRD). The experimentally
observed heterogeneous multiphase microstructure showed good agreement with the
CALPHAD-predicted phase evolution at a qualitative level, demonstrating the usefulness
of thermodynamic modeling for guiding alloy design. The proposed CALPHAD-guided
workflow integrates thermodynamic modeling with targeted experimental characterization
and provides a transferable framework for the accelerated design and optimization of
complex Fe-based multicomponent alloys.

Keywords: thermodynamic modeling; CALPHAD modeling; Fe-based multicomponent
alloy; boron effect; phase evolution

1. Introduction
Complex Fe-based multicomponent alloys have attracted considerable attention owing

to their ability to combine multiple alloying elements, enabling the formation of diverse
strengthening phases and providing attractive mechanical and tribological properties.
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Although high-entropy alloys (HEAs) represent an important subgroup of multicomponent
alloys, many engineering Fe-based systems are intentionally designed with non-equiatomic
compositions to achieve specific phase constitutions and tailored properties [1,2].

Among Fe-based multicomponent alloy systems, alloys containing Ni, Cr, Cu, Si, B,
and C are of particular technological interest because of their relatively low cost, broad
industrial applicability, and excellent potential for wear-resistant coatings [3–8]. In addition
to metallic alloying elements such as Ni, Cr, and Cu, the incorporation of metalloids,
including B, Si, and C, provides an effective route for strengthening through the formation
of borides, silicides, and carbides [5–7,9]. These secondary phases can significantly enhance
hardness, wear resistance, and thermal stability, making them particularly important in
self-fluxing surfacing alloys and thermal spray materials [4–6,8]. However, the same
multiphase reactions that improve these properties also increase the thermodynamic and
kinetic complexity of the alloy system [5,7,9].

The Fe–Ni–Cr–Cu–Si–B–C alloy system is a representative example of this complexity.
Depending on its composition and thermal history, it may consist of Fe-rich solid solutions
together with various borides, carbides, silicides, and metastable intermediate phases [5,6,9].
The balance among these constituents strongly influences the resulting microstructure
and, consequently, the service performance of the alloy [4,7,8]. Therefore, the rational
design of such materials requires a thorough understanding of phase equilibria, phase
transformations, and composition–temperature relationships [7,9].

Experimental investigation alone is often insufficient for this purpose, as the direct de-
termination of phase diagrams and thermodynamic properties in multicomponent systems
is time-consuming, expensive, and frequently incomplete [7,9]. Therefore, computational
thermodynamics has become an indispensable tool in modern alloy design and develop-
ment [7,9–11]. In particular, the CALPHAD (CALculation of PHAse Diagrams) approach
enables the prediction of equilibrium and metastable phase formation by minimizing the
Gibbs free energy using assessed thermodynamic databases [9–11]. This methodology is
widely employed to construct phase diagrams, estimate phase fractions, and optimize alloy
compositions prior to experimental investigation [9–11].

Nevertheless, reliable prediction of Fe-based multicomponent alloys enriched with B,
Si, and C remains challenging. Strong chemical interactions, possible short-range ordering,
non-ideal solution behavior, and the simultaneous formation of multiple competing hard
phases may reduce the predictive accuracy of conventional thermodynamic models and
available databases [5,7,9]. In addition, the relationship between thermodynamically
predicted phase equilibria and the experimentally observed phase constitutions remains
insufficiently understood for many practical alloy systems [4–6].

For coating and surfacing applications, this issue is particularly important because
the distribution of hard boride- and carbide-containing phases within a metallic matrix
directly governs hardness, adhesion, crack resistance, and wear performance [8]. There-
fore, a combined computational–experimental approach is required to establish reliable
composition–microstructure relationships and identify optimal processing conditions [5,9].

Although numerous studies have investigated boron-containing Fe-based alloys, the
combined influence of boron content and processing temperature on phase evolution and
microstructure development in the Fe–Ni–Cr–Cu–Si–B–C system has not been system-
atically established. In particular, quantitative composition–temperature relationships
governing phase redistribution between the metallic matrix and strengthening phases
remain largely unexplored, while experimental assessment of CALPHAD predictions for
such multicomponent alloys is still limited.

To address this gap, the present study investigates the influence of boron content on
phase evolution in the Fe–Ni–Cr–Cu–Si–B–C alloy system using a combined CALPHAD–
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experimental approach. Thermodynamic calculations performed in Thermo-Calc were
used to evaluate phase stability over a wide temperature range and varying boron concen-
trations, identify favorable composition–temperature domains, and guide the selection of
alloy composition for subsequent experimental characterization by XRD, SEM, WDS, and
elemental mapping [9–13].

Unlike previous studies that primarily report either thermodynamic simulations or
experimental observations, the present work integrates CALPHAD modeling, response
surface methodology, and complementary experimental characterization to establish quan-
titative composition–temperature relationships and provide a transferable workflow for
the rational design of multicomponent Fe-based alloys.

2. Materials and Methods
2.1. Thermodynamic Modeling

Thermodynamic calculations of the Fe–Ni–Cr–Cu–Si–B–C system were performed
using Thermo-Calc software (FE-13 2025b) based on the CALPHAD approach with the
TTFe database, which was selected because it provides thermodynamic descriptions for all
principal elements of the investigated alloy system (Fe, Ni, Cr, Cu, Si, B, and C). Despite
its broad applicability, uncertainties may remain for highly alloyed boron-containing
systems owing to the limited description of higher-order interactions involving boride
phases. Therefore, the CALPHAD predictions were interpreted in conjunction with the
experimental characterization.

Phase equilibria, phase fractions, and elemental distributions were calculated as func-
tions of temperature. All thermodynamic calculations were performed under equilibrium
conditions using Gibbs free-energy minimization. Accordingly, the predicted phase equilib-
ria represent equilibrium reference states for the investigated alloy system.

Boron was selected as the only variable compositional parameter because it is the
principal boride-forming element in the Fe–Ni–Cr–Cu–Si–B–C alloy system and plays a
dominant role in the formation of strengthening phases. To isolate its specific effect on phase
evolution and microstructure development, the concentrations of all other alloying elements
were kept constant throughout the study. This approach enabled a systematic evaluation of
the influence of boron while minimizing the effects of compositional interactions.

Vertical phase-diagram sections were constructed to analyze phase evolution over the
temperature range of 638–1646 ◦C. Complete melting of the alloy was predicted at approxi-
mately 1640 ◦C. According to the equilibrium calculations, cooling below approximately
1100 ◦C resulted in the formation of multiphase structures containing Me2B, carbides,
and silicides.

2.2. Powder Preparation, Processing, and Coating Deposition

The Fe–Ni–Cr–Cu–Si–B–C alloy with a nominal composition of 20Fe–21Ni–18Cr–
22Cu–10Si–4B–5C (wt.%) was prepared by mechanically activating a powder mixture in
a planetary mill (MPP-2-1K, TTD, Saint Petersburg, Russia). Boron was introduced as
a nickel–boron master alloy (NiB15), whereas Fe, Ni, Cr, Cu, Si, and C were added as
elemental powders. Mechanical activation was carried out at a rotation speed of 1500 rpm,
a ball-to-powder ratio of 10:1, and a filling degree of 80% for 20 min, producing composite
particles with sizes of 10–20 µm.

The mechanically activated powder was subsequently agglomerated using a 5 wt.%
aqueous liquid-glass solution as a temporary inorganic binder (1–2 wt.% relative to the
powder mass). The resulting mixture was dried at 80–100 ◦C, granulated into particles of
0.5–2 mm, and sintered at 600 ◦C for 30 min to improve granule strength. The sintered
granules were subsequently crushed, milled, and sieved to obtain a powder fraction of
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40–160 µm for gas-flame spraying. Particles smaller than 40 µm tended to agglomerate
during feeding, whereas particles larger than 160 µm caused instability of the powder
feed. The liquid glass served solely as a temporary technological binder during powder
preparation and was not considered part of the nominal alloy composition used for the
CALPHAD calculations.

The prepared Fe–Ni–Cr–Cu–Si–B–C alloy powder was deposited onto Steel 45 sub-
strates by gas-flame spraying. Prior to deposition, the substrate surface was grit-blasted and
preheated to 100–150 ◦C. Spraying was performed at an oxygen pressure of 9.0 kg cm−2

and a propane pressure of 1.2 kg cm−2, with oxygen and propane flow rates of 750 and
700 L h−1, respectively, a powder feed rate of 50 g min−1, and a target coating thickness of
2–3 mm. During spraying, the powder particles were heated above 1460 ◦C, melted, and
rapidly solidified upon impact with the substrate to form the coating.

2.3. Characterization of Samples

The morphology of the agglomerated granules, elemental distribution maps, and
chemical composition of the powder after mechanical activation and agglomeration, as well
as the microstructure of the deposited coatings, were examined using a scanning electron
microscope (SEM, JEOL JXA-8230, JEOL LTD., Akishima, Tokyo, Japan) operated at an
accelerating voltage of 25 kV and beam current up to 100 nA.

Powder samples were mounted on conductive carbon tape, whereas coating samples
were prepared using standard metallographic procedures. Elemental analysis (B–U) was
performed using JEOL EPMA software (EpmaWin Ver. 4.20) with standard quantification
methods. The beam conditions were optimized to ensure adequate X-ray counting statistics.

Backscattered electron (BSE, COMPO) imaging was employed to enhance phase
contrast. In addition, semi-quantitative wavelength-dispersive spectroscopy (WDS) was
performed using a beam diameter of 200 µm, with carbon correction applied to account for
the conductive tape.

WDS elemental mapping was performed at a magnification of ×350. Characteristic
X-ray lines were selected based on the preliminary spectral analysis and measured using
appropriate analyzing crystals.

Phase identification was performed using a D8 Advance X-ray diffractometer (Bruker,
Ettlingen, Germany) with Cu Kα radiation operated at 40 kV and 40 mA. Diffraction
patterns were collected over the 2θ range of 3–90◦ with a step size of 0.02◦. The diffraction
data were processed using EVA software (V5.0 (2023)), while phase identification was
carried out using the Search/Match module and the PDF-2 database (Release 2020, ICDD).

Vickers microhardness (HV10) was measured on polished cross-sections of the coatings
at room temperature using a dwell time of 10–15 s. The load was applied gradually and
maintained throughout the measurement. The distance between adjacent indentations, as
well as between each indentation and the sample edge, exceeded 2.5 times the indentation
diagonal to avoid interaction effects. Microhardness was measured in the coating, diffusion
zone, and steel substrate regions using 4 indentations for each region. The average values
were reported together with the corresponding standard deviations.

The adhesion strength of the coatings was evaluated by pull-off testing using a custom-
designed fixture mounted on a universal testing machine (CDM 10/9). The coated pin
assembly was subjected to tensile loading until coating detachment occurred. The tests
were performed at a crosshead speed of 15 mm min−1, and the maximum failure load
was recorded. The pull-off adhesion strength was calculated from the failure load and pin
cross-sectional area. Five independent measurements were performed, and the average
adhesion value is reported.
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All microstructural characterization was performed on a single coating specimen fab-
ricated under the optimized processing conditions. Hardness and adhesion were evaluated
by multiple independent measurements on the same specimen, and the reported values
represent the corresponding averages.

3. Results and Discussion
3.1. Response Surface Analysis of Temperature–Boron Interaction

The effect of boron content on the phase constitution of the Fe–Ni–Cr–Cu–Si–B–C alloy
system was investigated over the range of 2–5 wt.%. Boron was selected as the key alloying
element because of its strong tendency to form borides [12,13], which play a critical role in
determining the phase constitution and mechanical properties of the alloy [14].

To evaluate the combined influence of boron content and temperature on phase
evolution, response surface methodology was employed. The results are presented as
three-dimensional response surfaces and corresponding contour plots (Figure 1).

Figure 1. Three-dimensional response surfaces illustrating the combined effect of temperature and
boron content on phase composition in the Fe–Ni–Cr–Cu–Si–B–C alloy system: (a) metallic Fe content
and (c) Fe2B boride content; (b,d) corresponding contour plots showing iso-concentration lines as a
function of temperature and boron concentration.

The response surface for the metallic Fe phase (Figure 1a,b) indicates that temperature
is the primary factor governing phase evolution and the fraction of metallic Fe, whereas
boron content exerts a secondary, yet significant, influence. At lower temperatures and
higher boron contents, the fraction of metallic Fe decreases, reflecting its consumption
during the formation of secondary phases. In contrast, increasing temperature promotes
stabilization of the metallic matrix, resulting in a higher fraction of metallic Fe.

In parallel, the response surface for the Fe2B phase (Figure 1c,d) exhibits the opposite
trend. The predicted Fe2B fraction increases markedly with increasing boron content and
decreasing temperature. This trend is consistent with the strong boride-forming tendency
of boron under thermodynamically favorable conditions. At elevated temperatures, the
predicted Fe2B fraction decreases, indicating reduced thermodynamic stability of the boride
phases [15].
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Comparison of the response surfaces for metallic Fe and Fe2B reveals a clear inverse
relationship between the two phases. As the predicted Fe2B fraction increases, the fraction
of metallic Fe decreases, consistent with thermodynamic phase redistribution during
boride formation. These results further emphasize the key role of boron in controlling
phase evolution in the Fe–Ni–Cr–Cu–Si–B–C alloy system.

The contour plots (Figure 1b,d) further illustrate the non-linear combined influence of
temperature and boron content on phase stability. The contour patterns identify distinct
composition–temperature domains associated with different equilibrium phase constitu-
tions, indicating that a balanced multiphase structure is expected only within a limited
range of processing conditions.

Within the investigated composition range, a boron content of approximately 4 wt.%
provided the most favorable balance between retention of the metallic matrix and the
formation of Fe2B borides according to the equilibrium CALPHAD calculations. This
composition was therefore selected for subsequent experimental characterization.

Overall, thermodynamic calculations indicate that temperature is the primary factor
governing phase evolution, whereas boron serves as the key compositional parameter con-
trolling phase redistribution between the metallic matrix and boride-containing phases [16].
The identified composition–temperature–domains provide a quantitative thermodynamic
framework for tailoring the phase constitution of the Fe–Ni–Cr–Cu–Si–B–C alloy sys-
tem [17].

The predicted trends in phase evolution are expected to influence the equilibrium
phase constitution and, consequently, the experimentally observed microstructure. In par-
ticular, the predicted increase in the Fe2B fraction at lower temperatures and higher boron
contents is consistent with the formation of a heterogeneous microstructure comprising a
Fe-based matrix and dispersed boride-containing phases [15]. Conversely, the decrease in
the predicted boride fraction at elevated temperatures (>1000 ◦C) is associated with a higher
fraction of the metallic matrix and a comparatively more homogeneous phase constitution.

3.2. Effect of Boron Content on Phase Composition

The calculated equilibrium phase constitution of the alloy with 4 wt.% B is presented
in Figure 2. The calculations predict the formation of M2B borides, which become the
dominant phase at lower temperatures. In addition, boron influences the stability of
silicides and carbides, resulting in thermodynamic redistribution of alloying elements
among the equilibrium phases [15].
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Figure 2. Temperature dependence of CALPHAD equilibrium-predicted phase composition in the
alloy with an initial composition of 20Fe–21Ni–18Cr–22Cu–10Si–4B–5C (wt.%): (a) major phases;
(b) minor phases.
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Within the investigated composition range, a boron content of 4 wt.% provided the
most favorable thermodynamic balance between retention of the metallic matrix and the
formation of strengthening boride phases. This composition was therefore selected for
subsequent experimental characterization, including microstructural analysis and measure-
ments of coating microhardness and adhesion strength.

Conclusions regarding boron contents outside the investigated range should be re-
garded as qualitative thermodynamic predictions and require dedicated computational
and experimental investigation.

3.3. Thermodynamic Analysis of the Fe–Ni–Cr–Cu–Si–B–C System

Phase evolution in the Fe–Ni–Cr–Cu–Si–B–C system was first analyzed by equilibrium
CALPHAD calculations over a wide temperature range (Figure 3). The calculations predict
the formation of a complex multiphase equilibrium phase constitution comprising a metallic
matrix together with borides, carbides, silicides, and intermetallic phases.

Figure 3. CALPHAD-calculated phase evolution as a function of temperature (400–1800 ◦C) in the
Fe–Ni–Cr–Cu–Si–B–C alloy system (Fe–Ni–Cr–Cu–Si–B–C, wt.%), showing the stability ranges of
major phases and liquid regions.

At elevated temperatures, the equilibrium phase constitution is dominated by liquid
and solid-solution phases. Upon cooling, the equilibrium calculations predict progressive
phase redistribution accompanied by the formation of borides, carbides, and silicides.
The calculated phase diagrams (Figure 4) further indicate that carbon contributes to car-
bide stability and influences the equilibrium distribution of alloying elements among the
coexisting phases.
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Figure 4. CALPHAD-calculated high-temperature phase diagram of the Fe–Ni–Cr–Cu–Si–B–C alloy
system as a function of carbon content (0–5 wt.%) and temperature (400–1800 ◦C), showing phase
stability regions and multiphase equilibria in the liquid and solid domains.

Overall, the thermodynamic calculations indicate that phase evolution in the Fe–Ni–
Cr–Cu–Si–B–C system is strongly dependent on both temperature and alloy composition,
providing a thermodynamic basis for interpreting the experimentally observed microstruc-
ture [18].

3.4. Phase Evolution in the Critical Temperature Range

To identify thermodynamically favorable processing conditions, phase evolution was
analyzed over the temperature range where the most significant changes in the equilibrium
phase constitution were predicted to occur. The calculated equilibrium phase fractions at
selected temperatures are summarized in Table 1.

Table 1. Quantitative phase composition of the Fe–Ni–Cr–Cu–Si–B–C alloy (19.9Fe–20.9Ni–18.5Cr–
22.6Cu–10Si–3.8B–4.3C, wt.%).

Temperature, ◦C Phase Q, wt.%
Element Content, wt.%

Fe Ni Cu Cr Si B C

1646

L1 91.05 28.10 21.61 14.83 19.26 10.30 3.96 1.94

L2 6.02 1.99 2.20 93.01 0.78 1.43 0.56 0.01

C 2.93 0.00 0.00 0.00 0.00 0.00 0.12 99.88

1640
L 98.09 33.26 18.88 18.04 16.74 9.03 3.47 0.57

L2 1.91 2.60 2.10 92.83 1.00 0.90 0.40 0.00
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Table 1. Cont.

Temperature, ◦C Phase Q, wt.%
Element Content, wt.%

Fe Ni Cu Cr Si B C

1570

L1 57.94 18.84 29.83 14.79 18.02 13.62 3.74 1.16

L2 8.60 1.29 2.06 93.00 0.82 2.12 0.72 0.00

L3 21.68 24.18 11.78 8.53 37.25 6.94 7.40 3.90

C 11.77 0.00 0.00 0.00 0.00 0.00 0.17 99.83

1222

L1 15.31 0.57 1.04 96.13 0.17 2.02 0.06 0.00

C 11.14 0.00 0.00 0.00 0.00 0.00 0.03 99.97

M2B 25.74 39.60 0.47 0.00 50.78 0.00 9.14 0.00

M2Si 28.31 19.60 60.70 0.00 0.00 19.70 0.00 0.00

β 11.32 20.13 0.08 0.00 62.82 0.00 16.97 0.00

SiC 8.18 0.00 0.00 0.00 0.00 70.04 0.00 29.96

1101

L1 15.01 0.35 0.57 97.34 0.05 0.16 0.02 1.50

C 7.45 0.00 0.00 0.00 0.00 0.00 0.02 99.98

M2B 35.52 43.77 0.37 0.00 46.75 0.00 9.11 0.00

M2Si 29.33 21.45 58.91 0.00 0.00 19.64 0.00 0.00

β 4.87 27.48 0.07 0.00 55.57 0.00 16.89 0.00

SiC 7.90 0.00 0.00 0.00 0.00 70.04 0.00 29.96

762

α 14.34 0.07 0.12 99.73 0.08 0.00 0.00 0.00

C 0.91 0.00 0.00 0.00 0.00 0.00 0.01 99.99

M2B 42.90 47.10 0.05 0.00 43.76 0.00 9.09 0.00

Ni31Si12 31.09 29.04 54.66 0.00 0.00 16.30 0.00 0.00

SiC 10.75 0.00 0.00 0.00 0.00 70.04 0.00 29.96

680

α 14.31 0.02 0.10 99.85 0.01 0.03 0.00 0.00

C 10.40 0.00 0.00 0.00 0.00 0.00 0.00 100.00

M2B 21.45 39.62 0.05 0.00 51.19 0.00 9.14 0.00

β 14.28 14.42 0.00 0.00 68.54 0.00 17.04 0.00

Ni31Si12 25.67 17.88 65.89 0.00 0.00 16.23 0.00 0.00

SiC 13.88 0.00 0.00 0.00 0.00 70.04 0.00 29.96

638

CO2Si 26.34 38.07 42.25 0.00 0.00 19.68 0.00 0.00

α 14.31 0.02 0.03 99.89 0.06 0.00 0.00 0.00

M2B 42.89 47.13 0.01 0.00 43.76 0.00 9.10 0.00

Ni31Si12 12.77 34.41 49.25 0.00 0.00 16.34 0.00 0.00

SiC 3.69 0.00 0.00 0.00 0.00 70.04 0.00 29.96

At approximately 762 ◦C, the equilibrium phase constitutions are characterized by
the coexistence of the α-phase (≈14.3%), M2B borides (≈42.9%), and intermetallic phases
including Ni31Si12 (≈31.1%) and SiC (≈10.8%). This temperature corresponds to a region
where several equilibrium phases coexist, resulting in a complex multiphase phase consti-
tution. At 680 ◦C, the calculated M2B fraction decreases to approximately 21.5%, while a
transient β-phase appears. According to the equilibrium calculations, this phase is stable
only within a limited temperature interval and disappears upon further cooling.

https://doi.org/10.3390/met16080889

https://doi.org/10.3390/met16080889


Metals 2026, 16, 889 10 of 18

At 638 ◦C, the calculated M2B fraction increases again to approximately 42.9%, accom-
panied by the disappearance of the β-phase. The equilibrium calculations therefore predict
a stable multiphase constitution consisting of the metallic matrix together with boride-,
carbide-, and silicide-containing phases.

Based on the equilibrium CALPHAD calculations, 638 ◦C was identified as the temper-
ature at which the transient β-phase disappears, and a stable multiphase equilibrium phase
constitution is predicted. This temperature was therefore selected as the thermodynami-
cally favorable reference condition for the investigated alloy composition and used to guide
the subsequent experimental characterization. It should be emphasized that this tempera-
ture represents an equilibrium thermodynamic prediction rather than an experimentally
optimized processing condition.

No quantitative sensitivity analysis was performed to evaluate the influence of small
temperature variations around 638 ◦C. Therefore, the calculated phase fractions should
be interpreted as equilibrium thermodynamic predictions rather than experimentally
validated values.

3.5. Characterization of Experimental Sample
3.5.1. Microstructural Analysis

The microstructure of the deposited Fe–Ni–Cr–Cu–Si–B–C alloy coating was examined
by SEM (Figure 5). The SEM images reveal a heterogeneous multiphase microstructure
consisting of a continuous metallic matrix and dispersed secondary phases.

 

Figure 5. SEM micrograph of the Fe–Ni–Cr–Cu–Si–B–C alloy showing representative boride-rich,
carbide-rich, and Si-rich regions identified from SEM/WDS observations.
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The SEM micrograph reveals a heterogeneous multiphase microstructure consisting of
a continuous metallic matrix and several morphologically distinct secondary constituents.
Based on their morphology, these regions can be tentatively associated with boride-rich [19],
carbide-rich [8], and Si-rich constituents [20]. These tentative assignments are supported
by the elemental distributions obtained from the subsequent WDS analysis and the XRD
results and are interpreted in conjunction with the equilibrium CALPHAD predictions.

Although the gas-flame spraying process is an inherently non-equilibrium process,
the experimentally observed phase constitution shows good qualitative agreement with
the equilibrium phase constitution predicted by the CALPHAD calculations. These results
indicate that the thermodynamic calculations provide a useful framework for interpreting
the experimentally observed phase constitution of the investigated alloy.

3.5.2. Elemental Composition

The WDS analysis (Table 2) confirmed the presence of the principal alloying elements
(Fe, Ni, Cr, Cu, Si, B, and C), consistent with the nominal alloy composition and the phase
constitution predicted by the CALPHAD calculations. The measured concentrations of
boron (≈3.8 wt.%), carbon (≈4.3 wt.%), and silicon (≈10.0 wt.%) are consistent with the
formation of boride-, carbide-, and silicide-containing phases, respectively. Together with
the CALPHAD predictions, the WDS data support the proposed interpretation of the
experimentally observed phase constitution.

Table 2. Elemental composition of the sample (wt.%) with estimated confidence intervals.

Element Mass Fraction (wt.%) Confidence Interval (±wt.%)

C 4.3 ±0.13
Si 10.0 ±0.30
B 3.8 ±0.04
Cr 18.5 ±0.60
Fe 19.9 ±0.65
Ni 20.9 ±0.70
Cu 22.6 ±0.75

3.5.3. Elemental Distribution

Elemental mapping (Figure 6) was performed to examine the spatial distribution of the
principal alloying elements. The maps reveal a relatively uniform distribution of Fe, Ni, and
Cr throughout the metallic matrix, whereas carbon and silicon exhibit localized enrichment.

The localized enrichment of carbon corresponds to the dark particles observed in SEM
images and is consistent with their tentative assignment to carbide-containing regions [8].
Similarly, the non-uniform distribution of silicon is consistent with the presence of Si-rich
or silicide-containing regions [20]. These interpretations are further supported by the XRD
results and the equilibrium CALPHAD predictions.

A weak Mn signal was also detected. Its low intensity suggests that it originates
from trace impurities in the starting materials or from measurement-related effects and
is therefore unlikely to significantly influence the equilibrium phase constitution of the
investigated alloy [20].
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Figure 6. SEM image and corresponding WDS elemental maps of the Fe–Ni–Cr–Cu–Si–B–C alloy.

3.5.4. Phase Analysis by X-Ray Diffraction

Because point WDS analyses of individual microstructural constituents were not per-
formed, the tentative phase assignments based on the SEM observations were subsequently
evaluated by XRD (Figure 7) and interpreted together with the equilibrium CALPHAD
predictions. The XRD pattern of the synthesized Fe–Ni–Cr–Cu–Si–B–C alloy exhibits a
broad set of overlapping reflections, indicating the presence of a complex multiphase
constitution. This observation is consistent with the equilibrium CALPHAD predictions
and the experimentally observed microstructure.

The most intense diffraction peak appears at 2θ ≈ 44–45◦, corresponding primarily
to the (110) reflection of α-Fe (bcc), although contributions from Fe–Ni solid-solution
phases cannot be excluded because of peak overlap, lattice substitution, and instrumental
broadening [21]. Additional reflections at approximately 2θ ≈ 65◦ and 82◦ are consistent
with higher-order α-Fe reflections, indicating that the metallic matrix is predominantly
Fe-based.

Several weaker reflections in the ranges of 2θ ≈ 43–45◦, 51–52◦, and 75–77◦ are consis-
tent with the presence of Ni-containing phases, including Ni-rich solid solution and/or
Fe–Ni intermetallic phases [22]. These observations suggest that nickel is distributed be-
tween the metallic matrix and secondary phases. Reflections observed at 2θ ≈ 44–46◦,
64–66◦, and 81–83◦ may also contain contributions from Cr-bearing phases, including
Cr-rich solid solutions, chromium carbides (e.g., Cr7C3, Cr23C6), and mixed metallic com-
pounds commonly reported for Fe–Cr multicomponent alloys [23].

Low-intensity reflections in the ranges of 2θ ≈ 37–39◦, 42–43◦, and 46–48◦ are consis-
tent with the possible presence of boride phases, including Fe2B, FeB, Ni2B, and mixed (Fe,
Ni)2B compounds. Their unambiguous identification is hindered by peak overlap, the low
volume fraction of borides, and the structural complexity of the alloy, which are typical
challenges in the XRD analysis of multicomponent boron-containing alloys [24].
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Figure 7. X-ray diffraction (XRD) pattern of the Fe–Ni–Cr–Cu–Si–B–C alloy.

Additional weak reflections at 2θ ≈ 35–36◦, 60–62◦, and 72–74◦ may also be attributed
to silicide- and carbide-containing phases, including FeSi, NiSi2, SiC, and mixed metal
carbides. These assignments are consistent with both the elevated Si and C contents de-
termined by WDS and the equilibrium phase constitution predicted by the CALPHAD
calculations. Because of substantial peak overlap and the multicomponent nature of the
alloy, unambiguous assignment of all reflections is not possible without full-pattern refine-
ment. Nevertheless, the XRD results are consistent with the presence of a heterogeneous
multiphase constitution comprising a Fe-based matrix together with boride-, carbide-,
silicide-, and intermetallic-containing phases.

Overall, the XRD results show good qualitative agreement with the equilibrium
CALPHAD predictions and are supported by SEM and WDS observations. Together,
these complementary techniques provide a consistent interpretation of the experimentally
observed phase constitution of the investigated alloy. The comparison between the equilib-
rium CALPHAD predictions and the experimental results is qualitative, as quantitative
phase-fraction analysis was beyond the scope of the present study. Accordingly, the XRD
results should be regarded as qualitative evidence supporting phase identification rather
than as a quantitative determination of phase fractions.

Not all phases predicted by the equilibrium CALPHAD calculations could be experi-
mentally identified. This may be attributed to their low phase fractions, peak overlap in the
XRD patterns, the absence of full-pattern refinement, and the inherently non-equilibrium
nature of the gas-flame spraying process.

3.5.5. Mechanical Properties

The Vickers microhardness measured in the coating, diffusion zone, and steel substrate
is presented in Figure 8.
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Figure 8. Vickers microhardness measured across the coating, diffusion zone, and steel substrate
for the 19.9Fe–20.9Ni–18.5Cr–22.6Cu–10Si–3.8B–4.3C, wt.% alloy. Four independent indentations
were performed in each region. The individual data points represent the measured hardness values,
whereas the values labeled “mean” correspond to the average hardness ± standard deviation.

The deposited coating exhibited the highest hardness, with an average value of
541 ± 32 HV10, whereas the diffusion zone and steel substrate showed average hard-
ness values of 421 ± 26 HV10 and 368 ± 10 HV10, respectively. The coating hardness was
approximately 47% higher than that of the substrate, reflecting the strengthening effect
associated with the developed heterogeneous multiphase microstructure.

The relatively small variation among individual indentations indicates reasonably
uniform hardness over the investigated length scale. Although one indentation exhibited a
higher hardness value (≈580 HV10), no quantitative correlation between local hardness
and the distribution of individual phase constituents was established. This local variation
is therefore interpreted as reflecting normal microstructural heterogeneity rather than the
presence of specific boride- or carbide-containing phases.

The enhanced coating hardness is consistent with the formation of a heterogeneous
multiphase microstructure containing boride-, carbide-, and silicide-containing phases.
According to the equilibrium CALPHAD predictions, boride phases are expected to con-
tribute significantly to strengthening because of their high intrinsic hardness. However, the
individual contributions of the different phase constituents to the measured hardness were
not quantified within the scope of the present study.

The results of the pull-off adhesion tests are summarized in Table 3. The measured
adhesion strength ranged from 46.27 to 61.30 MPa, with an average value of 51.66 ± 6.05
MPa. These values are indicative of strong adhesion between the deposited coating and
the steel substrate. The relatively narrow scatter of the measured values suggests good
reproducibility of the coating adhesion under the investigated processing conditions.

The pull-off adhesion strength of the developed Fe–Ni–Cr–Cu–Si–B–C coating was
51.66 ± 6.05 MPa. This value falls within the range reported for thermally sprayed Fe- and
Ni-based self-fluxing coatings, including NiCrBSi-type systems, although the reported adhe-
sion strength varies considerably depending on the spraying process, substrate preparation,
remelting or post-treatment conditions, coating thickness, and test methodology [25,26]
Therefore, the measured adhesion strength indicates satisfactory coating adhesion and
supports the potential applicability of the developed coating. Nevertheless, because the ad-
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hesion performance of commercial coatings is strongly process-dependent, this comparison
should be regarded as qualitative rather than as a direct performance ranking.

Table 3. Results of pull-off adhesion tests for the 19.9Fe–20.9Ni–18.5Cr–22.6Cu–10Si–3.8B–4.3C
coating.

Pin Diameter, mm Cross-Sectional
Area, mm2

Maximum Load,
kgf

Pull-Off Adhesion
Strength, MPa

5.02 19.00 850 46.27

5.20 21.53 950 48.01

5.02 20.88 1100 49.03

5.26 21.10 1200 53.68

5.44 22.66 1300 61.30

Mean ± SD (n = 5) 51.66 ± 6.05

From an engineering perspective, the principal advantage of the proposed approach
lies in the integration of CALPHAD thermodynamic modeling with targeted experimental
characterization, enabling more efficient selection of promising alloy compositions before
extensive experimental optimization. Such a workflow has the potential to reduce develop-
ment time and experimental effort while providing a rational framework for the design of
advanced Fe-based wear-resistant coating materials.

The combination of high hardness and good adhesion suggests that the developed
Fe–Ni–Cr–Cu–Si–B–C coating is a promising candidate for wear-resistant applications
involving elevated mechanical and impact loading. However, comprehensive tribological,
corrosion, and long-term durability studies are required before its suitability for practical
engineering applications can be fully assessed [27–29].

4. Limitations of the Present Study
The present study established relationships between boron content, thermodynami-

cally predicted phase evolution, and the resulting microstructure of Fe–Ni–Cr–Cu–Si–B–C
coatings using a combined CALPHAD–experimental approach. Nevertheless, several
limitations should be considered when interpreting the results.

First, the CALPHAD calculations represent thermodynamic equilibrium conditions,
whereas gas-flame spraying is inherently a non-equilibrium process. Therefore, the calcu-
lated phase constitution should be regarded as an equilibrium reference for interpreting
the experimentally observed microstructure rather than as an exact prediction of the final
coating constitution.

Second, the experimental characterization provided qualitative support for the pre-
dicted phase constitution. Quantitative phase-fraction analysis, local crystallographic
phase identification (e.g., EBSD or TEM), and point compositional analysis of individual
microstructural constituents were beyond the scope of the present study. Consequently, the
proposed phase assignments are based on the combined interpretation of SEM observations,
WDS elemental mapping, XRD analysis, and CALPHAD predictions.

Third, quantitative characterization of coating defects, including porosity, crack den-
sity, and oxide inclusions, was not performed. Therefore, their influence on the measured
mechanical properties could not be evaluated.

Finally, although the developed coating exhibited high hardness and satisfactory
adhesion strength, neither its tribological performance nor the reproducibility of the coating
deposition process was systematically evaluated. Accordingly, the developed alloy should
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be regarded as a promising candidate for wear-resistant coating applications rather than as
a coating with experimentally verified wear performance.

Despite these limitations, the combined CALPHAD–experimental methodology pro-
vides a rational framework for alloy composition optimization and qualitative assessment
of phase evolution in complex Fe-based multicomponent alloys, establishing a solid ba-
sis for future studies involving quantitative phase analysis, tribological evaluation, and
long-term performance assessment.

5. Conclusions
- A combined CALPHAD-guided experimental approach was employed to investigate

the influence of boron content on phase evolution and microstructural development
in the Fe–Ni–Cr–Cu–Si–B–C alloy system. The results identify boron as the principal
alloying parameter governing phase redistribution between the Fe-based metallic
matrix and boride-containing phases, providing a rational basis for alloy design.

- Equilibrium CALPHAD calculations predicted complex multiphase behavior involv-
ing boride-, carbide-, and silicide-containing phases over a wide temperature range.
Response surface analysis showed that temperature is the primary factor control-
ling phase evolution, whereas boron content predominantly modifies phase stability
and phase redistribution. Within the investigated composition range, approximately
4 wt.% B and 638 ◦C were identified as thermodynamically favorable conditions
for achieving a balanced equilibrium phase constitution. These conditions should
be regarded as thermodynamic predictions rather than experimentally optimized
processing parameters.

- Experimental characterization by SEM, WDS, elemental mapping, and XRD revealed
a heterogeneous multiphase microstructure that shows good qualitative agreement
with the equilibrium phase constitution predicted by CALPHAD. The proposed phase
assignments are based on the combined interpretation of thermodynamic calculations
and complementary experimental observations.

- The developed coating exhibited a microhardness of 541 ± 32 HV10 together with
satisfactory pull-off adhesion strength. The enhanced hardness is consistent with the
formation of a heterogeneous multiphase microstructure containing boride-, carbide-,
and silicide-containing phases. However, the individual contributions of the different
phase constituents to the measured mechanical properties were not quantified within
the scope of the present study.

- The comparison between CALPHAD predictions and experimental observations
should be interpreted as qualitative agreement rather than rigorous quantitative
validation of equilibrium phase fractions. The equilibrium calculations provide a ther-
modynamic framework for interpreting the experimentally observed non-equilibrium
microstructure produced by gas-flame spraying.

- Beyond optimization of the investigated alloy composition, the present work demon-
strates a transferable CALPHAD-guided workflow integrating thermodynamic mod-
eling, response surface methodology, and targeted experimental characterization.
Compared with conventional empirical alloy development, this strategy provides a
more efficient framework for identifying promising compositional regions in complex
Fe-based multicomponent alloys.

- The developed coating represents a promising candidate for wear-resistant applica-
tions because it combines high hardness with satisfactory adhesion. Nevertheless,
further studies involving quantitative phase analysis, local phase identification, tri-
bological and corrosion testing, long-term durability assessment, and systematic
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evaluation of process reproducibility are required before its suitability for practical
engineering applications can be fully established.
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