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Abstract: Nickel-based coatings were fabricated on 0.4 wt.% C-Cr structural steel substrates via non-vacuum electron beam
cladding (NVEB cladding), using Colmonoy-227F self-fluxing powder. This study presents results on the microstructure
and properties of single-, double-, and triple-layer coatings. The optimal electron beam current for the formation of defect-
free alloyed coatings is 23 mA. The thickness of single-, double- and triple-layer coatings is 2.7 mm, 3.4 mm and 4.4 mm,
respectively. The coatings have a dendritic structure with crystals of the first and second order. Microstructural analysis
revealed that single- and double-layer coatings consisted primarily of a y-FeNi substitutional solid solution. The application
of a third layer led to precipitation of Fe [Ni ,P phosphide and FeSi, silicide phases. A decrease in iron content within the
coating with an increasing number of layers was observed, which correlated with improved resistance to high-temperature
oxidation. The paper presents the results of a comparative study of high-temperature oxidation in an air atmosphere at 850°C
for 100 hours of 0.4 wt.% C-Cr steel and single-layer, double-layer and triple-layer nickel-based coatings. It was found that
the weight gain of 0.4 wt.% C-Cr steel was 60.81 mg/m?, while for the deposited coatings the values were significantly lower:
17.87 mg/m?* (single-layer), 11.22 mg/m?* (double-layer) and 7.01 mg/m? (three-layer). X-ray diffraction (XRD) analysis
revealed that the oxide films formed on the deposited coatings consisted of iron oxides (Fe,O,, Fe,O,) and spinel NiFe,O,.
A factor that increases resistance to high-temperature oxidation is the formation of protective spinel, which prevents the
diffusion of oxygen and metal. Consequently, the triple-layer coating exhibited an 8.7-fold increase in resistance to high-
temperature oxidation in air compared to the 0.4 wt.% C-Cr steel substrate alone.
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1. Introduction

Enhancing the oxidation resistance of structural materials at
high temperatures is a crucial objective in modern materials
science. In particular, components made from 0.4 wt.% C-Cr
steel are typically used under moderate loads at temperatures
not exceeding 450-500°C. Above these temperatures,
surface oxidation accelerates, leading to significant scale
formation and degradation of mechanical properties [1].
Initially, oxidation of iron-containing components leads to
the formation of a thin, well-adhered layer of wiistite (FeO).
Further oxidation results in the formation of a thicker,
less dense layer of magnetite (Fe,O,) covering the wiistite.
Subsequent exposure to high temperatures promotes the
formation of a porous and brittle hematite layer (Fe,O,),
which spalls readily, accelerating the oxidation process. The
formation of hematite, in particular, significantly increases
the oxidation rate and promotes material degradation [2].
Therefore, the development and implementation of effective
materials and methods for improving the high-temperature

oxidation resistance of structural steels is an important area
of research for extending component service life in high-
temperature environments without significantly increasing
production costs.

To address this challenge, significant research is focused
on the development and application of alloys capable of
effectively resisting high-temperature degradation under
aggressive service conditions. Nickel-based alloys are widely
employed due to their inherent corrosion resistance and
high-temperature oxidation resistance [3,4]. The oxidation
of nickel in the temperature range of 700-900°C follows a
sub-parabolic rate law, which is attributed to the diffusion-
limited transport of oxygen through the growing oxide scale.
The morphology of the oxide scale directly influences this
diffusion process. These scales are typically characterized
by a fine-grained microstructure with lamellar features
and acicular crystals. At temperatures exceeding 1100°C,
the oxidation kinetics of nickel follows a parabolic law. The
oxide scales formed at these higher temperatures consist
of columnar grains that extend throughout the entire scale
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thickness [5]. Thus, nickel alloys represent a promising class
of structural materials exhibiting high resistance to high-
temperature oxidation on the work surface.

Manufacturing entire components from nickel-based
alloys can be cost-prohibitive. Therefore, functional coatings
are often applied to reduce product cost while maintaining
performance characteristics. Furthermore, the development
of easily repairable coatings to address inevitable degradation
during service is an important consideration.

Modern surface modification technologies, such as
thermal spraying [6 - 8], laser processing [9-11], and physical
or chemical vapor deposition (PVD/CVD) [12-14], can
significantly improve the to high temperature oxidation
resistance of materials. Non-vacuum electron beam cladding
(NVEB cladding) is of particular interest due to its ability
to produce coatings with good adhesion and thicknesses up
to 10 mm. NVEB cladding also allows for the fabrication of
multiple layers and the incorporation of refractory elements.
The elimination of the need for a vacuum environment makes
this method economically attractive and technologically
straightforward [15,16]. Colmonoy-227E, a nickel-based alloy
in the Ni-P-Si-B system, is a promising material for protective
coatings in high-temperature and abrasive wear environments.
This alloy exhibits high-temperature oxidation resistance,
corrosion resistance, and excellent anti-friction properties,
making it particularly effective for such applications.

When nickel-containing coatings are formed on steel, not
only the powder composition, but also the base material melts
during non-vacuum electron beam surfacing, which leads to
iron entering the melt bath and leads to nickel dilution with
iron. A high iron concentration can negatively impact the
oxidation resistance of nickel alloys due to the formation of a
multi-layered oxide scale. However, under high-temperature
exposure to the Fe-Ni system, spinel NiFe O, is formed,
which exhibits high stability and serves as an effective barrier
to oxygen diffusion into the bulk material, can form under
high-temperature conditions in the Fe-Ni system [17]. To
minimize the iron concentration in the coating, the deposition
of multiple nickel-containing layers is recommended.

Therefore, the purpose of this study is to produce a multi-
layered, high-temperature oxidation-resistant nickel coating
on 0.4 wt.% C-Cr structural steel.

2. Materials and methods

Plates with dimensions of 100 x 50 x12 mm, fabricated from
0.4 wt.% C-Cr (AISI 5140) structural steel (0.36 wt.% C,
0.90 wt.% Cr, 0.25 wt.% Si, 0.60 wt.% Mn, 0.03 wt.% P,
0.02 wt.% S, 0.17 wt.% Ni, 97.67 wt.% Fe), were used as the
substrate material. Colmonoy-227F self-fluxing nickel-based
powder was used for coating formation. Energy dispersive
X-ray analysis revealed that the chemical composition of
Colmonoy-227F powder includes: 3.11 wt.% Si, 3.55 wt.% P,
0.89 wt.% B, 92.75 wt.% Ni. Silicon, phosphorus and boron
are introduced to form a thin glassy film when heated,
protecting the molten metal from atmospheric oxidation.
The powder is characterized by predominantly spherical
particle morphology with particle sizes ranging from 20 to
100 pm (Fig. 1). The mass of powder surfaced was 0.45 g per
1 cm? of the base material.

Fig. 1. Morphology of Colmonoy-227F powder particles.

The non-vacuum electron beam cladding process
was performed at the Budker Institute of Nuclear Physics
(INP), SB RAS. The processing parameters were as follows:
electron beam current — 17, 20, and 23 mA; electron
beam energy — 1.4 keV; scanning speed — 10 mm/s; and
specific surface energy — 6.44 kJ/cm? The description of
this method is presented in more detail in the following
literature [18 —20].

Microstructural characterization was conducted using a
Carl Zeiss Axio Observer Alm optical microscope and a Carl
Zeiss Merlin scanning electron microscope (SEM). Local
chemical composition analysis was performed using an EDS
X-Act microanalyzer. X-ray diffraction (XRD) analysis was
carried out on an ADVIN PowDix600 diffractometer using
CuKa radiation in step-scanning mode with a step size of
0.05°. Phase identification from the X-ray diffraction patterns
was performed using the ICDD PDF-4 database.

High-temperature oxidation resistance tests were
conducted according to GOST 6130-71. Samples for high-
temperature oxidation testing were prepared from the
coatings using wire electrical discharge machining (WEDM).
The sample dimensions were 20x15x1 mm. Oxidation of
the samples was performed in alumina crucibles with lids.
High-temperature oxidation testing of the coatings and
substrate material was carried out at 850°C for 100 hours
in a muffle furnace in an air atmosphere. The samples,
together with crucibles, were weighed every 12 hours using
a GOSMETR VL-124V analytical balance with an accuracy
of 0.1 mg. The morphology and elemental composition
of the sample surfaces after high-temperature oxidation
were analyzed using scanning electron microscopy (SEM)
and X-ray microanalysis. The oxidation kinetics of the
coatings and substrate material were determined by
measuring the mass gain, Am. The mass gain value was
calculated as follows:

Am=Awls,

where Aw is the change in sample mass (g); s is the initial
sample area (cm?).

Following the oxidation tests, the phase composition of
the oxide scale was analyzed using an X-ray diffractometer.
The XRD analysis was performed with a step size of 0.05°
and an exposure time of 2 s. Cross-sections of the coatings
after oxidation were examined using a Carl Zeiss EVO
50 XVP scanning electron microscope (SEM) equipped
with an Oxford Instruments X-Act energy-dispersive
spectrometer (EDS).
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3. Results and discussion

To produce high-quality, defect-free coatings, experiments
were conducted to determine the optimal electron beam
current. Considering that the melting point of Colmonoy-227F
powder is approximately 1000°C, the initial experiments
were performed using low electron beam current values of
17 and 20 mA, which theoretically provide surface heating
temperatures of up to 1600°C and 1800°C, respectively.

The resulting coatings (Fig.2), formed under these
conditions, exhibited a significant number of structural
defects. Specifically, the coatings produced with an electron
beam current of 17 mA displayed increased porosity (Fig. 2 a).
This phenomenon is attributed to the rapid solidification rate
of the melt, which inhibits the escape of gas inclusions to the
surface. Furthermore, an insufficient beam current can lead
to incomplete melting of the material, thereby promoting the
formation of gas pores and voids within the coating structure.
These factors collectively have a detrimental effect on the
mechanical and operational properties of the coating.

Coatings formed with an electron beam current of
20 mA were characterized by an increased tendency to crack
formation (Fig. 2b). The primary causes of defect formation
were thermal stresses and the precipitation of brittle phases
containing phosphorus and silicon.

The energy input at 20 mA was insufficient to ensure
complete melting and homogenization of the melt, which
promoted the formation of a non-homogeneous structure.
Residual stresses concentrated in these regions, which,
upon exceeding critical values, led to coating fracture. An
additional factor exacerbating the cracking process is the
mismatch in the coefficients of thermal expansion between

the coating material and the substrate, which intensifies
internal stresses at the interface.

Therefore, crack formation under these cladding
conditions is a result of the interaction of thermal,
microstructural, and processing parameters. Optimization
of the electron beam processing parameters was required to
improve the coating quality. It was hypothesized that further
increasing the electron beam current would result in the
formation of a defect-free coating.

Consequently, cladding with a beam current of 23 mA
resulted in the formation of a defect-free coating with a
thickness of 2.7 mm (Fig. 2¢c).

The coating structure exhibited a dendritic morphology,
which is a characteristic feature of rapid solidification from
the molten state. Dendrite growth was oriented perpendicular
to the substrate material due to heat extraction during the
crystallization process [21].

Following the determination of the optimal electron
beam current for a single-layer coating (23 mA), experiments
were conducted to fabricate multi-layer coatings with two
and three layers (Fig. 3).

The double-layer coating thickness ranged from 3 to
3.4 mm, while the triple-layer coating thickness ranged
from 4 to 4.4 mm. Vertical cracks were observed in the
triple-layer coating. The presence of these defects can
be attributed to several factors: the accumulation of
internal stresses at the interlayer boundaries; the non-
uniform thermal cycles experienced during sequential
layer cladding, and the disruption of diffusion processes
between the cladded layers and the substrate material.
Furthermore, the chemical composition difference between
the coating and the substrate material contributes to residual

Fig. 2. (Color online) Cross section of deposited coatings based on Colmonoy-227F nickel alloy formed at different beam currents: 17 mA (a),

20 mA (b), 23 mA (c).

p 50 um §

Fig. 3. (Color online) Structure of surfaced coatings based on Colmonoy-227F nickel alloy, formed using multi-layer cladding: double-layer

surfacing (a), triple-layer surfacing (b).
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stresses, primarily due to the mismatch in the coefficients
of thermal expansion [22].

Following cladding with Colmonoy-227F powder, the
formation of brittle eutectic phases was observed within the
coating structure, primarily localized in the interdendritic
regions. This distribution is attributed to the segregation of
phosphorus during melt crystallization, which lowers the
liquidus temperature in these zones, leading to the subsequent
formation of secondary phases during final solidification.
These brittle phases render the intercrystalline zones
particularly susceptible to residual tensile stresses arising from
the non-uniform thermal cycles associated with cladding
and the differences in the coefficients of thermal expansion
between the coating material and the substrate material.
Under the influence of residual tensile stresses, micropores
formed in these regions, primarily in the interdendritic region
(Fig. 4b,d). Subsequently, crack propagation occurred via an
interdendritic fracture mechanism through the coalescence
of adjacent pores in a direction perpendicular to the tensile
stress (Fig. 4c,e).

It was observed that, regardless of the number of cladded
layers, the coating structure exhibited a dendritic morphology.
Figure 5 presents SEM micrographs illustrating the coating
structure. Table 1 summarizes the results of local energy-
dispersive X-ray (EDX) analysis, conducted to evaluate the
elemental composition of both dendritic and interdendritic
regions.

Notably, the phosphorus concentration increased in
the interdendritic regions with an increasing number of
layers. Furthermore, the fabrication of multi-layer coatings
effectively reduced the extent of iron diffusion from the

-
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Fig. 5. SEM cross-sectional images of coatings based on
Colmonoy-227 nickel alloy formed by multilayer cladding: single-
layered (a, b), double-layered (c, d), triple-layered (e, f).

Fig. 4. Structural defects: patterns of crack development (a, b, ¢), pores in the structure of the material (d), cracks in the structure of the

material (e). DR — dendritic region, ID — interdendritic region.
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Table 1. EDX analysis of local coating zones, at.%.

Element Spectrum 1 Spectrum 2 Spectrum 3 Spectrum 4 Spectrum 5 Spectrum 6
Si 2.84 - 2.63 - 4.12 2.29
P - 11.92 - 12.91 - 17.09
Cr 0.61 1.88 0.64 1.14 0.45 0.55
Mn - 0.53 - - - 0.39
Fe 63.97 64.40 64.00 58.07 39.50 28.92
Ni 33.99 21.27 32.72 27.89 55.93 50.73

substrate material during the non-vacuum electron beam
cladding process. The presence of silicides in the coating
may contribute to enhanced resistance to high-temperature
exposure due to the potential formation of an SiO,-containing
oxide, which exhibits excellent protective properties [23,24].

Figure 6 displays the X-ray diffraction patterns of the
single-layer and multi-layer coatings. The XRD patterns
revealed that all coatings comprised a y-FeNi solid solution,
where iron atoms substitute nickel atoms within the lattice.
In addition, the triple-layer coating also contained Fe, [Ni P
phosphide and FeSi, iron silicide phases.

Figure 7a illustrates the oxidation kinetics curves for
the initial 0.4 wt.% C-Cr steel (used as a reference) and
the cladded coatings at 850°C for 100 hours. The high-
temperature oxidation resistance of the materials was
evaluated based on the magnitude of the mass gain. During
heating of the 0.4 wt.% C-Cr steel, intense oxidation was
observed, accompanied by the active formation of an oxide
scale that provided no protective effect and did not impede
the mutual diffusion of metal and oxygen. The mass gain for
the 0.4 wt.% C-Cr steel was 60.81 mg/cm?. The mass gain for
the single-layer, double-layer, and triple-layer coatings was
17.87 mg/cm?, 11.22 mg/cm?, and 7.01 mg/cm?, respectively.
Consequently, the triple-layer coating exhibited the greatest
oxidation resistance, surpassing that of the 0.4 wt.% C-Cr
steel by a factor of 8.7.

Figure 7b presents the XRD patterns of the coatings after
isothermal oxidation. The results indicated the formation
of iron oxides (Fe,O, and Fe,O,) and spinel NiFe O,. This
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Fig. 6. X-Ray diffraction patterns of nickel coatings formed on
0.4 wt.% C-Cr steel.

complex oxide based on nickel and iron provides better
protection against oxygen and metal diffusion [25].

In conclusion, all fabricated coatings enhanced the high-
temperature oxidation resistance of the substrate steel due
to the formation of spinel. However, the triple-layer coating
demonstrated superior performance, owing to the reduced
iron concentration within the coating.

The oxide scale thickness was 90 um for the single-layer
coating, 65 pum for the double-layer coating, and 45 um for
the triple-layer coating.

. FepO3 . Fe304 . NiFepO4

hthree-layer coating
g .

0.0;..: e

two-layer coating

Intensity, arb. units
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Fig. 7. (Color online) Mass gain curves of the samples as a function of time during oxidation testing at 850°C for 100 hours (a): 1 — substrate,
2 — one-layer coating, 3 — two-layer coating, 4 — three-layer coating; X-ray diffraction patterns of the surfaced coatings following

isothermal oxidation at 850°C for 100 hours (b).
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The surface morphology of the samples after 100 hours of
exposure at 850°C is presented in Fig. 8.

The surface of the 0.4 wt.% C-Cr steel after isothermal
oxidation is shown in Fig. 8a,b,c. The scale comprised iron
oxides (Fe,O, and Fe,O,). Cracks and high porosity were
observed, contributing to rapid oxidation. Delamination
was evident on the oxide scale of the single-layer coating
(Fig. 8d,e,f), associated with the formation of various
oxides, including iron-nickel spinels (Fig. 8 e) and iron oxides
(Fig. 8f), as confirmed by X-ray diffraction analysis. The
surface of the double-layer coating oxide scale (Fig. 8g,h,i)
was homogeneous, but a crack was noted, which may be
attributable to thermal stresses [26]. Energy-dispersive X-ray
(EDX) analysis revealed the presence of silicon within the

coating oxide scale, in addition to iron oxides and spinel,
which is believed to reduce the oxidation rate. The triple-
layer coating oxide scale exhibited delamination (Fig. 8j,k,1).
A complex oxide scale morphology was observed, with
boron, iron, silicon, and nickel present, as determined by
EDX analysis. Plate-like features were observed, representing
nickel oxide (Fig. 8 k), along with iron oxides and spinel-type
oxides (Fig. 81).

4. Conclusions
In conclusion, the studies carried out made it possible to

establish the optimal value of the current of non-vacuum
electron beam surfacing of Colmonoy-227F powder on

Pores}

Delamination|

j

Fig. 8. Surface morphology of cladded coatings and steel after isothermal oxidation at 850°C for 100 hours: 0.4 wt.% C-Cr steel (a, b, ¢);
single-layer coating (d, e, f); double-layer coating (g, h, i); triple-layer coating (j, k, I). Top view.
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40X steel, which is equal to 23 mA. At this parameter
value, the formation of high-quality alloyed coatings was
achieved, both for single-layer and double-layer claddings.
The triple-layer coating, however, exhibited defects in the
form of porosity and cracks, which were associated with the
formation of brittle phases.

The resulting single-layer (2.7 mm thick) and double-
layer (3.4 mm thick) coatings possessed a dendritic structure
and consisted primarily of a y-FeNi solid solution. The triple-
layer coating (4.4 mm thick) also contained Fe [Ni P and
FeSi,.

The high-temperature oxidation resistance studies
demonstrated that all fabricated alloyed layers provided
enhanced oxidation resistance compared to the initial
0.4 wt.% C-Cr steel reference material. The single-layer coating
showed a 3.4-fold improvement in oxidation resistance, while
the double-layer and triple-layer coatings showed 6-fold and
8.7-fold improvements, respectively.

X-ray phase analysis of the oxidized surfaces revealed
the formation of Fe,O,, Fe,O,, and NiFe O,. The improved
resistance to high-temperature exposure was attributed to
the formation of protective iron-nickel spinel. Furthermore,
the presence of silicon was detected in the oxide scale of the
double-layer coating, and boron and nickel were additionally
detected in the triple-layer coating, indicating a more complex
composition and potentially improved protective properties.

In conclusion, the multi-layer coatings based on
Colmonoy-227F represent a promising approach for
enhancing the operational performance of materials under
high-temperature conditions.
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